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Abstract 

The environmental fate of anionic per- and polyfluoroalkyl substances (PFASs) is of 

particular concern due to their toxicity and potential risks to human health and ecology. Various 

treatment approaches have been evaluated by researchers, with the most promising and readily 

applied ones being the adsorption technologies. However, the bulk of studies regarding the removal 

of PFAS anions from water have been limited to legacy compounds like perfluorooctanoic acid 

(PFOA) and perfluorooctanesulfonic acid (PFOS). Additionally, few studies were able to provide 

mechanistic comparisons between the conventional carbonaceous adsorbents and the emerging 

adsorbents for PFAS adsorption. Furthermore, a better understanding of the adsorptive behaviors 

in real aquatic matrices is urgently needed to inform the development of cost-effective PFAS 

remediation strategies. 

This study was designed to more fully explore the factors that influence the adsorption of 

anionic PFASs by coupling batch removal experiment results with multivariate data analysis. 

Based on the examination of 20 target PFASs and five different adsorbent materials in Milli-Q 

water and real groundwater samples, a classic multi-dimensional data visualization method was 

employed to help extract the principal associations. The distinct performance of adsorbents was 

attributed to their different surface chemistry and the distinct nature of their adsorption binding 

sites. pH, divalent, and monovalent cations are the primary contributors to adsorbent fouling in 

groundwater samples. The molecular structures and functional groups of PFASs also affected their 

adsorption behaviors. Knowledge of PFAS adsorption mechanisms gained from this study can be 
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utilized to design more efficient adsorbents and to predict their performance under a range of 

environmental conditions. 
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Chapter 1: Background 

1.1 Introduction to PFASs 

Per- and polyfluoroalkyl substances (PFASs) are highly fluorinated organic compounds 

that possess extraordinarily strong thermal and chemical stability. Many PFASs have demonstrated 

resistance to both oil and water, making them conveniently useful in a variety of consumer 

products and industrial processes, including aqueous film-forming foams (AFFF), pesticide 

synthesis, electronics and semiconductor manufacturing, stain- and water-resistant coatings (such 

as carpets, water-repellent clothing, non-stick cookware, etc.), food packaging, and in waxes and 

cleaners1-3. It was reported that over 4,000 PFASs may have been manufactured and used 

worldwide since the 1940s4. PFASs are ubiquitously found in the environment, and primary 

sources of PFAS entrance into natural systems have been proposed to be: discharges from 

industrial sites5-9, effluent of wastewater treatment plants (WWTP)8, 10, land application of 

biosolids11-13, leachate from landfills14-16, runoff and seepage from firefighting sites8, 17-20, and 

biotic and abiotic degradation from their precursors12, 21-22. 

There is evidence that the highly persistent and bio-accumulative nature of PFASs can lead 

to adverse health outcomes in humans and the ecosystem. Trophodynamic studies have revealed 

that bioconcentration and biomagnification of PFASs can occur not only in aquatic systems 

including marine, lake, and estuary food webs, but also in plant-soil systems and the global 

atmospheric system23-28. Toxicology studies on lab animals and human epidemiology studies have 

suggested that, if exposed to PFASs at a certain level via dietary uptake or water consumption or 

air inhalation, health related risks can be severely elevated, including: hepatic effects (e.g., liver 



 

2 

 

damage, increased serum lipid levels), cardiovascular effects (e.g., high blood pressure during 

pregnancy), endocrine disruption (e.g., thyroid malfunctions), immune impairment (e.g., decreased 

antibody responses, increased asthma diagnosis), reproductive failures (e.g., reduced fertility, 

skewed sexuality), developmental problems (e.g., decreased birth weight, decreased infant 

survival), and potential carcinogenic effects29-31. 

As rising concerns about PFAS contamination have received more attention, industries 

have taken actions to phase out certain long-chain PFASs and shifted toward the production of 

shorter-chain alternatives32-35. The relentless endeavor of the scientific community contributed 

greatly to the fast-evolving understanding of the occurrence and fate of PFASs in the environment, 

which consequently led to an increased pace of development of guidance values and regulations. 

An amendment of the Stockholm Convention in 2010 designated some PFASs, including 

perfluorooctanesulfonic acid (PFOS) and its precursors, to be restricted (but not completely banned) 

in use and production36. In May 2016, the U.S. EPA published the federal lifetime health advisory 

level for perfluorooctanoic acid (PFOA) and PFOS in drinking water of 70 ng/L (individually or 

combined)37 (see Figure 1-1 for chemical structures of PFOA and PFOS). In May 2018, the U.S. 

EPA published suggested regional screening levels for 17 PFASs at soil remediation sites38. Most 

Figure 1-1. Structures of the two legacy PFAS compounds. Left: perfluorooctanoic acid (PFOA) as an 

example of the perfluorocarboxylic acids (PFCA). Right: perfluorooctanesulfonic acid (PFOS) as an 

example of the perfluorosulfonic acids (PFSA). Generic structures of the two classes can be found in 

Appendix B. 
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recently, in February 2019, the U.S. EPA issued a PFAS action plan, in which they have proposed 

to develop actual enforceable maximum contamination levels for PFOA and PFOS39. Globally, 

Australia, Canada, and a few other countries in Europe are also known to have been actively 

involved with addressing PFAS contamination40. 

1.2 Current PFAS treatment technologies 

Studies have been conducted on a wide range of treatment approaches with the aim of 

sequestering or destroying PFASs. The special chemical properties of PFASs have rendered them 

particularly recalcitrant to the technologies that try to achieve complete destruction and 

mineralization (e.g., advanced oxidation and reduction processes, thermal and nonthermal 

destruction), and studies that did report decent extents of defluorination appeared to have very 

extensive energy requirements41-43. It is believed that microbial cleavage can only occur when at 

least one hydrogen is present in the alkyl chain, suggesting that some polyfluorinated precursors 

such as fluorotelomers and perfluoroalkyl sulfonamides can potentially degrade into perfluorinated 

products, and these perfluorinated members of the PFAS family are most likely not susceptible to 

further biodegradation44-47. Filtration separations of PFASs were only found to be efficient when 

using nano-filters or reverse osmosis membranes, which demand high pressure and energy 

inputs48-51. Adsorption and ion exchange technologies, however, offer the most promising existing 

removal methods for PFASs in aqueous streams49, 52-56, and are the only two cost-effective PFAS 

treatment approaches recommended by the U.S. EPA drinking water treatability database57. 

1.3 PFAS adsorption mechanisms 

Adsorption allows PFASs to be removed from contaminated media most effectively, and 
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researchers have been devoted to elucidating the underlying principles of PFAS adsorption for 

further enhancement of removal efficiency and real-world applicability. 

It is widely accepted that the uptake behavior of PFAS molecules is predominantly 

influenced by both hydrophobic and electrostatic interactions43, 58. Hydrophobic interactions 

describe the affinity of nonpolar hydrophobic molecules or functional groups (e.g., the highly 

fluorinated tails of PFAS molecules) to non-aqueous surfaces. Hydrophobic interactions originate 

from the entropic tendency of aggregation in aqueous solution and repulsion of water molecules59. 

One might also assume that anionic PFAS molecules might get repulsed by negative charges on 

adsorbent surfaces. However, it has been reported that anionic PFASs can be very well adsorbed 

onto the negatively charged surfaces of adsorbents, overcoming electrostatic repulsion60-75. The 

adsorbed amounts of more hydrophobic PFASs are mostly higher than less hydrophobic ones76-78, 

stressing the indispensable role that the hydrophobicity of the fluorinated tails plays in PFAS 

adsorption. 

Comparing to traditional adsorbents (such as granular activated carbons) which primarily 

remove PFASs by means of hydrophobic interactions, novel adsorbents have been developed with 

positive surface charges to interact with the negatively charged PFAS headgroups. This can be 

achieved by modifying a hydrophobic adsorbent with positively charged moieties79-82, or the direct 

usage of polar, cationic adsorbents like metal oxides83-85. Some anion exchange resins were 

adapted based on this philosophy to better remove anionic PFASs from drinking water86-87. Lately, 

emerging macromolecules like starch-derived β-cyclodextrins and cellulose microcrystals have 

demonstrated selective adsorption capabilities of PFASs88-92. The biomacromolecules themselves 
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have cavities and surfaces which usually give rise to hydrophobic interactions (and sometimes 

hydrogen bonding)93-95, but crosslinking these monomers with easily protonated functional groups 

(such as amines) can greatly enhance their overall electrostatic attraction towards anionic 

micropollutants like PFASs96-97. 

Physical properties of adsorbents like pore volume distributions, surface area, and particle 

size can sometimes control the adsorption affinity of target adsorbates. Evidence has suggested 

that mesoporous and macroporous adsorbents in general are more suitable for the adsorption of 

PFASs70, 89, 98-101, because micropore pathways can get partially or entirely blocked by large 

adsorbates or potential aggregations of adsorbates, and consequently slow down the removal 

kinetics or even completely inhibit the adsorption capacity77, 102-107. For traditional carbonaceous 

materials, it has been widely recognized that a smaller adsorbent size leads to better removal for 

micropollutants like PFASs60, 75, 108-109. The reason for improved performance might be that 

pulverizing the adsorbent helps enlarge the percentage of meso- or macro-pores, leading to 

alleviation of the intraparticle diffusion limitations98, 110. Alternately, it could be because a 

reduction in the particle size enables a larger external specific surface area, and hence exposes 

more active binding sites111-113. 

Unlike many adsorbates, anionic PFASs are very unique surfactant molecules that each 

possess a perfluoroalkyl tail and a hydrophilic head group114. It is widely acknowledged that the 

hydrophobicity of the PFAS tail increases with an increasing number of fluorocarbons in the 

chain32, 60, 69, 75, 78, 89, 106, 115-121. In addition, the perfluorosulfonic acids (PFSAs) have been found to 

be more readily adsorbed onto various surfaces resulting in higher removal than the 
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perfluorocarboxylic acids (PFCAs), suggesting that sulfonic acid groups have stronger 

electrostatic effects and thus interact more with the binding sites comparing with the carboxylate 

groups, or that PFSAs have one more CF2 moiety which contributes to a greater hydrophobicity 

when compared to PFCAs with the same carbon number 66-67, 90, 98, 116-117. Moreover, it was reported 

that branched isomers of PFASs exhibit less affinity for multiple adsorbents, indicating that a 

branching in structure can shield both hydrophobic and electrostatic interactions to some extent93, 

103, 119. Interestingly, researchers have also observed that substituting oxygen for carbon in a PFAS 

chain can lead to less hydrophobicity, which limits adsorption onto powdered activated carbon and 

weakens complexes with β-cyclodextrin93, 118. For adsorbents with a microporous structure which 

might exhibit intraparticle transport constraints, smaller PFAS molecules were documented to 

experience less steric effects and quicker diffusion77, 105, 109. 

Due to the typical surfactant nature of anionic PFASs, aggregations are believed to form in 

the water or on adsorbent surfaces, as illustrated in Figure 1-218, 58. Although the critical micelle 

concentrations (CMC) reported for most anionic PFASs are at g L-1 levels (summarized in Table 

B-2 of Appendix B), it is still possible to form hemi-micelles on adsorbent surfaces when their 

concentrations are in the range of 0.01-0.001 times that of the CMC 122. Moreover, it is postulated 

that the gathering of adsorbed PFAS molecules at the surface are very likely to render 

concentrations much higher than those in bulk solution109. The various types of probable 

aggregation can lead to a variation of adsorption behavior accordingly. On one hand, the formation 

of multilayer structures might enhance the surface specific adsorption for PFASs71, 73, 78, 98-99. On 

the other hand, such formation can potentially block the diffusion pathways of PFASs, especially 
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within the conventional porous adsorbents, and consequently impede the adsorption process67, 70, 

100, 105, 109-110. 

 

PFAS uptake behaviors are also influenced by the chemistry of diverse environmental 

matrices. For instance, anionic PFAS sorption strength is often observed to be inversely correlated 

with the environmental pH. It is widely assumed that the pH has impacted adsorption by changing 

the surface charge status of the adsorbents instead of protonating/deprotonating the PFAS 

molecules themselves72, 76, 123-124, considering the fact that PFAS anions generally have pKa < 2 (see a 

detailed summary in Table B-1 of Appendix B) and would always exist in the negatively charged 

forms at ambient pH conditions (i.e. pH ~ 4-10) 125. It is believed that an increasing OH- 

concentration normally results in a neutralization of the protonated functional groups at the 

adsorbent surface, decreasing the positive electrostatic attractions towards anionic 

Figure 1-2. Schematic diagram for PFAS aggregations. a) Micelle formed when self-aggregation of long 

hydrophobic tails takes place in water. b) Single PFAS molecule adheres closely and parallel to negatively 

charged or hydrophobic surfaces. c) Hemi-micelle formed at the negatively charged or hydrophobic surface 

when more molecules are forced from water. d) Electrostatic attraction from positively charged binding sites 

on an adsorbent surface to secure micelle. e) PFAS bilayer adsorption formed with the surface attracting 

anionic head groups of the first layer, and the first-layer tails interact with more PFAS tails hydrophobically. 
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micropollutants68, 73, 83-85, 90, 110, 126-127; and when the environment pH goes higher than the adsorbent 

point of zero charge (pHpzc), all positive binding sites get fouled and the adsorbent exhibits an 

overall electrostatic repulsion to the anionic contaminants63, 66, 78, 81-82, 98, 101, 103, 120, 128-130. 

Furthermore, more complicated effects of coexisting inorganic ions on PFAS adsorption 

has been observed. The most important and most documented influence is that, polyvalent cations 

like Ca2+, Mg2+, Cu2+, Fe3+ and Al3+ have the ability to form a bridge between negatively charged 

groups (e.g., carboxylate, phenolate, or sulfonate groups)72, 83-85, 101, 116, 120-121, 128, 131-133 which are 

usually found on adsorbent surfaces and are common head groups for PFAS molecules. This could 

lead to very distinct outcomes depending on the adsorbent surface chemistry. For example, if the 

surface is negatively charged with these functional groups (i.e., pH > pHpzc), the cation-bridge 

effect will greatly promote adsorption by connecting PFAS head groups with the surface (Figure 

1-3a)72, 101, 116, 120-121, 128, 131-133. If the surface is protonated (i.e., pH < pHpzc) and exhibits a positive 

charge, the cations can bridge between two PFAS molecules (Figure 1-3b) and prevent the polar 

head groups from electrostatically interacting with the positive surface, consequently impeding the 

overall adsorption84-85, 120. In addition, competition for positive binding sites from inorganic anions 

Figure 1-3. Schematic diagram for inorganic polyvalent cations bridging effects. a) polyvalent cations are 

able to bridge the negative functional groups of an adsorbent surface with PFAS anions. b) polyvalent cations 

are also capable of each forming a complex with two anionic PFAS molecules. 
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(e.g., Cl-, SO4 
2−, Cr2O7 

2−) was reported to have decreased PFAS adsorption73, 83-84, 120, 134. From 

studies that examined the salinity effect on adsorption, PFAS salting-out events were observed at 

high concentrations (≥ 500 mM) of inorganic ions74, 82, 127, 133. No agreement has been reached so 

far on whether or not there is an effect of double layer compression induced by increasing ionic 

strength on the PFAS adsorption 69, 84-85, 121. 

Finally, natural organic matter (NOM) is oftentimes present in water and is well-

documented to have adverse effect on PFAS adsorption, especially for traditional carbonaceous 

adsorbents60, 64-65, 72, 108, 135-137. The impact of NOM was conjectured to be owing to either direct 

competition for binding sites or pore blockage65, 102, 108, and it was discerned that the low-

molecular-weight (< 1 kDa) fraction of NOM had a major contribution to reducing PFAS sorption 

affinity136-137. 

1.4 Motivation and research objectives 

Adsorption is an important, promising approach to remove persistent PFAS contaminants 

from aqueous phases. However, the bulk of studies that investigate the adsorptive behaviors of 

PFASs mostly limit their discussion to the two legacy perfluorinated compounds – PFOA and 

PFOS. Moreover, efforts that concentrate on developing novel adsorbent materials usually 

benchmark the materials against traditional carbonaceous adsorbents, but few researchers were 

able to make connections between the difference in adsorbents’ performance and the underlying 

distinction in their mechanisms. Finally, experiments dedicated to understand how pH, inorganic 

ions, and NOM can individually play a role in PFAS adsorption have been reported, yet little is 

known about their combined influence in a real environment matrix (e.g., a groundwater sample). 
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In light of the considerations listed above, this research was designed to systematically 

explore the factors that influence anionic PFAS adsorption on traditional and emerging adsorbents 

in aquatic matrices, and to provide answers to the following research questions: 

1) What is the adsorption affinity of PFASs, including PFCAs and PFSAs with different chain 

lengths and emerging polyfluorinated alkyl substances, for conventional (i.e., activated carbon) 

and emerging (i.e., β-cyclodextrin polymer) adsorbents in Milli-Q water? 

2) Which factors of different activated carbon samples dominate the difference in their 

observed PFAS uptake in Milli-Q water? 

3) How do emerging β-cyclodextrin polymer (CDP) adsorbents perform in removing PFASs 

compared to conventional activated carbon adsorbents? 

4) Do the adsorbents perform the same in real groundwater matrices as in Milli-Q water? If 

there is a difference, what factors are driving that difference? 

5) What role does groundwater chemistry play in PFAS removal? Which properties of the 

groundwater matrix might have contributed to a distinctive adsorption behavior? 

6) Would PFAS molecules other than PFOA and PFOS behave differently in real groundwater 

matrices compared to Milli-Q water? 

Experiments designed to address these research questions are described in the following 

chapter, along with a presentation of the results and a discussion of the major findings. This 

research greatly improves our understanding of the factors that influence the adsorption of anionic 

per- and polyfluoroalkyl substances (PFASs) on traditional and emerging adsorbents in aquatic 

matrices. 
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Chapter 2: Exploring the factors that influence the 

adsorption of anionic per- and polyfluoroalkyl substances 

(PFASs) on traditional and emerging adsorbents in aquatic 

matrices 

 

2.1 Abstract 

Per- and polyfluoroalkyl substances (PFASs) have raised great concern due to their 

ubiquity in aquatic environments and adsorption technologies offer the most promising treatment 

solutions. This study investigated the key factors that influence the adsorption of anionic PFASs 

on conventional and emerging adsorbents. Batch adsorption experiments were conducted to 

evaluate the removal of 20 target PFASs at environmentally relevant concentrations by three 

different activated carbon (AC) materials and two different β-cyclodextrin polymers (CDPs). 

Experiments were conducted in Milli-Q water and in real groundwater. Major physical parameters 

of the adsorbents were measured, along with basic chemistry parameters for each groundwater 

sample. Principal component analysis (PCA) and analysis of variance (ANOVA) were 

subsequently employed to extract the important associations from the multivariate dataset. The 

distinct performance of ACs and CDPs was attributed to their different surface chemistry and the 

distinct nature of their adsorption binding sites. Hydrophobic interactions dominated PFAS 

adsorption onto ACs, while CDPs mostly attract anionic PFASs via electrostatic interactions. 

Smaller-sized AC materials removed PFASs better, likely resulting from an increased external 

specific surface area. pH, divalent, and monovalent cations are the primary contributors to 
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adsorbent fouling in groundwaters. Higher pHs can limit PFAS adsorption by deprotonating the 

functional groups on the AC surfaces and the CDP crosslinkers. The elevated levels of divalent 

cations in some groundwater samples enabled more bridging between the PFAS polar head groups 

and reduced their electrostatic interactions with the positive binding sites. The monovalent cations’ 

fouling mechanism is less clear. The molecular structures and functional groups of PFASs also 

affected their adsorption behaviors, and the perfluorosulfonic acids (PFSAs) exhibited the highest 

adsorption affinities in groundwater. 

 

  



 

13 

 

2.2 Introduction 

Per- and polyfluoroalkyl substances (PFASs) are anthropogenic compounds that have 

unusual physicochemical properties, repelling both grease and water, and contain strong C−F 

bonds138. They were first introduced to the global market in the 1940s, and have been used in food 

packaging, fabrics, carpets, nonstick cookware, paints, adhesives, electronics, personal care 

products, and firefighting foams ever since1-2, 4. Among all PFASs, the two most well-studied as 

environmental contaminants are perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid 

(PFOS), which are proven ubiquitous and persistent, and are classified as reproductive and 

developmental toxicants, endocrine disrupters, and possible carcinogens31, 139-141. Pressured by 

escalating public concerns about these two legacy PFASs, the industry subsequently shifted the 

production to shorter-chain homologs of PFOA and PFOS32-34, 142-143 and proposed some new 

alternatives including perfluoro-2-methyl-3-oxahexanoic acid (GenX)118, 144. The environmental 

behaviors and human health risks of these emerging PFASs are poorly understood. Additionally, 

the importance of polyfluorinated compounds such as fluorotelomer sulfonic acids (FTS) as 

environmental contaminants has been overlooked, because they are also frequently detected 

ingredients of firefighting agents, can easily enter the soil and groundwater17-18, 20, 26, and have the 

potential to be biotransformed into more toxic perfluorinated compounds21, 145. 

Most PFASs have very low pKa values (summarized in Table B-1 of Appendix B), 

indicating that these chemicals are highly water soluble, and that one major pathway for human 

exposure is the consumption of contaminated drinking water4, 18, 21, 26, 34, 118, 146-149. However, PFASs 

have such strong thermal, chemical, and biological stability that they are recalcitrant to most water 
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treatment processes10, 43, 55, 150-152. Adsorption of PFASs has been shown to be an effective removal 

technology, especially when applied to address real-world complexities 43, 151, 153. 

It is widely accepted that, hydrophobic and electrostatic interactions are the two primary 

mechanisms of PFAS adsorption43, 58. The adsorptive behaviors of PFAS molecules can vary a lot 

according to different adsorbent characteristics, adsorbate properties, and environmental matrix 

qualities. 

The distinctions in adsorbent surface chemistry can lead to diverse adsorption rates and 

capacities. Adsorbents with positive binding sites (such as the easily protonated crosslinkers of 

certain polymers) mostly attract PFAS anions by means of electrostatic interactions79-85, 96-97, while 

hydrophobicity dominates PFAS adsorption onto negatively charged surfaces (like the surface of 

a conventional carbonaceous adsorbent)60-75. In addition, evidence has shown that pore volume 

distributions and the particle size of an adsorbent can sometimes control adsorption uptake. Having 

higher proportions of micropores is usually suggested to be linked with easily blocked diffusion 

pathways, which impedes removal efficiency70, 77, 98-100, 102-103, 105, 107. A decrease in particle size, 

especially for traditional activated carbons, has been observed to improve the adsorption60, 75, 108-

109, either through enlarging the internal pore size98, 110 or increasing the external specific surface 

area111-113. 

Anionic PFASs are surfactant molecules that each possess a perfluoroalkyl tail and a polar 

head group114. Enhanced affinities for many adsorbents have been reported for PFAS with longer 

tails due to increased levels of hydrophobicity32, 60, 78, 89, 117, 121. When having the same number of 

carbons, PFASs with the sulfonate groups (e.g., PFOS) were observed to have better adsorption 
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than those with the carboxylate groups (e.g., PFOA)66, 77, 99, 106, 117, 120, 137. This could be attributed 

to the higher electrostatic effect of the sulfonate groups and/or the additional fluorocarbon moiety 

that may have contributed to intensified hydrophobic interactions67, 75, 85, 98, 124. Moreover, 

branching the PFAS molecule or adding oxygen in between the carbons were both documented to 

impair the adsorption93, 103, 118-119. Surfactants like PFAS chemicals tend to aggregate in aqueous 

solutions. Most anionic PFASs were reported to form micelles at their critical micelle 

concentrations (CMC) and were speculated to form hemi-micelles at concentrations 0.01-0.001 

times the CMC18, 58, 109. This unique aggregation behavior can probably bring about multilayer 

adsorption of PFASs which enhances the removal efficiency71, 73, 78, 98-99, but can also cause 

potential blockage of intraparticle pores and impede further adsorption67, 70, 100, 105, 109-110. 

PFAS uptake behaviors can be influenced by environmental matrix effects such as pH, 

inorganic ions, and the presence of natural organic matter (NOM). The adsorption affinity of 

PFASs is generally reported to decrease with increasing environmental pH, and it was speculated 

that the change in pH affected more of the adsorbent surface chemistry than of the PFAS 

adsorbates72, 76, 123-124. An adsorbent exhibits zero net electrical charge on the surface at its point of 

zero charge (pHpzc) 154. When the media pH is less than the pHpzc, most of the surface binding sites 

are protonated and pose strong electrostatic attractions towards anionic PFAS68, 73, 82-85, 90, 126; but 

when the media pH is greater than the pHpzc, all positive sites get neutralized by the abundant OH- 

and the surface can become negatively charged (or at least less positively charged); PFAS 

adsorption is then only driven by their hydrophobicity63, 66, 73, 78, 82, 90, 101, 103, 126, 128. The impact of 

inorganic ions on PFAS adsorption are intricate and related to their types as well as concentrations. 
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It is well acknowledged that polyvalent cations like Ca2+, Mg2+, Cu2+, Fe3+ and Al3+ can form a 

bridge between negatively charged functional groups (e.g., carboxylate, phenolate, or sulfonate 

groups)72, 83-85, 101, 116, 120-121, 128, 131-133. Hence, if the adsorbent surface charge is negative (i.e., pH > 

pHpzc) and has these deprotonated groups, it is very likely that the existence of polyvalent cations 

can enhance the electrostatic interactions between the surface and the PFAS anions, consequently 

promoting the overall adsorption72, 101, 116, 120-121, 128, 131-133. Whereas if the adsorbent has a positive 

surface charge (i.e., pH < pHpzc) or doesn’t have these groups, the presence of polyvalent cations 

can only initiate complex formation between the PFAS molecules and prevent their polar head 

groups from interacting with the binding sites, impairing the adsorption performance84-85, 120. 

Inorganic anions such as Cl-, SO4 
2−, Cr2O7 

2− were also reported to compete for the positive binding 

sites and harm the uptake of anionic PFASs on cationic surfaces73, 83-84, 120, 134. Furthermore, studies 

found that PFAS salting-out can take place at high salts concentrations (≥ 500 mM)74, 82, 127, 133. 

Lastly, NOM, especially the low-molecular-weight (< 1kDa) fraction of NOM136-137, were 

suggested to adversely impact adsorption either through direct competition for binding sites or 

pore blockage65, 102, 108. 

So far, most research about PFAS adsorption onto newly developed adsorbents was 

dedicated to PFOA and PFOS, two of the most well-studied members from the perfluorocarboxylic 

acids (PFCA) and perfluorosulfonic acids (PFSA) families. Nevertheless, the adsorptive behaviors 

of the linear PFCAs and PFSAs with varying chain lengths are less studied, and even less has been 

investigated on their polyfluorinated precursors. Moreover, when benchmarking the novel 

adsorbent materials against traditional activated carbon materials, few researchers were able to put 
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the discussion in the context of a real-world matrix, or to interpret the difference in performance 

in the context of the distinct adsorption mechanisms. 

The prime objective of this work was to systematically explore the factors that influence 

anionic PFAS adsorption on traditional and emerging adsorbents in aquatic matrices. To meet this 

objective, we first conducted triplicate batch adsorption experiments to evaluate the removal of 20 

PFASs at environmentally-relevant concentrations by three traditional AC materials and two novel 

CDPs in Milli-Q water. The three best-performing adsorbents were subsequently selected to 

evaluate the removal of the target PFASs in spiked and as-received natural groundwater samples. 

Various parameters regarding the adsorbent characteristics and groundwater matrices were 

measured. Principal component analysis (PCA) and analysis of variance (ANOVA) were employed 

to extract the important messages from the multivariate dataset. 

2.3 Materials and Methods 

2.3.1 PFAS Stock Solutions and Mixtures 

A total of 20 PFASs were selected as the target contaminants in the adsorption experiments. 

These PFASs were selected based on their inclusion in the EPA Method 537.1155 and to be 

representative of a set of PFASs with varying physicochemical properties. Specifically, we selected 

nine perfluorocarboxylic acids (PFCAs), seven perfluorosulfonic acids (PFSAs), and four 

polyfluorinated alkyl substances, including three fluorotelomer sulfonic acids (FTSs) and the 

perfluoro-2-methyl-3-oxahexanoic acid (GenX). A summary of all PFAS analytical standards and 

their respective isotope-labeled internal standards (ILISs) used for quantification is provided in 

Table A-3 of Appendix A. Stock solutions of each PFAS were prepared in appropriate solvents at 



 

18 

 

a concentration of 1 g L-1 or 50 mg L-1, depending on the solubility of the PFAS. The stock 

solutions were then used to prepare an analytical mixture containing all 20 target PFASs, and an 

internal standard mixture containing seven ILISs, both in Milli-Q water and at a concentration of 

100 μg L-1. The stock solutions and mixtures were stored at -20 ℃ and 4 ℃, respectively, until 

usage. Details regarding the original solvents and reagents used in this study are shown in Table 

A-1 and A-2 of Appendix A. Milli-Q water was used from an in-house system. 

2.3.2 Adsorbent Materials 

This study used 3 different activated carbon materials (ACs) and 2 different β cyclodextrin 

polymers (CDPs) as adsorbents, including the commercially available CCAC AquaCarb® (1230C, 

Westates Carbon, Siemens, Roseville, MN), AWAC Filtrasorb® (400-M, Calgon Carbon Co., 

Pittsburgh, PA), HFAC (granular activated carbon used in filtration facilities at a local drinking 

water treatment facility), CDP+ (DEXSORB+ TM, CycloPure, Encinitas, CA) and the aCDP 

(amine-CDP, kindly provided by collaborators at Northwestern University156). 

A detailed material characterization of the adsorbents including the particle size, pore 

volumes, and surface charge, is provided in Table C-1 of Appendix C. The particle diameters 

were determined using a set of U.S. standard sieves in our lab; the total pore volumes and 

micropore volumes were measured using a Brunauer-Emmett-Teller (BET) analyzer; the surface 

charge of the materials at neutral pH was characterized by their zeta-potential measurements at pH 

7.5. Both BET and zeta-potential measurements were provided by collaborators following 

procedures reported in a previous study.88 

To investigate the impact of the particle size on the removal performance of each activated 
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carbon, CCAC (original effective particle size 0.6-1.7 mm), AWAC (original effective particle size 

0.8-1.7 mm) and HFAC (original effective particle size 1.0-1.7 mm) were crushed and sieved into 

different particle size fractions (10-75, 125-212, 425-850, and 1000-1700 μm). The different-sized 

particles were obtained by pulverizing the original activated carbon with a mortar and pestle, until 

all mass passed through the sieve with the largest openings (i.e., lower U.S. mesh number) of the 

desired size range and was retained on the sieve with the smallest openings (i.e., higher U.S. mesh 

number). All crushed and sieved activated carbon particles were stored in amber vials at room 

temperature until use in experiments. 

2.3.3 Groundwater Sources and Characterizations 

Groundwater was collected from two wells near military fire training sites in Warrington, 

PA (WA) and Phoenixville, PA (AA). Based on their background concentrations of PFCAs and 

PFSAs (Figure D-1 of Appendix D), these two groundwater samples were selected as 

representative samples for PFAS contaminated groundwater. Groundwater from a private well in 

Ithaca, NY (GW) was selected as the representative sample for uncontaminated groundwater, and 

was used for spiked groundwater experiments. 

The groundwater samples were collected in 1L HDPE sampling bottles to minimize 

potential PFAS adsorption onto any surface, then sealed with parafilm and mailed to our laboratory 

in Styrofoam coolers packed with frozen ice packs. As is suggested in the EPA method 537.1, 

Trizma® base (hereafter called Trizma) was used as a buffer and PFAS preservative during the 

collection of part of the samples.155 Groundwater samples WA-A, AA-A, GW-A were amended 

with Trizma to a final concentration of 5 g L-1; groundwater sample WA-D was collected with no 
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Trizma added. All samples were stored at 4 ℃ upon receipt, until usage in experiments. 

The groundwater samples were handled with polypropylene syringes and filtered through 

0.22 μm PVDF filters (Restek) prior to any experiment or analysis. General water chemistry 

parameters were measured for all filtered GW samples, including: pH, electrical conductivity, 

dissolved organic carbon (UV absorbance at 254nm), non-purgeable organic carbon (TOC), along 

with a variety of cations and anions (K+, Ca2+, Na+, Mg2+, F-, Cl-, NO3
-, SO4

-, PO4
3-). All parameters 

were measured using standard procedures (details attached in Table D-1 of Appendix D). Specific 

UV Absorbance (SUVA) values for each sample was calculated as UV absorbance at 254nm 

divided by TOC157. Samples from WA and AA were received in January 2018, and water chemistry 

analysis was conducted within 4 weeks; Samples from GW were received in February 2019, and 

water chemistry analysis was conducted within 1 week. 

2.3.4 Rotator Batch Experiments 

Rotator batch experiments were conducted in Milli-Q water and groundwater matrices to 

analyze the removal of the 20 PFASs using different adsorbents. Prior to experiments, all 

groundwater samples were filtered as described in the preceding. 

For spiked experiments, 10 mL of the water sample (Milli-Q or groundwater) was 

transferred into 15 mL polypropylene centrifuge tubes (Corning) and spiked with the 20 PFAS 

analytical mixture to a target concentration of 500 ng L-1 (adsorbate concentration selected to 

represent an environmentally relevant level). For unspiked experiments, 10 mL of the groundwater 

sample (WA or AA) was transferred into 15 mL centrifuge tubes with no spiking of any PFAS. The 

centrifuge tubes were then loaded onto a rotary tube revolver (Thermo Scientific) and rotated at 
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40 revolutions per minute (rpm) for over 20 hours to provide a homogeneous solution. Adsorbents 

(ACs or CDPs) were then added into the centrifuge tubes at a dose of approximately* 10-60 mg 

L-1 (representing the economically feasible dose for drinking water treatment). The centrifuge 

tubes were then reloaded onto the tube revolver and rotated at 40 rpm for 48 hours of treatment. 

Triplicate experiments with each adsorbent were conducted at 23 °C. The centrifuge tubes 

were sacrificed at predetermined timepoints (0.5, 4, 8, 24, 48 hours), filtered with a 0.45 μm 

cellulose acetate filter (Restek), transferred into 18 mm screw top headspace vials (Fisher 

Scientific), then spiked with the mixture of 7 ILISs, and stored at 4 °C until HPLC-MS analysis. 

Control experiments were performed under the same conditions with no addition of adsorbents. 

Duplicate control samples were taken at the same timepoints as the treatment group. And one 

additional control sample was taken immediately after the ~20hr homogenization to represent the 

concentration at “0h” in control samples. PFAS losses in adsorbent-free control samples over 48hr 

were negligible. 

2.3.5 PFAS Quantifications 

Quantification of 20 target PFASs in all prepared samples (spiked with ILISs) was 

conducted using large volume injection and high-performance liquid chromatography (HPLC) 

coupled with a quadrupole-orbitrap mass spectrometer (MS; QExactive, ThermoFisher Scientific). 

Analytical information of all PFASs and their ILISs is provided in Table A-3 of Appendix A. 

                                                   
* Note that, due to the difference in particle size (and hence the difference in unit weight of each single particle), it 

was hard to control the AC to a precise mass added into each centrifuge tube. And so every experiment was conducted 

with triplicate samples to address uncertainties with respect to the adsorbent mass; the average performance of 

triplicates, instead of individual performance, is discussed in this study. 
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Briefly, the mobile phase consisted of (A) LC-MS grade water amended with 20 mM 

ammonium acetate and (B) LC-MS grade methanol. Samples were injected at 5 mL volumes onto 

a Hypersil Gold dC18 12 μm 2.1 x 20 mm trap column (ThermoFisher Scientific) and were eluted 

onto an Atlantis® dC18 5 μm 2.1 x 150 mm analytical column (Waters) with a gradient pump 

delivering 300 μL min-1 of a mobile phase gradient starting at 40% B. The column temperature 

was held constant at 25 °C. The HPLC-MS was operated with electrospray ionization in negative 

polarity mode for all PFAS measurements. 

Calibration standards (n = 8) were prepared in Milli-Q water with concentrations ranging 

between 0 ng L–1 to 750 ng L–1 for external calibration. Analytes were quantified from calibration 

standards (spiked with the same amount of ILIS) based on the PFAS target-to-ILIS peak area ratio 

responses by linear least-squares regression. Calibration curves were run at the beginning of the 

analytical sequence. Instrument blanks (with no target PFAS nor ILIS) were run before and after 

the calibration curve and each batch of triplicate samples. One quality control (QC) sample (with 

target PFASs and ILISs) was placed halfway through every analytical sequence, to ensure minimal 

contamination and adequate MS performance (QC tolerance set at ±30%). The calibration quality 

of all analytical sequences for this study was summarized in Table A-4 and A-5 of Appendix A. 

Potential analyte losses during sample preparation was corrected by spiking ILISs prior to 

sample analysis. The limit of quantification (LOQ) for each target PFAS was determined as “the 

lowest point on the calibration curve (e.g. 1 ng L-1) that can distinguish itself from the Blank (i.e. 

0 ng L-1)”. For each specific calibration curve, LOQ can be calculated according to Equation 2-1. 
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if 
𝑟𝑥−𝑟0

𝑟𝑥
≥ 30% , then 𝑥 ng L-1 is the LOQ     Eq.2-1 

𝑥 is the concentration of the calibration point, ng L-1; 

𝑟𝑥 is the PFAS target-to-ILIS peak area ratio response at the point 𝑥 ng L-1; 

𝑟0 is the PFAS target-to-ILIS peak area ratio response at the point 0 ng L-1; 

30% is the threshold selected to determine whether or not the response is distinguishable 

from the Blank. 

2.3.6 Data Analysis 

The removal of each PFAS in each replicate sample is calculated as below: 

𝑅𝑚𝑣𝑙 𝑖,𝑟𝑒𝑝 𝑗 = (1 −
𝑐𝑖𝑗,𝑡

𝑐𝑖,0
) × 100%       Eq.2-2 

𝑖 is any of the 20 target PFASs analytes; 

𝑗 is the number of the replicate, 𝑗 = 1, 2, 3; 

𝑡 is the time point at which the sample was taken, 𝑡 = 0.5, 4, 8, 24, 48 hr; 

𝑐𝑖𝑗,𝑡 is the concentration of 𝑖 in replicate 𝑗 taken at 𝑡 hr; 

𝑐𝑖,0 is the concentration of 𝑖 in the “0h” control sample. 

Then, each PFAS removal is calculated as the arithmetic average of triplicates: 

𝑅𝑚𝑣𝑙𝑖 =
𝑅𝑚𝑣𝑙𝑖,𝑟𝑒𝑝1 + 𝑅𝑚𝑣𝑙 𝑖,𝑟𝑒𝑝2 + 𝑅𝑚𝑣𝑙 𝑖,𝑟𝑒𝑝3

3
      Eq.2-3 

To quantify the overall performance of each adsorbent, weighted average removal of all 20 

target PFASs was calculated at each timepoint according to the following method: 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑖 =  
𝑐𝑖,0

∑ 𝑐𝑖,0
         Eq.2-4 

𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑔 𝑅𝑚𝑣𝑙 =  ∑( 𝑤𝑒𝑖𝑔ℎ𝑡 𝑖  ×  𝑅𝑚𝑣𝑙 𝑖 )    Eq.2-5 

𝑤𝑒𝑖𝑔ℎ𝑡 𝑖  is the weight that 𝑖  carries in the calculation (based on its share of initial 
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concentration in the matrix); 

𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑔 𝑅𝑚𝑣𝑙 is the overall removal of all PFASs in the matrix (after taking into 

consideration of the distinctions among initial concentrations). 

To quantify the extent of fouling of each adsorbent in the different groundwater matrices, 

the calculations of weighted average removal (Eq. 2-5) and matrix effect (Eq. 2-6) are needed. 

𝑀𝑎𝑡𝑟𝑖𝑥 𝐸𝑓𝑓𝑒𝑐𝑡 =  
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑔 𝑅𝑚𝑣𝑙  in GW

𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑎𝑣𝑔 𝑅𝑚𝑣𝑙  in Milli_Q
       Eq.2-6 

𝑀𝑎𝑡𝑟𝑖𝑥 𝐸𝑓𝑓𝑒𝑐𝑡 quantifies how much worse the adsorbent performs in a groundwater than 

in a pure Milli-Q water (the lower this value is, the worse the adsorbent performs); 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝐹𝑜𝑢𝑙𝑖𝑛𝑔 = (1 − 𝑀𝑎𝑡𝑟𝑖𝑥 𝐸𝑓𝑓𝑒𝑐𝑡) × 100%   Eq.2-7 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝐹𝑜𝑢𝑙𝑖𝑛𝑔 provides a quantitative metric on how much the adsorbent is 

fouled in a specific groundwater matrix (the higher this percentage is, the more the adsorbent is 

fouled, the worse it performs in the matrix, the less it removes PFASs overall). 

Principal component analysis (PCA) is a statistical method that reduces the dimensionality 

of a multivariate dataset, and helps visualize the connections among observations and inter-

correlated quantitative variables with minimal loss of information. It has been demonstrated to be 

a useful aid for multivariate data interpretation in environmental chemistry studies 158-159. Several 

functions from different packages are available in the R software for computing PCA.160 In this 

study, the “FactoMineR” package was employed for the analysis and “factoextra” package was 

utilized to extract and visualize the results (detailed procedures of analysis attached in Appendix 

E). PCA-biplots were constructed to comprehensively describe the effects that different AC size, 

groundwater matrices, and adsorbate properties have on the removal performance of each 
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adsorbent. (Note that, the “Rmvl” variable used to build the following PCAs is the weighted 

average removal of each adsorbent calculated from Equation 2-4 and Equation 2-5.)  

Analysis of variance (ANOVA) is a well-established statistical approach to estimate the 

“variations” among and between groups, and is very powerful in analyzing the differences among 

group means in a sample161. In this study, a Levene’s test on the sample was achieved using the 

“car” package (detailed procedures of analysis in Appendix F). Then, a one-way ANOVA test was 

conducted using the built-in functions of R software. Finally, pairwise comparisons were made 

utilizing the “multcomp” package. Through the application of ANOVA, the rankings of four PFAS 

classes involved in this study were obtained based on their corresponding affinities in the 

groundwater adsorption experiments. 

2.4 Results and Discussion 

2.4.1 PFAS Removal in Milli-Q Water 

2.4.1.1 Performance of different adsorbents 

Figure 2-1 provides the average PFAS adsorption onto five different types of adsorbents, 

including three AC materials (each of four size bins: 10-75μm, 125-212μm, 425-850μm, 1000-

1700μm in particle diameter) and two CDPs (each of only one size bin: 212-425μm and <63μm, 

respectively), in spiked Milli-Q water. 

From the comparison of the removals at 4h with the removals at 48h, it is evident that ACs 

of the two larger size bins (i.e., 425-850μm and 1000-1700μm), remove PFASs from water more 

slowly regardless of what type of AC they are. This is consistent with other previous studies that 

report slower adsorption of PFASs onto larger-sized ACs70, 77, 98, 103, 105, 109. It is widely accepted 
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Figure 2-1. Heatmaps of 20 target PFAS adsorption onto 5 adsorbents in Milli-Q water at a) 4h and b) 48h. 

The PFAS compounds were listed with increasing chain length along the x-axis, and grouped by their 

corresponding classes. The adsorbents were listed with increasing particle size along the y-axis, and grouped 

by their corresponding types. The tiles were colored according to the arithmetic average removal (calculated 

from Eq.2-3) for each pair of the coordinates. 
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that this slow uptake kinetics behavior is controlled by the intraparticle diffusion process, in that 

the microporous structure within larger-sized ACs can easily get blocked and limit the passage of 

additional adsorbates70, 77, 98-99, 103, 105, 107, 109, 162. Also note that, smaller PFAS molecules have 

higher uptake by larger-sized ACs at 4h (e.g., PFBA has a darker color than PFDoA when adsorbed 

by the 1000-1700μm CCAC adsorbent in the 4h heatmap), indicating that their weaker steric 

effects and quicker intraparticle diffusion can lead to faster adsorption kinetics. Although the PFAS 

concentrations in this study are below their corresponding critical micelle concentrations (CMC, 

values in Table B-2 of Appendix B) in the bulk solution, PFASs, especially the ones with longer 

hydrophobic tails, are likely to adsorb onto adsorbent surfaces and aggregate there. When their 

concentrations reach the range of 0.001-0.01 times of CMC122, hemi-micelles can be formed 

and impede the diffusion pathway for subsequent PFAS molecules58, 109-110, 163. 

Comparing to the larger-size bins, ACs of the two smaller size bins (i.e., 10-75μm and 125-

212μm) remove PFASs better and the performance is relatively stable from 4h to 48h, which also 

agrees with previous studies58, 70, 103, 106. This is probably due to the exposure of more internal 

active binding sites caused by pulverization and the consequently shorter diffusion distances109. 

Moreover, the decreased particle size must have increased the available external surface area of 

the adsorbent, which can provide more binding access for the adsorbates even in the presence of 

problematic orientations or aggregations111, 113. Therefore, the smaller-sized ACs in this study have 

a kinetic advantage, if not a capacity advantage, over the larger-sized ACs. 

The two CDPs also demonstrated near-ideal performance in Milli-Q water. This could be 

attributed to their mesoporous structure and their different removal mechanism than ACs. 
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Literature has suggested that enlarged pores in an adsorbent is very beneficial to alleviating 

potential pore blockage effects and hence allows for faster diffusion rates to adsorption sites70, 99, 

107, 111. Both CDPs were constructed with β-cyclodextrin monomers crosslinked with rigid aromatic 

chemicals. The interior cavity of the β-cyclodextrin monomer is an important active site for 

adsorption on the CDPs, and the β-cyclodextrin monomer is known to encapsulate PFASs to form 

well-defined host-guest complexes via hydrophobic interactions88, 90-91, 94-95, 97, 164-167 (one study 

also reported on the possibility of hydrogen bond formation between the β-cyclodextrin monomer 

and perfluoro-ether-carboxylic acids like GenX 93). Additionally, the easily protonated crosslinkers 

of both CDP materials lead to a positive surface charge at neutral pH, and thus contribute to the 

adsorption of anionic PFAS molecules through favorable electrostatic interactions58, 82, 100. 

Overall, it can be concluded from Figure 2-1 that, in Milli-Q water, AWAC and HFAC 

performed better than CCAC among all ACs, and smaller-sized AWAC had faster removal kinetics 

than larger-sized AWAC. The two CDPs performed as well as smaller-sized ACs, if not better. 

2.4.1.2 Further exploration into the particle size effect on ACs 

Principal component analysis (PCA) was conducted on a dataset of 12 observations (one 

observation represents the average removal of three triplicates from each size bin of each AC type) 

and five characteristic variables that describe the physical attributes of the AC adsorbents and their 

PFAS removal performance (“Zeta_Potential”, “Total_Pore_Volume”, “Mircopore_Volume”, 

“Particle_Size”, “Rmvl_4h or 48h”) to further explain the AC uptake behavior in Milli-Q water 

(Figure 2-2 and Appendix E-1). The multivariate dataset was plotted on the first two dimensions 

(i.e., Dim1 and Dim2, determined as the principal components in this analysis), which explained 
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more than 85% of the variation in total; this amount of information preserved from the original 

dataset is decently adequate for the pattern exploration purposes here. 

 

“Particle_Size” was determined as the average particle diameter of a certain size bin (in 

μm) and was negatively correlated with removal at 4h and 48h. This outcome is consistent with 

the finding from Figure 2-1; with decreasing average particle size of AC, removal kinetics gets 

improved. 

Figure 2-2. PCA biplots demonstrating the correlations among four adsorbent properties of activated carbons 

and the weighted average removal of PFASs at a) 4h and b) 48h in Milli-Q water. Each PCA was established 

based on a multi-dimensional dataset with 5 variables and 12 observations (each observation is the weighted 

average of three replicates calculated by Eq.2-5). The biplots were plotted against the first two primary 

components (i.e. Dim1 and Dim2), which combined to explain more than 91% and 85% of the total variance 

in the original 4h and 48h dataset, respectively. The observations were plotted as scattered points, and were 

colored and grouped by their corresponding adorbent types, and a 95% confidence ellipse was added for 

each group of adsorbent. The variables were plotted as straight arrows, and each variable was colored by its 

quality of representation (labeled as “cos2” in the legend) on the selected primary components (a lighter 

color indicates that the variable contributed less to the primary components). The correlations between 

variables were manifested by the angles in between the arrows. The magnitude an observation had for a 

certain variable was revealed by the point’s position relative to the direction of the arrow (if the point locates 

in the same direction that an arrow is pointing at, the observation has a higher magnitude of this chosen 

variable). 
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“Total_Pore_Volume” is the weight specific total pore volume of an adsorbent estimated 

by the BET surface area. “Micropore_Volume” is the distribution of micropores in an adsorbent 

calculated based on the BET measurements. Telling from the almost perpendicular arrows, neither 

of these two variables had noticeable correlation with the average particle size or removals. This 

excludes the possibility of attributing the improved AC adsorption to the enlarged particle meso- 

or macro-pores, as proposed by some studies60, 102, 108. However, it corroborates some other studies 

where the researchers found that the BET surface area and pore volume distributions of AC didn’t 

alter significantly after pulverization106, 111, 113, and that the reduced particle size potentially 

impacted the AC adsorption in some other ways (like increasing the specific external surface 

area111, 113 and exposing more active binding sites which were originally unaccessible106, 109). The 

microporous structure of AC can contribute greatly to an increase in the measured BET surface 

area, and this might be the reason why these two variables are grouped closely together. 

“Zeta_Potential” is used to represent an adsorbent’s surface charge at neutral pH, and this 

parameter also exhibited a nearly 90° angle with the average particle size or the removals. 

Considering that of all ACs were measured to have negative surface charges at pH 7.5 (Appendix 

C) in this study, it is reasonable to hypothesize that there exist repulsive interactions between the 

negatively charged particle surface and the anionic PFASs, and that this repulsion can weaken the 

adsorption. Nevertheless, zeta potential turned out to have exerted little influence on PFAS 

removal in Milli-Q water judging from the PCA biplots, indicating that the diffusion limitation 

within particles overwhelms this hypothesized electrostatic repulsion effect at the particle surface 

(i.e., zeta potential of a particle is not as influential as the average particle size) during the 



 

31 

 

adsorption processes. Zeta potential of AC is also observed to be negatively correlated with the 

pore volumes, which can possibly be explained by the enrichment of negatively charged oxygen-

containing functional groups at any external AC surface111. 

Points of individual observations were grouped by adsorbent types on the PCA biplots, and 

ellipses were drawn as the 95% confidence interval for each group. The relative positions of 

observations can disclose the corresponding values for each variable. It is manifest that the 

observations of CCAC are dissimilar to those of HFAC and AWAC, in that CCAC observations 

possess lower values in zeta potential and higher values in micropore volumes (and thus higher 

total pore volumes). This can help further explain why CCAC was observed to be not as efficient 

as the other ACs in Figure 2-1, because CCAC possibly has a more negatively charged surface 

which induced more repulsive interactions and adversely impacted its adsorption, and more 

importantly, it has a more microporous structure which can severely limit the intraparticle diffusion 

of adsorbates and lead to slow kinetics and easy pore blockage. 

Combining the information we get from variable correlations and observation groupings 

on the PCA biplots, two conclusions can be made: 1) when considering PFAS adsorption on ACs 

in general, particle size (or external specific surface area) is the leading factor to be considered; 

however, 2) if we compare the performance among different types of AC, their surface charge and 

pore volume distributions can also play a minor role. 

2.4.2 PFAS Removal in Groundwater 

2.4.2.1 Performance of selected adsorbents in groundwater 

To examine how PFAS removal would shift in natural groundwater matrices, further 
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experiments were conducted on three of the aforementioned adsorbents in groundwater: CDP+, 

aCDP, and AWAC. Note that these adsorbents were selected based on their performance in Milli-

Q water. The AC selected was of a similar size range (125-212μm) with that of the two CDPs 

(<63μm and 212-425μm), in order to increase the validity and reliability of the comparison among 

different types of adsorbents (with minimum impact from their particle size). The results from 

groundwater experiments are summarized in Figure 2-3. 

Note that, except for GW which was spiked with the 20 PFASs at an environmentally 

relevant level, not all 20 target PFASs were found in the WA and AA natural groundwater samples 

(i.e., there are gray tiles in these groundwater heatmaps). Even though WA-A and WA-D were 

collected from the same well, there are still a few unquantifiable PFASs in the WA-D sample 

compared to the WA-A sample (e.g., PFBA, PFDA, 4:2 FTS were detected in WA-A, but not in 

WA-D). This could possibly be that, the concentrations of these PFASs in the original groundwater 

sample were close to the LOQ (see Figure D-1 of Appendix D) and may have dropped to below 

the LOQ of our instrument when no preservative was added to the sample (as in WA-D). In other 

words, the addition of Trizma to the WA-A may have resulted in better PFAS preservation. 

Interestingly, unlike the performance of larger-sized ACs in Milli-Q water (Figure 2-1), 

PFAS molecules of longer chain length were adsorbed more by all selected adsorbents in the 

groundwater experiments (Figure 2-3). This was primarily because that, with alleviated micropore 

blockage constraints (since both CDPs were considered as mesoporous materials and the AWAC 

selected was of a smaller size bin), the affinity of PFAS molecules would just be based on the 

relative attractions they feel from the adsorbent’s surface. Additionally, PFASs with shorter length 



 

33 

 

 

Figure 2-3. Heatmaps of 20 target PFAS adsorption onto 5 adsorbents in groundwater matrices at a) 4h and 

b) 48h. The PFAS compounds are listed with increasing chain length along the x-axis, and grouped by their 

corresponding classes. The adsorbent-groundwater combinations are shown on the y-axis. The tiles are 

colored according to the arithmetic average removal (calculated from Eq.2-3) for each pair of the coordinates 

(the gray tiles represented that the corresponding PFAS compound could not be detected in the real 

groundwater). 
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of fluorocarbon chains (like PFBA) are generally more hydrophilic (i.e., they tend to partition more 

into the bulk solution than onto a solid surface)65, 67, 118-119, 121, 168-170. Thus, shorter-chain PFASs 

generally exhibited less adsorption, and were outcompeted by the longer-chain PFASs when trying 

to bind with active sites on adsorbents, judging from the observed desorption behavior of shorter-

chain PFASs over time. 

Literature has reported that smaller-sized ACs reach equilibrium at ~30-40h in PFAS 

adsorptions experiments98, 103, 136. Although there is some divergence in the reported contact time 

required (~4-13h) for CDPs before equilibrium (plausibly due to the difference in polymer 

structure and crosslinkers incorporated), CDPs are still commonly believed to have much faster 

adsorption kinetics than ACs (i.e., CDPs’ equilibrium attained more quickly than ACs in PFAS 

adsorption experiments) in general88, 90-91. Therefore, it is safe to assume that the adsorption 

equilibrium status had already been attained by all selected adsorbents at 48h in this study. Looking 

at the equilibrium status (Figure 2-3b) of the selected adsorbents, the gradient colors are darker 

for CDP+ and especially AWAC, implying that these two adsorbents have adsorption capacities 

that are less inhibited by the groundwater matrices. In comparison, the equilibrium adsorption 

capacity of aCDP was more impeded, very likely by losing considerable amount of active binding 

sites in the groundwater samples. 

Focusing on the 4h heatmaps (Figure 2-3a and Figure 2-1a), it can be observed that CDP+ 

has a faster initial rate of removal in the groundwater experiments, indicating that the kinetics of 

the other two adsorbents were inhibited more by the groundwater matrix. In this study, we quantify 

the extent of adsorbent fouling as the overall effect that a groundwater matrix poses to the 
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detriment of a certain adsorbent’s PFAS uptake abilities. There is clearly fouling for every 

adsorbent in every groundwater matrix as shown above, but exactly to what extent and by what 

mechanism each adsorbent is fouled cannot be revealed by the heatmaps alone. Further analysis 

(based on this 4h heatmap) and more explanation on the results is provided in the following 

sections. 

2.4.2.2 Quantification of adsorbent fouling in groundwaters 

Based on the quantitative metric (Equation 2-7) described in the Methods section, Figure 

2-4 provides a description of the 4h-fouling for each adsorbent in each groundwater matrix, based 

on the extent to which their affinity has decreased for each class of PFASs relative to their affinity 

in Milli-Q water. The height of each bar in Figure 2-4 represents the total extent to which PFAS 

removal was inhibited in a groundwater sample relative to Milli-Q water. The colors of the bars refer 

to the specific groups of PFAS under consideration. Bars that have larger proportions of a particular 

color indicate that the PFAS group represented by that color exhibited greater extents of removal 

inhibition in that groundwater sample.   

Looking only at the height of the bars, groundwater WA-D had visibly lower fouling effects 

on all three adsorbents. This suggests that the matrix of groundwater WA-D is most similar (with 

respect to fouling the adsorbents) to Milli-Q water. It is interesting to note the differences in fouling 

between WA-A and WA-D, which are water samples derived from the same source but WA-A was 

buffered to pH 9.8 and WA-D was not buffered and has a pH of 7.3 (see Table D-1 of Appendix 

D). These data suggest that all adsorbents perform better in lower pH groundwater samples. The 

heights of the AWAC bars have the smallest variance (~30%-50% fouling) compared with those 
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of the other two adsorbents (aCDP ~20%-70% fouling; CDP+ ~0%-70% fouling), indicating that 

the fouling effects on AWAC were relatively consistent across all groundwaters. However, the 

extent of fouling for aCDP is always higher than AWAC except in groundwater WA-D (Figure 2-

4d), suggesting that there might be something in groundwater WA-D that specifically affects aCDP. 

Figure 2-4. Bar plots exhibiting the fouling percentages of 3 adsorbents in 4 groundwaters at 4h: a) GW-A; 

b) AA-A; c) WA-A; d) WA-D. The total height of a bar represents the overall percentage of fouling 

(calculated by Eq.2-7) a certain adsorbent experienced in a certain groundwater matrix. The fractionated 

components within each bar represents the relative percentage of decreased adsorption affinity for each class 

of PFASs comparing to that in Milli-Q water (the coding of colors: orange as GenX, blue as PFCAs, yellow 

as PFSAs, gray as FTSs). 
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Finally, the adsorbent CDP+ was always the least fouled except in groundwater AA-A (Figure 2-

4b), implying that there might be something in groundwater AA-A that specifically fouls CDP+. 

These observations motivate deeper studies into the water chemistry parameters of each 

groundwater as a means to identify the matrix constituents that are fouling each adsorbent. 

Taking the PFAS classes into consideration, GenX could not be detected in all natural 

groundwaters (i.e., orange bar can only be observed in Figure 2-4a), and FTSs were not detected 

in groundwater WA-D (i.e., there is no gray bar in Figure 2-4d), but there were PFASs detected 

from the other classes (i.e., PFCA, PFSA) in every groundwater sample. There is no clear trend 

among these PFAS classes telling from the bar plots alone. Nevertheless, it can be concluded that 

PFSAs always had the least proportion of fouling. In other words, the removal of PFSAs was 

reduced the least in all groundwater samples (this is especially evident in Figure 2-4c and Figure 

2-4d, when there is no proportion for yellow at all) regardless of the adsorbent type. 

2.4.2.3 Further exploration into fouling mechanisms of groundwater matrices 

To achieve a better understanding of which groundwater properties influenced the 

adsorbents performance and to offer a mechanistic interpretation of the data, a PCA was conducted 

(Figure 2-5 and Appendix E-2) on 12 observations (one individual point for one adsorbent in one 

groundwater) and 8 different variables (“Fouling”, “pH”, “SUVA”, “TOC”, “Conductivity”, 

“Anions”, “Monovalent_Cations”, “Divalent_Cations”). The multivariate dataset was plotted on 

the first two dimensions (i.e., Dim1 and Dim2, determined as the principal components in this 

analysis), which explained more than 91% of the variation in total and preserved fairly sufficient 

information from the original dataset. 
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“Fouling” is the calculated percentage of fouling (Equation 2-7 and Figure 2-4) for each 

adsorbent in each groundwater, as a quantification of the extent of influence that the different 

groundwater matrix exerted on different adsorbents. 

“pH” is the measured pH value of each groundwater, and exhibited a strong positive 

correlation with adsorbent fouling (i.e., greater pH values adversely impacted the adsorbents’ 

Figure 2-5. PCA biplot demonstrating the correlations among seven groundwater properties and the 

adsorbent fouling (calculated by Eq.2-7) at 4h in groundwater matrices. The PCA was established based on 

a multi-dimensional dataset with 8 variables and 12 observations. The biplot was plotted against the first two 

primary components (i.e. Dim1 and Dim2), which combined to explain more than 91% of the total variance 

in the original dataset. The observations were plotted as scattered points, and were colored by the 

groundwater matrix with which they belonged. The variables were plotted as straight arrows, and each 

variable was colored by its quality of representation (labeled as “cos2” in the legend) on the selected primary 

components (a lighter color indicates that the variable contributed less to the primary components). The 

correlations between variables were manifested by the angles in between the arrows. The magnitude an 

observation had for a certain variable was revealed by the point’s position relative to the direction of the 

arrow (if the point locates in the same direction that an arrow is pointing at, the observation has a higher 

magnitude of this chosen variable). 
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removal of PFASs in groundwater samples), which is consistent with the observations discussed 

in the context of Figure 2-4. The target PFAS compounds selected for this study have very low 

pKa values (Table B-1 of Appendix B), and thus generally exist as anions in the aquatic 

environment (including within the pH range in this study). Accordingly, this pH dependence of 

fouling can be more explained by changes to the adsorbents, rather than protonation/deprotonation 

of the adsorbates. When the adsorbent has a strongly negative surface charge, as is expected for 

AWAC based on the zeta potential measurements†, the repulsion between anionic PFASs and the 

solid surface can suppress the adsorption, resulting in more adsorption inhibition with increasing 

pH61, 78, 121. When the adsorbent has a positive surface charge, the favorable electrostatic 

interactions play a crucial role in adsorption affinity, and adsorption can be inhibited by the 

increasing pH (as hypothesized for CDP+ ‡) due to a decrease in the amount of cationic binding 

sites on the surface70, 73, 132. In other cases, the increasing pH can result in a significant 

deprotonation of surface functional groups on positively charged surfaces and switch the polarity 

of the surface to be negatively charged (which is hypothesized for aCDP§)109.  

This hypothesis of pH changing the adsorbent surface chemistry perfectly corroborates our 

previous observations. CDP+ was positively charged and its electrostatic attraction towards the 

                                                   
† At pH 7.5, zeta-potential of AWAC was measured to be -7.5, which suggest a pHpzc of much less than 7, and so in 

this study (pH ~7-10), we can expect AWAC to be always negatively charged. 

‡ At pH 7.5, zeta-potential of CDP+ was measured to be +6.5, which suggest a pHpzc of much higher than 7, and so 

in this study (pH ~7-10), we can expect CDP+ to be always positively charged. 

§ At pH 7.5, zeta-potential of aCDP was measured to be 1.7, which suggests a pHpzc that is close to 7 (or in the range 

of ~8-9). The relevant pH range of this study is ~7-10, so it is reasonable to expect a switch in the adsorbent’s surface 

charge. For instance, at pH ≈ 7 < pHpzc, aCDP carries a positive overall surface charge; at pH ≈ 10 > pHpzc, aCDP is 

then expected to carry a negative surface charge. 
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oppositely charged PFASs provides higher affinity, which could be the reason why only CDP+ 

exhibited a faster removal rate at 4h (Figure 2-3), and appeared as the least fouled at 4h in almost 

all groundwater samples (Figure 2-4). On the other hand, AWAC was constantly negatively 

charged, meaning that its removal mechanism is non-sensitive to pH, rendering a relatively 

consistent behavior in all groundwaters (Figure 2-4). Additionally, aCDP was hypothesized to be 

positively charged only in WA-D due to the lower pH, which accounted for its distinctively better 

performance in WA-D comparing to all other groundwaters (Figure 2-4d). Furthermore, the easily 

protonated crosslinkers of the CDPs might also be active binding sites for anionic PFASs97, but 

increasing pH in the groundwaters would result in more negatively charged sites and less positively 

charged sites, and subsequently decrease the amount of PFAS molecules that the CDPs can capture. 

This potentially explains why AWAC was relatively unaffected and maintained about the same 

capacity at equilibrium in groundwater, but the adsorption capacities of CDPs were visibly 

hampered comparing to those in Milli-Q water (Figure 2-3b and Figure 2-1b). 

“Conductivity” was included to represent the ionic strength of each groundwater; 

conductivity has a strong linear correlation with ionic strength in electrolyte-bearing aqueous 

solutions171. Conductivity has a very weak relationship with adsorbent fouling, indicating that the 

ionic strength of the groundwater samples did not contribute much in hindering the PFAS 

adsorption. 

“Anions” was calculated as the sum of the molar concentrations of all measurable anion 

species (i.e., F-, Cl-, NO3
-, SO4

2-, PO4
3-) in each groundwater. This variable also showed no clear 

association with adsorbent fouling, suggesting that anions are also irrelevant with respect to the 
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fouling observed among the groundwater samples in this study**. Note that some of the commonly 

abundant anion species (e.g., the carbonate species) in normal aqueous environments were not 

measured, but the analysis of the total ionic strength inferred from the measurement of 

groundwater conductivity should have made up for this deficiency. 

“Divalent_Cations” was given by the sum of the molar concentrations of all measured 

divalent cations (i.e., Ca2+ and Mg2+) in each groundwater††. Divalent cations were found to inhibit 

the adsorbents’ PFAS uptake according to its strong positive association with fouling. Similarly, a 

“cation fouling effect” has been observed in other studies regarding PFAS adsorption behaviors85, 

172. Researchers have proposed that divalent cations like Mg2+ and Ca2+ can bind with the polar 

head groups of PFAS molecules and form weak, neutral complexes‡‡, which can result in limited 

electrostatic attractions and decreased levels of adsorption72, 85. As is revealed in the PCA biplot 

(Figure 2-5) and in the raw data (Table D-2 of Appendix D), groundwater AA-A had the highest 

levels of divalent cations among all groundwater samples, which resulted in a greater extent of 

fouling of the positively charged adsorbents. This phenomenon also explains the unique behavior 

of CDP+ in the bar plots (Figure 2-4b). 

“Monovalent_Cations” is the sum of the molar concentrations of all measured monovalent 

cations (i.e., K+ and Na+) in each groundwater. Monovalent cations were slightly associated with 

                                                   
** Note that, specific anion speciation (e.g., sulfate versus non-sulfate anions) might have an impact on the adsorbent 

fouling in groundwaters. A more detailed PCA was included in Figure E-7 of Appendix E. 

†† Even though under a basic environment (pH ~10), the dominant species of calcium and magnesium at equilibrium 

in this study were still predicted to be Ca2+ and Mg2+, respectively, in all relevant groundwater samples at the given 

conditions (see Figure D-2 and Figure D-3 of Appendix D). 

‡‡ Polyvalent cations like Al3+ and Fe3+ were also reported to have similar effects, but we were only able to measure 

Ca2+ and Mg2+ in the scope of this study. 
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the adsorbent fouling. Some researchers have suggested that an elevated level of cations in total, 

which leads to an increase in the overall ionic strength, can promote the compression of the 

electrical double layer of an adsorbent and subsequently reduce the zeta-potential, leading to less 

electrostatic attraction from a positively charged surface to anionic PFAS molecules121. However, 

speculating from the non-correlating behavior between the conductivity and the adsorbent fouling 

variables stated in the above, there should not be a consequence of the double layer compression 

in the groundwater samples in this study. There was another study that reported K+ to form K-

PFOS ion pairs and hence exhibited much lower solubility than H-PFOS when the two solutions 

were at the same ionic strength74. But lowering adsorbate solubility should enhance the adsorption 

overall, which contradicts our observation here. Therefore, the mechanism by which monovalent 

cations contribute to fouling of the adsorbents in this study remains unclear, and it is possible that 

the association is significant but non-causal. 

“TOC” is the measured amount of non-purgeable organic carbon, and used to represent the 

total dissolved organic carbon contents in each groundwater. “SUVA” was calculated as 

recommended by the EPA method 415 157, and used to estimate the dissolved aromatic carbon 

contents in each groundwater. It can be seen from the PCA biplot (Figure 2-5) that neither SUVA 

nor TOC associate with adsorbent fouling, even though groundwater GW-A did exhibit lower TOC 

concentrations compared to the other groundwater samples. Theoretically, this could be due to the 

lack of normality in the data distribution resulted from the limited iteration of measurements, and 
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thus no obvious causal relationships can be derived§§. Alternately, the data might be representative 

even though it was not normal, and if so, from the non-correlation behavior it could be speculated 

that there exist very low proportions of smaller organic carbons in all groundwaters, since it is 

known that only a certain fraction of the organic carbons (molecular weight < 1kDa) was harmful 

for adsorptions onto porous media136-137. 

2.4.2.4 Further exploration into fouling by different PFAS classes 

Besides a careful discussion of how adsorbents could be fouled in the groundwater samples, 

it is also beneficial to gain more insights on how different adsorbate properties play a part in the 

fouling. To further investigate the PFAS properties, all target PFASs were grouped into four classes 

according to their different structures and functional groups: GenX (perfluorinated, branched, has 

a carboxylate head group and an ether oxygen), PFCA (perfluorinated, linear, has a carboxylate 

head group), PFSA (perfluorinated, linear, has a sulfonate head group), and FTS (polyfluorinated, 

linear, has a sulfonate head group). More detailed structures are provided in Appendix B. 

First, to clarify if the groundwater chemistry has an impact on the adsorption of different 

PFAS classes, PCA biplots was conducted (Figure 2-6 and Appendix E-3) on a dataset of 36 

observations and eight variables (including “Fouling” as a representation of the relative PFAS 

adsorption affinities in each of the groundwater matrices, and the same seven parameters from the 

groundwater analysis). Note that, the “Fouling” here was calculated by each PFAS class, and not 

by each adsorbent, using Equations 2-4, 2-5, 2-6, and 2-7. The value of “Fouling” demonstrates  

                                                   
§§ Note that PCA assumes all data input was normally distributed. However, this assumption does not hold true for 

the variables “SUVA” and “TOC” here. Detailed information was provided in Appendix G. One should keep this in 

mind when interpreting the PCA results. 
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Figure 2-6. PCA biplots demonstrating the relative percentages of reduction in adorption affinity of different 

PFAS classes and their correlations with the groundwater properties at 4h. Note that, both plots came from 

one PCA analysis, with a) plotted against the first and third primary components (i.e. Dim1 and Dim3); b) 

plotted against the second and third primary components (i.e. Dim2 and Dim3). The observations were 

plotted as scattered points, and were colored and grouped by their corresponding adorbent types, and a 94% 

confidence ellipse was added for each class of PFASs (the ellipse of GenX could not be generated because 

the data points were too few to calculate a confidence interval from). The variables were plotted as straight 

arrows, and each variable was colored by its quality of representation (labeled as “cos2” in the legend) on 

the selected primary components (a lighter color indicates that the variable contributed less to the primary 

components). The correlations between variables were manifested by the angles in between the arrows. The 

magnitude an observation had for a certain variable was revealed by the point’s position relative to the 

direction of the arrow. 
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the extent to which the adsorption affinities of the PFASs as a class have decreased in groundwater 

comparing to those in the Milli-Q water. In this PCA, the multivariate dataset was reduced to three 

principal components: Dim1 denoting SUVA, TOC, anions and conductivity of the groundwater; 

Dim2 denoting pH, divalent cations, and monovalent cations of the groundwater; Dim3 denoting 

the “fouling” of different PFAS classes. The three principal components combined to explain 

more than 94% of the variation in total, and preserved a decent amount of information from the 

original dataset. The first two principal components were each plotted against Dim3, because we 

are only interested in the correlations of “Fouling” (which majorly contributed to Dim3) with all 

other variables. From the biplots, it is evident that the “fouling” of PFAS classes is relatively 

independent of all aforementioned groundwater properties. Additionally, both biplots seem to have 

disclosed the same trend among different PFAS classes: along the direction that “Fouling” is 

pointing at (or along the y-axis as Dim3), PFSAs always have the least “fouling”, which is 

consistent with the finding in the bar plot proportions (Figure 2-4). 

To perform a closer examination on the underlying relationships among PFAS structures, 

functional groups and their adsorption affinities, a one-way analysis of variance (ANOVA) was 

carried out (detailed procedures provided in Appendix F) to determine whether there were 

significant differences among the means of the groups, and if so, what would be their relative 

rankings. 

The p-value of the one-way ANOVA test turned out to be 5E-4 for the four groups of data, 

providing very strong evidence that the null hypothesis of no difference among all group means 

should be rejected (i.e., there were statistically significant differences among the group means). In 
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light of this evidence, pairwise comparisons were made among the four groups, and the 

corresponding p-value matrix revealed that PFSA has a significantly lower mean than those of all 

other groups, but no significant differences exist among the group means of GenX, PFCA, and 

FTS. 

It has been well-documented that PFSAs have higher adsorption affinity (i.e., less fouling) 

onto various adsorbents comparing to PFCAs with the same number of carbons67, 75, 105-106, 117, 121, 

124, 137, 169. There were two plausible explanations commonly adopted by researchers. Firstly, it was 

believed that the difference was mostly attributed to the functional groups, and that the PFASs with 

sulfonate groups displayed greater specific electrostatic interactions than those with carboxylate 

groups117, 121, 169. In addition, a PFSA has one more CF2 moiety comparing to its PFCA analog with 

the same number of carbons, which was suggested to have contributed to the adsorption by 

providing more hydrophobic effect109, 124. However, if we go back to the removal heatmaps in 

Figure 2-3, it can be easily observed that in pairs of PFSAs with the same number of fluorocarbons 

as PFCAs (e.g., PFOS versus PFNA), the PFSA still manifested much higher affinity than its PFCA 

counterpart. Thus, we can safely conclude that the better removal of PFSAs was primarily caused 

by the stronger specific electrostatic attraction from the sulfonate groups. 

FTS has the same functional group as PFSA, but FTS species were more susceptible to 

fouling (i.e., less relative affinity) compared to PFSA. Clues to explain this phenomenon can be 

detected from Table B-1 of Appendix B demonstrating that for a same length in chain, FTSs were 

observed to have higher pKa values than PFSAs. This indicates that FTSs were less readily 

dissociated in water and hence exhibiting less total amount of charged sulfonate groups to 
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electrostatically interact with an adsorbent’s surface. In addition, as a polyfluorinated class of the 

PFAS family, FTSs are structurally special in that they contain two units of the CH2 hydrocarbon 

moiety, which repels water less compared to the CF2 structures, increasing their potential of 

distribution in the bulk aqueous phase rather than on the adsorbent surfaces94. 

The different affinity between GenX and PFSA was probably due to their different 

structures. Multiple studies looking into isomer-specific behavior of PFASs have pointed out that 

branched isomers exhibit weaker adsorption affinity on a variety of adsorbents compared to their 

linear counterparts, and it has been assumed that the branched structure of GenX caused more 

steric hinderance during the adsorption103, 117. Apart from having a branched fluorocarbon bone, 

GenX also possesses an ether oxygen, and a decrease in the PFAS adsorption affinity has been 

reported when additional oxygens were added between two carbons93, 118, hypothetically due to the 

increased affinity towards water molecules (i.e., decreased hydrophobicity) rendering lower 

removals for perfluoro-ether-carboxylic acids like GenX.*** 

 

 

 

                                                   
*** Note that the difference between GenX and PFSAs is trickier since they are different in both functional groups 

and structures. Logically, one would assume GenX to have a lower affinity than its linear isomers with the same 

functional group (i.e., PFCAs), and then considering carboxylate groups exhibited lower affinities than sulfonate 

groups, a more reasonable connection can be made as: affinity of GenX < PFCAs < PFSAs. However, significant 

difference between group means of GenX and PFCA could not be observed in this study, probably due to the lack of 

GenX occurrence in the groundwaters rendering not enough observations to obtain a statistically representative 

sample for the population. 
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2.5 Summary and Conclusions 

The adsorption behaviors of 20 target PFASs (including 4 classes containing members with 

varying chain lengths) onto 5 types of adsorbents (including 3 ACs and 2 CDPs) were studied in 

Milli-Q water. ACs of larger particle size exhibited slower removal kinetics, likely due to 

intraparticle diffusion limitations. Additionally, PFASs of shorter chain length were observed to 

have faster initial adsorption onto the larger-sized ACs, further indicating the probable steric-

related resistance that larger PFAS molecules may experience when transporting within the 

micropores of ACs. In comparison, all smaller-sized ACs and the two CDPs exhibited nearly 

complete removal of the target PFASs, and seemed to be unaffected by intraparticle diffusion 

limitations. 

There was a clear trend that the PFAS removal can be greatly improved in kinetics, if not 

in capacity, with a decrease in the AC particle size. PCA biplots were constructed to further 

understand the particle size effect of ACs, and the results suggested that, although there were 

differences in surface charge and pore volume distributions among different types of ACs, none of 

these variables had a noticeable correlation with the PFAS removal performance. Consequently, 

the particle size was hypothesized to have impacted the PFAS removal through other mechanisms 

(such as exposing more internal active binding sites, or alleviating the steric hinderance of 

adsorbates by enlarging the specific external surface area, while decreasing the size of ACs).  

Based on the adsorption performance in Milli-Q water, three adsorbents (125-212μm 

AWAC, aCDP, CDP+) were selected for further experimentation in groundwater. Very interestingly, 

although all three adsorbents demonstrated nearly ideal performance in Milli-Q water, their PFAS 
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uptake in the groundwater experiments were all impaired, and were impaired to different degrees, 

implying that every adsorbent had its own unique mechanism in removing the target PFASs (and 

thus could have been fouled by distinctive factors of the environmental matrices). 

An approach to quantify the extent of adsorbent fouling was introduced and PCA was 

subsequently carried out to investigate the role that certain groundwater matrix constituents play 

in fouling the adsorbents. pH, divalent and monovalent cation concentrations showed positive 

associations to the adsorbent fouling. Given that the varying pH should have a limited effect on 

the strongly acidic PFAS anions, fouling by means of alterations of the adsorbent surface chemistry 

was proposed: AWAC was negatively charged at neutral pH, and an increased pH rendered the 

surface charge even more negative which serves to repulse anionic PFAS molecules; aCDP was 

mildly positively charged, and increased pH may neutralize the surface or even deprotonated some 

parts of the surface; CDP+ carries a stronger positive charge, and the increased pH had little effect 

on its surface charge. The influence of divalent cation concentrations was only prominent in the 

AA-A groundwater and only for CDP+, indicating that the increased divalent cations in AA-A 

harmed the electrostatic interactions between the adsorbent and the adsorbates; and considering 

that CDP+ was positively charged, it can be speculated that the divalent cations might have 

weakened the attractions more with the PFAS anions by bridging two PFAS molecules to form a 

neutral complex. The mechanism of monovalent cation fouling remains unclear, and we cannot 

discount a significant but non-causal association. 

The groundwater experiments also revealed that, the chain length, functional group, and 

molecular structure of individual PFAS can play a key role in their adsorption behaviors and 
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fouling potential. According to the PCA biplots, adsorption affinities of different PFAS classes are 

independent of groundwater matrix chemistry. Additionally, from the analysis of variance, the 

overall adsorption affinity of PFSAs was significantly higher than all other groups. The propensity 

that PFAS removal increased with increasing chain length (when intraparticle diffusion was less 

of concern for the selected adsorbents) was evident in the groundwater, implying that hydrophobic 

interactions were indispensable in PFAS adsorption. And PFSAs were removed significantly better 

than PFCAs in groundwater, indicating that the sulfonate head group had higher affinity for the 

adsorbents than the carboxylate group. The less affinity of GenX and FTSs comparing to PFSAs 

might be attributed to their structural distinctions. 
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Chapter 3: Future Work 

We must continue to improve our understanding of PFAS adsorption mechanisms and the 

emerging adsorbent materials through research to garner widespread acceptance and usage. 

Adsorption technologies have been shown to be efficient at removing PFASs from aqueous streams, 

and effective in addressing real-world complexities of PFAS mixtures and co-contaminants present 

in environmental matrices. Consequently, researchers have been dedicated to developing more 

selective, higher affinity natural or artificial adsorbent materials to assist in PFAS remediation. 

However, it was pointed out that there could be pitfalls and deficiencies in the interpretation of 

adsorption results without a comprehensive background knowledge of the studied issue173 (in this 

case, the underlying mechanisms for PFAS adsorption). 

This work has revealed that β-cyclodextrin polymers (CDP) distinguish themselves from 

the traditional carbonaceous adsorbents in that they possess easily protonated groups in the 

crosslinker and hence have a higher point of zero charge (pHpzc). A comparatively higher pHpzc 

(e.g., pHpzc > 10) means that CDP adsorbents will remain permanently positively charged under 

environmentally relevant conditions and present competitively strong electrostatic attractions to 

the anionic PFASs which can greatly promote the adsorption. Therefore, the pHpzc characterization 

is very crucial in assessing the adsorbent’s behavior. Zeta potential measurements at pH 7.5 were 

used to speculate the approximate pHpzc values for the adsorbents in this study. Nonetheless, it was 

noted that zeta potential measurements could be vulnerable to factors that affect the particle motion 

(e.g., particle size) and might not be the best method to give approximations for adsorbent surface 

charge174. Thus, in the future, efforts should be made to further examine more accurate ways that 
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are less limited by the particle size of adsorbents in estimating the pHpzc values. 

In addition, knowledge of PFAS adsorption mechanisms gained from this work can be 

utilized to design more efficient adsorbents and to predict their performance under a range of 

environmental conditions. This research has illustrated the superior performance of CDP 

adsorbents that were crosslinked with easily protonated co-monomers, and has implicated the 

importance of having a positive surface chemistry when trying to remove anionic PFAS 

contaminants from water. Given that β-cyclodextrin monomers are excellent sustainable materials 

in sequestering PFAS molecules 93-95, future improvements can be made through the alteration of 

the crosslinkers. Some recent studies have reported that, except the regular hydrophobic and 

electrostatic effects, polyvalent metals (like Fe3+ and Al3+) can also interact with PFAS anions via 

“ligand exchange”, which is basically securing the PFAS molecules by forming metal-carboxylate 

or metal-sulfonate complexes with them (i.e., the same mechanism as polyvalent cation-bridge 

effect, except that this metal cation comes from the adsorbent surface, not in the water) 83-84. This 

merits the polyvalent metals as good candidates for future crosslinkers of β-cyclodextrin. 

Finally, the focus of the explorations presented in this thesis was on the adsorption 

behaviors of anionic PFAS compounds. But it is acknowledged that there exists a vast majority of 

other PFASs, including cationic, zwitterionic, and neutral ones, that could be of greater concern 

for the society175. One can expect the cationic ones to be easily removed by negatively charged 

adsorbents like activated carbons, since they will be pushed towards the surface by hydrophobic 

interactions, and attracted by the negative electrostatic interactions at the same time. Additionally, 

considering that most surfaces with which micropollutants interact in the natural environment (e.g., 
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soil, sediment, organic matters) are negatively charged, it is reasonable to speculate that cationic 

and zwitterionic PFASs can be quickly immobilized, and even possibly the same for the neutral 

PFASs since the hydrophobic interactions will be stronger in the absence of polar head groups. 

This conjecture corroborates the frequent detections of the anionic PFASs’ occurrence all over the 

world, and not much ubiquity reported for cationic or zwitterionic or neutral PFASs. Yet it would 

still be very interesting to inspect how these other PFAS chemicals actually behave during 

adsorption processes onto various adsorbents, and future endeavors can be made stemming from 

the systematic theories established in this study. 
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Appendix A: Analytical Information of PFASs 

Table A-1. Stock solutions of PFAS target compounds and their isotopically labeled internal standards (ILISs). 

Name Acronym Molecular Formula Supplier Concentration Solvent 

Perfluorobutanesulfonic acid PFBS C4HF9O3S TCI 1 g/L 100% Methanol 

Perfluoropentanesulfonic acid PFPeS C5HF11O3S Wellington Laboratories 50 mg/L 100% Methanol 

Perfluorohexanesulfonic acid PFHxS C6HF13O3S Chem Cruz 1 g/L 100% Methanol 

Perfluoroheptanesulfonic acid PFHpS C7HF15O3S Wellington Laboratories 50 mg/L 100% Methanol 

Perfluorooctanesulfonic acid PFOS C8HF17O3S Chem Cruz 1 g/L 100% Methanol 

Perfluorononanesulfonic acid PFNS C9HF19O3S Wellington Laboratories 50 mg/L 100% Methanol 

Perfluorodecanesulfonic acid PFDS C10HF21O3S Wellington Laboratories 50 mg/L 100% Methanol 

Perfluorobutanoic acid PFBA C4HF7O2 Sigma-Aldrich 1 g/L 100% Methanol 

Perfluoropentanoic acid PFPeA C5HF9O2 Alfa Aesar 1 g/L 100% Methanol 

Perfluorohexanoic acid PFHxA C6HF11O2 TCI 1 g/L 96% MeOH + 4%H2O 

Perfluoroheptanoic acid PFHpA C7HF13O2 Sigma-Aldrich 1 g/L 96% MeOH + 4%H2O 

Perfluorooctanoic acid PFOA C8HF15O2 Sigma-Aldrich 1 g/L 100% Methanol 

Perfluorononanoic acid PFNA C9HF17O2 Sigma-Aldrich 1 g/L 96% MeOH + 4%H2O 

Perfluorodecanoic acid PFDA C10HF19O2 Alfa Aesar 1 g/L 96% MeOH + 4%H2O 

Perfluoroundecanoic acid PFUnA C11HF21O2 Chem Cruz 1 g/L 96% MeOH + 4%H2O 

Perfluorododecanoic acid PFDoA C12HF23O2 Alfa Aesar 1 g/L 96% MeOH + 4%H2O 

Perfluoro-2-methyl-3-oxahexanoic acid GenX C6HF11O3 SynQuest Laboratories 1 g/L 100% Methanol 

1h,1h,2h,2h-perfluorohexanesulfonic acid 4:2 FTS C6H5F9O3S Wellington Laboratories 50 mg/L 100% Methanol 

1h,1h,2h,2h-perfluorooctanesulfonic acid 6:2 FTS C8H5F13O3S Santa Cruz Biotechnology 1 g/L 100% Methanol 

1h,1h,2h,2h-perfluorodecanesulfonic acid 8:2 FTS C10H5F17O3S Wellington Laboratories 50 mg/L 100% Methanol 

Sodium perfluoro-1-hexane[18O2]sulfonate 18O2 - PFHxS C6HF13[18]O2OS Wellington Laboratories 2 mg/L MeOH:H2O <1% 

Sodium perfluoro-1-[1,2,3,4-13C4]octanesulfonate 13C4 - PFOS [13]C4C4HF17O3S Wellington Laboratories 2 mg/L MeOH:H2O <1% 

Perfluoro-n-[1,2-13C2]hexanoic acid 13C2 - PFHxA [13]C2C4HF11O2 Wellington Laboratories 2 mg/L MeOH:H2O <1% 
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Table A-1. (continued) Stock solutions of PFAS target compounds and their isotopically labeled internal standards (ILISs). 

Name Acronym Molecular Formula Supplier Concentration Solvent 

Perfluoro-n-[1,2,3,4-13C4]octanoic acid 13C4 - PFOA [13]C4C4HF15O2 Wellington Laboratories 2 mg/L MeOH:H2O <1% 

Perfluoro-n-[1,2,3,4,5-13C5]nonanoic acid 13C5 - PFNA [13]C5C4HF17O2 Wellington Laboratories 2 mg/L MeOH:H2O <1% 

Perfluoro-n-[1,2-13C2]decanoic acid 13C2 - PFDA [13]C2C8HF19O2 Wellington Laboratories 2 mg/L MeOH:H2O <1% 

2-Perfluorohexyl-[1,2-13C2]-ethanoic acid 13C2 - 6:2FTOH [13]C2C6H3F13O2 Wellington Laboratories 2 mg/L 100% Isopropanol 

Note: ILISs for PFCAs and PFSAs came in as a mixture in > 99% methanol with each ILIS at a concentration of 2000 ng mL-1. ILIS for FTSs (i.e. 13C2 - 6:2FTOH) 

came in as a mixture in 100% isopropanol at a concentration of 2.0 μg mL-1. 

 

 

 

Table A-2. Solvents and reagents used in this study. 

No. Substance CAS No. Supplier 

1 Methanol ( OmniSolv®, LC-MS Grade) 67-56-1 Sigma-Aldrich 

2 Water ( OmniSolv®, LC-MS Grade) 7732-18-5 Sigma-Aldrich 

3 Acetone (HPLC Grade) 67-64-1 Sigma-Aldrich 

4 Ammonium Acetate (for molecular biology, ≥98%) 631-61-8 Sigma-Aldrich 

5 Trizma® base (puriss. p.a., buffer substance, ≥99.5%) 77-86-1 Sigma-Aldrich 
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Table A-3. Analytical information of PFAS target compounds and their isotopically labeled surrogates. 

No. Acronym #C Molecular Formula [M-H]- a RT (min) b ILIS 

1 PFBS 4 C4HF9O3S 298.9430 13.24 18O2 - PFHxS 

2 PFPeS 5 C5HF11O3S 348.9398 16.49 18O2 - PFHxS 

3 PFHxS 6 C6HF13O3S 398.9366 19.23 18O2 - PFHxS 

4 PFHpS 7 C7HF15O3S 448.9334 21.55 13C4 - PFOS 

5 PFOS 8 C8HF17O3S 498.9302 23.49 13C4 - PFOS 

6 PFNS 9 C9HF19O3S 548.9270 25.16 13C4 - PFOS 

7 PFDS 10 C10HF21O3S 598.9238 26.63 13C4 - PFOS 

8 PFBA 4 C4HF7O2 212.9792 9.33 13C2 - PFHxA 

9 PFPeA 5 C5HF9O2 262.9760 12.56 13C2 - PFHxA 

10 PFHxA 6 C6HF11O2 312.9728 16.06 13C2 - PFHxA 

11 PFHpA 7 C7HF13O2 362.9696 19.02 13C4 - PFOA 

12 PFOA 8 C8HF15O2 412.9664 21.45 13C4 - PFOA 

13 PFNA 9 C9HF17O2 462.9632 23.48 13C5 - PFNA 

14 PFDA 10 C10HF19O2 512.9600 25.23 13C2 - PFDA 

15 PFUnA 11 C11HF21O2 562.9568 26.70 13C2 - PFDA 

16 PFDoA 12 C12HF23O2 612.9537 28.00 13C2 - PFDA 

17 GenX 6 C6HF11O3 328.9677 16.96 13C2 - PFHxA 

18 4:2 FTS 6 C6H5F9O3S 326.9743 15.70 13C2 - 6:2 FTOH 

19 6:2 FTS 8 C8H5F13O3S 426.9679 21.33 13C2 - 6:2 FTOH 

20 8:2 FTS 10 C10H5F17O3S 526.9615 25.19 13C2 - 6:2 FTOH 

a [M-H]- represents the mass to charge ratio (m/z) used for the pseudo-molecular ions for mass spectrometry scans in this study; 

b RT represents the retention time (in minutes) on the analytical column of liquid chromatography in this study. 
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Table A-4. Quality control of PFAS quantifications (R2 of calibration curves for each PFAS in each experiment). 

date 180920 181013 181029 181124 181130 181208 190129 190204 190208 190218 190309 190321 

Maxa adsorbent CCAC AWAC 
AWAC 

CCAC 
HFAC HFAC CDPs - 

AWAC 

CDPs 

AWAC 

CDPs 

AWAC 

CDPs 
- 

AWAC 

CDPs 

matrix Milli-Q Milli-Q Milli-Q Milli-Q Milli-Q Milli-Q GWs b GW-A WA-A AA-A GWs b WA-D 

PFBA 0.9988 0.9945 0.9985 0.9791 0.9829 0.9792 0.9881 0.9828 0.9796 0.9924 0.9905 0.9927 0.9988 

PFPeA 0.9878 0.9940 0.9994 0.8684 0.9795 0.9938 0.9969 0.9908 0.9966 0.9984 0.9990 0.9995 0.9995 

PFHxA 0.9858 0.9953 0.9992 0.9970 0.9943 0.9987 0.9959 0.9950 0.9940 0.9991 0.9999 0.9998 0.9999 

PFHpA 0.9845 0.9989 0.9989 0.9978 0.9982 0.9978 0.9982 0.9974 0.9956 0.9969 0.9951 0.9968 0.9989 

PFOA 0.9967 0.9960 0.9999 0.9997 0.9996 0.9984 0.9995 0.9988 0.9982 0.9993 0.9967 0.9966 0.9999 

PFNA 0.9978 0.9848 0.9951 0.9981 0.9991 0.9998 0.9940 0.9991 0.9989 0.9998 0.9988 0.9993 0.9998 

PFDA 0.9729 0.9817 0.9963 0.9897 0.9971 0.9981 0.9846 0.9976 0.9972 0.9974 0.9866 0.9926 0.9981 

PFUnA 0.9203 0.9871 0.9919 0.9585 0.9895 0.9896 0.9825 0.9875 0.9647 0.9872 0.9614 n.a.c 0.9919 

PFDoA 0.8673 0.9883 0.9952 0.9695 0.9943 0.9792 0.9893 0.9781 0.9742 0.9855 0.9343 n.a. 0.9952 

PFBS 0.9868 0.9990 0.9965 0.9996 0.9997 0.9992 0.9985 0.9991 0.9980 0.9993 0.9997 0.9995 0.9997 

PFPeS 0.9985 0.9996 0.9988 0.9991 0.9994 0.9988 0.9952 0.9985 0.9973 0.9993 0.9999 0.9995 0.9999 

PFHxS 0.9916 0.9975 0.9985 0.9970 0.9992 0.9992 0.9981 0.9988 0.9983 1.0000 1.0000 1.0000 1.0000 

PFHpS 0.9957 0.9781 0.9992 0.9994 0.9987 0.9996 0.9984 0.9995 0.9997 0.9995 0.9984 0.9992 0.9997 

PFOS 0.9880 0.9813 0.9987 0.9973 0.9989 0.9990 0.9944 0.9990 0.9979 0.9989 0.9958 0.9968 0.9990 

PFNS 0.8735 0.9862 0.9941 0.9751 0.9896 0.9915 0.9908 0.9910 0.9814 0.9896 0.9783 n.a. 0.9941 

PFDS 0.8658 0.9894 0.9920 0.9841 0.9884 0.9814 0.9892 0.9743 0.9544 0.9808 0.9503 n.a. 0.9920 

GenX 0.9697 0.9874 0.9880 0.9852 0.9880 0.9927 0.9872 0.9954 0.9861 0.9997 0.9993 n.a. 0.9997 

4:2 FTS 0.9990 0.9996 0.9998 0.9992 0.9996 0.9996 0.9997 0.9958 0.9983 0.9993 0.9993 n.a. 0.9998 

6:2 FTS 0.9991 0.9954 0.9981 0.9988 0.9986 0.9996 0.9996 0.9988 0.9974 0.9909 0.9934 n.a. 0.9996 

8:2 FTS 0.9567 0.9631 0.9967 0.9951 0.9935 0.9989 0.9777 0.9939 0.9985 0.9841 0.9853 n.a. 0.9989 

a Max means the maximum R2 value for the PFAS across all experiments conducted, representing the highest quality calibration curve we could get for the PFAS; 

b This represents a “groundwater background scanning experiment”, meaning no adsorbent added, only quantifying PFAS levels in spiked or unspiked groundwaters; 

c n.a. means not applicable, representing that the PFAS was not detected in the experiment. 
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Table A-5. Quality control of PFAS quantifications (LOQ of each PFAS in each experiment, in ng L-1). 

date 180920 181013 181029 181124 181130 181208 190129 190204 190208 190218 190309 190321 

Mina adsorbent CCAC AWAC 
AWAC 

CCAC 
HFAC HFAC CDPs - 

AWAC 

CDPs 

AWAC 

CDPs 

AWAC 

CDPs 
- 

AWAC 

CDPs 

matrix Milli-Q Milli-Q Milli-Q Milli-Q Milli-Q Milli-Q GWs b GW-A WA-A AA-A GWs b WA-D 

PFBA 10 10 1 50 10 10 1 1 1 1 1 10 1 

PFPeA 100 50 50 100 50 50 10 10 10 10 10 10 10 

PFHxA 1 1 1 1 1 1 1 10 10 10 10 10 1 

PFHpA 1 1 1 1 1 1 1 10 10 10 10 10 1 

PFOA 1 1 1 1 1 1 1 10 10 10 10 10 1 

PFNA 1 1 1 1 1 1 1 1 1 1 1 1 1 

PFDA 1 1 1 1 1 1 1 10 10 10 10 10 1 

PFUnA 1 1 1 1 1 1 1 1 1 1 1 1 1 

PFDoA 1 1 1 1 1 10 1 10 1 1 10 1 1 

PFBS 1 1 1 1 1 1 1 1 1 1 1 1 1 

PFPeS 1 1 1 1 1 1 1 1 1 1 1 1 1 

PFHxS 1 1 1 1 1 1 1 1 1 1 1 1 1 

PFHpS 1 1 1 1 1 1 1 1 1 1 1 1 1 

PFOS 10 10 10 1 10 10 1 1 10 1 1 1 1 

PFNS 1 1 1 1 1 1 1 1 1 1 1 1 1 

PFDS 1 1 1 1 10 1 1 1 1 1 1 1 1 

GenX 1 1 1 1 1 1 10 10 10 1 10 1 1 

4:2 FTS 1 1 1 1 1 1 1 1 1 1 1 1 1 

6:2 FTS 10 10 1 1 1 1 1 1 1 1 1 1 1 

8:2 FTS 1 1 1 1 1 1 1 1 1 1 1 1 1 

a Min means the minimum LOQ for the PFAS across all experiments conducted, representing the lowest reliable concentration we could quantify for the PFAS; 

b This represents a “groundwater background scanning experiment”, meaning no adsorbent added, only quantifying PFAS levels in spiked or unspiked groundwaters. 
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Appendix B: Physicochemical Properties of PFASs 

Figure B-1. Structures of different PFAS classes. 

      Perfluorocarboxylic Acids (PFCA, n = 4 – 12) 

      Perfluorosulfonic Acids (PFSA, n = 4 – 10) 

   Fluorotelomer Sulfonic Acids (n:2 FTS, n = 4, 6, 8) 

 

   Perfluoro-2-methyl-3-oxahexanoic Acid (GenX) 
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Table B-1. Summary of pKa values from the literature for the PFASs in this study. 

#C PFAS 
Experimental Predicted 

Vierke et. al.a ATSDRb Cheng et. al. c ATSDRb Weber et. al. d SciFinder® 

4 PFBS <0.3   0.14 0.14 -3.57±0.50 

5 PFPeS  
    -3.56±0.50 

6 PFHxS <0.3   0.14 0.14 -3.34±0.50 

7 PFHpS  
    -3.29±0.50 

8 PFOS <0.3  <1.0 0.14 0.14 -3.27±0.50 

9 PFNS  
    -3.26±0.50 

10 PFDS  
   0.14 -3.26±0.50 

4 PFBA <1.6   0.08 0.4 0.37±0.10 

5 PFPeA <1.6    -0.1 0.40±0.10 

6 PFHxA <1.6 -0.16   -0.16 0.42±0.10 

7 PFHpA <1.6   -0.15 -0.19 0.47±0.10 

8 PFOA <1.6 3.8 <1.0  -0.2 0.50±0.10 

9 PFNA <1.6   -0.17 -0.21 0.52±0.10 

10 PFDA <1.6   -0.17 -0.21 0.52±0.10 

11 PFUnA <1.6   -0.17 -0.21 0.52±0.10 

12 PFDoA  
  -0.17 -0.21 0.52±0.10 

6 GenX  
    -1.36±0.10 

6 4:2 FTS  
    1.25±0.50 

8 6:2 FTS  
   0.36 1.31±0.50 

10 8:2 FTS  
    1.32±0.50 

a Vierke et. al. 2013, DOI: dx.doi.org/10.1021/es402691z; 

b Agency for Toxic Substances and Disease Registry (ATSDR) 2019, https://www.atsdr.cdc.gov/toxprofiles/tp.asp?id=1117&tid=237; 

c Cheng et. al. 2009, DOI: dx.doi.org/10.1021/jp9051352; 

d Weber et. al. 2017, DOI: dx.doi.org/10.1021/acs.est.6b05573. 
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Table B-2. Summary of critical micelle concentrations (CMC), in g L-1, from the literature for the PFASs in this study. 

#C PFAS MW a 
Experimental Predicted 

Henriksson et. al.b MacManus-Spencer et. al. c Martin et. al. d Shinoda et. al. e Bhhatarai et. al. f Bhhatarai et. al. f 

4 PFBS 299.95       

5 PFPeS 349.95       

6 PFHxS 399.94      7.28 

7 PFHpS 449.94       

8 PFOS 499.94   4.00  0.54 1.20 

9 PFNS 549.93       

10 PFDS 599.93       

4 PFBA 213.99 213.99    162.33 135.02 

5 PFPeA 263.98     52.67 60.48 

6 PFHxA 313.98     27.98 22.23 

7 PFHpA 363.98  4.69   10.50 8.53 

8 PFOA 413.97  1.44  3.73 3.78 3.21 

9 PFNA 463.97  0.43    1.22 

10 PFDA 513.97  0.13   0.44 0.44 

11 PFUnA 563.96      0.16 

12 PFDoA 613.96      0.06 

6 GenX 329.98       

6 4:2 FTS 327.98       

8 6:2 FTS 427.98       

10 8:2 FTS 527.97       

a Molecular Weight is listed here, because all values cited from literature were 

in molar units, and to transform them all into g L-1, molecular weights 

calculated by Xcalibur based on the neutral compound formulas were used; 

b Henriksson and Ödberg 1974, DOI: doi.org/10.1016/0021-9797(74)90004-6; 

c MacManus-Spencer et. al. 2010, DOI: dx.doi.org/10.1021/ac902238u; 

d Martin et. al. 2003, DOI: doi.org/10.1002/etc.5620220126; 

e Shinoda et. al. 1972, DOI: doi.org/10.1021/j100650a021; 

f Bhhatarai and Gramatica 2010, DOI: dx.doi.org/10.1021/es101181g. 
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Appendix C: Information of Adsorbents 

Table C-1. Characterization of adsorbent materials. 

Adsorbent Supplier 

Particle 

Diameter 

BET Surface 

Area 

Micropore 

Volume 

Zeta-

Potential a 

 (μm) (m2/g) (cm3/g) (mV) 

CCAC 
AquaCarb® 1230C Coconut Shell-Based Granular 

Activated Carbon 

10-75 1126.4196 0.4061 -12.25±1.73 

125-212 1270.6094 0.4773   

425-850 1083.9675 0.4024   

1000-1700 1061.0658 0.4018   

AWAC CalgonCarbon (Filtrasorb® 400-M) 

10-75 929.5928 0.3120 -7.53±1.30 

125-212 924.5506 0.3079   

425-850 854.9006 0.3001   

1000-1700 959.1510 0.3346   

HFAC 
Activated carbon being used in Hoosick Falls 

filtration plant 

10-75 737.2547 0.2652 -7.04±1.46 

125-212 938.9240 0.3318   

425-850 1023.2301 0.3279   

1000-1700 1001.0455 0.3391   

CDP+ CycloPure (DEXSORB+TM) <63 19   6.47 

aCDP Klemes et. al. b 212-425 139.8471   1.7 

a Zeta-potentials were measured at pH 7.5. The AC zeta-potentials were only measured for the smallest size bins and used to represent the surface charge of others 

ACs of the same type. We were assured by the manufacturer of CDP+ that the material would pose a permanently positive charge, and the measured high zeta-

potential matches their claim; 

b Klemes et. al. 2019, DOI: dx.doi.org/10.1002/anie.201905142. 
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Appendix D: Information of Groundwater Samples 

Figure D-1. Background level of PFAS contamination in groundwater samples. 

 

 

Note: The plot above is a “magnified” version of the plot below, in order to display differences in smaller concentrations. 
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Table D-1. Characterization of groundwater samples (original values from measurements). 

 
GW AA WA 

no Trizma + Trizma no Trizma + Trizma no Trizma + Trizma 

pH a 8.19 10.06 8.23 9.96 7.31 9.77 

Conductivity (μS) b 264 739 777 

UV absorbance @254nm c 0.009 0.001 0.001 

TOC (mg/L) d 1.5±0.1 2.1±0.2 2.1±0.5 

Anions (mg/L) e 

Cl- 8.9±0.2 Cl- 130±0.8 Cl- 107±0.5 

SO4
2- 18.7±0.1 SO4

2- 36.7±0.3 SO4
2- 121±0.6 

NO3
- 0.02±0.0 NO3

- 8.8±0.2 NO3
- 9~12±0.5 

F- 0.1±0.0 PO4
3- 1.8±0.1  

Cations (mg/L) e 

Na+ 23.2±0.2 Na+ 61±0.4 

Na+ 32±0.5 
K+ 1.16±0.02 K+ 1.9±0.1 

Mg2+ 7.8±0.1 Mg2+ 48±0.4 

Ca2+ 26.8±0.3 Ca2+ 178±0.7 

a pH values were measured by Fisher Scientific AB150 benchtop pH meter, and followed the instructions from EPA Method 150.3; 

b Conductivity values were measured by the Fisherbrand™ accumet™ Four Cell Conductivity/ATC probe, and followed the instructions from EPA Method 120.1; 

c UV absorbance values were measured by the Thermo Genesys 10S UV-Vis spectrophotometer, and followed the instructions from EPA Method 415.3; 

d TOC values were measured by Shimadzu Total Organic Carbon Analyzer, and followed the instructions from EPA Method 415.3; 

e Inorganic anions and cations were measured by Thermoscientific Ion Chromatography System, and followed the instructions from EPA Method 300.1. 
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Table D-2. Characterization of groundwater samples (calculated values for PCA input). 

Groundwater pH 
Conductivity Anions Monovalent_Cations Divalent_Cations SUVA TOC 

μS mM mM mM L/(mg·M) mg/L 

GW-A 10.06 264 0.45 1.04 0.99 0.60 1.5 

AA-A 9.96 739 4.21 2.70 6.42 0.05 2.1 

WA-A 9.77 777 4.45 1.39 0.00 a 0.05 2.1 

WA-D 7.31 777 4.45 1.39 0.00 a 0.05 2.1 

a There was no divalent cation detected in groundwaters WA-A and WA-D. 

 

Figure D-2. Predicted species distribution of divalent cations in groundwater GW-A (pH 10.06). 

Note: The speciation of calcium and magnesium was predicted by Visual MINTEQ version 3.1, assuming equilibrium status at the fixed pH, using the measured 

concentrations (in Table D-1) as the total initial concentrations. 
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Figure D-3. Predicted species distribution of divalent cations in groundwater AA-A (pH 9.96). 

Note: The speciation of calcium and magnesium was predicted by Visual MINTEQ version 3.1, assuming equilibrium status at the fixed pH, using the measured 

concentrations (in Table D-1) as the total initial concentrations. 
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Appendix E: Principal Component Analysis (PCA) 

 

All Principal Component Analysis (PCA) performed in this study was based on this tutorial: 

http://www.sthda.com/english/articles/31-principal-component-methods-in-r-practical-guide/112-

pca-principal-component-analysis-essentials/. A few fundamental concepts are explained as below: 

 

Classic PCA is used to extract the important information from a multivariate dataset and to express 

this information as a set of few new variables called principal components. The information in a 

given data set corresponds to the total variation it contains. The goal of PCA is to identify directions 

(or principal components) along which the variation in the data is maximal. In other words, PCA 

reduces the dimensionality of a multivariate data to two or three principal components, that can be 

visualized graphically, with minimal loss of information. 

 

Principal Components each corresponds to a linear combination of the original variables. The 

number of principal components is less than or equal to the number of original variables. 

 

Eigenvector is a matrix that provide the coefficients of each original variable in each linear 

combination (i.e. principal component). 

 

Eigenvalues measure the amount of variation retained by each principal component. 

 

Scree Plot is used to determine the number of principal components to be included in a PCA. It is 

the plot of eigenvalues ordered from largest to the smallest. The number of components is 

determined at the point, beyond which the remaining eigenvalues are all relatively small and of 

comparable size. 

 

Correlation Circle shows the relationships between all variables. It can be interpreted as follow: 

1) Positively correlated variables are grouped together; 2) Negatively correlated variables are 

positioned on opposite sides of the plot origin (opposed quadrants); 3) The distance between 

variables and the origin measures the quality of the variables on the factor map. Variables that are 

away from the origin are well represented on the factor map. 

 

All variables and data used in this study were standardized as below before inputting into PCA: 

𝑥𝑖 − 𝑚𝑒𝑎𝑛(𝑥)

𝑠𝑑(𝑥)
 

𝑚𝑒𝑎𝑛(𝑥) is the mean of x values; 

𝑠𝑑(𝑥) is the standard deviation (SD). 

 

http://www.sthda.com/english/articles/31-principal-component-methods-in-r-practical-guide/112-pca-principal-component-analysis-essentials/
http://www.sthda.com/english/articles/31-principal-component-methods-in-r-practical-guide/112-pca-principal-component-analysis-essentials/
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E-1: PCA for AC particle size effect 

 

Table E-1. Eigenvector for PCA of AC particle size effect at 4h. 

 Dim1 Dim2 Dim3 Dim4 Dim5 

Rmvl_4h -0.1364 0.6918 -0.3072 0.6300 -0.1076 

Total_Pore_Volume 0.5686 0.0782 -0.5327 -0.3142 -0.5367 

Micropore_Volume 0.5897 0.1029 -0.1766 0.0616 0.7789 

Zeta_Potential -0.5450 -0.1281 -0.7243 -0.2814 0.2876 

Particle_Size 0.1153 -0.6988 -0.2569 0.6491 -0.1046 

 

Figure E-1. Scree plot for PCA of AC particle size effect at 4h. 

 

As is shown in the Scree plot, it is reasonable to select the first two components as primary 

components in this analysis. 
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Figure E-2. Correlation circle for PCA variables of AC particle size effect at 4h. 

 

 

 

Table E-2. Eigenvector for PCA of AC particle size effect at 48h. 

 Dim1 Dim2 Dim3 Dim4 Dim5 

Rmvl_48h 0.2797 0.6177 0.6704 -0.2854 0.0961 

Total_Pore_Volume -0.5457 0.1577 0.2556 0.5826 0.5221 

Micropore_Volume -0.5662 0.1781 0.1978 0.0331 -0.7794 

Zeta_Potential 0.5370 -0.1418 0.2596 0.7196 -0.3260 

Particle_Size -0.1226 -0.7360 0.6153 -0.2453 0.0666 
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Figure E-3. Scree plot for PCA of AC particle size effect at 48h. 

As is shown in the Scree plot, it is reasonable to select the first two components as primary 

components in this analysis. 

 

Figure E-4. Correlation circle for PCA variables of AC particle size effect at 48h. 
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E-2: PCA for groundwater fouling effect 

 

Table E-3. Eigenvector for PCA of groundwater fouling effect at 4h. 

 Dim1 Dim2 Dim3 Dim4 Dim5 Dim6 Dim7 Dim8 

Fouling -0.066 0.536 -0.374 0.753 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

pH -0.200 0.449 -0.597 -0.634 1.5E-16 -6.0E-16 7.0E-16 1.9E-16 

Conductivity 0.463 -0.057 -0.186 -0.011 -0.175 -0.774 -0.172 -0.296 

Anions 0.464 -0.049 -0.179 -0.013 -0.072 0.101 0.847 0.134 

Monovalent_Cations 0.278 0.458 0.375 -0.116 -0.063 0.312 0.016 -0.676 

Divalent_Cations 0.118 0.542 0.502 -0.126 0.038 -0.318 0.023 0.566 

SUVA -0.466 0.018 0.148 0.020 0.542 -0.409 0.435 -0.331 

TOC 0.466 -0.018 -0.148 -0.020 0.815 0.154 -0.252 0.089 

 

Figure E-5. Scree plot for PCA of groundwater fouling effect at 4h. 

 

As is shown in the Scree plot, it is reasonable to select the first two components as primary 

components in this analysis. 
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Figure E-6. Correlation circle for PCA variables of groundwater fouling effect at 4h. 

 

Figure E-7. A more detailed PCA looking at groundwater inorganic ions fouling effect at 4h. 
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From the PCA in Figure E-7, it can be seen that when further specifying the anions by oxy- versus 

non-oxy, or sulfate versus non-sulfate, certain correlations might exist between the anions and the 

adsorbent fouling in groundwaters. Oxy-anions (i.e., SO4
2-, NO3

-, PO4
3-) and sulfate (i.e., SO4

2-) 

demonstrated negative correlations with adsorbent fouling, meaning that an increase in these anion 

species concentrations will increase the PFAS adsorption affinity in groundwaters. However, no 

report suggesting a similar relationship between inorganic anions and PFAS adsorption could be 

found. To the best of our knowledge, inorganic anions have only been observed to compete with 

PFAS anions for positive binding sites on an adsorbent surface, and hence decrease the overall 

adsorption affinity for PFAS instead of increase the adsorption. These correlations might be 

significant but not causal for the adsorbent fouling. 

 

 

E-3: PCA for PFAS classes adsorption affinity 

 

Table E-4. Eigenvector for PCA of PFAS classes adsorption affinity at 4h. 

 Dim1 Dim2 Dim3 Dim4 Dim5 Dim6 Dim7 Dim8 

Fouling -0.033 0.380 0.911 0.155 0.0E+00 0.0E+00 0.0E+00 0.0E+00 

pH 0.172 0.512 -0.064 -0.839 1.6E-15 -1.4E-15 1.7E-16 3.6E-16 

Conductivity -0.452 -0.122 0.064 -0.172 0.704 -0.110 0.357 -0.335 

Anions -0.453 -0.114 0.059 -0.167 -0.083 -0.108 0.206 0.831 

Monovalent_Cations -0.332 0.451 -0.238 0.226 -0.460 -0.298 0.461 -0.256 

Divalent_Cations -0.182 0.590 -0.312 0.347 0.419 0.231 -0.344 0.231 

SUVA 0.457 0.082 -0.043 0.147 0.152 0.452 0.705 0.192 

TOC -0.457 -0.082 0.043 -0.147 -0.295 0.793 -0.050 -0.206 
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Figure E-8. Scree plot for PCA of PFAS classes adsorption affinity at 4h 

 

The Scree plot recommend the first four components to be included as primary components in 

this analysis (note that we only included three dimensions from this PCA because we are only 

interested in the adsorption affinities / “fouling” of PFAS classes, the rest of the unexplored 

dimensions will be plotted in the following). 
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Figure E-9. Correlation circles for PCA variables of PFAS classes adsorption affinity at 4h. 

 

a) is plotted against the first and third principal components; 

b) is plotted against the second and third principal components; 
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Figure E-10. Additional biplots for PCA variables of PFAS classes adsorption affinity at 4h (no interesting pattern observed). 
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Appendix F: Analysis of Variance (ANOVA) 

A boxplot can be attained to more straight-forwardly display the PFAS adsorption affinities. 

Figure F-1. Boxplot for PFAS classes adsorption affinity at 4h. 

 

We can check whether there are significant differences among the group means by conducting a 

one-way ANOVA test. 

 

oneway.test(Fouling ~ PFAS_type, data = data) 

##  

##  One-way analysis of means (not assuming equal variances) 

##  

## data:  Fouling and PFAS_type 

## F = 18.437, num df = 3.0000, denom df = 8.1989, p-value = 

## 0.0005333 

 

As the p-value is less than the significance level 0.05, we can conclude that there are significant 

differences between the groups of PFASs. To further determine the differences, pairwise t-tests can 

be computed between the means of groups. 

 

pairwise.t.test(data$Fouling, data$PFAS_type, p.adjust.method = "BH", pool.sd

 = FALSE) 
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##  

##  Pairwise comparisons using t tests with non-pooled SD  

##  

## data:  data$Fouling and data$PFAS_type  

##  

##      GenX  FTS   PFCA    

## FTS  0.378 -     -       

## PFCA 0.549 0.430 -       

## PFSA 0.011 0.011 4.2e-06 

##  

## P value adjustment method: BH 

 

As is clearly shown in the pairwise-comparisons, there are significant differences (p-value < 0.05) 

between GenX-PFSA, FTS-PFSA, and PFCA-PFSA. Hence, it’s safe to conclude that, the mean 

of group PFSA is significantly lower than that of all other groups. But no statistically significant 

differences can be observed among the other three groups. 

 

Note that, the ANOVA approaches above require no assumption of equal variances among the 

groups. However, a Levene’s test seem to show that the variance across groups are homogeneous. 

 

leveneTest(Fouling ~ PFAS_type, data = data) 

## Levene's Test for Homogeneity of Variance (center = median) 

##       Df F value Pr(>F) 

## group  3  1.4079 0.2585 

##       32 

 

If we perform classic Tukey multiple pairwise-comparisons between the means of groups based 

on this Levene’s test, we will see the same result as before (i.e., PFSA has a mean that is 

significantly lower than all other groups, but no significant differences observed for the other three 

group means). 

 

res.aov <- aov(Fouling ~ PFAS_type, data = data) 

summary(res.aov) 

##             Df Sum Sq Mean Sq F value   Pr(>F)     

## PFAS_type    3  2.274  0.7579   14.44 4.02e-06 *** 

## Residuals   32  1.679  0.0525                      

## --- 

## Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
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TukeyHSD(res.aov) 

##   Tukey multiple comparisons of means 

##     95% family-wise confidence level 

##  

## Fit: aov(formula = Fouling ~ PFAS_type, data = data) 

##  

## $PFAS_type 

##                 diff        lwr        upr     p adj 

## FTS-GenX  -0.1857391 -0.5995040  0.2280259 0.6213159 

## PFCA-GenX -0.0702078 -0.4708340  0.3304184 0.9640928 

## PFSA-GenX -0.6252646 -1.0258908 -0.2246385 0.0010063 

## PFCA-FTS   0.1155313 -0.1581485  0.3892110 0.6657164 

## PFSA-FTS  -0.4395256 -0.7132053 -0.1658458 0.0007138 

## PFSA-PFCA -0.5550568 -0.8084350 -0.3016786 0.0000076 
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Appendix G: Normality Check of All Variables 

Both PCA and ANOVA require variables to be normally distributed. In this appendix we will check 

the normality of the distributions using the Q–Q (quantile-quantile) plot of each variable. All 

following figures were produced from the “car” package in R Studio. 

G-1: Normality check for variables of PCA inputs 
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From the Q-Q plots above, we can tell that for almost all variables, most of the data points fell in 

between the 95% confidence interval (i.e. the two blue dashed boundaries). Hence, it is safe to 

assume that these variables are approximately normal in distribution. However, the Q-Q plots of 

SUVA and TOC each has six outliers out of twelve total data points, and so these two variables do 

not satisfy the normality assumption for PCA input. This limitation should be kept in mind while 

interpreting the PCA results of SUVA and TOC variables. 

 

 

G-2: Normality check for variable of ANOVA input 

 

From the Q-Q plot above, we can clearly see that most of the data points fell in between the 95% 

confidence interval (i.e. the two blue dashed boundaries). Hence, it is safe to assume that the input 

variable for ANOVA is approximately normal in distribution. 

 

Appendix H: Heatmaps of All Experiments 

 

Rotator batch experiments were conducted in Milli-Q water and groundwaters, and samples were 

taken at 0.5h, 4h, 8h, 24h, and 48h time points. Removal heatmaps at 4h and 48h were deemed 

most representative and discussed in details in the main text of this thesis. To provide supplemental 

understanding of this study, all removal heatmaps from the experimental results are listed as below. 
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Figure H-1. Heatmaps for PFAS removal in Milli-Q water at a) 0.5h, b) 4h, c) 8h, d) 24h, e) 48h. 
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Figure H-2. Heatmaps for PFAS removal in groundwaters at a) 0.5h, b) 4h, c) 8h, d) 24h, e) 48h. 
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