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Per- and polyfluoroalkyl substances (PFASs), also known as ‘forever chemicals,’ are a 

class of persistent fluorinated chemicals that are toxic to humans and negatively impact 

environmental health. PFASs are thermally stable and can have amphiphilic properties and are 

thus used in numerous commercial and industrial applications. The widespread detection of 

PFASs in water bodies motivates environmental engineers to develop practical water treatment 

approaches to remediate PFAS-contaminated water. Adsorbents such as granular activated 

carbon (GAC) and ion exchange (IE) resins are inexpensive and widely used, but have some 

notable deficiencies that motivate the need for alternative adsorbents. Recently, we have found 

that β-cyclodextrin polymers (CDPs) have potential as alternative adsorbents that can selectively 

remove PFASs from water. As groundwater and drinking water standards for PFASs become 

increasingly stringent, we must comprehensively evaluate CDPs so that we can better understand 

the strengths and shortcomings of CDPs and how to implement CDPs in engineered systems. 

In my dissertation, I address several research gaps related to the use of CDPs for 

remediation of PFAS-contaminated water. First, current evaluation of adsorption technologies 

for PFAS remediation focuses on a small subset of PFAAs which are not necessarily 

representative of the whole class. In my first project, I expand on our current knowledge by 



 

studying the adsorption of a broader set of anionic, zwitterionic, and non-ionic PFASs on CDPs 

and IE resins. Second, although we have increasing evidence demonstrating that CDPs are an 

effective adsorbent for PFASs, structurally diverse CDPs exhibit variable performance. In my 

second project, I performed experiments with 34 structurally diverse CDPs and performed 

multivariate analyses to discover links between the physicochemical properties of the CDPs and 

their performance. Third, CDPs are synthesized as powders but implementation into engineered 

processes will require granular adsorbents of a defined morphology. In my third project, I studied 

a novel set of CDP granules of varying particle size and characterized their adsorption 

performance in batch and column experiments. Overall, my dissertation provides greater insight 

into how we can implement CDPs in engineered processes to remove PFASs from contaminated 

water.   
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CHAPTER 1 - Background 

 

1.1 Per and Polyfluoroalkyl Substances (PFASs)  

Per- and polyfluoroalkyl substances (PFASs) are a class of thousands of anthropogenic 

aliphatic compounds, containing a fully or partially fluorinated carbon chain and at least one 

functional group.1 Several examples are provided in Figure 1.1. PFASs containing a shorter 

carbon chain are more hydrophilic and mobile than PFASs containing a longer carbon chain. The 

C-F bonds make PFASs chemically and thermally stable and can have amphiphilic properties, 

making PFASs desired in numerous applications2–4 such as on stain-repellant fabrics, fast-food 

wrappers, nonstick cookware, and in aqueous film forming foam (AFFF) products which are 

used to suppress fires on military training bases.5–10 Sources of PFASs to the environment 

include landfills,11–15 civilian airports and military fire training sites that use AFFFs,16 and 

industries that produce or use PFASs.17,18 Landfill leachate and wastewaters produced in these 

applications may be treated at wastewater treatment plants (WWTPs), but current treatment 

technologies are not equipped to fully remove PFASs from water.19–21 For example, PFASs may 

adsorb onto biosolids produced at treatment plants; biosolids, which can be used as land 

 
Figure 1.1. Perfluorobutanoic acid (PFBA), perfluorooctanoic acid (PFOA), perfluorobutanesulfonic 

acid (PFBS) and perfluorooctanesulfonic acid (PFOS) are commonly studied perfluoroalkyl acids. 

PFBA and PFBS are termed short-chain PFASs because they contain fewer than 8-carbons in their 

chain. PFASs that are not fully fluorinated, such as 6:2 fluorotelomer sulfonamidopropyl betaine (6:2 

FTSA-PrB), 2-perfluorobutyl ethanol (4:2 FTOH), and 2,3,3,3-tetrafluoro-2-(heptafluoropropoxy) 

propanoic acid (GenX), are polyfluoroalkyl acids and may transform to perfluoroalkyl acids. 
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amendment, can reintroduce PFASs into the environment when PFASs leach off of the 

biosolids.11,22 Furthermore, PFASs have been detected in surface water and groundwater,6,17,23 

both of which are sources of drinking water.17,24 One study estimates that 18-80 million people in 

the U.S. may receive tap water with a combined concentration of 10 ng L-1 for perfluorooctanoic 

acid (PFOA) and perfluorooctanesulfonic acid (PFOS), and that over 200 million people receive 

water with PFOA and PFOS concentrations at or above 1 ng L-1.24 PFAS levels in drinking water 

sources are estimated to be orders of magnitude higher when considering total PFAS levels and 

in locations downstream or downwind from manufacturing facilities.24–26  

In addition to the detection of PFASs in water matrices, PFASs have also been detected 

in various organisms, including earthworms,27 aquatic insects,28 fish,29,30 birds,31 and humans.32–

34 Studies have shown that PFASs in organisms have the potential to bioaccumulate34,35 and bind 

to proteins, including fatty acid proteins,36 transport proteins,37 and human serum albumin.37,38 

Exposure to PFASs is associated with adverse health effects including decreased immunity, 

nephrotoxicity, cancer, and developmental effects to fetuses and infants.5,39 Concern over human 

health effects has led to governmental bodies issuing advisories and regulations on PFASs in 

groundwater and in drinking water. On the national level, the U.S. Environmental Protection 

Agency (EPA) has an Interim Recommendation of 40 ng L-1 for combined levels of PFOA and 

PFOS in groundwater,40 and a Lifetime Drinking Water Health Advisory of 70 ng L-1 for 

combined levels of PFOA and PFOS in drinking water.39 Although these recommendations and 

advisories are not enforceable, U.S. EPA is currently developing a PFAS National Primary 

Drinking Water Regulation to regulate PFOA and PFOS under the Safe Drinking Water Act 

(SDWA) by Fall 2023.41 In addition to PFOA and PFOS, consideration should also be given to 

monitor and regulate other PFASs, which may exhibit similar or greater toxicity than PFOA and 
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PFOS.29,42 It is only recently that U.S. states have started to issue enforceable Maximum 

Contaminant Levels (MCLs). The selected PFASs and concentrations specified by the MCLs 

vary from state to state, and the MCLs focus primarily on PFOA, PFOS, and other PFASs of 

greater or shorter chain length of the perfluorocarboxylic and perfluorosulfonic acid families. For 

example, New York State adopted MCLs of 10 ng L-1 each for PFOA and PFOS in drinking 

water,43 whereas the state of New Jersey has implemented MCLs of 10 ng L-1 for PFOA, PFOS, 

and perfluoronanoic acid (PFNA) in groundwater, and 14 ng L-1, 13 ng L-1, and 13 ng L-1 for 

PFOA, PFOS, and PFNA, respectively, in drinking water.44 Unfortunately, the MCLs do not 

regulate polyfluoroalkyl substances, which can transform to perfluoroalkyl substances in natural 

and engineered systems.45–48 Thus, there is a need for treatment technologies that can remove 

perfluoroalkyl substances and polyfluoroalkyl substances to low levels that would satisfy MCLs.  

1.2 Adsorption-based Treatment Approaches to Remove PFASs 

Numerous treatment technologies are being explored to remediate PFAS-impacted water. 

These technologies can be broadly categorized into destruction or separation-based technologies. 

Destruction-based technologies include advanced oxidation processes (AOPs), advanced 

reductive processes (ARPs), incineration, and sonolysis. Although these techniques demonstrate 

some efficacy, they require specific operational parameters (e.g., pH, temperature, pressure, etc.) 

and may form undesired intermediates (e.g., short-chain perfluoroalkyl acids) and mobile and/or 

toxic by-products.49–51 Separation-based technologies like high-pressure membranes demonstrate 

some efficacy to remove PFASs; however, the membranes can be fouled by co-contaminants.50 

The destruction and separation-based technologies described thus far are energy-intensive and 

expensive to construct and operate.49,50,52 Furthermore, numerous communities rely on 
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groundwater wells for drinking water.17,24 Thus, a treatment technology that is easy to implement 

in existing treatment systems in municipal systems and in households is desired.  

 Adsorption is a separation-based technology that is widely used. Granular activated 

carbon (GAC) and ion exchange (IE) resins are conventional, inexpensive adsorbents used in on- 

 site remediation systems (e.g., pump-and-treat), full-scale systems,53 and in point-of-use and 

point-of-entry residential drinking water filters54 to remove undesired adsorbates like inorganics 

and organics from drinking water.49,52,55,56 GAC is made from materials such as bituminous coal 

or coconut shells, and contains porous cavities into which adsorbates like PFASs diffuse. 

Although GAC has relatively good capacity for PFASs due to its high porosity, it has slow, 

diffusion-limited adsorption kinetics.57,58 In addition, mobile short-chain PFASs are not as well 

removed as long-chain PFASs by GAC because short-chain PFASs may desorb and be displaced 

by long-chain PFASs.59–61 Because GAC is not selective, co-contaminants such as organic matter 

(OM) present in natural waters can block GAC pores and reduce access to binding sites.55,62 

Furthermore, electrostatic repulsion between bound OM and anionic perfluoroalkyl acids can 

reduce PFAS uptake.62 Examples of PFAS uptake mechanisms by GAC are provided in Figure 

1.2A.  

Compared to GAC, IE resins can be designed with variable functional groups, polymer 

matrix, and porosity to selectively remove undesired organics and inorganics from water. 

Although ion exchange is assumed to be the main mechanism, differences in resin porosity can 

influence intraparticle diffusion to the polymer matrix, which can vary in its degree of 

hydrophobicity.62,63 IE resins exhibit a higher capacity for both long- and short-chain 

perfluoroalkyl acids compared to GAC62 and spent IE resins are often more easily regenerated 

compared to GAC.50 However, because IE resins utilize ion exchange of anions or cations 
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(depending on the resin type), co-existing water matrix constituents such as charged organics, 

inorganics, and OM can compete with PFASs for binding sites. In addition, OM adsorbed by IE 

resins may electrostatically repel anionic PFASs.62 Examples of how PFASs may interact with IE 

resins are provided in Figure 1.2B.  

 Although GAC and IE resins are widely used adsorbents, they demonstrate some 

deficiencies for the widely studied perfluoroalkyl acids, and it is unknown how they perform to 

remove zwitterionic, cationic, and non-ionic PFASs. An ideal adsorbent should remove both 

short- and long-chain PFASs, and different ionic and non-ionic PFASs. Furthermore, an ideal 

adsorbent should be selective so that it cannot be easily fouled, exhibit rapid adsorption kinetics, 

have a high adsorption capacity, and be inexpensive so that it is cost-efficient to implement in 

treatment systems. 

 
 

 

 

 
Figure 1.2. (A) GAC has non-selective uptake. Organic 

matter (OM) can (a) block access to pores, and adsorbed 

OM can (b) bind to binding sites, and (c) repel anionic 

PFASs. (B) IE resins can selectively uptake inorganics, 

OM, and PFASs. Adsorbed OM can (b) bind to binding 

sites and (c) repel anionic PFASs. Note: This figure 

focuses on perfluoroalkyl acids, which are anionic at 

environmental pH. Figure adapted from Gagliano et al. 

(2020) with permission from Elsevier. DOI: 

10.1016/j.watres.2019.115381. 
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1.3 Cyclodextrin polymers  

Cyclodextrin polymers (CDPs) are emerging adsorbents that have demonstrated promise 

in addressing deficiencies that GAC and IE resins have in removing PFASs from water. CDPs 

are synthesized from cyclodextrins (CDs), which are inexpensive, nontoxic, macrocycles of 

glucose. The most common CDs are -, -, and -CDs, which contain 6, 7, and 8 glucose 

molecules respectively in the shape of a toroid, and have fixed opening diameters of 0.57 nm, 

0.78 nm, and 0.95 nm, respectively. An example of the chemical structure of a CD can be found 

in Figure 1.3A. CDs have a hydrophobic cavity and a hydrophilic exterior.64 Hydrophobic guest 

molecules may partition from solution into the CD cavity,65,66 rendering CDs desirable materials 

for use in numerous host-guest chemistry applications67,68 including food, cosmetics, drug 

delivery, and environmental remediation.64,69 19F NMR spectroscopy has shown that there is 

favorable host-guest complexation and good affinity between PFOA and -CDs.70 As illustrated 

in Figure 1.3B, van der Waals interactions are formed between the fluorinated C-F chain in the 

-CD cavity, and hydrogen bonding may occur between the functional head group and hydroxyl 

groups at the CD opening.71 CD applications are thus promising for uptake of PFASs including 

 

Figure 1.3. (A) A β-cyclodextrin is a macrocycle of seven glucose molecules. (B) Hydrophobic 

interactions and host-guest complexes are formed between PFOA and a β-CD. 
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PFOA70,71 and other PFOA-alternatives such as short-chain PFASs72 and 

perfluoroethercarboxylic acids.73 Although there is promising host-guest chemistry between CDs 

and PFASs, CDs are soluble. Thus, insolubilizing CDs is needed to render CDs usable for 

adsorption-based applications. 

To easily separate CDs from water, insoluble CD-based adsorbents can be synthesized 

using crosslinkers so that CDs and the crosslinker molecules are bonded to form a stable 

crosslinked-polymer structure.74 Various crosslinkers can be used to synthesize a crosslinked-

CDP. Numerous researchers have studied the potential for epichlorohydrin-crosslinked CDPs 

(EPI-CDPs) as an emerging adsorbent.75 EPI-CDPs have high adsorption capacities for benzene 

derivatives76 and dyes77, and can be easily synthesized and regenerated. However, EPI-CDPs 

have a low surface area, and the performance and stability of EPI-CDPs after several cycles of 

regeneration is not well-studied.75  

Recently, a -CD crosslinked with 

a rigid aromatic group resulted in a CDP 

with high surface area (SABET = 35-263 

m2 g-1) and permanent porosity.78 This 

CDP crosslinked with tetrafluorotere-

phthalonitrile (TFN-CDP, Figure 1.4) had 

adsorption rate constants for the uptake of 

bisphenol A that ranged from 15-200 

times greater than GAC and EPI-CDP, 

which, at the time of the study, was the 

highest reported for bisphenol A or any 

 
Figure 1.4. (A) A β-CD crosslinked with a 

tetrafluoroterephthalonitrile (TFN) crosslinker results in 

a TFN-crosslinked cyclodextrin polymer (TFN-CDP). 

(B) Crosslinked network of TFN-CDP. The red 

hexagons represent the crosslinker and the blue toroids 

represent the cyclodextrins. 
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other adsorbate removed by other adsorbents under similar experimental conditions (i.e., 

[adsorbate]0 = 0.1 mM, [adsorbent]0 = 1 g L-1).78 TFN-CDP also exhibited between 70-95% 

removal of eight anthropogenic chemicals within 2 minutes of contact time ([adsorbate]0 = 0.1 

mM, [adsorbent]0 = 1 g L-1), indicating the potential for TFN-CDP to be used as an adsorbent to 

remove various chemicals of interest.78 Furthermore, when an adsorbate solution was passed 

through a layer of TFN-CDP, TFN-CDP achieved >70% removal for all eight chemicals, 

whereas removal by EPI-CDP was <30% for the studied chemicals. The promising performance 

of TFN-CDP was attributed to its permanent, high porosity. Despite the promising potential for 

TFN-CDP to be a valuable CDP that can remove various anthropogenic chemicals due to its high 

porosity, TFN-CDP was unable to remove PFOA from water.79 

This led to a study with another CDP, this time crosslinked with decafluorobiphenyl 

(DFB-CDP; Figure 1.5A). Unlike TFN-CDP, DFB-CDP was nonporous (SABET = 7 m2 g-1). 

Nevertheless, DFB-CDP was able to remove >99% of PFOA at equilibrium under conditions of  

 [PFOA]0 = 1 μg L-1 and [adsorbent]0 = 10 mg L-1 and outperform TFN-CDP and the GAC at 

these same conditions (Figure 1.5B). When comparing the Langmuir constant, which is a metric 

 
Figure 1.5. (A) A β-CD crosslinked with a decafluorobiphenyl (DFB) crosslinker results in a DFB-

crosslinked cyclodextrin polymer (DFB-CDP). (B) The DFB-CDP exhibits a higher equilibrium removal 

of PFOA compared to TFN-CDP and GAC ([PFOA]0 = 1 μg L-1, [adsorbent]0 = 10 mg L-1). Figure 

adapted from Xiao et al. (2017) from the American Chemical Society. DOI: 10.1021/jacs.7b02381.  
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of affinity of an adsorbent for an adsorbate at low concentrations (environmentally relevant for 

PFASs), the affinity of DFB-CDP for PFOA was 2.5 times higher than that of PAC, the leading 

conventional adsorbent.79 A follow-up study investigated the performance of DFB-CDP at a 

range of pH values and found that there was improved removal of the studied PFASs at lower 

pH, suggesting that the surface charge of the DFB-CDPs affected adsorption mechanisms.80 This 

finding fueled motivation to synthesize a CDP to target anionic PFASs. This led to the synthesis 

of amine-CDP, a CDP with a positive surface charge.  

amine-CDP was synthesized via a post-synthetic reduction of the nitrile groups of the 

TFN-CDP to primary amines (Figure 1.6A).81 Compared to the low porosity of DFB-CDP, 

amine-CDP has modest porosity (SABET = 135 m2 g-1) and high adsorption affinity for anionic 

anthropogenic chemicals and 11 perfluoroalkyl acids. amine-CDP outperformed GAC at 30 

minutes and 8 hours of contact time ([PFAS]0 = 1 μg L-1 and [adsorbent]0 = 10 mg L-1). At 30 

minutes, >80% of 11 anionic PFASs were removed (Figure 1.6B). Notably, amine-CDP 

outperformed GAC to remove perfluorobutanoic acid (PFBA), a short-chain perfluoroalkyl acid 

that is difficult to remove from water.81 amine-CDP had comparable performance in groundwater 

to nanopure water;82 this demonstrates the size-exclusion nature of CDPs due to the fixed 

 

 

 

 

Figure 1.6. (A) A post-synthetic 

reduction of a tetrafluoro-

terephthalonitrile-crosslinked CDP 

(TFN-CDP) results in a cross-linked 

CDP, amine-CDP, which exhibits a 

positive surface charge. (B) amine-

CDP exhibits high removal of eleven 

PFASs within 30 minutes of contact 

time ([PFAS]0 = 1 μg L-1, [amine-

CDP]0 = 10 mg L-1). Figure 

reproduced from Klemes et al. 

(2019) from John Wiley & Sons. 

DOI: 10.1002/anie.201905142.  
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opening diameter of the cavities, which prevents fouling by OM that is common for GAC.83,84  

The rational design of CDPs to remove PFASs has focused on crosslinker selectivity to 

discover a CDP with a positive surface charge. However, attention should also be given to other 

physicochemical properties of CDPs that may enhance the adsorption of PFASs. Although 

studies have hypothesized physicochemical properties that may affect performance, studies have 

not extensively evaluated the extent to which physicochemical properties influence different 

metrics of performance. For example, a less densely-crosslinked DFB-CDP (DFB:CD ratio of 

3:1) achieved higher removal of PFOA compared to a more densely crosslinked DFB-CDP.79 

Another study using nitrogen-containing tripodal crosslinked CDPs (TL-CDP) demonstrated that 

the porous derivative of the TL-CDP exhibited more rapid adsorption kinetics of two PFASs 

compared to the nonporous derivative; however, equilibrium removal was comparable. 

Furthermore, the synergistic effect of multiple physicochemical properties on CDP performance 

is not clear. For example, a porous, more densely crosslinked TFN-CDP achieved more rapid 

adsorption kinetics of bisphenol A compared to a nonporous, less densely crosslinked TFN-

CDP.78 In addition, when comparing two different nitrogen-containing tripodal crosslinked 

CDPs, it was concluded that differences in the amine loading played a more essential role than 

differences in surface area.85 Extensive evaluation of CDPs and corresponding performance is 

needed to discover the optimal combination of CDP properties to design a CDP that will result in 

the desired adsorption of PFASs. The results discussed thus far explore only a small aspect of the 

full potential of CDPs as solutions to removing PFASs from the environment. Since PFASs 

continue to be an environmental contaminant that has not been completely addressed by the use 

of conventional adsorbents,81,82 we can continue to build on our understanding of CDPs and 

iterate on the rational design of CDPs to optimize for the removal of PFASs. 
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After CDPs are demonstrated to be effective, they should be evaluated for their potential 

to be used in full-scale systems. Few studies have evaluated CDP applications in full-scale or 

systems simulating full-scale systems. For example, EPI-CDP has been evaluated in a benchtop 

filter system to simulate drinking water purification,86 in a benchtop fluidized bed to simulate 

wastewater treatment,86 and in a pilot-scale fluidized bed system.87 The study evaluating EPI-

CDP in the pilot-scale system observed that particles smaller than 60 m caused clogging, and 

particles larger than 320 m settled in the fluidized bed.87 TFN-CDP has been evaluated in a 

simulated packed-bed filtration (PBF) system by mean of grafting TFN-CDP onto the surface of 

cellulose microcrystals; the grafting procedure is necessary to achieve a particle size that can be 

setup on a laboratory benchtop that can simulate a full-scale system without having to setup a 

large system.84,88 Grafting CDP powders to the surface of cellulose microcrystals may not be 

applicable for systems treating large volumes of water. Instead, a column packed with CDP 

granules (Figure 1.7A) can be used. To make a CDP granule, we can use a process called high-

 
Figure 1.7. (A) As-synthesized CDPs can be used in a high-shear spray granulation process to 

generate CDP granules of different sizes. (B) Schematic of adsorbents evaluated in a batch 

experiment. (C) Schematic of adsorbents evaluated in a packed-bed filtration system.  
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shear spray granulation, during which a binder is sprayed to wet the surface of the CDP powders. 

The wetted powders are then mixed under high-shear, and the powders aggregate to form CDP 

granules. The size of these granules can be controlled by the user, which provides an opportunity 

for researchers to evaluate the performance of CDP granules of different size in batch systems 

(Figure 1.7B) and in PBF systems (Figure 1.7C). In particular, the CDP granules can be used in 

rapid small-scale column tests (RSSCTs), which are designed to simulate a PBF system at 

benchtop scale. In an RSSCT that uses a conventional adsorbent, such as GAC, the adsorbent 

that is used in a pilot- or full-scale system is grounded to have a particle diameter that is 

appropriate for the smaller column used in the RSSCT. Using similitude, the RSSCT is scaled 

from the operational parameters of the pilot- or full-scale system.89,90 However, scaling equations 

for RSSCTs were initially designed for GAC, and not for other adsorbents; adsorbate-adsorbent 

mass transfer mechanisms differ between different adsorbents, which may affect the applicability 

of the scaling equations for CDP granules. Regardless, taking the same theory, we can learn how 

the smaller CDP granules perform in smaller benchtop systems so that the knowledge can one 

day be transferred and applied to larger CDP granules in engineered systems.  

1.4 Knowledge Gaps 

There is promise in using novel CDPs as practical adsorbents in water treatment 

applications, particularly for the treatment of water contaminated by PFASs. However, several 

knowledge gaps must be addressed to better understand the performance of CDPs and how CDPs 

can be used beyond laboratory benchtop experiments to remove PFASs from water. The 

knowledge gaps are as follows: 

First, only a subset of the thousands of known PFASs have been evaluated in adsorption 

studies. Even fewer PFASs have been evaluated in studies using CDPs as adsorbents; for 
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example, the findings for amine-CDP above focused primarily on perfluoroalkyl acids 

(PFAAs).81 While we have identified a CDP that has good removal of anionic PFASs, we have 

not yet identified a CDP that can remove zwitterionic, cationic, and non-ionic PFASs.  

Second, different crosslinked-CDPs have various physicochemical properties and 

morphologies, and performance. However, which physicochemical properties or combinations of 

physicochemical properties correlate with performance has not been thoroughly studied. For 

example, while the positive surface charge of the CDP appears to greatly influence uptake of 

PFAAs, how other physicochemical properties (e.g., crosslinker type, cyclodextrin content, 

crosslinking density, surface area, etc.) may influence performance has not been 

comprehensively evaluated.  

Finally, we have discovered a high-shear wet spray granulation process that allows us to 

generate kilograms of CDP granules with particle diameters up to 2 mm in diameter91 and can be 

used in PBF systems. However, how the performance of the CDP granules compares to their as-

synthesized CDP counterpart to remove PFASs is not fully understood. Furthermore, detailed 

studies with the CDP granules in benchtop PBF systems will provide greater understanding for 

how the granules can be implemented in full-scale PBF systems.84,88  

1.5 Research Objectives 

The objective of my research is to address current knowledge gaps as it pertains to 

applying CDPs as a remediation technology to remove PFASs from water. Understanding how 

CDPs perform in removing zwitterionic, cationic, and non-ionic PFASs will inform us of the 

applicability of CDP technology to treat various types of PFASs. Further understanding of CDP 

properties and the relationship to adsorption performance will provide greater insight to the role 

that various CDP properties play in adsorption performance. Finally, understanding how the 
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performance of CDP granules in benchtop experiments translates to performance in simulated 

systems will inform us of how CDP-based adsorbents may perform in full-scale systems. The 

findings of this research will allow us to gain greater insight for how we can utilize CDPs as 

novel adsorbents for PFAS remediation.  

In Project A, titled “ -cyclodextrin polymers with different crosslinkers and ion exchange 

resins exhibit variable adsorption of anionic, zwitterionic, and non-ionic PFASs,” I selected 

CDPs containing different crosslinker chemistry and performed batch experiments to determine 

the adsorption behavior for short- and long-chain PFASs containing anionic, zwitterionic, and 

non-ionic functional groups. I evaluated the performance of the CDPs under environmentally 

relevant conditions in nanopure water and in groundwater to evaluate pH effects and effects of 

matrix constituents. The performance of the CDPs was benchmarked against commercially 

available anion and cation exchange resins.  

In Project B, titled “Identifying the physiochemical properties of -cyclodextrin polymers 

that determine the adsorption of perfluoroalkyl acids,” I evaluated the relationship between the 

physicochemical properties of 34 structurally diverse CDPs and their adsorption performance of 

six PFAAs to identify key CDP properties that correlate with measures of adsorption 

performance. Quantifiable measurements of physicochemical properties and their performance 

were used in complementary bivariate and multivariate analyses.  

In Project C, titled “Evaluating the performance of novel cyclodextrin polymer granules 

to remove PFASs from water in batch systems and rapid small-scale column tests,” I evaluated 

how the adsorption performance varies as a function of particle size of CDP granules for six 

PFAAs. The CDP granules ranged in average particle diameter from 84 μm and 718 μm and 

were evaluated in batch experiments and in RSSCTs. Adsorption kinetics, adsorption capacity, 
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and adsorption affinity were evaluated using batch experiments. RSSCTs were operated to 

understand the breakthrough behavior of the PFAAs and how breakthrough curves differed 

between RSSCTs scaled using the assumptions of constant diffusivity and proportional 

diffusivity.  

Overall, addressing these knowledge gaps will better inform researchers and water utility 

management of the scope for which CDPs can be used as adsorbents to remove PFASs from 

water.    
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CHAPTER 2 - β-Cyclodextrin Polymers with Different Crosslinkers and Ion 

Exchange Resins Exhibit Variable Adsorption of Anionic, Zwitterionic, and 

Non-Ionic PFASs1 

 

Abstract 

Per- and polyfluoroalkyl substances (PFASs) occur in groundwater as mixtures of anionic, 

cationic, zwitterionic, and non-ionic species, though few remediation technologies have been 

evaluated to assess the removal of different types of PFASs. In this study, we evaluated the 

performance of three β-cyclodextrin polymers (CDPs), an anion exchange (AE) resin, and a 

cation exchange (CE) resin for the removal of anionic, zwitterionic, and non-ionic PFASs from 

water. We found that a CDP with a negative surface charge rapidly removes all zwitterionic 

PFASs with log KD values ranging between 2.4 and 3.1, and the CE resin rapidly removes two 

zwitterionic PFASs with log KD values of 1.8 and 1.9. The CDPs with a positive surface charge 

rapidly remove all anionic PFASs with log KD values between 2.7 and 4.1, and the AE resin 

slowly removes all anionic PFASs with log KD values between 2.0 and 2.3. All adsorbents 

exhibited variable removal of the non-ionic PFASs and some adsorption inhibition at higher pH 

values and in the presence of groundwater matrix constituents. Our findings provide insight on 

how adsorbents can be combined to remediate groundwater contaminated with complex mixtures 

of different types of PFASs.  

 
1Reprinted with permission from Environmental Science & Technology. 2020, 54 (19), 12693–12702. DOI: 

10.1021/acs.est.0c04028. Copyright 2020 American Chemical Society. 

https://doi.org/10.1021/acs.est.0c04028
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2.1 Introduction 

There is increasing concern over the occurrence of per- and polyfluoroalkyl substances 

(PFASs) in groundwater due to their persistence and associated health effects.1,5,42,92 Although 

much attention has focused on the anionic perfluoroalkyl acids, including perfluorooctanoic acid 

(PFOA) and perfluorooctanesulfonic acid (PFOS), recent studies demonstrate that groundwater 

can contain PFASs from a variety of other classes, including cationic, zwitterionic, and non-ionic 

PFASs.6–10,17,93,94 Although significantly less is known about the environmental behavior and 

toxicity of these other classes of PFASs,7 many exhibit similar levels of persistence and may 

accumulate in biological tissues in similar ways.32,92 Additionally, some zwitterionic and cationic 

PFASs can be transformed into perfluoroalkyl acids in natural and engineered systems.46–48,94 

Therefore, remediation technologies should be evaluated for their potential to remove a variety 

of PFAS classes. 

Adsorption technologies have emerged as one of the most promising techniques for the 

remediation of PFAS-contaminated groundwater.49,52,55,56 Granular activated carbon (GAC) and 

ion exchange resins are widely studied adsorbents that are commonly implemented in full-scale 

adsorption processes.61,95,96 GAC is a non-selective adsorbent that exhibits moderate affinity for 

long chain perfluoroalkyl acids, but performs poorly for short chain perfluoroalkyl acids.55,62 

Further, GAC exhibits slow, diffusion-limited adsorption kinetics57,58 and is readily fouled by 

matrix constituents including inorganic ions and natural organic matter (NOM).97 These 

deficiencies have motivated studies focused on anion exchange (AE) resins as an alternative 

adsorbent for the remediation of PFAS-contaminated groundwater.98,99 AE resins exhibit higher 

affinity for short-chain perfluoroalkyl acids,55,62 higher adsorption capacity,55,62 and faster 

adsorption kinetics98 when compared to GAC, though their performance can likewise be 
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inhibited by the presence of NOM or other inorganic ions53,63,95,100 and AE resins can exhibit 

preferential adsorption of perfluorosulfonic acids over perfluorocarboxylic acids.101 To the best 

of our knowledge, no published study has explored the use of cation exchange (CE) resins for 

remediation of PFAS-contaminated groundwater, though CE resins may exhibit greater affinity 

for zwitterionic and cationic PFASs. Although ion exchange is the predominant mechanism 

determining adsorbate uptake on ion exchange resins, other known mechanisms (e.g., 

electrostatic interactions, hydrophobic interactions, and micelle or hemi-micelle formation) may 

contribute to the removal of non-anionic PFASs.63,100,101 To our knowledge, no studies have 

evaluated the removal of non-anionic PFASs using ion exchange resins. 

Cyclodextrin polymers (CDPs) are a class of emerging adsorbents that rapidly remove a 

variety of chemicals from water.78,79,102 Cyclodextrins are macrocycles of glucose that can bind 

organic molecules within their interior cavity by means of hydrophobic interactions.64 The most 

promising CDPs for water remediation contain -cyclodextrin crosslinked with a rigid aromatic 

group that is functionalized to impart a surface charge to enhance their affinity for charged 

adsorbates.80,81 For example, a tetrafluoroterephthalonitrile (TFN)-crosslinked CDP with a 

negative surface charge exhibits rapid uptake and high affinity for a variety of non-ionic and 

cationic micropollutants,83,102,103 whereas a post-synthetically modified derivative of the TFN-

CDP with a positive surface charge exhibits rapid uptake and high affinity for non-ionic and 

anionic micropollutants.81 The unique binding mechanism of CDPs can limit adsorption 

inhibition by large molecular weight NOM and other matrix constituents, which either cannot 

access or do not bind to the interior cavity of the cyclodextrins,82,84,102 making CDPs promising 

adsorbents for environmental remediation. Others have also demonstrated that the interior cavity 

of -cyclodextrin is an excellent receptor for linear perfluoroalkyl chains.65,70,71,73 We recently 
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demonstrated that CDPs with a positive surface charge exhibit rapid adsorption kinetics and 

nearly complete removal of anionic PFASs from water.81,82 However, no previous study has 

explored the use of different types of CDPs for the removal of cationic, zwitterionic, or non-ionic 

PFASs under variable environmental conditions. 

The primary objective of this study was to evaluate the performance of CDPs with 

different crosslinkers for the removal of different classes of PFAS from water. We selected three 

CDPs that exhibit different surface charges and evaluated their potential to remove a set of 

eleven PFASs from water. The PFASs included four anionic PFASs, three zwitterionic PFASs, 

and four non-ionic PFASs. We simultaneously evaluated the performances of an AE resin and a 

CE resin to evaluate the breadth of their PFAS removal potential. For each adsorbent, we 

measured: (i) adsorption kinetics for the eleven PFASs; (ii) adsorbent affinity for the eleven 

PFASs; and (iii) adsorption inhibition across a gradient of pH values in the presence and absence 

of groundwater matrix constituents. We found that each adsorbent exhibits variable adsorption 

kinetics and variable adsorption affinity for anionic, zwitterionic, and non-ionic PFASs while 

also exhibiting some adsorption inhibition at higher pH values and in the presence of 

groundwater matrix constituents.  

2.2 Materials and Methods 

2.2.1 Chemicals and Reagents 

Eleven PFASs were selected to represent a set of anionic, zwitterionic, and putatively 

non-ionic PFASs at circumneutral pH; we note that authentic standards for exclusively cationic 

PFASs were not commercially available at the time of the study. Four anionic PFASs including 

perfluorobutanoic acid (PFBA), perfluorobutanesulfonic acid (PFBS), PFOA, and PFOS were 

selected to benchmark our data with other studies and to represent varying carbon chain lengths 
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and anionic head groups. The three zwitterionic PFASs included N-dimethylammoniopropyl 

perfluorohexane sulfonamide (AmPr-FHxSA), N-trimethylammoniopropyl perfluorohexane 

sulfonamide (TAmPr-FHxSA), and 6:2 fluorotelomer sulfonamidopropyl betaine (6:2 FTSA-

PrB, previously identified as 6:2 FTAB in literature). All three of the zwitterionic PFASs contain 

a six carbon perfluorinated chain, have been detected in PFAS-contaminated groundwater6,7,104 

and are expected to be zwitterions at circumneutral pH, though some fraction of each will be 

cationic at lower pH values.105–107 The four putatively non-ionic PFASs105,107,108 included 

perfluoro-1-butanesulfonamide (FBSA), perfluoro-1-octanesulfonamide (FOSA), 2-

perfluorobutyl ethanol (4:2 FTOH), and 2-perfluorooctyl ethanol (8:2 FTOH). We note that pKa 

estimates for FBSA and FOSA vary greatly and one estimate suggests that both would be 

predominantly anionic at circumneutral pH;105,108 nevertheless, some fraction of each will be 

non-ionic at lower pH values. Authentic standards of PFBA (Sigma-Aldrich), PFOA (Sigma-

Aldrich), PFBS (TCI American), and PFOS (Santa Cruz Biotechnology) were purchased as 

solids and prepared at a concentration of 1 g L-1 in 100% LC-MS grade methanol 

(MilliporeSigma). Authentic standards of 4:2 FTOH, 8:2 FTOH, AmPr-FHxSA, TAmPr-FHxSA, 

and 6:2 FTSA-PrB were purchased from Wellington laboratories as 50 mg L-1 in 100% methanol 

and were used as received. Authentic standards of FBSA and FOSA were purchased from 

Wellington Laboratories as 50 mg L-1 in 100% isopropanol and were used as received. A 1 mg 

L-1 stock mixture solution containing the eleven PFASs was prepared in nanopure water with 2% 

LC-MS grade methanol (MilliPoreSigma). PFAS suppliers, structures, and estimated pKa values 

of each PFAS are provided in Table A1 of Appendix A.  
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2.2.2 Adsorbents 

Five adsorbents were selected for this study. DEXSORB and DEXSORB+ (Cyclopure 

Inc., Encinitas, CA) are commercially available cyclodextrin polymers that contain crosslinkers 

that impart negative and positive surface charges, respectively. amine-CDP was synthesized as 

previously described and contains crosslinkers that impart a positive surface charge at 

circumneutral pH values;81 details on the amine-CDP synthesis procedure are provided in text in 

Appendix A and a characterization of the pore size distribution is provided in Figure A1. 

Purofine® PFA694E (Purolite, Philadelphia, PA) is a commercially available anion exchange 

(AE) resin functionalized with complex amino groups and marketed for PFAS removal from 

water.109 Purofine® PFC100E (Purolite, Philadelphia, PA) is a commercially available cation 

exchange (CE) resin that contains aryl sulfonic acid groups and is marketed for potable water 

softening.110 Further details on the adsorbents including particle size, surface area, and zeta 

potential are provided in Table A2 of Appendix A. 

2.2.3 Batch Experiments 

A fixed volume of the stock mixture solution (1 mg L-1) containing the eleven PFASs 

was added to sacrificial polypropylene centrifuge tubes containing 12 mL of nanopure water or 

groundwater to generate the desired initial PFAS concentration ([PFAS]0 = 1 μg L-1 unless 

otherwise noted) and mixed on a tube revolver (ThermoFisher Scientific) at 40 rpm at 23° C 

overnight. Adsorbents were then added to the centrifuge tubes to the desired dose ([adsorbent]0 = 

10 mg L-1 unless otherwise noted). Prior to adding CDPs to the centrifuge tube, each CDP was 

rehydrated to create a homogeneous, aqueous suspension. To rehydrate the CDPs, nanopure was 

added to a 20 mL amber vial containing approximately 10 mg of adsorbent to create a 1 g L-1 

aqueous suspension. The vial was capped, sonicated for 1 minute, and stirred on a multi-position 
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stirrer (VWR) for 1 hour at 460 rpm at 23 C.80,102 The ion exchange resins were massed and 

added directly to each centrifuge tube. At selected time points, 8 mL of the reactor volume was 

filtered through a 0.45 μm cellulose acetate filter (Restek) into a 10 mL glass LCMS vial and 

spiked with a mixture of six isotope labelled internal standards (ILISs); we note that limited 

PFAS losses were observed in recovery experiments with the 0.45 μm cellulose acetate filters. 

For batch experiments targeting adsorption kinetics, samples were taken at 0.5, 9, and 48 hours. 

For batch experiments targeting adsorbent affinity, samples were taken at 48 hours under the 

standard initial conditions of [PFAS]0 = 1 μg L-1 and [adsorbent]0 = 10 mg L-1, and also at 

[PFAS]0 = 2 μg L-1 and [adsorbent]0 = 10 mg L-1, 25 mg L-1, and 50 mg L-1 to explore the linear 

region of the adsorption isotherm. To evaluate the effect of pH on PFAS adsorption, samples 

were taken at 48 hours and the nanopure water was modified with drops of 0.1 M HCl and 0.1 M 

NaOH to adjust the pH to 5.5, 7, and 8.5. To evaluate the effect of water matrix constituents on 

PFAS adsorption, samples were taken at 48 hours and experiments were conducted in 

groundwater with pH likewise adjusted to 5.5, 7, and 8.5. All batch experiments were performed 

in triplicate alongside triplicate control experiments conducted under the same conditions but in 

the absence of adsorbent.   

2.2.4 Analytical Method 

Samples were measured using large-volume injection by means of HPLC-MS/MS as 

previously described (QExactive, ThermoFisher Scientific).80–82,111 Briefly, the mobile phase 

consisted of (A) LCMS-grade water amended with 20 mM ammonium acetate and (B) LCMS-

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 eluted onto an Atlantis® dC18 5 μm 2.1 x 

150 mm analytical column (Waters). The mobile phase was delivered starting at 40% B at 300 
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μL min-1. The fraction of B in the mobile phase increased linearly for 24 minutes until 90% B at 

30 minutes; 90% B was held for 7 minutes before returning to 40% B at 37 minutes. The HPLC-

MS was operated with electrospray ionization in positive and negative polarity mode. The 

neutral mass formula, the neutral mass, the dominant adduct, the extract mass, the retention time, 

and the selected ILISs for each target PFAS are provided in Table A3. An eleven-point, matrix-

matched calibration curve with concentrations ranging from 0 ng L-1 to 2000 ng L-1 was prepared 

for the quantification of PFASs in samples from the kinetics and affinity experiments for all 

adsorbents, and the experiments designed to address effects of pH and matrix constituents for the 

CE resin. A ten-point, matrix-matched calibration curve with concentrations ranging from 0 ng 

L-1 to 1500 ng L-1 was prepared for the quantification of PFASs in samples from the experiments 

designed to address effects of pH and matrix constituents for DEXSORB, DEXSORB+, amine-

CDP, and the AE resin. Analytes were quantified from the calibration standards 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 run. Instrument blanks were run before and 

after the calibration curve and each batch of triplicate samples. Limits of quantification (LOQ) 

for each PFAS was determined as the lowest point on the calibration curve with at least five MS 

scans and a PFAS target-to-ILIS peak area ratio that could be distinguished from the blank.82 

Concentrations measured below the LOQ were conservatively redefined as the LOQ when 

calculating adsorption density and removal. The coefficient of determination (R2) and LOQ for 

each PFAS in each experiment is provided in Table A4.   

2.2.5 Data Analysis 

PFAS removal was determined as described in Equation 2.1:  
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Equation 2.1 

where C0 (ng L-1) is the average concentration of a given PFAS in the control samples, and Ct 

(ng L-1) is the concentration of the PFAS in the sample at time t. Any incidental PFAS losses 

were assumed to occur to the same extent in control and experimental treatments and were 

therefore not explicitly considered in Equation 1. Adsorption density was calculated as described 

in Equation 2.2:  

 
Equation 2.2 

where qt (μg g-1) is the adsorption density at time t, C0 (ng L-1) is the average concentration of a 

given PFAS in the control samples, Ct (ng L-1) is the concentration of the PFAS in the sample at 

time t, and Cads (mg L-1) is the concentration of adsorbent used in the experiment. The 

distribution coefficient (KD) was calculated as:  

 
Equation 2.3 

where KD is in units of L g-1 and was calculated at t = 48 hours. The R Statistical Software v3.5.2 

was used to compute analysis of variance (ANOVA) and Tukey’s honest significance difference 

(Tukey-HSD) to assess differences among experimental groups (p < 0.01). 

2.3 Results and Discussion 

2.3.1 Adsorption Kinetics 

We first characterized the adsorption kinetics of the eleven target PFASs on each of the 

five adsorbents. Data describing adsorption kinetics provide insight on how long it takes for a 

particular adsorption process to reach equilibrium. Adsorption kinetics experiments also enable 

evaluation of desorption, which is an important consideration when evaluating PFAS adsorption 
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on any adsorbent; it is often reported that short-chain PFASs will desorb after an initial period of 

rapid adsorption.53,61 The results of our batch kinetics experiments are presented in Figure 2.1 as 

a time series detailing the average and standard deviation (%) of the removal for each of the 

eleven PFASs by each adsorbent at 0.5, 9, and 48 hours. Although the adsorption kinetics of the 

four anionic PFASs have been previously explored for a variety of adsorbents,81,82,101,112 this is 

the first known study evaluating the adsorption kinetics of the three zwitterionic PFASs and the 

four non-ionic PFASs using CDPs and ion exchange resins.  

 DEXSORB exhibits rapid adsorption of the three zwitterionic PFASs (64% average 

removal for AmPr-FHxSA, 56% for TAmPr-FHxSA, and 47% for 6:2 FTSA-PrB in 0.5 hours) 

and adsorption equilibrium is attained within 9 hours; the adsorption of the three zwitterionic 

PFASs is stable at 9 hours and 48 hours (p < 0.01) with a removal of approximately 75%. The 

CE resin likewise exhibits rapid adsorption of AmPr-FHxSA and TAmPr-FHxSA (50% average 

removal for AmPr-FHxSA and 48% for TAmPr-FHxSA in 0.5 hours) followed by continued 

slow removal to achieve approximately 71% removal at 48 hours. However, relatively slow 

 
Figure 2.1. Average and standard deviation (%) of triplicate measurements of removal of each PFAS on 

each adsorbent after 0.5, 9, and 48 hours of contact time. The kinetics experiments were conducted at 

[PFAS]0 = 1 μg L−1 and [adsorbent]0 =10 mg L−1. 
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removal was observed for 6:2 FTSA-PrB, with no removal observed at 0.5 hours and only 19% 

average removal attained at 48 hours. None of the other adsorbents exhibit rapid removal of any 

zwitterionic PFASs, with amine-CDP exhibiting only slow removal of 6:2 FTSA-PrB and 

attaining only 22% average removal after 48 hours. The high and rapid removal of all three 

zwitterionic PFASs by DEXSORB suggests that DEXSORB is better suited to remove 

zwitterionic PFASs than the other adsorbents, though the CE resin also shows promise for 

removing some zwitterionic PFASs from water. DEXSORB also exhibits relatively slow 

removal of FBSA and FOSA, reaching 14% and 47% average removal by 48 hours, respectively;  

these observations demonstrate the potential of DEXSORB to remove non-ionic PFAS from 

water. The CE resin also exhibits some removal of FOSA, but no removal of FBSA. The 

remaining anionic PFASs and non-ionic PFASs are not removed to a significant extent by 

DEXSORB or the CE resin. 

DEXSORB+ and amine-CDP exhibit rapid adsorption of the four anionic PFASs and the 

two non-ionic perfluorosulfonamides (>62% average removal in 0.5 hours). The adsorption of all 

six PFASs increases significantly at 9 hours of contact time with DEXSORB+, reflecting slower 

adsorption kinetics for these PFASs. Equilibrium adsorption is achieved for all six PFASs on 

DEXSORB+ at 9 hours with no significant desorption observed. In contrast, all six PFASs 

achieve complete adsorption uptake on amine-CDP at 0.5 hours. However, some slight but 

significant desorption was observed for PFBA (~10%) and FBSA (~14%) after 48 hours of 

contact time; desorption of short-chain anionic PFASs has been previously reported for activated 

carbon and has been attributed to competition with adsorbates with higher affinity.59,61 In this 

case, competition with long-chain anionic PFASs or with 6:2 FTSA-PrB may have contributed to 

the noted desorption. Together, these data suggest that DEXSORB+ and amine-CDP are 
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effective at rapidly removing anionic PFASs and two non-ionic perfluorosulfonamides, though 

DEXSORB+ exhibits slower adsorption kinetics and amine-CDP exhibits some desorption 

potential. 

In contrast to the three CDPs and the CE resin, the AE resin did not exhibit rapid 

adsorption of any of the PFASs. Instead, slowly increasing adsorption was observed for the four 

anionic PFASs and FBSA, reaching a maximum of 60% removal of PFOS and a minimum of 

46% removal for PFBA at 48 hours. We note that the relatively slow adsorption kinetics 

observed for the AE resins could be the result of the study design that relied on a fixed 

concentration of each adsorbent in its as-received morphology. The relatively large particle size 

of the AE resins (Table A2) likely played a role in the results of the kinetics experiments and 

improved adsorption kinetics are expected for higher doses of AE resins113 or with modified (i.e., 

ground) AE resin particles.114 Nevertheless, it is interesting to note steady adsorption of the four 

anionic PFASs and  FBSA (but not FOSA) without any evidence of desorption; the data from the 

perfluorosulfonamides suggests that FBSA exhibits some anionic properties at circumneutral pH, 

whereas FOSA exhibits more non-ionic adsorbate behavior.  

None of the adsorbents removed the non-ionic fluorotelomer alcohols to a significant 

extent. We note that these two PFASs were not reliably measured and had relatively high LOQs 

(Table A4). This may be due to the formation of poorly ionized acetate adducts in the mass 

spectrometer or other analytical challenges.115 Regardless, it is worth noting that these non-ionic 

PFASs with four- and eight-carbon perfluorinated chains are not well removed by cyclodextrin 

polymers with either positive or negative surface charges or by ion exchange resins. Other non-

ionic molecules have exhibited varying extents of affinity for cyclodextrin polymers, but that 

variability has been positively associated with molecular size.83,102 The noted adsorption of 
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PFOA, PFOS, and FOSA among the CDPs suggests that 8:2 FTOH should be of sufficient size 

to interact with the interior cavity of the cyclodextrin monomer. We therefore suspect that the 

fluorotelomer alcohols may aggregate or accumulate at air-water interfaces (as has been 

demonstrated for other types of PFASs)116 and may not be uniformly dissolved in the aquatic 

matrix which may limit their transport to the binding sites in the interior cavity of the 

cyclodextrin monomer. 

2.3.2 Adsorbent Affinity for Different PFASs 

We next characterized the affinity of each adsorbent for each of the eleven target PFASs. 

Although the affinity of adsorbents for any adsorbate is typically characterized by adsorption 

isotherms,117,118 PFASs are present at low concentrations in groundwater so complete isotherms 

do not provide relevant data for this study.119 Here, we use distribution coefficients ( ) 

calculated from data in the linear region of the adsorption isotherm to provide a better 

description of adsorption affinity at low concentrations.83,120 We used data from our adsorption 

affinity experiments to calculate  values for each PFAS on each adsorbent. We used the 

experimental conditions of [PFAS]0 = 2 μg L-1 and [adsorbent]0 = 25 mg L-1 to first define the KD 

value, and then incorporated data from other experimental scenarios for which the calculated KD 

value was not statistically different from the defined KD value. This conservative approach was 

implemented as a quality control measure to ensure that we were estimating constant KD values 

that represent the linear range of the non-linear isotherm.83,121 In Figure 2.2, we plot the average 

 values and the relative error for each PFAS on each adsorbent. The  values used to 

generate Figure 2.2 are provided in Table A5.  

 DEXSORB exhibits moderate (average log KD > 2 for TAmPr-FHxSA and 6:2 FTSA-

PrB) to high (average log KD > 3) affinity for the three zwitterionic PFASs. This is notable 
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because none of the other adsorbents exhibit such affinity for the three zwitterionic PFASs; the 

CE resins have average log KD values of 1.8 and 1.9 for AmPr-FHxSA and TAmPr-FHxSA, 

respectively, but an average log KD value of -1.1 for 6:2 FTSA-PrB. This suggests that the 

cationic functional groups on the zwitterionic PFASs likely play an important role in determining 

their affinity for CDP adsorbents. Zwitterionic PFASs containing betaine or quaternary 

ammonium functional groups have been found to bind strongly to negatively charged soil 

particles,122–125 providing further evidence for the role that cationic functional groups play in the 

fate of zwitterionic PFASs. DEXSORB exhibits poor affinity for all four anionic PFASs (average 

log KD < 0.5). This is expected, as we previously reported that a similar CDP with a negative 

surface charge exhibits poor removal of PFBA and PFOA.102,103 Interestingly, DEXSORB has 

average log KD values of 1.1 and 2.3 for the non-ionic perfluorosulfonamides FBSA and FOSA,  

respectively, but poor affinity for the fluorotelomer alcohols (4:2 FTOH and 8:2 FTOH). The 

variable affinity of DEXSORB for non-ionic PFASs agrees with our previous observations of 

 

 

 

 

 

Figure 2.2. Plots of the average and relative error 

of the log-transformed distribution coefficients 

(log KD) for 11 PFASs and five adsorbents. PFASs 

that are plotted in the lowest part of the panel have 

KD values of 0 g L-1 (i.e., no affinity for the 

adsorbent). The PFAS-adsorbent concentrations 

that were tested were [PFAS]0 = 1 μg L-1 and 

[adsorbent]0 = 10 mg L-1; [PFAS]0 = 2 μg L-1 and 

[adsorbent]0 = 10 mg L-1; [PFAS]0 = 2 μg L-1 and 

[adsorbent]0 = 25 mg L-1; [PFAS]0 = 2 μg L-1 and 

[adsorbent]0 = 50 mg L-1. 8:2 FTOH was 

undetected in the control samples for the CE 

samples, and is not shown in the figure. When no 

error bars are visible, the error was smaller than 

the size of the data point. 
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variable removal of non-ionic micropollutants by CDPs;81,83,102,103 further, the moderate affinity 

for the perfluorosulfonamides suggests either that some significant fraction of these PFASs is 

indeed non-ionic at circumneutral pH or that the negative charge of the deprotonated 

sulfonamide group is insufficient to limit their affinity for DEXORB.  

DEXSORB+ and amine-CDP exhibit high affinity (average log KD > 3) for the four 

anionic PFASs, with the exception being an average log KD value of 2.7 for PFBA on amine-

CDP. This high affinity is expected, as we previously reported that DEXSORB+ and amine-CDP 

exhibit generally good removal of anionic PFASs.81,82 DEXSORB+ and amine-CDP also exhibit 

moderate affinity for FBSA and high affinity for FOSA, with a notable improvement of affinity 

for FBSA relative to DEXSORB. The improved affinity of the sulfonamides for the CDPs with a 

positive surface charge suggests that electrostatic interactions are important to some degree, and 

that some fraction of the sulfonamides may be anionic as suggested by their estimated pKa values 

(Table A1). Finally, DEXSORB+ and amine-CDP exhibit poor affinity (average log KD < 0.5) 

for the zwitterionic PFASs and the fluorotelomer alcohols.     

The AE resin exhibits moderate affinity (average log KD > 2) for the four anionic PFASs 

and FBSA. FBSA exhibits identical affinity for the AE resin as PFBA, providing further 

evidence that FBSA is at least partially anionic at circumneutral pH and relies on electrostatic 

interactions to be removed by the adsorbents. Interestingly, FOSA has an average log KD value 

of 1.4 on the AE resin providing additional evidence that FOSA is more non-ionic at 

circumneutral pH and relies more on hydrophobic interactions with the CDP adsorbents. The AE 

resin exhibits poor affinity for the fluorotelomer alcohols and zwitterionic PFASs. We note that 

our experimental design limits our ability to compare the absolute values of affinity for the AE 

resin with the values reported for the CDPs. The CDPs have a greater external surface area and 
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may result in more rapid equilibration than the AE resins (Table A2); previous studies 

evaluating AE resins ground the resins into smaller particles,114 used greater concentrations of 

the resins,63,99 or relied on contact times up to 10 days to evaluate their performance.99 

2.3.3 Effects of pH on PFAS Adsorption 

We next explored the effects of pH and water matrix constituents on the adsorption of 

PFASs on each of the five adsorbents. We performed batch equilibrium experiments across a 

gradient of environmentally relevant pH values (5.5, 7, and 8.5) to measure the removal of each 

PFAS at 48 hours in nanopure and groundwater. We exclude 4:2 FTOH and 8:2 FTOH from our 

data analysis because the analytical data did not meet our quality control criteria (Table A4). The 

data presented in Figure 2.3 show the removal of each of the remaining nine PFASs at each pH 

value in a nanopure matrix (blue) and in a groundwater matrix (yellow); data for PFASs that 

were not removed on certain adsorbents are not shown in Figure 2.3. 

pH influences the surface chemistry and surface charge of adsorbents, and also influences 

the speciation of adsorbates. According to estimated pKa values for each of the nine PFASs 

included in this part of our study (Table A1), the four anionic PFASs should remain anionic over 

the pH range studied, but the other PFASs may experience some changes in speciation.105,106,108 

The predicted pKa values for the perfluorosulfonamides range between 3.3 and 6.6.105,108 Our 

data from the affinity and kinetics experiments show that the perfluorosulfonamides exhibit 

behavior that resembles both anionic PFASs (particularly for FBSA) and non-ionic 

micropollutants (particularly for FOSA). Therefore, the pKa of FOSA is likely closer to 6.6 and 

the pKa for FBSA is likely somewhat lower. Nevertheless, we expect that both FBSA and FOSA 

will be more non-ionic at lower pH values and more anionic at higher pH values. The three 

zwitterionic PFASs are all expected to be zwitterionic at circumneutral pH. However, all three 
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could become cations at lower pH values; AmPr-FHxSA is an anion at higher pH values and 6:2 

FTSA-PrB has a second acidic group that can deprotonate at higher pH values (see Table A6 for 

structures and speciation estimates for the zwitterionic PFASs). As for the adsorbents, 

DEXSORB incorporates weakly acidic functional groups in the crosslinker and can therefore 

become deprotonated (i.e., more negative) with increasing pH;126 our measurements of zeta 

potential demonstrate that the surface charge of DEXSORB is significantly more negative at pH 

8.5 (Table A2). amine-CDP incorporates weakly basic functional groups in the crosslinker and 

can likewise become deprotonated (i.e., less positive) with increasing pH.81 However, no 

significant change in zeta potential was noted for amine-CDP at the different pH values (Table 

A2) suggesting that the pKa value of the weakly basic amine groups is greater than 8.5. The AE 

resin contains complex amino groups that can likewise deprotonate with increasing pH and 

adsorption on the AE resin may consequently be influenced by pH changes.127 DEXSORB+ and 

the CE resin do not contain weakly acidic or basic functional groups, so the surface charge is not 

influenced by changes in pH (Table A2).  

 The top-left region of Figure 2.3 shows the average removal of the zwitterionic PFASs 

as a function of pH on DEXSORB and the CE resin in nanopure water (blue); the other three 

adsorbents are not included in the analysis because removal of zwitterionic PFASs on 

DEXSORB+, amine-CDP, and the AE resin was negligible. We expect lower pH values to 

change the speciation of the zwitterionic PFAS to be more cationic, whereas higher pH values 

will change the speciation of AmPr-FHxSA and 6:2 FTSA-PrB making them more anionic while 

strengthening the negative surface charge of DEXSORB. Our results suggest that these changes 

in speciation resulting from changes in pH have no significant effect on the adsorption of 

zwitterionic PFAS on DEXSORB and the CE resin in nanopure water, as no significant changes 
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in removal of the zwitterionic PFASs on DEXSORB and the CE resin were observed across the 

tested pH range (p < 0.01). 

 

 

Figure 2.3. Average removal of PFASs by adsorbents that had non-negligible removal. Effects of pH and 

matrix constituents were evaluated at pH 5.5, 7, and 8.5. Blue = nanopure water, yellow = groundwater. 

Samples were collected after a contact time of 48 hours, with [PFAS]0 = 1 μg L-1 and [adsorbent]0 = 10 

mg L-1. 
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The top-right region of Figure 2.3 shows the average removal of the anionic PFASs as a 

function of pH on DEXSORB+, amine-CDP, and the AE resin in nanopure water (blue); 

DEXSORB and the CE resin are not included in the analysis because removal of anionic PFASs 

on DEXSORB and the CE resin was negligible. The data here demonstrate that adsorption of 

anionic PFASs on the AE resin is not significantly dependent on the pH (p < 0.01), although a 

previous study reported adsorption inhibition of anionic PFASs for AE resins (functionalized 

with tertiary amine groups) due to the decreased adsorption sites at higher pH.127 Conversely, the 

adsorption of some anionic PFASs on DEXSORB+ and amine-CDP is pH-dependent; this pH 

dependency is determined by the chain length and head group of the PFAS. For DEXSORB+, 

only the adsorption of PFBA is significantly influenced by pH with 70% removal observed at pH 

of 5.5 and 30% removal observed at pH 8.5. A more dramatic influence of pH is noted for 

amine-CDP, with the adsorption of PFBA, PFOA, and PFBS all significantly inhibited with 

increasing pH. Although no statistically significant change in zeta potential was observed for 

amine-CDP across the gradient of pH values investigated, the adsorption inhibition on amine-

CDP may still be linked to some deprotonation of surface functional groups at increasing pH 

values. The adsorption inhibition on DEXSORB+ is not attributable to deprotonation of surface 

functional groups and is therefore attributed to competition of cationic surface sites with an 

increased abundance of hydroxide anions at higher pH values. 

The bottom region of Figure 2.3 shows the average removal of the non-ionic 

perfluorosulfonamides as a function of pH on all five adsorbents in nanopure water (blue). We 

expect that these perfluorosulfonamides will be mostly neutral at a pH of 5.5 and at least partly 

anionic at pH 8.5. The data here demonstrate again that the adsorption of the 

perfluorosulfonamides on ion exchange resins is not pH-dependent (p < 0.01). However, some 
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interesting trends emerge among the CDPs. DEXSORB does not remove FBSA to a significant 

extent at any pH, but DEXSORB removes FOSA better at pH 5.5 and 7, when FOSA is expected 

to be more non-ionic. At pH 8.5, FOSA is expected to be more anionic, and the surface charge of 

DEXSORB is more negative. Therefore, the adsorption inhibition observed here is likely due to 

the emergence of repulsive electrostatic interactions. The adsorption of FOSA on DEXSORB+ 

and amine-CDP is not significantly influenced by pH, suggesting that the increasingly anionic 

FOSA (at increasing pH) maintains a high affinity for the permanently positively charged 

DEXSORB+ and amine-CDP. On the other hand, the adsorption of FBSA on amine-CDP is 

significantly inhibited at increasing pH values, suggesting that some deprotonation of amine-

CDP may contribute to the significant adsorption inhibition of FBSA. 

2.3.4 Effects of Matric Constituents on PFAS Adsorption 

We also evaluated the performance of each adsorbent in a real groundwater matrix. The 

groundwater selected for these experiments contained no background levels of any of the PFASs 

included in the study and had an in situ pH of 8.4. We adjusted the pH of the groundwater in the 

same way we adjusted the pH of the nanopure, and therefore the results presented in Figure 2.3 

(groundwater = yellow) describe differences that can be attributed to the presence of inorganic 

anions, inorganic cations, and natural organic matter (NOM). Data on the abundance of these 

constituents in the groundwater is provided in Table A7.   

 The data presented in Figure 2.3 show that the presence of matrix constituents 

significantly inhibited the adsorption of most of the PFASs on each of the adsorbents. The 

adsorption inhibition noted for the AE resin was most likely resulting from the presence of 

inorganic anions63,100 and NOM53,95 that compete with PFASs for adsorption sites on the resin; 

sulfate (18.7 mg L-1) and chloride (8.9 mg L-1) were the most abundant anions measured in the 
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groundwater and the NOM concentration was 1.1 mg L-1. On the other hand, the adsorption 

inhibition noted for the CE resin, particularly for AmPr-FHxSA and TAmPr-FHxSA, is 

attributed to the presence of inorganic cations including calcium (26.8 mg L-1) and sodium (23.2 

mg L-1). DEXSORB was the least inhibited adsorbent in the groundwater matrix and the 

adsorption of 6:2 FTSA-PrB was not inhibited at any pH value. Interestingly, the adsorption of 

AmPr-FHxSA and TAmPr-FHxSA was inhibited at higher pH values in groundwater but not in 

nanopure water, suggesting that speciation of matrix constituents was responsible for the 

adsorption inhibition; it is possible that anionic NOM could interact with the positive charge on 

the zwitterionic PFAS to contribute to adsorption inhibition. Finally, adsorption of most of the 

anionic and neutral PFAS on DEXSORB+ and amine-CDP was significantly inhibited in the 

groundwater; only the adsorption of PFOS and FOSA on DEXSORB+ was not significantly 

inhibited in groundwater. We expect that interferences caused by the presence of inorganic ions 

and low molecular weight NOM may be driving adsorption inhibition in groundwater.82,84  

2.4 Environmental Implications 

This study offers the first systematic exploration on the performance of emerging 

adsorbent technologies, including CDPs and ion exchange resins, for the removal of different 

classes of PFASs from water. We found that DEXSORB (a CDP with a negative surface charge) 

exhibits the best performance for removing zwitterionic PFASs from groundwater. Our findings 

show that zwitterionic PFASs behave more similarly to cations than anions, which can have 

important implications in evaluating other remediation technologies, including adsorption with 

CE resins. We also demonstrated that non-ionic PFASs (perfluorosulfonamides and 

fluorotelomer alcohols) are removed to varying degrees by CDPs but are generally not removed 

well by ion exchange resins. Whereas the latter observation was expected, it was not expected 
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that neutral PFASs of the appropriate size would not be removed by CDPs. These data suggest 

that electrostatic interactions play an important role in determining the affinity of CDPs for 

PFASs. Although all adsorbents exhibited some level of inhibition in real groundwater, a 

combination of adsorbents could be used to remove complex mixtures of PFASs from 

contaminated groundwater. Finally, we note that previous studies with CDPs have also 

demonstrated facile regeneration and reuse potential in proof-of-concept experiments.78,79 These 

observations, coupled with the findings of the present study, support the continued investigation 

of CDPs as alternative adsorbents for remediation of PFAS-contaminated groundwater.  
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CHAPTER 3 – Identifying the Physicochemical Properties of β-Cyclodextrin 

Polymers that Determine the Adsorption of Perfluoroalkyl Acids2  

 

Abstract 

Cyclodextrin polymers (CDPs) are emerging adsorbents with demonstrated potential to remove 

perfluoroalkyl acids (PFAAs) from water. However, little is known about how the 

physicochemical properties of different types of CDPs determine PFAA adsorption on CDPs. In 

this study, we investigated the adsorption performance of 34 CDPs which consist of 14 different 

crosslinkers and exhibit a wide range of physicochemical properties. The performance metrics 

included adsorption kinetics, equilibrium adsorption density, and adsorption affinity for six 

PFAAs. We then used complementary bivariate and multivariate analyses to discover 

relationships between sixteen measurable physicochemical properties of the CDPs and their 

performance as adsorbents. We found that: (1) CDPs with a less negative or more positive 

surface charge will exhibit enhanced adsorption of all types of PFAAs; (2) CDPs with greater 

porosity and surface area will exhibit enhanced adsorption kinetics for all types of PFAAs; (3) 

CDPs with greater crosslinker content will exhibit enhanced adsorption of short-chain PFAAs; 

(4) CDPs containing more hydrophobic crosslinkers will exhibit enhanced equilibrium 

adsorption density and adsorption affinity for longer-chain PFAAs; and (5) CDPs with smaller 

particle sizes will exhibit enhanced adsorption kinetics and equilibrium adsorption density for all 

PFAAs. These insights will enable the further development of CDPs and other novel adsorbents 

to optimize their performance for removing PFAAs during water and wastewater treatment or 

groundwater remediation.   

 
2Reprinted with permission from Water Research. 2022, 209, 117938. DOI: 10.1016/j.watres.2021.117938. 

Copyright 2022 Elsevier. 

https://doi.org/10.1016/j.watres.2021.117938
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3.1 Introduction 

Per- and polyfluoroalkyl substances (PFASs) are a class of thousands of amphiphilic and 

thermally stable anthropogenic chemicals that are used in numerous commercial and industrial 

applications such as nonstick cookware, food packaging, fire- and water-resistant coatings on 

carpets and clothing, and in aqueous film-forming foams (AFFFs).1,10,128 The use of PFASs in 

these and other applications has resulted in their near-ubiquitous occurrence in the aquatic 

environment.17,92,129 Environmental exposure to PFASs has been associated with detrimental 

health effects such as developmental toxicity, immunotoxicity, hepatoxicity, and 

nephrotoxicity.42 Water quality regulations for PFASs have generally focused on the sub-class of 

perfluoroalkyl acids (PFAAs) which include perfluoroalkyl carboxylic acids (PFCAs) and 

perfluoroalkyl sulfonic acids (PFSAs). For example, the United States Environmental Protection 

Agency Drinking Water Health Advisory recommends a 70 ng L-1 maximum lifetime exposure 

to the sum of perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS),39 

whereas the State of Massachusetts has a maximum contaminant level (MCL) of 20 ng L-1 for 

the sum of six PFAAs.130 

Cyclodextrin polymers (CDPs) have emerged as potentially promising adsorbents for the 

removal of PFAAs from water.82,131,132 Cyclodextrins (CDs) are sustainably produced and 

soluble macrocycles of glucose that are toroidal in shape.64 The interior cavity of CDs forms 

host-guest complexes with thousands of molecules69,133 including PFAAs.70 This property makes 

CDs desirable for a variety of separation applications, although soluble CDs must first be 

polymerized or immobilized on supports to be utilized as insoluble adsorbents.74,134 CDs can be 

polymerized with chemical crosslinkers to generate insoluble CDPs that can be used as 

adsorbents for water purification applications.74,134,135 For example, epichlorohydrin (EPI)-
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crosslinked CDPs have been used to remove aromatic and phenolic compounds, dyes, metals, 

and pesticides, from water.134 However, EPI-CDPs exhibit only modest affinity for PFAAs.80 

More recently, rigid aromatic crosslinkers have been used to synthesize CDPs that exhibit rapid 

adsorption kinetics and high adsorption capacity for a variety of target contaminants78,102,135 but 

have exhibited mixed performance for the removal of PFAAs.80,126 For example, a 

tetrafluoroterephthalonitrile (TFN)-crosslinked CDP exhibited poor removal of PFOA whereas a 

decafluorobiphenyl (DFB)-crosslinked CDP exhibited >90% removal of PFOA under the same 

conditions.79 Further, a TFN-CDP that underwent a post-synthetic modification to reduce the 

residual nitrile groups on the TFN crosslinker to amine groups exhibited high affinity for ten 

PFAAs.81 These examples demonstrate how crosslinker chemistry can determine the adsorption 

potential of PFAAs on CDPs. However, the ways in which crosslinker chemistry influence CDP 

performance are not fully understood.   

The crosslinker can modify the physicochemical properties of CDPs directly (e.g., adding 

certain functional groups) or indirectly (e.g., influencing morphology and structure), and these 

modifications can each influence adsorption performance. For example, anionic (e.g., 

phenolates) functional groups on the crosslinker can enhance the affinity of CDPs for cationic 

contaminants80,83,126 and cationic (e.g., protonated amine) functional groups can enhance the 

affinity of CDPs for anionic contaminants.81,85,132 Further, derivatives of TFN-CDPs and 

difluorodiphenylsulfone (DFPS)-crosslinked CDPs with greater porosity exhibited greater 

adsorption kinetics for bisphenol A (BPA).78,136 CDPs containing the same crosslinker but with 

lower crosslinking densities have generally exhibited greater adsorption capacity.136,137 These 

examples provide some insights on how specific physicochemical properties influence CDP 

adsorption performance, but fewer studies have examined the synergistic effects among 
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physicochemical properties.138,139 For example, increased CD content in a CDP generally 

associates with greater adsorption capacity due to the presence of more binding sites.138 

However, increased CD content can also change the porosity and the crosslinking density, which 

together could lead to unpredictable changes in adsorbent performance. Therefore, insights into 

the roles that physicochemical properties play in determining CDP performance should be 

explored by means of complementary bivariate and multivariate approaches.    

Although a number of different types of CDPs have been synthesized that show promise 

as adsorbents for the removal of PFAAs from water,135 previous studies have not explored the 

relationship between the physicochemical properties of different types of CDPs and the 

adsorption of PFAAs. The objectives of this study were to: (1) evaluate the performance (i.e., 

adsorption kinetics, equilibrium adsorption density, and adsorption affinity) of 34 CDPs 

synthesized with fourteen different crosslinkers and exhibiting a wide range of physicochemical 

properties for their potential to remove six PFAAs from water; and (2) use complementary 

bivariate and multivariate analyses to discover relationships between sixteen physicochemical 

properties of the CDPs and their performance as adsorbents. We found that the surface charge, 

the polymer porosity and surface area, the crosslinker content, the hydrophobicity of the 

crosslinker, and the particle size were selected as important predictors of adsorbent performance 

across our analyses. Our results identify key physicochemical properties for polymer adsorbents 

that will lead to the development of next-generation adsorbents that target the removal of PFAAs 

from water.  



 

42 

3.2 Materials and Methods 

3.2.1 Chemicals and Reagents 

We selected six PFAAs representing PFCAs and PFSAs of varying chain lengths. The 

selected PFAAs included perfluorobutanoic acid (PFBA; Sigma-Aldrich), perfluorohexanoic 

acid (PFHxA; TCI America), PFOA (Sigma-Aldrich), perfluorobutanesulfonic acid (PFBS; TCI 

America), perfluorohexanesulfonic acid (PFHxS; Santa Cruz Biotechnology), and PFOS (Santa 

Cruz Biotechnology). Stock solutions of PFBA, PFOA, PFBS, and PFOS were prepared at a 

concentration of 1 g L-1 in 100% methanol (Sigma-Aldrich). Stock solutions of PFHxA and 

PFHxS were prepared at 1 g L-1 in 96% methanol and 4% LC-MS grade water. An experimental 

mixture containing the six PFASs each at a concentration of 1 mg L-1 was prepared in nanopure 

water. All stock solutions and the experimental mixture were stored in the dark at -20 °C or 4 °C, 

respectively. 

3.2.2 Adsorbents  

All adsorbents included in this study were synthesized in our academic laboratories or in 

collaboration with Cyclopure, Inc. (Skokie, IL). The 34 CDPs were synthesized using -CDs and 

are organized here into four categories defined by the chemical used as the crosslinker and the 

conditions employed during polymer synthesis as follows: (A) ten DFB-CDP derivatives 

synthesized under different conditions including solvent type, base type, temperature, 

concentration ratios of monomers, and reaction time (A-01 through A-10); (B) eight CDPs 

representing seven different crosslinkers that were selected to test the effects of specific chemical 

functional groups on PFAA adsorption (B-01 through B-08); (C) seven CDPs representing two 

different diisocyanate crosslinkers synthesized under different conditions (C-01 and C-07); and 

(D) nine CDPs consisting of TFN-CDP and amine- or amide-containing CDPs (D-01 through D-
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09). The chemical structures of the crosslinkers used in this study can be found in Figure 3.1. 

Adsorbents D-01 through D-03 are commercially available, may contain proprietary co-

monomers, and were acquired from Cyclopure, Inc. (Skokie, IL). The synthesis of adsorbents A- 

01 through A-10,79 adsorbents D-04 through D-06,81 and adsorbents D-07 though D-0985 are 

described elsewhere. The remaining adsorbents have never been reported before and details on 

their synthesis are provided in Appendix B.   

3.2.3 Batch Adsorption Experiments  

Batch experiments were designed to evaluate the performance of each of the 34 

adsorbents in terms of adsorption kinetics (dRi), equilibrium adsorption density (qe), and 

adsorption affinity (logKD) as previously described.80–82,102,131,132 All experiments were carried 

 

Figure 3.1. The 34 CDPs were synthesized using β-CDs and are organized in four categories 

defined by the chemical used as the crosslinker: (A) ten DFB-CDP derivatives (A-01 through A-

10); (B) eight CDPs representing seven different crosslinkers that were selected to test the effects 

of specific chemical groups on PFAA adsorption (B-01 through B-08); (C) seven CDPs 

representing two different diisocyanate crosslinkers (C-01 through C-07); and (D) nine CDPs 

consisting of TFN-CDP and amine- or amide-containing crosslinkers (D-01 through D-09). 
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out at an initial PFAA concentration [PFAA]0 of 1 μg L-1 and an initial adsorbent dose 

[adsorbent]0 of 10 mg L-1 in a matrix of nanopure water. Batch reactors were first filled with a 

fixed volume of nanopure water and then spiked with PFAAs from the experimental mixture to 

generate the desired [PFAA]0. CDPs were rehydrated (1-minute sonication, 1-hour mixing) in 10 

mL of nanopure water to create a homogeneous suspension of 1 g L-1 and subsequently spiked 

into the reactor to achieve the desired [adsorbent]0. Experiments with adsorbents were conducted 

in 125 mL polypropylene Erlenmeyer flasks containing 100 mL of nanopure water, with the 

exception of adsorbents A-10, B-07, and D-07 through D-09 which were conducted in 15 mL 

polypropylene centrifuge tubes containing 12 mL of nanopure water. The experimental design 

was modified during the study to maximize efficiency; experiments with adsorbents A-10, B-07, 

D-01, D-03, and D-05 demonstrated consistent results between the two experimental designs. 

After 0.5, 9, and 48 hours of contact time, 8 mL samples were collected from the Erlenmeyer 

flask or the centrifuge tube and filtered through a 0.45 μm cellulose acetate filter (Restek) into a 

10 mL glass LCMS vial and spiked with a mixture of isotope labelled internal standards (ILISs). 

All batch experiments were performed in triplicate and alongside control reactors that contained 

PFAAs but no adsorbent.       

3.2.4 Analytical Method 

Samples from the batch experiments were measured using large-volume injection by 

means of HPLC-MS/MS as previously described (QExactive, ThermoFisher Scientific).80–

82,111,131,132 Briefly, the mobile phase consisted of (A) LCMS-grade water amended with 20 mM 

ammonium acetate and (B) LCMS-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) with a loading 

pump and eluted onto an Atlantis® dC18 5 μm 2.1 x 150 mm analytical column (Waters) with an 
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elution pump. The mobile phase gradient program for the loading and elution pumps is provided 

in Table B1 of Appendix B. The HPLC-MS was operated with electrospray ionization in 

negative polarity mode. A nine-point calibration curve with concentrations ranging from 0 ng L-1 

to 1000 ng L-1 and spiked with ILISs was prepared for quantification of PFAAs using PFAA 

target-to-ILIS peak area ratio responses by linear least-squares regression. Calibration curves 

were run at the beginning of the analytical run. Instrument blanks were run before and after the 

calibration curve and each batch of triplicate samples. The limit of quantification (LOQ) for each 

PFAA was determined as the lowest point on the calibration curve with at least five MS scans 

and a PFAA target-to-ILIS peak area ratio that could be distinguished from the blank. More 

details on the acquisition parameters for each of the six PFAAs is provided in Table B2 of 

Appendix B. 

3.2.5 Adsorbent Performance Metrics 

Initial removal (%) was selected as a measure of adsorption kinetics and was determined as 

described in Equation 3.1: 

 
Equation 3.1 

where dRi (%) is the removal at 0.5 hours, C0,t (ng L-1) is the average concentration of a given 

PFAS in the control samples at 0.5 hours, and Ct (ng L-1) is the concentration of the PFAS in the 

sample at 0.5 hours. Equilibrium adsorption density (μg g-1) was selected as a measure of the 

thermodynamics of adsorption and was calculated as described in Equation 3.2: 

 

Equation 3.2 

where qe (μg g-1) is the adsorption density at 48 hours, C0,e (ng L-1) is the average concentration 

of a PFAA in the control samples, Ce (ng L-1) is the concentration of the PFAS in the sample at 
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48 hours, and Cads (mg L-1) is the concentration of the CDP used in the experiment. The 

adsorption distribution coefficient (L g-1) was selected as a measure of adsorption affinity and 

was calculated as described in Equation 3.3: 

 

Equation 3.3 

where KD (L g-1) is the adsorption distribution coefficient and is used as a metric of the affinity 

of a PFAA for a CDP, qe (μg g-1) is the adsorption density at 48 hours, Ce (ng L-1) is the 

concentration of the PFAS in the sample at 48 hours.  

3.2.6 Characterization of CDPs 

We identified sixteen measurable physicochemical properties that vary among the 34 

CDPs, which we hypothesized might explain the variable performance among the tested CDPs. 

These properties include crosslinker hydrophobicity (CL.Kow), crosslinker-cyclodextrin ratio 

(CL:CD), cyclodextrin content (CD), crosslinker content (CL), carbon content (%C), hydrogen 

content (%H), oxygen content (%O), nitrogen content (%N), fluorine content (%F), chlorine 

content (%Cl), sulfur content (%S), total porosity (pol.pore.vol), specific surface area (pol.SA), 

whether the polymer was sieved or not (pol.sieve), polymer size (pol.size), and polymer surface 

charge (pol.charge). The ‘mice’ package was used for multiple imputation chain equations to 

impute missing values when necessary; no physicochemical property was missing more than five 

values. Details on the techniques for measuring each of the physicochemical properties is 

provided in Appendix B; a list of all 16 physicochemical properties and the range at which they 

were measured among the 34 CDPs is provided in Table B3 of Appendix B.   
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3.2.7 Bivariate and Multivariate Analysis 

We explored correlations between the sixteen physicochemical properties of each CDP 

and each of the three adsorbent performance metrics. For the bivariate analysis, we performed 

Spearman correlation analyses between each of the physicochemical properties and the log10-

transformed values of each of the performance metrics for each of the PFAAs.139 We note that 

the log10 transformation was not necessary for the non-parametric Spearman analysis but was 

performed to be consistent with the multivariate analysis. For the multivariate analysis, we 

developed multivariable models between the physicochemical properties of each adsorbent 

(predictors) and the log10-transformed values of each of the performance metrics for each of the 

PFAAs (responses) using an all-possible regression approach.138 We used the log10 

transformation to scale the response variables to a more narrow numeric range and to better 

satisfy assumptions of a linear regression model. We assumed that the log10-transformed values 

of each of the response variables could be described as an additive combination of the predictor 

variables138,139 as described in Equation 3.4: 

 Equation 3.4 

where  is one of the performance metrics for one of the PFAAs,  are coefficients to be 

estimated, and  are predictor variables. We used the ‘olsrr’ package in R version 4.0.5 to 

perform the all-possible regression. To select models with a good-fit while minimizing bias, we 

selected models with (1) the highest adjusted  for each  = 1 through 16 predictors and (2) the 

fewest number of predictors while satisfying Mallow’s .140 We used the ‘reghelper’ 

package in R to standardize the coefficients of the selected linear models. To further evaluate the 

contribution of the predictors in the well-performing, all-possible regression models, we used 

metrics of importance and significance.83,141 Importance is defined as the contribution of a 
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predictor when it is added to the regression model, which is quantified as the change in the 

adjusted . Significance is estimated using the negative log10-transformed p-value of the 

predictor in the selected model in the linear regression of the selected model. To identify the 

most valuable predictors for each of the 18 response variables (6 PFAAs, 3 performance 

metrics), we selected those with an importance normalized by the adjusted  of the selected 

model > 5% and a significance > 2.  

3.3. Results and Discussion 

3.3.1 Performance of CDPs 

 We evaluated the performance of 34 CDPs for their potential to remove six PFAAs from 

water. Specifically, we measured adsorption kinetics (dRi), equilibrium adsorption density (qe), 

and adsorption affinity (logKD) for PFBA, PFHxA, PFOA, PFBS, PFHxS, and PFOS. The values 

for each of these metrics for each of the CDPs are provided in Table B4 and B5 of Appendix B. 

Box plots detailing the variability in the average of each of the performance metrics across 

triplicate experiments for each CDP and each PFAA are provided in Figure 3.2. 

Several important observations are worth noting in these data. First, the magnitude of 

each of the performance metrics is highly variable among the CDPs; dRi ranges between 0 and 

100%, qe ranges between 0 and 454 mg g-1, and logKD ranges between 0 and 4.3. This finding is 

important because it demonstrates that structural differences (i.e., crosslinker) among the CDPs 

can have profound effects on its performance. This observation also agrees with previous 

observations of mixed performance for the removal of PFAAs across different CDPs.80,126 We 

further note that the magnitude of each performance metric is even highly variable among the 

category A adsorbents, which all incorporate the DFB crosslinker. This nuance further reinforces 

that subtle differences in the physicochemical properties of a CDP can greatly affect 
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performance.80 Second, we note that the median values of each performance metric increase with 

increasing chain length and are higher for the PFSAs than the PFCAs. This trend is not 

necessarily unexpected because longer-chain PFAAs are more hydrophobic than shorter-chain 

PFAAs and generally exhibit greater removal in adsorption processes.55,62 PFSAs likewise 

generally exhibit greater removal in adsorption processes than PFCAs with the same number of 

carbon atoms because PFSAs have one more fluorinated carbon atom.55,62 Nevertheless, it is 

notable that these trends were clear among data from 34 CDPs and across all performance 

metrics. Third, despite the observed trends with chain length, there are some CDPs that perform 

well for shorter-chain PFAAs including several category D adsorbents that exhibit good 

performance across all performance metrics (e.g., D-02, D-03, D-05, D-06). This ability to 

remove short-chain PFAAs, such as PFBA and PFBS, is notable because many adsorbents 

perform poorly for these substances.55,62 Fourth, we note that category D adsorbents generally 

perform the best among the adsorbents, whereas category B adsorbents generally perform the 

worst. Finally, some CDPs exhibit slow adsorption kinetics and high adsorption affinity (e.g., D- 

 

Figure 3.2. Box plots detailing the variability in average (A) adsorption kinetics, (B) equilibrium 

adsorption density, and (C) adsorption affinity for each CDP and each PFAA. The data points are 

assigned colors/shapes based on the four categories of CDPs that were studied (see Fig. 3.1 and Methods 

section for details). CDPs identified as A-05, A-06, A-07, and B-02 had qe values that are off the scale 

(see Table B5). The units provided for log10KD are for the untransformed variable. The dark line in the 

box plots represents the median value and the edges of the box represent the 25th and 75th percent 

quantile. 
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 08 for PFOA) while others exhibit rapid adsorption kinetics and high adsorption affinity (e.g., 

D-03 for PFOA). This final point suggests that there are different physicochemical properties 

that determine adsorption kinetics and adsorption affinity. 

3.3.2 Bivariate Analysis  

The variable performance of the CDPs across the PFAAs motivated deeper studies into 

correlations between the physicochemical properties of the CDPs and the magnitude of each of 

the performance metrics. The values of the sixteen physicochemical properties describing each 

of the 34 CDPs are provided in Table B6 of Appendix B. We performed a Spearman correlation 

analysis between fifteen of the physicochemical properties (pol.sieve was excluded because it is 

a binary variable) and the log10-transformed values of each of the performance metrics for each 

of the PFAAs. The results are presented as a heat map in Figure 3.3. The Spearman correlation 

analysis revealed several weak positive and negative correlations, with nearly all Spearman 

correlation coefficients (ρ) in the range of ± 0.50. Despite the relatively weak correlations 

revealed in this analysis, a number of significant (p value < 0.01) positive and negative 

correlations emerged.  

Only significant positive correlations were observed for the crosslinker hydrophobicity 

(CL.Kow), crosslinker content (CL), %F, %Cl, polymer porosity (pol.pore.vol), polymer surface 

area (pol.SA), and pol.charge. The significant positive correlations with pol.charge and nearly 

every performance metric reflect enhanced performance for CDPs with a less negative or a more 

positive surface charge. This agrees with previous studies that have demonstrated improved 

removal of PFAAs with adsorbents that carry a positive surface charge.81,111,119,142,143 Likewise, 

chlorine (%Cl) was measured in small quantities (0.2% - 3.4%) in only five of the CDPs (D-01, 

D-02, D-03, D-04, D-06) as byproducts of the synthesis. These five CDPs also carry a positive 
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surface charge which can explain the significant positive correlations observed between %Cl and 

nearly all of the performance metrics. Significant positive correlations between CL and dRi for 

PFBA, PFHxA, PFBS, and PFHxS demonstrate the importance of crosslinker chemistry for 

driving the adsorption kinetics of relatively short-chain PFAAs; the significant positive 

correlation between CL and all of the performance metrics for PFBA are particularly notable 

because many adsorbents perform poorly for shorter-chain PFAAs such as PFBA and PFBS.55,62  

Significant positive correlations between pol.pore.vol and pol.SA and dRi for PFHxA, 

PFOA, and all of the PFSAs demonstrate that polymer morphology is important in driving 

adsorption kinetics for PFAAs, which agrees with observations from other studies investigating 

different types of CDPs and different adsorbates.78,136 Finally, significant positive correlations 

between CL.Kow and qe for PFOS and %F and qe for PFBS and PFOS demonstrate the 

importance of hydrophobicity for driving equilibrium adsorption density for more hydrophobic 

PFAAs.  

 
 

 

 

 

 

 

 

 

 

 

Figure 3.3. Bivariate association 

matrix between the log10-

transformed responses against 

the predictors. The associations 

are only weakly associated (max 

ρ ~ ± 0.50). Significance is 

indicated by * (p < 0.10, ρ ± 

0.17–0.20), ** (p < 0.05, ρ ± 

0.21–0.26), *** (p < 0.01, ρ ± 

0.27–0.62). 
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 Only significant negative correlations were observed for %C, %H, and the polymer size 

(pol.size). Significant negative correlations were discovered between %C and all of the 

performance metrics for the PFSAs and PFHxA and logKD for PFOA. This negative correlation 

points to the importance of heteroatoms (which would lower %C) in driving adsorption 

equilibrium and adsorption affinity for relatively long-chain PFCAs and PFSAs.79,81 Likewise, 

negative correlations discovered between %H and qe for PFBS and PFOS reinforce the 

conclusion that F atoms on the crosslinker (which replace H atoms) can be important for driving 

equilibrium adsorption density for more hydrophobic PFAAs. The significant negative 

correlations between pol.size and qe and logKD for PFOS demonstrate that larger particles can 

inhibit the adsorption of PFOS. Porous adsorbents with relatively large particle sizes rely on 

diffusion-based transport of adsorbates to binding sites in the interior pore network of the 

adsorbent; PFOS is the largest PFAA included in this study and its diffusion-based transport may 

be limited relative to the other PFAAs.82 

 Finally, significant positive and negative correlations were observed for the crosslinker-

cyclodextrin ratio (CL:CD) and %N. Interestingly, significant positive correlations were 

observed between CL:CD and performance metrics for PFBA whereas significant negative 

correlations were observed for PFOS. This observation reinforces the importance of crosslinker 

chemistry for driving the adsorption kinetics of relatively short-chain PFAAs, but also 

demonstrates that the crosslinker-cyclodextrin ratio may inhibit adsorption for long-chain 

PFAAs. %N exhibits significant positive correlations with nearly all performance metrics for 

PFCAs, but a significant negative correlation with qe for PFOS. Nitrogen is a heteroatom that can 

be protonated under certain conditions (e.g., amine groups in D-04, D-05, D-06, D-08, D-09) 

which may be driving the positive correlation and would again reflect the importance of 
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electrostatic interactions for the adsorption of PFAAs. Together, the data from the bivariate 

analysis demonstrate that specific physicochemical properties can either enhance or inhibit the 

adsorption of short-chain or long-chain PFAAs with different head groups on CDPs. However, 

the significant correlations that were observed were relatively weak which suggests that no 

single physicochemical property is sufficient for predicting the adsorption of PFAAs on CDPs. 

3.3.3 Multivariable Analysis  

The relatively weak correlations observed between the physicochemical properties of the 

CDPs and the performance metrics in the bivariate analysis suggest more complex interactions 

among physicochemical properties that may be better explained with a multivariate analysis. We 

implemented a multivariate analysis using an all-possible regression approach to identify the 

combination of physicochemical properties that best predicts the magnitudes of the performance 

metrics. We first developed a Spearman correlation matrix for all of the physicochemical 

properties to evaluate correlations among the predictor variables.144 The Spearman correlation 

matrix is presented in Figure B3. The strongest correlation was between pol.pore.vol and pol.SA 

(ρ = 0.92), which was expected due to the inherent link between polymer porosity and polymer 

surface area. Despite this correlation, we elected to keep both variables in our all-possible 

regression analysis and will evaluate their selection into well-performing models as a pair of 

correlated predictors. We also observed relatively strong correlations between %H and %F (ρ = 

-0.87) and %N and pol.charge (ρ = 0.76). The former correlation is simply because hydrogen and 

fluorine atoms are often substituted for each other in the crosslinker. However, these remain 

independent variables and both will remain in the all-possible regression analysis. The latter 

correlation can be partially explained by the amine groups present in CDPs D-04 through D-06 

and D-08 and D-09 which are protonated at neutral pH. Because only these nitrogen-containing 
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CDPs are likely protonated, we elect to keep both of these variables in the all-possible regression 

analysis. 

Despite the fact that we observed some strong correlations (ρ > 0.70) among the 

physicochemical properties, we developed multivariable models between all of the 

physicochemical properties of each adsorbent (predictors) and the log10-transformed values of 

each of the performance metrics for each of the PFAAs (responses). The number of predictors 

included in each of the final well-performing models ranged between six and ten (Table B7). 

The adjusted  values for each of the final well-performing models ranged between 0.53 and 

0.91 (Table B8). All multivariable models exhibited a significant increase in the adjusted  

value when compared to the  values obtained in the bivariate analysis.  

The standardized coefficients for all eighteen well-performing all-possible regression 

models are provided in Table B9. In general, for predictors selected in the all-possible 

regression, the signs of the standardized coefficients agree with the signs of the Spearman 

correlation coefficients observed in the bivariate analysis. For example, positive standardized 

coefficients were estimated for polymer surface area (pol.SA) and dRi for all PFAAs and 

crosslinker content (CL) and all performance metrics for PFBA. Interestingly, crosslinker 

hydrophobicity (CL:Kow) had positive standardized coefficients for qe and KD for PFHxA, 

PFOA, PFHxS, and PFOS which reinforces that CL:Kow is important for adsorption of more 

hydrophobic PFAAs. Three of the physicochemical properties were implemented in the 

regression model as categorical variables: whether the polymer was sieved or not (pol.sieve), 

polymer particle size (pol.size), and pol.charge. pol.sieve was not selected in any of the well-

performing regression models. pol.size and pol.charge were recorded in the model as binary 

dummy variables and their standardized coefficients were normalized by an input predictor in the 
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linear model (pol.size = <45 and pol.charge = -1, respectively) such that the coefficients for the 

remaining sub-predictors are interpreted in relation to the initial input predictor. The 

standardized coefficients for neutral polymer charge (pol.charge = 0) take a range of negative to 

positive values, suggesting that, relative to CDPs with a negative surface charge, a neutral 

surface charge can either enhance or inhibit adsorption. In contrast, the standardized coefficients 

for positive polymer charge (pol.charge = 1) were primarily positive across all of the well-

performing models, indicating that a positive charge almost always enhances adsorption of 

PFAAs relative to a CDP with a negative surface charge. The standardized coefficients for the 

categorical pol.size variable contain primarily negative values suggesting inhibited performance 

of polymers with larger particle sizes for a broader set of PFAAs when compared to the bivariate 

analysis. Other adsorbents including activated carbon generally exhibit inhibited adsorption 

kinetics and affinity at larger particle sizes.55,62 Together, the evaluation of the standardized 

coefficients supports the main conclusions of the bivariate analysis and provides further insights 

on the relative contributions of each physicochemical property to each of the performance 

metrics. 

3.3.4 Identifying Important and Significant Predictors  

To further evaluate the contribution of the predictors in the well-performing all-possible 

regression models, we used metrics of importance and significance.83,141 The importance and 

significance of each of the physicochemical properties selected into the best-performing 

regression models for PFOA are provided in Figure 3.4; analogous plots for the other five 

PFAAs are provided in Figure B2. To identify the most valuable predictors for each response 

variable, we selected those with importance normalized by the adjusted  of the selected model 

> 5% and significance > 2. The rate (percentage) at which each physicochemical property was 
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identified as an important and significant predictor in our analysis is provided in Table 3.1. We 

present the data based on the performance metric, the PFAA head group, and PFAA chain 

length.  

The physicochemical properties that are most frequently identified as important and 

significant predictors are polymer surface charge (pol.charge), crosslinker hydrophobicity 

(CL.Kow), and polymer size (pol.size). pol.charge was selected as an important and significant 

predictor across 17 of the 18 all-possible regression models. This analysis suggests that 

pol.charge plays an important role in PFAA adsorption on CDPs independently of the 

performance metric, the PFAA head group, and the PFAA chain length. Although our previous 

analyses suggested that pol.charge is particularly important for less hydrophobic PFAAs, it is 

clear that a positive surface charge of a CDP or other adsorbent will enhance the adsorption 

kinetics, adsorption density, and adsorption affinity for PFAAs in general. CL.Kow was selected 

as an important and significant predictor across 12 of the 18 all-possible regression models, and 

was selected more frequently for qe and logKD and for PFAAs with increasing chain length. This 

 

Figure 3.4. The predictors selected in the all-possible regression are plotted here to indicate importance 

(black circles) and significance (red triangles) of each of the predictors for the three performance metrics 

for PFOA. Gaps where no data appears indicates that predictor was not selected as a predictor in the all- 

possible regression. 
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agrees with our previous conclusions from the bivariate analysis and the standardized 

coefficients from the all-possible regression that CDPs that incorporate more hydrophobic 

crosslinkers will have greater adsorption density and adsorption affinity for longer-chain PFAAs. 

Finally, pol.size was selected as an important and significant predictor across 12 of the 18 

models, and was selected most frequently for dRi and qe and for PFAAs with increasing chain 

length. This also agrees with our previous conclusions and further demonstrates that the 

adsorption of longer-chain PFAAs with slower diffusion-based transport potential will be more 

inhibited on CDPs with larger particle sizes.82 

Table 3.1. Summary of important and significant predictors. 
  Performance Metrica Head Groupa Chain Lengtha 

 nb dRi (6) qe (6) KD (6) PFCA (9) PFSA (9) C4 (6) C6 (6) C8 (6) 

pol.charge 17 100% 100% 83% 89% 100% 83% 100% 100% 

CL.Kow 12 33% 83% 83% 67% 67% 33% 83% 83% 

pol.size 12 83% 83% 33% 56% 78% 50% 67% 83% 

%N 8 83% 33% 17% 56% 33% 50% 67% 17% 

CL:CD 7 50% 50% 17% 44% 33% 17% 33% 67% 

CD 7 50% 33% 33% 22% 56% 17% 67% 33% 

CL 7 33% 67% 17% 56% 22% 50% 17% 50% 

%O 6 67% 33% 0% 22% 44% 33% 50% 17% 

%H 5 33% 50% 0% 22% 33% 33% 17% 33% 

pol.SA 5 83% 0% 0% 22% 33% 17% 33% 33% 

%Cl 2 33% 0% 0% 0% 22% 17% 17% 0% 

%F 1 17% 0% 0% 11% 0% 17% 0% 0% 
aThe frequency of how often an important and significant predictor appears for the associated 

models by percent of total models. bThe frequency of how often each predictor is selected in the 

18 models.  

 

3.4. Conclusions 

• β-cyclodextrin-crosslinked polymer adsorbents (CDPs) have the potential to remove 

perfluoroalkyl acids (PFAAs) from water. We evaluated the performance of 34 different 

CDPs to quantify adsorption kinetics, adsorption equilibrium density, and adsorption 

affinity for six PFAAs. The CDPs were synthesized using 14 different crosslinkers and 

under conditions that resulted in variable physicochemical properties. The CDPs 
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exhibited highly variable performance with some performing poorly and others 

performing well. These findings demonstrate that crosslinker chemistry and subtle 

differences in physicochemical properties can determine CDP adsorption performance. 

• A bivariate correlation analysis identified generally weak correlations between fifteen 

physicochemical properties of the CDPs and the performance metrics for the six PFAAs. 

The strongest positive correlations were noted between the surface charge of the CDP 

and the adsorption affinity for PFCAs. Other predictors exhibited weak but significant 

and exclusively positive (e.g., polymer surface charge, polymer surface area, polymer 

porosity, crosslinker hydrophobicity, crosslinker content) or negative (e.g., percent 

carbon, polymer particle size) correlations. These observations help identify 

physicochemical properties that can be tuned to enhance the adsorption of PFAAs. 

• A multivariable regression analysis was implemented to identify the synergistic effects of 

multiple physicochemical properties on CDP performance. The well-performing models 

performed better than the models generated in the bivariate analysis. The signs and 

magnitudes of the standardized coefficients in the well-performing models support the 

main conclusions of the bivariate analysis and provide further insights on the relative 

contributions of each physicochemical property to each of the performance metrics.  

• We identified the most important and significant predictors and used them to make 

conclusions about the physicochemical properties that are most important for PFAA 

uptake on CDPs. We found that: (1) CDPs with a less negative or more positive surface 

charge will exhibit enhanced adsorption of all types of PFAAs; (2) CDPs with greater 

porosity and surface area will exhibit enhanced adsorption kinetics for all types of 

PFAAs; (3) CDPs with greater crosslinker content will exhibit enhanced adsorption of 
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short-chain PFAAs; (4) CDPs containing more hydrophobic crosslinkers will exhibit 

enhanced equilibrium adsorption density and adsorption affinity for longer-chain PFAAs; 

and (5) CDPs with smaller particle sizes will exhibit enhanced adsorption kinetics and 

equilibrium adsorption density for all PFAAs. 
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CHAPTER 4 – Evaluating the Performance of Novel Cyclodextrin Polymer 

Granules to Remove PFASs from Water in Batch Systems and Rapid Small-

Scale Column Tests  

 

Abstract 

Cyclodextrin polymers (CDPs) have demonstrated potential as emerging adsorbents to remediate 

water contaminated with persistent per- and polyfluoroalkyl substances (PFASs). For CDPs to be 

used as practical adsorbents, the as-synthesized powders can be aggregated in a high-shear wet 

granulation process to form granules of defined size and morphology. In this study, we evaluate 

the performance of CDP granules that range in particle size (dp = 84-718 μm) in batch studies to 

evaluate the adsorption kinetics, adsorption capacity, and adsorption affinity for six 

perfluoroalkyl acids (PFAAs). We also conduct rapid small-scale column tests (RSSCTs) for 

three of the granules (dp = 84, 175, 359 μm) to evaluate the breakthrough of PFAAs. We found 

that the smaller CDP granules exhibited more rapid adsorption kinetics for shorter-chain PFAAs, 

whereas larger CDP granules exhibited more rapid adsorption kinetics for longer-chain PFAAs. 

Adsorption capacity was more dependent on the PFAA than the granule size, with the granules 

exhibiting capacity for 2-3 times as many moles of PFBA than the other PFAAs. Increases in 

adsorption affinity correlated with PFAAs of increasing hydrophobicity, with PFHxS and PFOS 

exhibiting the highest adsorption affinity. For the RSSCTs, our data suggests that larger granules 

may be scaled using the assumption of constant diffusivity whereas smaller granules may be 

scaled using the assumption of constant diffusivity to predict the breakthrough longer-chain 

PFAAs. The adsorption of shorter-chain PFAAs on small granules in packed columns may be 

complicated by the undetermined role of the surface charge of the CDPs in mass transfer 
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mechanisms. Overall, these findings provide insight to understanding the performance of CDP 

granules in batch and packed-bed systems.  
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4.1 Introduction 

Per- and polyfluoroalkyl substances (PFASs) are a class of thousands of fluorinated 

chemicals that have detrimental effects on environmental and human health.1,5,42,92 PFASs are 

thermally stable and have amphiphilic properties and are consequently used in numerous 

commercial and industrial applications such as nonstick cookware, carpets and clothing, personal 

care products, and aqueous film-forming foams (AFFFs).4 Due to the widespread use and 

persistence of PFASs, they remain a concern to environmental and health regulatory agencies 

who must regulate exposure to these hazardous chemicals. The U.S. EPA Drinking Water Health 

Advisory recommends a 70 ng L-1 lifetime exposure to the sum of two perfluoroalkyl acids 

(PFAAs), perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS).39 While the 

advisory is not enforceable, the U.S. EPA is developing a PFAS National Primary Drinking 

Water Regulation to regulate PFOA and PFOS under the Safe Drinking Water Act (SDWA) by 

Fall 2023.41 

Adsorption is a widely used, inexpensive approach for removing undesired constituents 

from water.56,145 While granular activated carbon (GAC) and ion exchange (IX) resins are 

commonly studied and implemented in existing treatment systems,53,146 these adsorbents can be 

fouled by inorganic ions and natural organic matter that exist in natural waters.53,63,95,100 

Recently, we synthesized crosslinked-cyclodextrin polymers (CDPs) as promising adsorbents for 

the removal of PFAAs from water.80,81,85,132,147 The toroidal cyclodextrin contains a hydrophobic 

cavity that can form host-guest complexes with many molecules.133,148 The fixed-diameter 

opening of cyclodextrins provides CDPs with size-exclusion properties which prevents the 

fouling of CDPs by molecules that are either too small or large.84 Cyclodextrins can be 

polymerized using chemical crosslinkers74 to generate CDPs with desired properties (e.g., 
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positive surface charge, surface area, etc.) to target removal of various chemicals74,135 including 

PFAAs.81,132,147  

Batch experiments designed to evaluate adsorption kinetics, adsorption affinity, and 

adsorption capacity, provide insight on the adsorption performance of an adsorbate-adsorbent 

pair. From the dozens of CDPs we have synthesized, we have found that CDPs with a positive 

surface charge demonstrate rapid adsorption kinetics and high adsorption affinity for 

PFAAs.81,131 However, the as-synthesized CDPs are produced as fine powders (particle diameter 

<100 μm) and are not practical for use in packed-bed filtration (PBF) systems.149 Spray 

granulation, followed by high-shear mixing, can be used to generate particles that are large 

enough to be used in PBF systems. In this technique, a liquid binder is first sprayed to wet the 

surface of the powder. Then, under high-shear mixing, the wet powders aggregate to form 

granules.150–152 Operational and formulation variables can impact the characteristics of the final 

granules and allows the user to control the desired size of the granule.153 Control over granule 

size enables us to use the granules as adsorbents in large-scale PBFs.91 However, because large-

scale PBF systems are resource-intensive, rapid small-scale column tests (RSSCTs) are 

commonly used to test the performance of adsorbents.  

Studies of RSSCTs and large-scale PBF systems (i.e., pilot-scale and full-scale) focus 

primarily on evaluating the performance of GAC154,155 and IX resins,61,146,156 while fewer studies 

evaluate the performance of novel adsorbents.84,157 RSSCTs, which were initially developed 

using GAC and rely on concepts of similitude to scale a large-scale PBF to benchtop-scale, are 

used to experimentally simulate the breakthrough of a chemical without the need to construct a 

pilot-scale system.89,90,154 One of two scaling assumptions is frequently used, i.e., whether 

transport of the adsorbate to adsorption sites remains constant despite changes in adsorbent size 
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(constant diffusivity, CD),89 or whether transport of the adsorbate to adsorption sites is linearly 

related to changes in adsorbent size (proportional diffusivity, PD).90 To improve our 

understanding of how granules can be used in PBF systems, batch studies can be designed to 

evaluate adsorption kinetics, adsorption affinity, and adsorption capacity. Furthermore, RSSCTs 

packed with granules can simulate the breakthrough behavior of PFAAs in a pilot- or full-scale 

PBF system. 

We have demonstrated the potential for CDPs to be used as adsorbents to remove diverse 

types of PFASs from water.131,132 However, we must evaluate the efficacy of CDP granules, 

which have not yet been evaluated; it is uncertain how the performance of the CDP granules will 

compare to the performance of as-synthesized CDPs. Furthermore, we are uncertain of how the 

performance of CDP granules will change as a function of granule size in batch systems. In 

addition, CDP granules are physically and chemically distinct from GAC, and it is uncertain 

whether scaling assumptions of CD or PD can be used to evaluate the breakthrough of PFAAs on 

CDP granules in RSSCTs. We conducted batch experiments to estimate the adsorption kinetics 

of six PFAAs on seven CDP granules. The seven CDP granules had average particle diameters 

(dp) that ranged between 84 and 718 μm. We also conducted batch isotherm experiments to 

estimate the adsorption capacity and adsorption affinity of six PFAAs on three of the CDP 

granules (dp = 84, 175, 359 μm). Finally, to gain insight into the performance of full-scale 

systems, we conducted RSSCTs scaled under the assumptions of CD and PD using these three 

CDP granules to measure the breakthrough of PFAAs of varying chain length and functional 

group. We found that the shorter-chain PFAAs exhibited higher adsorption kinetics for the 

smallest granules, whereas longer-chain PFAAs exhibited higher adsorption kinetics for larger 

granules. Furthermore, we found that CDP granule adsorption capacity and adsorption affinity 
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for PFAAs was more dependent on PFAA than on CDP granule size. Finally, we found that 

using PD as a scaling parameter is more reliable for designing RSSCTs packed with smaller 

granules, and that CD as a scaling parameter may be more reliable for designing RSSCTs packed 

with larger granules. The results from the batch studies and RSSCTs demonstrate the potential 

for novel CDP granules to be used as adsorbents to remove PFAAs from water in engineered 

systems.  

4.2 Materials and Methods 

4.2.1 Chemicals and Reagents 

We selected six PFAAs representing perfluorocarboxylic acids and perfluorosulfonic 

acids of varying chain lengths. The selected PFAAs included perfluorobutanoic acid (PFBA; 

Sigma-Aldrich), perfluorohexanoic acid (PFHxA; TCI America), PFOA (Sigma-Aldrich), 

perfluorobutanesulfonic acid (PFBS; TCI America), perfluorohexanesulfonic acid (PFHxS; 

Santa Cruz Biotechnology), and PFOS (Santa Cruz Biotechnology). Stock solutions of PFBA, 

PFOA, PFBS, and PFOS were prepared at a concentration of 1 g L-1 in 100% methanol (Sigma-

Aldrich). Stock solutions of PFHxA and PFHxS were prepared at 1 g L-1 in 96% methanol and 

4% LC-MS grade water. An experimental mixture containing the six PFAAs each at a 

concentration of 1 mg L-1 (kinetics experiments) and 100 mg L-1 (RSSCT experiments) was 

prepared in nanopure water. Individual PFAA experimental standards were prepared at 

concentrations ranging from 5 mg L-1 to 1 g L-1 (isotherm experiments). Isotope-labelled internal 

standards (ILISs) arrived as a mix at 2 mg L-1 or as an individual ILIS at 50 mg L-1 (Wellington 

Laboratories). An experimental dilution of the ILISs was prepared at 250 μg L-1 in nanopure 

water. All stock solutions and the experimental mixtures and standards were stored in the dark at 

-20 °C or 4 °C, respectively. 
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4.2.2 Adsorbents 

CDP granules were acquired from Cyclopure, Inc. (Skokie, IL). A spray granulation 

technique was used to generate the granules using a Glatt TMG High Shear Granulator. The as-

synthesized DEXSORB+ powders were stirred under high shear while a cellulose acetate binder 

solution was sprayed to wet the surface of the powders and enable aggregation. The CDP 

granules have a loading of 90-95% of CDPs. CDP granules representing seven particle sizes 

were received and are referred to in this study as Bin 1 though Bin 7 (dp = 84, 127, 175, 254, 

359, 508, 718 μm). Measurements of Brunauer-Emmett-Teller surface area (SABET) was 

measured by N2 porosimetry at 77 K and elemental analysis were performed.  

4.2.3 Batch Adsorption Experiments  

Batch experiments were designed and performed as previously described.80–82,102,131,132,147 

A fixed volume of the stock mixture solution (six PFAAs) or individual standards was added to 

sacrificial polypropylene centrifuge tubes containing 12 mL of nanopure water (to generate the 

desired initial PFAA concentration) and mixed on a tube revolver (ThermoFisher Scientific) at 

40 rpm at 23° C overnight. Adsorbents were then added to the centrifuge tubes to the desired 

dose. Prior to adding granules to the centrifuge tubes, the granules were rehydrated (1-minute 

sonication, 1-hour mixing) to create a homogenous, aqueous suspension and subsequently spiked 

into the centrifuge tubes as previously described.80,102,131 At selected time points, 8 mL of the 

reactor volume was filtered through a 0.45 μm cellulose acetate filter (Restek) into a 10 mL glass 

LC-MS vial and spiked with ILISs. Samples were measured using large-volume injection by 

means of HPLC-MS/MS as detailed in the following. For batch experiments targeting adsorption 

kinetics, samples were taken at 0.25, 0.5, 1, 2, 4, 8, 24, and 72 hours under the standard initial 

conditions of [PFAA]0 = 1 μg L-1 and [adsorbent]0 = 15 mg L-1. For batch experiments targeting 
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isotherms, samples were taken at 96 hours under the standard initial conditions of [PFAA]0 = 10-

5000 μg L-1 and [adsorbent]0 = 15 mg L-1. The kinetics experiment was conducted with triplicate 

samples and the isotherm experiment was conducted with duplicate samples. All batch 

experiments were performed alongside control reactors that contained PFAAs but no adsorbent. 

4.2.4 Rapid Small-Scale Column Test (RSSCT) Experiment 

Parameters for the RSSCTs were scaled using the assumption of CD or PD.89,90 RSSCTs 

scaled using the assumption of CD were performed with columns packed with granules from Bin 

1 and Bin 3 and by scaling the RSSCTs from a theoretical model adsorbent and PBF system (dp 

= 1000 m, EBCT = 2 min); after plotting the breakthrough curves of these two RSSCTs, we 

determined that an RSSCT scaled using the assumption of CD with a column packed with 

granules from Bin 5 would not have provided additional insight. RSSCTs scaled using the 

assumption of PD were performed with columns packed with granules from Bin 1, Bin 3, and 

Bin 5 by scaling the RSSCTs from a theoretical model adsorbent and PBF system (dp = 1000 

m, EBCT = 0.17 min). The differences in the theoretical model PBF systems were essential to 

optimize the volume of water needed and the duration of the experiment. The parameters and 

scaling equations used to design the RSSCTs are summarized in Table C1 in Appendix C and 

described in Appendix C.  

A 100 mg L-1 experimental mixture was added to a 20 L polypropylene (PP) carboy 

containing deionized water (DI) to generate an initial concentration of [PFAAs]0 = 1 μg L-1. The 

spiked DI water was pumped (LC-20AD pump, Shimadzu) through the packed column with a 

fixed hydraulic loading rate (HLR) of 0.15 cm s-1. To pack the columns, the CDPs were soaked 

with nanopure water in a 5 mL centrifuge tube overnight. Excess water in the centrifuge tube 

was decanted and the granules were packed into steel columns (Restek) until the desired bed 
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depth was reached. To pack the columns, the desired depth was marked on a sterile inoculation 

loop or hex key wrench as reference, and the column was packed until the measured 

displacement marking was reached. Glass wool was packed into opposite ends of the column to 

fill void spaces. Experimental samples were taken at least twice daily during a 500,000 bed 

volume (BV) run. While other studies operate RSSCTs for a shorter period of time, we extended 

the duration of our study to 500,000 BVs due to expectations that unamended DI water will 

require more BVs to exhibit breakthrough. Control samples from the carboy were taken to 

monitor for adsorption losses and account for changes in the concentration due to carboy refills. 

Prior to sample quantification, 8 mL of the control and experimental samples was filtered 

through a 0.45 μm cellulose acetate filter (Restek) into a 10 mL glass headspace vial and spiked 

with ILISs.  Samples were measured using large-volume injection by means of HPLC-MS/MS.  

4.2.5 Analytical Method 

The samples from the batch and RSSCT experiments were measured using large-volume 

injection by means of HPLC-MS/MS as previously described (QExactive, ThermoFisher 

Scientific).80,82,111,131,132 Briefly, the mobile phase consisted of (A) LC-MS-grade water amended 

with 20 mM ammonium acetate and (B) LC-MS methanol. Samples were injected at 5 mL 

volumes onto a Hypersil Gold dC18 12 μm 2.1 x 20 mm trap column (ThermoFisher Scientific) 

with a loading pump and eluted onto an Atlantis® dC18 5 μm 2.1 x 150 mm analytical column 

(Waters) with an elution pump. The mobile phase gradient program is described in Appendix C 

and in Table C2. The HPLC-MS/MS was operated with electrospray ionization in negative 

polarity mode. A nine-point calibration curve with concentrations ranging from 0 ng L-1 to 1000 

ng L-1 and spiked with ILISs was prepared for quantification of PFAAs using PFAA target-to-

ILIS peak area ratio responses by linear least-squares regression. Calibration curves were run at 
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the beginning of the analytical run. The limit of quantification (LOQ) for each PFAA was 

determined as the lowest point on the calibration curve with at least five MS scans and a PFAA 

target-to-ILIS peak area ratio that could be distinguished from the blank. More details on the 

acquisition parameters for each of the six PFAAs is provided in Table C3 of Appendix C. 

4.2.6 Data Analysis  

The adsorption density at each time point was estimated as described in Equation 4.1: 

 
Equation 4.1 

where qt (mg g-1) is the adsorption density, C0 (μg L-1) is the average concentration in the 

controls, Ct (μg L-1) is the aqueous concentration in the samples, and Cads (mg L-1) is the 

concentration of adsorbent. To obtain a quantitative metric to compare kinetics for the different 

PFAAs and different granule sizes, we used data from the kinetics experiments and Ho and 

McKay’s pseudo-second order adsorption model158 as described in Equation 4.2: 

 
Equation 4.2 

where qe (mg g-1) is the equilibrium adsorption density and kobs (g mg-1 min-1) is the adsorption 

rate constant. Adsorption density (qt) measurements that resulted in a negative value (fewer than 

10 for all PFAA-granule pairs and the triplicate samples) were omitted from the estimation of 

kobs. To evaluate the relationship between kobs, surface area, and particle size, a Spearman 

correlation analysis was performed between surface area and particle size, between log kobs and 

particle size for each PFAA, and between log kobs and surface area for each PFAA. To get 

metrics of adsorption affinity and capacity, we plotted equilibrium adsorption density as a 

function of aqueous concentration from the isotherm experiments and fit the data to a Langmuir 

isotherm as described in Equation 4.3: 
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Equation 4.3 

where qe (mg g-1) is the equilibrium adsorption density, qmax (mg g-1) is the adsorption capacity, 

KL (L mg-1) is the Langmuir coefficient, and Caq (mg L-1) is the aqueous concentration. To 

estimate qmax and KL, we assumed that for a given PFAA, capacity and affinity was constant 

across granule size due to similar surface areas measurements (Table 4.1). We combined the 

isotherm data across all granules for a given PFAA (e.g., data from Bins 1, 3, and 5 for PFBA) 

and used a nonlinear regression model, ‘nls’ package in R (v.4.0.5), to estimate initial metrics of 

qmax and KL. The initial metric of KL was used to estimate qmax for each PFAA-granule pair (e.g., 

PFBA, Bin 1) using a nonlinear regression model. Likewise, we used the initial estimate of qmax 

to estimate KL for each PFAA-granule pair using a nonlinear regression model. We report qmax 

and KL as the average of the initial estimates and the fine-tuned estimates.  

4.3 Results and Discussion  

4.3.1 Characterization of CDP granules 

The CDP granules were produced by means of spray granulation and then sieved into 

seven bins representing different average particle diameters and identified as Bin 1 though Bin 7. 

Properties of the granules are summarized in Table 4.1. The CDP granules in Bin 1 through Bin 

7 have average particle diameters that range from 84 m to 718 m. The BET surface area 

(SABET) of the granules ranges from 4.4 to 15.2 m2 g-1 with an average of 10.4  4.0 m2 g-1. The 

range of SABET measurements here is less than that previously reported for the as-synthesized 

CDP powder, which had a SABET of 19 m2 g-1.131 This suggests that some of the surface area of 

the porous CDP granules may be obscured by the binder material. The elemental composition 
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remains constant as a function of particle size, which suggests that the incorporation of binder is 

proportional to the granule size.  

Table 4.1. Characterization of the seven different sized CDP granules used in this study. 

Granule  
Average particle 

diameter (m) 

Particle size 

range (m) 

SABET 

(m2 g-1) 

C  

(%) 

H 

 (%) 

N  

(%) 

F  

(%) 

Cl 

(%) 

Bin 1 84 63-105 13.1 44.95 5.06 5.49 2.85 0.64 

Bin 2 127 105-149 4.4 44.71 5.10 5.66 2.92 0.64 

Bin 3 175 149-210 9.4 44.71 4.96 5.59 2.81 0.62 

Bin 4 254 210-297 15.2 44.41 5.19 5.67 3.03 0.78 

Bin 5 359 297-420 9.4 43.65 4.88 5.26 2.74 0.60 

Bin 6 508 420-595 7.0 43.05 5.17 5.02 2.65 0.58 

Bin 7 718 595-841 14.4 42.41 4.65 4.98 2.68 0.57 

 

4.3.2 Batch Adsorption Kinetics 

We evaluated the adsorption kinetics of the six PFAAs with the seven different sized 

CDP granules in batch experiments. Kinetics are an important metric for evaluating an adsorbent 

because it provides insight to how long it takes for adsorption to reach equilibrium. Although we 

have previously demonstrated that CDPs exhibit rapid adsorption kinetics, it is not clear if these 

previous findings will be translated to CDP granules. Here, we estimated pseudo-second order 

adsorption rate constants (kobs) using Equation 4.2.158 A quantitative metric like kobs allows us to 

compare the adsorption kinetics across the various PFAA-CDP granule pairs and has been 

previously used to evaluate adsorption kinetics for CDPs.80,102 The estimated kobs are plotted on a 

log scale in Figure 4.1 and are summarized in Table C4.  

We found that kinetics is most rapid (log kobs = 0.9-2.7 g mg-1 min-1 for all PFAAs) for 

the smallest granule (Bin 1), and that kinetics is slowest (log kobs = 0.4-0.7 g mg-1 min-1 for all 

PFAAs) for the largest granule (Bin 7), as seen in Figure 4.1. We observe that kinetics and 

particle size were negatively and significantly associated for PFBA, PFHxA, PFOA, PFBS, and 

PFHxS (p < 0.05; Figure C1). On the other hand, PFOS, exhibits a relatively weak association 
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between kinetics and particle size (ρ = 0.14, p > 0.05; Figure C1). This primarily negative 

association was expected, as we expect smaller particles to exhibit more rapid kinetics. However, 

this expectation is driven by an understanding that smaller particles generally have increased 

surface area compared to larger particles.55,62,82 Interestingly, here we find no significant 

association between particle size and SABET for the CDP granules (ρ = 0.18, p > 0.05; Figure 

C2). As a result, we observe a weak association between kinetics and SABET of the granules (p > 

0.05; Figure C3). 

We also found that kinetics is dependent on molecular size of PFAAs. For the smallest 

granule (Bin 1), the most rapid kinetics was exhibited by short-chain PFAAs. It is has been 

previously observed that the short-chain PFAAs have more rapid adsorption kinetics on granular 

activated carbon compared to long-chain PFAAs; this observation is attributed to the smaller 

 

Figure 4.1. Estimated average and relative error of log-transformed pseudo-second order rate constants 

(log kobs) for the six PFAAs and the seven sizes of CDP granules. [PFAA]0 = 1 μg L-1 and [adsorbent]0 = 

15 mg L-1. Samples were taken at 0.25, 0.5, 1, 2, 4, 8, 24 and 72 hours.  
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molecular size of the short-chain PFAAs which have easier access to pores.159 As particle size 

increases, more rapid kinetics are exhibited by PFAAs of increasing molecular size (Figure C4). 

For larger granules, it is possible that long-chain hydrophobic PFAAs may form hemi-micelles 

and block the intraparticle diffusion of short-chain PFAAs.159 The overall slower kinetics 

exhibited by all PFAAs onto larger granules may be attributed to the slower adsorption kinetics 

of larger PFAAs that initially occupy binding sites, followed by the hemi-micelle formation of 

all PFAAs. While the concentration of PFAAs used in this study are not high enough for micelle 

formation in water, the concentration may be sufficient for micelle formation on the surface of 

CDP granules.61 For the larger granules, we also found that PFSAs exhibited more rapid kinetics 

over the PFCAs. This observation is expected, as PFSAs with the same chain-length as PFCAs 

contain an extra C-F, which results in PFSAs having a more hydrophobic behavior compared to 

their PFCA counterpart.99  

We find that the adsorption kinetics of the CDP granules is slower compared to that of 

the as-synthesized CDP. For the CDP granules in this study, equilibrium was not reached until 

48-72 hours; this contrasts the rapid adsorption of PFAAs by the powdered CDP, which we 

previously found to reach equilibrium within 0.5 hours under the same experimental 

conditions.131 This suggests that the binder incorporated into CDP granules may partially or 

completely inhibit access to binding sites. Furthermore, the elemental composition is the same 

for the different sized CDP granules used in this study, which suggests that the amount of 

incorporated binder is proportional to the granule size. Thus, slower adsorption kinetics for the 

larger CDP granules are not due to the incorporation of more binder in larger CDP granules. 

Rather, given that the surface area is not correlated with granule size, and that the kinetics of the 

PFAAs on larger CDP granules exhibits minimal variability, it is possible that larger CDP 
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granules contain binding sites mostly at the external surface of the granule. With binding sites 

located at the surface of the granule, the kinetics would be primarily dependent on PFAA 

hydrophobicity as opposed to diffusion potential.  

4.3.3 Batch Adsorption Isotherm  

We characterized the adsorption capacity and adsorption affinity at equilibrium for each 

PFAA on CDP granules from three granule sizes using data from batch isotherm experiments. 

Adsorption capacity (qmax) is a metric of the total binding sites that are available for adsorption 

per mass of an adsorbate. Adsorption affinity, as represented by the Langmuir constant (KL), is a 

measure of the interaction between the adsorbate and adsorbent in the linear region of the 

isotherm at equilibrium; the linear region of the isotherm is relevant for low concentrations of 

PFAAs. We previously conducted isotherms for two powdered CDPs; for a decafluorobiphenyl-

crosslinked CDP (DFB-CDP) we reported a qmax of 82 μmol g-1 and KL of 0.5 L mg-1 for PFOA, 

and for an amine-containing tripodal CDP (TL-CDP) we reported a qmax of 1.1 mmol g-1 and KL 

of 4.3 L mg-1 for PFOA.79,85 In this study, we are interested in understanding whether capacity 

and affinity changes as a function of particle size. While we expect that adsorption occurs in the 

interior cavity of the cyclodextrin, additional factors may impact adsorption capacity of PFAAs 

on CDP granules. These factors include the extent to which the binder may inhibit access to 

binding sites, whether the charge on the crosslinker can be a binding site, and the possible role 

that hemi-micelle and micelle formation may play in the adsorption of PFAAs. We expect to 

gain insight to understanding how the metrics of adsorption capacity and adsorption affinity vary 

as a function of particle size. The experiments were conducted for the six PFAAs using a subset 

of the granules (Bin 1, Bin 3, and Bin 5) that would represent a range of particle sizes. We 

estimated the adsorption capacity (qmax) and affinity for PFAAs (KL) using the Langmuir 
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adsorption isotherm described in Equation 4.3.  The estimates for qmax and KL are summarized in 

Figure 4.2 and Table C5 and C6, and the plotted isotherms are in Figure C5 and C6. The 

values for qmax are presented in molar units of PFAA for easier comparison across the six PFAAs 

evaluated in this study.  

We find that the adsorption capacity for a PFAA does not change significantly with 

particle size (Figure 4.2A). We note that the capacity for a PFAA increases as chain-length 

decreases, and the capacity for PFSAs is lower than that of PFCAs of the same chain-length. For 

PFOA, we estimate an average capacity of 224 μmol g-1 (215-231 μmol g-1 for the three CDP 

granules evaluated). Compared to the capacity of previously measured CDPs, the granules in this 

study have one-fifth of the capacity for PFOA compared to TL-CDP and have three times the 

capacity for PFOA compared to DFB-CDP.79,85 Furthermore, we find that adsorption capacity for 

PFBA is an average of 435 μmol g-1 (378-479 μmol g-1 for the three granules evaluated) whereas 

the other PFAAs have capacities ranging from 145 to 234 μmol g-1. This suggests that a fixed 

 

Figure 4.2. Estimated maximum adsorption capacity (qmax) and affinity for PFAAs (KL). [PFAA]0 = 10-

5000 μg L-1, [adsorbent] = 15 mg L-1. Samples were taken at 96 hours. The error bars represent the 

maximum and minimum values from nonlinear model fits. We report the best-fit estimate as the average 

of nonlinear regression model. 
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mass of a granule of any size adsorbs 2-3 times more molecules of PFBA compared to the other 

PFAAs. We hypothesize several mechanisms that may be occurring. First, each cavity may 

contain more than one PFBA molecule per cavity. However, previous studies with cyclodextrins 

suggest that each cyclodextrin cavity forms host-guest complexes with only one PFAA 

molecule.72,73 Second, the positive charge on the crosslinker may be an additional binding site for 

PFBA. Third, there may be hemi-micelle or micelle formation of PFBA; although we may also 

expect hemi-micelle or micelle formation of other PFAAs, it is possible that the molecular size 

of other larger PFAAs cannot easily form hemi-micelles or micelles within or on the granule 

without the presence of short-chain PFAAs, which may more easily access the binding sites of 

CDP granules. It is also possible that all three of these hypothesized mechanisms are taking place 

synergistically. Evaluating the influence of these three mechanisms was outside the scope of this 

study and warrants future studies.  

We find that there are mixed results for adsorption affinity (KL) as a function of particle 

size (Figure 4.2B). For example, the ranges of affinity of the three granules for PFBA (0.6-1.1 L 

mg-1) and PFHxA (1.1-1.5 L mg-1) are narrow, which suggests that the relationship of affinity as 

a function of particle size is not clear for shorter-chain PFCAs. Furthermore, there are no 

apparent trends for PFOA and PFBS, despite the values of affinity covering a larger range (24-50 

L mg-1
 and 8-15 L mg-1

, respectively). Trends are more apparent for PFHxS and PFOS; for 

PFHxS, affinity appears to be positively correlated with particle size, whereas for PFOS, affinity 

appears to be negatively correlated with particle size. However, given the overlap of the error 

bars, it is difficult to determine whether these trends can be generalized; here, we did not conduct 

a correlation test due to how the parameters of KL were estimated. Overall, affinity for the 

PFAAs span two orders of magnitude from 0.85 L mg-1 (PFBA) to 120 L mg-1 (PFHxS). Here, 
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we note the high affinity for PFHxS and PFOS, which are up to two orders of magnitude greater 

than compared to less hydrophobic PFAAs. We find that the granules in this study have 

estimates of KL for PFOA that range from 24 to 50 L mg-1, which are 40-100 times higher than 

the KL of DFB-CDP and 5-10 times higher than the KL of TL-CDP.79,85 This is important to note 

because although many studies focus on high adsorption capacity as a metric of comparison 

across adsorbents, the metric of affinity may be of greater importance as a metric of comparison. 

For example, the equilibrium adsorption density on an adsorbent in a PBF system will be 

determined by the aqueous phase concentration of the adsorbate and will be significantly less 

than the capacity for any effective adsorbent. The factor that determines the actual equilibrium 

adsorption density is the adsorption affinity, and higher values will result in more effective use of 

the adsorbent.  

4.3.4 Evaluating Constant and Proportional Diffusivity in Rapid Small-Scale Column Tests 

(RSSCTs)  

While the conducted batch experiments provide insight to the adsorption of PFAAs on 

CDP granules, experiments conducted in PBF systems such as RSSCTs provide insight to the 

breakthrough behavior of PFAAs. When designing RSSCTs, an assumption is made regarding 

the diffusive transport behavior of the solute as a function of particle size; i.e., either constant 

diffusivity (CD) or proportional diffusivity (PD) is assumed. Numerous studies evaluating 

adsorbents in RSSCTs use the assumption of CD because it provides a conservative estimate for 

exhausting an adsorbent compared to an RSSCT that is scaled using an assumption of PD. 

Studies exploring the relationship of CD and PD have found that both assumptions can be 

applicable for different GACs.89,90,155,160 Furthermore, the scaling equations of CD and PD were 

initially developed using GAC as the adsorbent, so it is unclear whether the CDP granules used 
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in this study can be appropriately scaled according to assumptions of CD or PD. To improve our 

understanding of breakthrough of PFAAs in a column packed with CDP granules, we performed 

RSSCTs packed with CDP granules from Bin 1, Bin 3, and Bin 5; a set of RSSCTs were scaled 

according to the assumption of CD, and another set of RSSCTs were scaled according to the 

assumption of PD. DI water spiked with PFAAs at a concentration of 1 μg L-1 was pumped 

through the packed columns and was operated over 500,000 bed volumes (BV). RSSCTs packed 

with CDP granules from Bin 1 and Bin 3 were scaled using an assumption of CD (RSSCTBin 1-CD 

and RSSCTBin 3-CD, respectively) and were designed to simulate a larger-scale PBF system 

operating with dp = 1000 μm and EBCT = 2 min. RSSCTs packed with CDP granules from Bin 

1, Bin 3, and Bin 5 were scaled using an assumption of PD (RSSCTBin 1-PD, RSSCTBin 3-PD, and 

RSSCTBin 5-PD, respectively) and were designed to simulate a larger-scale PBF system operating 

with dp = 1000 μm and EBCT = 0.17 min. The RSSCT data are presented in Figure 4.3 and in 

Figure C7-C10.  

 We found several notable observations in common from the RSSCTs. We note that 

instantaneous breakthrough was observed for a subset of the RSSCTs; we attribute this behavior 

to the low EBCT selected for these RSSCTs. The low EBCT was essential due to the operational 

constraints but resulted in RSSCTs that are outside the boundaries of the RSSCT paradigm and 

therefore cannot be used to simulate full-scale breakthrough. Regardless, several observations 

can still be made regarding the breakthrough curves of the RSSCTs.  First, we observed that the 

order of breakthrough of the PFAAs from fastest to slowest is ordered from least to most 

hydrophobic (i.e., PFBA > PFHxA > PFBS > PFOA > PFHxS > PFOS) (Figure C7-C10), which 

is agreement with other studies that use activated carbon in PBF systems.53,61,96 Second, PFBA 

exhibits a sharp breakthrough curve, which demonstrates the rapid adsorption kinetics of PFBA, 
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but also the weak affinity of PFBA for CDP granules. This finding is in agreement with the batch 

kinetics data, where we found that PFBA exhibited the most rapid kinetics compared to the other 

PFAAs and the batch isotherm data, where we found that PFBA exhibited the weakest affinity. 

Third, PFBA achieves >100% breakthrough in several RSSCTs, such as in RSSCTBin 5-PD 

(Figure C10) which approaches 150% breakthrough of PFBA after 500,000 BVs. Achieving 

breakthrough greater than 100% may be explained by the desorption of molecules of PFBA or 

the desorption of hemi-micelles of PFBA and other PFAAs that may have formed.61  

To evaluate the assumptions of CD and PD used to scale the RSSCTs, the breakthrough 

curves can be compared between the RSSCTs that were performed using the scaling assumption 

of CD (Figure 4.3A) and the scaling assumption of PD (Figure 4.3B). If the correct scaling 

assumption has been used, the breakthrough curves of the RSSCTs should plot closely to one 

another.89,90 The differences between the breakthrough curves scaled to CD (RSSCTBin 1-CD and 

RSSCTBin 3-CD) suggests that smaller granules cannot be scaled using the assumption of CD 

 

Figure 4.3. Breakthrough curves of the PFAAs using scaling equations that assume a scaling of (A) 

constant diffusivity and (B) proportional diffusivity. (A) is scaled from a model system with dp = 1000 

μm and EBCT = 2 min. (B) is scaled from a model system with dp = 1000 μm and EBCT = 0.17 min. 

[PFAA]0 = 1 μg L-1 in deionized water.   
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(Figure 4.3A). In contrast, based on the similarity between the breakthrough curves for PFOA, 

PFBS and PFHxS in RSSCTBin 1-PD and RSSCTBin 3-PD (Figure 4.3B), we find that designing 

RSSCTs scaled according to the assumption of PD can be used to model the breakthrough of 

PFOA, PFBS and PFHxS on smaller CDP granules; the scaling of PD is appropriate when 

internal diffusion is the rate limiting step.119 However, the breakthrough curves of PFOA, PFBS 

and PFHxS are not well modeled by RSSCTBin 5-PD when compared to the other RSSCTs scaled 

with PD; this behavior may be due to the differences in the needed minimum EBCT for PFOA, 

PFBS and PFHxS, or that RSSCTBin 5-PD generally exhibits rate-limited kinetics and may require 

a scaling a correction factor above a certain granule size. A previous study has generalized that 

the assumption of CD is appropriate when external mass transfer controls the adsorption rate;119 

the scaling of CD may be the most appropriate scaling assumption if the larger granules contain 

binding sites that are located primarily at the surface of the granule. Due to scope of this study, 

we did not perform RSSCTs scaled to CD using larger granules; however, future studies should 

be conducted to evaluate whether the scaling assumption of CD can be used to scale larger 

granules in RSSCTs.    

Exceptions to the scaling of PD were observed for PFBA, PFHxA, and PFOS. For PFOS, 

the breakthrough curves for RSSCTBin 1-PD, RSSCTBin 3-PD, and RSSCTBin 5-PD are not as well 

aligned as that of PFOA, PFBS and PFHxS, but exhibits a similar trend. As demonstrated by the 

batch kinetics study (Figure C4), PFOS exhibited slow adsorption kinetics onto the smallest 

CDP granules from Bin 1 when compared to the other PFAAs; to account for the slow kinetics, 

the scaling of PD for PFOS may require a correction factor below a certain granule size. For 

PFHxA, breakthrough curves of PFHxA for RSSCTBin 1-PD and RSSCTBin 3-PD initially exhibit the 

same breakthrough; however, the breakthrough curve of RSSCTBin 3-PD gradually approaches the 
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breakthrough curve of RSSCTBin 5-PD. As more BVs are passed, RSSCTBin 3-PD may become 

increasingly rate-limited by internal diffusion. For PFBA, our conclusions regarding 

breakthrough behavior are complicated by the undetermined synergistic role of the hydrophobic 

CDP cavity and the electrostatic interactions on the surface of the CDP granule, which ultimately 

complicates our understanding of the relationship of mass transfer mechanisms as it pertains to 

differences in granule sizes. Furthermore, additional effects of competition and hemi-micelle 

formation may further affect the adsorption of PFBA on CDP granules. Overall, these findings 

suggest that additional studies should be conducted to understand the diffusion mechanisms of 

each PFAA on CDP granules. Effects of competition and hemi-micelle formation of mixtures of 

PFAAs on CDP granules should also be taken into consideration so that we may better 

understand how to scale PBF systems for PFAAs and CDP granules.  

4.4 Conclusions 

• Novel CDP granules were generated using a high-shear spray granulation technique. The 

CDP granules were sieved to seven average particle sizes (dp = 84, 127, 175, 254, 359, 

508, 718 m). The CDP granules were used in batch studies to evaluate adsorption 

kinetics, adsorption capacity, and adsorption affinity. The CDP granules were also 

evaluated in column studies to evaluate breakthrough of PFAAs.  

• Smaller CDP granules exhibit a large range of adsorption kinetics whereas to larger 

granules exhibit a narrow range of adsorption kinetics. Our findings suggest that smaller 

granules may have binding sites that are more readily available for smaller and less 

hydrophobic PFAAs, whereas larger granules exhibit some diffusion-limited kinetics for 

all PFAAs.   
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• CDP granules do not exhibit differences in adsorption capacity as a function of particle 

size. CDP granules exhibit a capacity for 2-3 times more molecules of PFBA compared 

to the other PFAAs evaluated in this study, which suggests an additional adsorption 

mechanism that enhances the adsorption of PFBA. 

• Compared to previously reported CDPs (powders), the CDP granules exhibit higher 

affinity for PFOA (24-50 L mg-1). This is the first reporting of the affinity of CDP-based 

materials for PFBA, PFHxA, PFBS, PFHxS, and PFOS using fitted isotherms.  

• Preliminary data suggests that larger granules may be scaled using the assumption of 

constant diffusivity. Smaller granules may be scaled using the assumption of constant 

diffusivity to predict the breakthrough of PFOA, PFBS, PFHxS, and PFOS. The 

adsorption of PFBA and PFHxA on small granules in packed columns may be 

complicated by the undetermined role of the surface charge of the CDPs in mass transfer 

mechanisms. 
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CHAPTER 5 - Summary, Conclusions, Future work 

 

5.1 Introduction 

Effective removal of per- and polyfluoroalkyl substances (PFASs) from water remains an 

on-going challenge for environmental engineers. Adsorbent-based technologies for remediating 

PFASs have focused on conventional adsorbents such as granular activated carbon (GAC) or ion 

exchange (IE) resins. However, as more information regarding the toxicity and persistence of 

PFASs emerges, there is a demand for exploring the use of novel adsorbents such as β-

cyclodextrin polymers (CDPs) to remove PFASs from water.  

The goal of the work conducted in this dissertation was to improve our mechanistic 

understanding of the development and design of CDPs as novel adsorbents to remove PFASs 

from water. This chapter will highlight the findings and implications of the research work 

discussed in this dissertation. I will also discuss areas of the work that can be expanded. Finally, 

I will provide recommendations for future research directions pertaining to the use of CDPs for 

remediating PFASs from the environment.  

5.2 Use of β-Cyclodextrin Polymers (CDPs) to Remove PFASs from Water: 

Summary and Areas for Further Investigation 

We have the opportunity to close the loop on PFASs in the environment by using CDPs. 

While knowledge of using CDPs as adsorbents have existed for decades,134 it is only recently 

that was have discovered the potential to use CDPs as adsorbents to remove PFASs from 

water.135 In order to use CDPs as viable adsorbents for PFASs, we must improve our 

understanding of the extent to which it can remove various classes of PFASs, which was 

explored in Chapter 2. I found that electrostatic interactions are essential for the adsorption of 
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ionic PFASs. While previous studies informed us that CDPs containing a positive surface charge 

can adsorb anionic perfluoroalkyl acids (PFAAs),85,135 this was the first time that we evaluated 

the removal of other types of PFASs, including zwitterionic and non-ionic PFASs. In particular, I 

found that the zwitterionic PFASs behaved like cations due to the fact that they were well 

removed by the CDP containing a negative surface charge. The PFASs selected in Chapter 2 

were meant to represent a diverse set of PFASs which could speciate as anions, cations, 

zwitterions, or be neutral (non-ionic). There were challenges in finding studies that confirmed 

the pKa values of the PFASs that were not PFAAs. Our knowledge of the speciation of PFASs 

was dependent on the pKa values provided by estimation software; however, researchers 

studying PFASs have established that the physicochemical properties of PFASs are not well 

estimated by estimation software due to the unique properties of PFASs. While there is some 

uncertainty in the pKa values of some of the PFASs selected for this study, the adsorption of the 

PFASs by CDPs containing different surface charges provides some insight to the speciation of 

some PFASs. For example, the two sulfonamides included in this study were categorized as non-

ionic at environmental pH; the results suggest that these sulfonamides may be anionic at 

environmental pH. Adsorption studies of less commonly studied PFASs (i.e., not PFAAs) with 

CDPs containing varying surface charges can provide some evidence for estimates of pKa; this 

information can then be used to improve and expand the database of physicochemical properties 

of PFASs.   

For the studies conducted in Chapter 2, I included two fluorotelomer alcohols (FTOHs), 

which were expected to be non-ionic. While the inclusion of non-ionic PFASs was motivated by 

the design of the study to include PFASs of various charges, the FTOHs were not well removed 

by the CDPs in this study. Furthermore, I faced analytical challenges with measuring the FTOHs, 
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which is likely due to the FTOHs having preferential partitioning to air. FTOHs remain a 

concern, as they can transform to PFAAs.161 Further investigation can be conducted to evaluate 

whether CDPs can remove FTOHs that are dissolved in water by using gas chromatography-

mass spectrometry (GC-MS) instead of liquid chromatography-mass spectrometry (LC-MS). 

In addition to understanding the extent to which CDPs can remove various classes of 

PFASs, we must also improve our understanding of which performance metrics are associated 

with different physicochemical properties of CDPs. I explored this question in Chapter 3, where 

I found that a CDP with a more positive surface charge enhanced the removal of perfluoroalkyl 

acids (PFAAs). This study also provided insight to how we can optimize the performance of 

CDPs for the removal of PFAAs, or subsets of PFAAs. For example, I found that we can target 

for the removal of short-chain PFAAs with CDPs that have a greater crosslinker content (per 

mass of CDP). This finding suggests that electrostatic interactions from the crosslinker are 

essential to enhance the adsorption of short-chain PFAAs. Furthermore, we can target for the 

removal of long-chain PFAAs by selecting CDPs that contain a more hydrophobic crosslinker. 

While these results provide an opportunity for polymer chemists to rationally design CDPs that 

will have a specific performance, this analysis does not provide insight to the various resources 

(e.g., time, money, solvents, etc.) that are required for synthesis of certain CDPs and is important 

information pertaining to the scalability of CDPs. In addition, the experiments conducted for this 

study focused on a set of fixed conditions (i.e., PFAAs only, with [PFAA]0 = 1 μg L-1, 

[adsorbent]0 = 10 mg L-1, in a nanopure matrix). The existing performance database of the 34 

CDPs can be expanded so that it can include information for adsorption studies using other 

PFASs aside from the six PFAAs evaluated, the resources needed to synthesize the CDPs, as 

well as information pertaining to the matrix that the studies were conducted in. This expanded 
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database would allow us to continue to learn and explore ways to use CDPs as a long-term 

solution for removing PFASs from water. 

In addition to improving our understanding of the as-synthesized CDPs, we should also 

continue to improve our understanding of CDP granules. In Chapter 4, I evaluated the 

performance of different sized CDP granules in batch studies and rapid small-scale column tests 

(RSSCTs), a type of packed-bed filtration (PBF) system. Batch adsorption studies of the kinetics 

revealed that smaller granules exhibited more rapid kinetics for smaller PFAA molecules, while 

larger granules exhibited diffusion-limited kinetics for all PFAAs. Because a subset of PFAAs 

were used in this study, it will be interesting to see how the adsorption kinetics may change as 

more PFAAs are included for analysis and as larger CDPs granules that are larger than the ones 

used in this study are evaluated. Although the adsorption kinetics of the CDP granules were 

slower than the as-synthesized CDP counterpart, the adsorption affinity for PFOA in this study 

was greater compared to CDPs that we previously reported affinity constants for. We found that 

the adsorption capacity for PFBA was 2-3 times greater than the other PFAAs, which suggests 

that there may be additional binding mechanisms other than the cyclodextrin cavity; these 

additional mechanisms include the role of the crosslinker (whether the crosslinker is an 

additional binding site), as well as whether each cyclodextrin cavity contains more than one 

molecule of PFBA. Furthermore, that data suggests that access to binding sites may be inhibited 

by the binder material that is incorporated into CDP granules. Additional studies can be 

conducted to evaluate the estimated number of binding sites that are available for a CDP granule 

of a certain size. A correction factor can then be established to inform users of the mass of 

additional granules that is needed to compensate for the inaccessible binding sites. Improved 

understanding of the structure of granules would also provide insight to establishing the correct 
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scaling equations for evaluating CDP granules in a RSSCTs. The results of the conducted 

RSSCTs reveal that an assumption of proportional diffusivity is most suitable for more 

hydrophobic PFAAs for the two smaller CDP granules evaluated; however, the plotted 

breakthrough curve for largest CDP granule is not well simulated by the breakthrough curves of 

the two smaller granules. Future studies can further evaluate how scaling equations, which can 

include a correction factor, can be developed for different PFAAs and CDP granules of different 

size. Another opportunity to improve our understanding of how we can scale CDP granules in 

PBF systems is to evaluate whether a granule generated by grounding a large CDP granule 

exhibits the same morphology as a smaller CDP granule that was generated directly from the 

high-shear granulation process; studies that evaluate the performance of pilot and full-scale 

systems in RSSCTs use GAC or IE resins from the pilot or full-scale system that have been 

ground to a desired size. Because we are in the early stages of investigating CDP granules, there 

are many opportunities to improve our understanding of CDP granules and how we can use them 

in engineered systems. 

5.3 Recommendations for Future Research 

There are additional research directions that should be explored to further our 

understanding of the applicability of CDPs as adsorbents for remediating PFASs. The first area 

of research that requires further study pertains to the lifecycle of used CDPs; i.e., after a CDP has 

been exhausted, what will be the subsequent steps that need to be taken to regenerate CDPs, and 

to safely dispose of the CDPs and the generated waste? The second area of additional study 

pertains to understanding how CDPs can be used to remove PFASs from another point source of 

PFASs—in wastewater. The following sections will discuss these two research directions. 



 

88 

5.3.1 Closing the Forever Cycle of PFASs in CDPs: What Happens After Adsorption? 

After PFASs have adsorbed onto CDPs, there are two options to manage the PFASs that 

are now concentrated on CDPs. The first option is to regenerate CDPs so that CDPs can be 

reused. The second option, which may be a follow-up step after regenerating and reusing CDPs, 

is to dispose of the spent CDPs.  

In order to regenerate CDPs, a solvent such as methanol can be used.78,79 Studies exhibit 

minimal differences in performance after 4-5 methanol washes at room temperature.78,79 In 

additional studies, we have found that using methanol amended with ammonium acetate 

(NH4OAc, at 2 g L-1) can be used to enhance the recovery of PFOA and PFOS, and methanol 

amended with calcium chloride (CaCl2, at 1 g L-1) has been found to enhance the recovery of 

cationic anthropogenic chemicals (not PFASs). This facile regeneration allows for repeated use 

of the CDPs, thereby reducing costs that would be needed to replace the CDPs. However, use of 

a methanol wash results in a PFAS-contaminated methanol waste, which may cause concerns 

associated with storing and managing PFAS-contaminated methanol.162 Several steps can be 

taken to address the use of methanol as a wash solvent for CDPs. For example, studies can be 

conducted to evaluate use of alternative wash solvents. Like CDPs, IE resins can also be 

regenerated. Studies have found that some resins can be regenerated only with organic solvents 

amended with salts, while other resins can be regenerated using dilute solvent-less solutions of 

NH4Cl and NH4OH.101 IE resins that can only be regenerated with organic solvents are treated as 

single-use resins because the use of organic solvents is not practical for safe, large-scale 

implementation.162 If we find that methanol is the only viable regenerant, we should then 

evaluate the volume of methanol that is needed to regenerate CDPs; a low volume, concentrated 

waste stream is desired to minimize costs associated with space, including transportation of the 
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waste and/or processing of the concentrated waste.163 Evaluating the extent to which organic 

solvents must be used to regenerate CDPs and understanding alternative regenerants to safely 

regenerate CDPs will provide greater insight to the lifecycle of wastes associated with 

regenerating CDPs.  

Assuming that it is possible to regenerate CDPs, we have now generated a waste stream 

concentrated with PFASs that must be managed. Various destructive and defluorination have 

been explored, including chemical oxidation, chemical reduction, ultrasonication (sonolysis), and 

plasma technology.164 Advanced reduction processes (ARPs), electrochemical oxidation, and 

plasma technology are currently the most promising approaches when considering energy 

consumption, treatment time, PFAS degradation efficiency, and cost.164 However, studies with 

ARPs have primarily used simulated water, and thus have not yet thoroughly evaluated the 

efficacy of PFAS degradation while taking the water matrix into consideration.164  

Electrochemical oxidation is promising because it can operate at ambient temperature, does not 

require any added chemicals, and does not generate waste.165 However, studies have reported the 

formation of toxic by-products such as bromate, hydrogen fluoride, lead, and perchlorate.164 

Furthermore, electrodes used in electrochemical oxidation are expensive and may contain toxic 

heavy metals; there is concern over metals released into the environment.165 An alternative 

solution to electrochemical oxidation is plasma technology, which utilizes highly reactive 

oxidative and reductive species that are formed from the electrical discharge between a grounded 

electrode and high-voltage.166 Studies have demonstrated effective degradation of PFAA-

precursors, long-, and short-chain PFASs in IE brine solution using pilot-scale reactors.167 

Currently, the energy consumption of plasma technology is less energy intensive compared to 

alternative competitive technologies (e.g., photochemical oxidation, sonolytic processes, etc).167  
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To safely dispose of CDPs saturated with PFASs, several approaches can be explored. 

For example, incineration is a thermal approach, which is currently used to manage IE resins 

saturated with PFASs. Likewise, incineration of CDPs saturated with PFASs can be explored. 

However, thermal approaches can also result in the formation of short-chain PFASs and other 

toxic products due to incomplete combustion.162 Mechanochemical approaches, such as through 

the use of ball milling, has demonstrated some efficacy in reducing PFAS levels in PFAS-

contaminated soils.168 Likewise, ball milling of CDPs saturated with PFASs can be explored. 

Another approach to closing the lifecycle of CDPs saturated with PFASs would be to simulate a 

natural environment that could support Acidimicrobium sp. Strain A6, cultures of which have 

been found to be able to defluorinated PFOA and PFOS via Feammox in acidic and iron-rich soil 

conditions.169 However, further studies are needed to demonstrate the efficacy of this approach. 

For example, studies would need to address whether the PFASs adsorbed to CDPs are 

bioavailable.  

There are numerous opportunities to minimize PFAS-recontamination in the environment 

by first adsorbing PFASs onto CDPs, and then safely managing the CDPs and any PFAS-

contaminated waste streams. Due to the widespread detection and persistence of PFASs, there is 

a demand for a long-term solution that can remove PFASs from other parts of the environment. 

As PFASs become more pervasive in communities worldwide, we should take consideration in 

closing another point-source of PFASs to the environment—wastewater.  

5.3.2 Applying Lessons Learned from Treatment of Drinking Water to Treatment of 

Wastewater  

PFASs have been detected at wastewater treatment plants (WWTPs), which receive 

untreated water from various sources including domestic and industrial wastewater, as well as 
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urban and agricultural runoff.170 Studies have demonstrated the presence of numerous classes of 

PFASs, each with various properties of fate and transport in WWTPs. The fate of the PFASs 

varies; while some PFASs are more likely to transform to other PFASs, other PFASs may be 

more stable and partition to a certain phase (i.e., water, air, or solids) in WWTPs. The discussion 

in this section will focus on how CDPs can be used in WWTPs to capture PFASs and prevent the 

further spread of PFASs into the environment.  

The concentration of PFASs in wastewater effluent may range from the low ng L-1 to mg 

L-1 levels, and varies depending on the PFAS measured (i.e., short- versus long-chain; PFAAs 

versus PFAA-precursors, etc.).22 The characteristic of WWTP effluent can vary based on the 

PFAS profile of the wastewater influent and the treatment processes of the WWTP. Regardless, 

the expectation is that the wastewater effluent will be pristine enough to fulfill the criteria for 

discharge as per the Clean Water Act, which requires that pollutants cannot be released into the 

environment as a point source unless those releasing the wastewater holds a National Pollutant 

Discharge Elimination System (NPDES) permit. Thus, we will assume a relatively clean water 

matrix when considering the use of CDPs to treat PFASs in wastewater effluent. Studies should 

first be conducted to identify the co-contaminants and the PFAS profile of PFASs in wastewater 

effluent. While co-contaminants such as organic and inorganic ions and organic matter may exist 

in greater levels in wastewater effluent compared to that in drinking water, studies suggest that 

CDPs have size-exclusive properties which prevents the fouling of the CDPs by molecules that 

are either too small or too large.84 However, other chemicals that are either similar in size to 

PFASs or have good affinity for the CDPs may compete with PFASs for binding sites in the 

cavities of the CDPs. We should also evaluate the PFASs in wastewater effluent which may 

differ from the profile of PFASs in drinking water and determine if the PFASs in WWTP that 
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may not be present in drinking water sources can be removed by CDPs. For example, it is well 

known that long-chain PFASs (C8) can outcompete short-chain PFAS (C4-C7) and that short-

chain PFASs are generally difficult to remove from water due to its high hydrophilicity 

associated with the shorter C-F tail.55,62 The concern over removing short-chain PFASs extends 

to the ultrashort-chain PFASs (C2-C3), which have been detected in landfill leachate.11 To target 

the removal of short-chain and ultra-short-chain PFASs, studies should evaluate whether 

multiple adsorption processes can be constructed in-series to optimize adsorption of outcompeted 

PFASs. The individual adsorption processes may use the same CDPs or may use different CDPs 

if it is found that certain CDPs are better for the adsorption of short- and ultra-short-chain 

PFASs. After CDPs are exhausted, the spent CDPs can be regenerated and the liquid waste 

stream can be treated; when CDPs can no longer be regenerated, they can be safely disposed of.  

While studies have measured volatile PFASs at the air near WWTPs,171–174 studies have 

not focused on solutions for removing PFASs from air. Volatile PFASs may transform to PFAAs 

and other PFASs, and it has been hypothesized that air emission of volatile FTOHs may 

contribute to the long-range transport of PFAAs,175 which further motivates a solution to capture 

volatile PFASs at the site where it is generated. Volatile PFASs may partition from wastewater 

into the air by an air stripping process, during which air is forced through water contaminated 

with volatile PFASs. To prevent the release of volatile PFASs as emissions to the environment, 

several approaches can be evaluated as viable solutions. First, we are unaware of studies that 

have evaluated whether GAC is an effective adsorbent for volatile PFASs; thus, initial studies 

should be conducted to evaluate the efficacy of GAC to adsorb volatile PFASs. Second, CDPs 

should also be evaluated for their potential as alternative or complementary adsorbents to GAC 

to adsorb non-ionic PFASs. Instead of generating CDP granules, as was used for the work in 
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Chapter 4, CDPs can be adhered to sheets, through which PFAS-contaminated air must pass 

through. Polyethylene sheets have been used successfully in passive samplers to estimate levels 

of volatile PFASs in the air of indoor environments.176 After PFASs are captured, volatile PFASs 

can be reconstituted into a liquid waste stream and defluorinated as described earlier. 

The treatment of PFAS-contaminated solids (i.e., sludge and biosolids) in WWTPs is 

another understudied area with potential for further study. Nitrogen and phosphorous-rich sludge 

and biosolids generated from WWTPs is commonly applied to land as a soil amendment, during 

which PFASs sorbed onto sludge and biosolids can be reintroduced to the environment in the 

soil, water, and crops.177–179 To prevent the spread of PFASs, sludge should be remediated prior 

to use as soil amendment. While thermal treatment is common, it may result in the 

transformation of PFAA-precursors to PFAAs.180 A promising remediation technique in which 

CDPs can be incorporated in is soil washing, which consists of a series of processes during 

which contaminants are washed off of soils. The resulting contaminated liquid waste is 

subsequently treated.181 PFAS-containing sludge can first be treated with a soil washing method. 

Following the soil wash, the PFAS-containing liquid waste can be treated using CDPs as an 

adsorbent. The liquid waste can be treated using various defluorination approaches, and CDPs 

can be regenerated as needed. Overall, CDPs demonstrate potential to be used in parts of a 

WWTP to remove PFASs which may partition to different phases (i.e., water, air, and solids). 

Employing CDPs in WWTPs offers an opportunity to reduce the possibility of WWTPs serving 

as point-sources of PFASs to the environment, which may ultimately help us break the forever 

cycle of PFASs. 
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5.4 Outlook  

The widespread contamination of PFASs in water bodies continues to be an on-going 

problem. Concern over the toxicity of PFASs has pressured state legislators to begin enforcing 

guidelines for PFASs in groundwater, surface water, and drinking water. As these guidelines 

become increasingly stringent, we must look towards novel solutions to remove PFASs from 

water. One such solution is the use of CDPs, the existence of which has been known for decades. 

It is only recently that we have taken advantage of the tunability of CDPs to enhance their uptake 

of PFASs. In this dissertation, I explored three knowledge gaps and developed research 

objectives to improve our understanding of how CDPs can be used as an adsorbent to remove 

PFASs from water. First, I evaluated the adsorption of anionic, zwitterionic, and non-ionic 

PFASs on CDPs and IE resins and found that different crosslinked-CDPs can remove various 

classes of PFASs. Second, to improve our understanding of physicochemical properties of CDPs 

that may influence adsorption of PFAAs, I used a multivariate analysis to identify key 

physicochemical properties of 34 CDPs that correlate to performance. Finally, to improve our 

understanding of the performance of CDP granules, I evaluated the adsorption of PFAAs onto 

CDP granules of different sizes in batch systems and RSSCTs. Overall, these studies provide a 

template as a forward-thinking approach to evaluate novel adsorbents like CDPs so that they may 

one day be implemented as a real-world solution. Although additional research work must be 

completed before there is widespread implementation of CDPs in water treatment systems, the 

work conducted in this dissertation provides a foundation to understanding CDPs and their 

efficacy in removing PFASs from water so that they may become a permanent solution to 

breaking the forever cycle of PFASs in the environment. 
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Table A1. Target PFASs and corresponding acronyms, suppliers, chemical structures, and pKa values. 

PFAS Acronym Supplier Structure pKa1 pKa2 

PFBA Sigma-Aldrich 

 

0.05b 

1.07a 
-- 

PFOA Sigma-Aldrich 

 

-4.2a 

-0.21b 

1.1-2.8c 

-- 

PFBS TCI American 

 

-3.31a 

0.14b 
-- 

PFOS 
Santa Cruz 

Biotechnology 

 

-3.3a,c 

0.14b 
-- 

FBSA 
Wellington 

Laboratories 

 

3.34a -- 

FOSA 
Wellington 

Laboratories 

 

3.37a 

6.56b 
-- 
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4:2 FTOH 
Wellington 

Laboratories 

 

> 14a -- 

8:2 FTOH 
Wellington 

Laboratories 

 

> 14a,b -- 

AmPr-FHxSA 
Wellington 

Laboratories 

 

3.57a  9.21a 

TAmPr-FHxSA 
Wellington 

Laboratories 

 

3.28a -- 

6:2 FTSA-PrB 
Wellington 

Laboratories 

 

2.26c  

2.81a 

10.18a 

11.12c 

aCalculator Plugins were used to predict pKa, Marvin 18.20.0, 2018, ChemAxon; bpKa values calculated with SPARC and reported in 

Ahrens et al. (2012)108; cpKa values calculated with SPARC and reported in Zhi et al. (2018)106.
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Adsorbents 

The following describes the synthesis of the amine-CDP used in this study. DEXSORB 

(Cyclopure Inc., Encinitas, CA) was ground to a fine powder and dried under vacuum at 80 °C 

for 20 hours. The powder was transferred to an oven-dried, three-neck, 1 round bottom flask with 

a condenser, 300 mL addition funnel, and magnetic stir bar. The atmosphere was replaced with 

N2. The flask was charged with THF and cooled with an ice water bath. Borane dimethylsulfide 

(5M in ether) was added dropwise to the stirring solution over 30 min. The flask was removed 

from the ice bath and allowed to warm to room temperature for 3 hours. The suspension was then 

refluxed for 40 hours. The suspension was cooled to room temperature and transferred to a 2 L 

Erlenmeyer flask cooled with an ice bath. Ethanol was added dropwise to the flask to quench 

excess borane. Once the excess borane had been quenched, the suspension was filtered, washed 

with methanol, resuspended in methanol, to which aqueous HCl (1M) was added. The 

suspension was filtered and washed with methanol and water. The powder was resuspended in 

aqueous NaOH for 1 hour. The suspension was filtered, washed with water and methanol, then 

resuspended in methanol for 1 hour. The suspension was filtered into 3 teabags. Each teabag was 

placed in another teabag, sealed with staples, and subsequently soaked in methanol. The 

methanol-soaked teabags were dried using a supercritical CO2 dryer. As seen in Figure S1, the 

resulting amine-CDP is a mesoporous material with a wide range of pore sizes. More 

information regarding the synthesis of amine-CDP is described elsewhere.81 
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Figure A1. amine-CDP pore size distribution was calculated using MicroActive v5 DFT 

(b5fb495) (Micromeritics Instrument Corporation, GA). "slit" geometry, "N2 - DFT model" with 

a "0.01 regularization" were selected. We note that the peak at 11 Å is likely an artifact from lack 

of data points in the pressure range that could be used to determine pores <11 Å. 

 Table A2 contains information regarding particle diameter, surface area, and Zeta 

potential measurements of the adsorbents used in this study. Previous studies with CDPs have 

demonstrated that adsorbent morphology and surface charge are two key parameters that 

determine adsorbent affinity and adsorption kinetics for a variety of adsorbates. Generally, 

smaller adsorbent particles exhibit faster adsorption kinetics55,82 and the adsorbent surface charge 

can play an essential role in the affinity of charged adsorbates.55,83,102,142,182 For example, we 

have previously shown that DEXSORB (zeta potential = -20.3 mV) has greater affinity for 

cationic adsorbates,102 whereas amine-CDP (zeta potential = +17.5 mV) has a greater affinity for 

anionic adsorbates including some anionic PFAS.81 Interestingly, in a previous study, 

DEXSORB performs better than amine-CDP for the removal of three zwitterionic 

micropollutants (not PFASs) whereas no preferential affinity was observed for 45 non-ionic 

micropollutants (not PFASs) among these adsorbents.81 These data suggest that DEXSORB 

might exhibit better performance for the removal of cationic or zwitterionic PFASs whereas all 
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CDP adsorbents might exhibit similar performance for the non-ionic PFAS. Although adsorbent 

surface area has also been linked to enhanced adsorption kinetics for some adsorbates with 

CDPs,78 our previous study has shown that CDP surface area is not an deterministic property for 

the removal of anionic PFASs from water.79 Despite these data, a systematic evaluation of the 

uptake of PFASs of varying charge on CDPs of different surface charge has never been 

performed prior to this study.    

 The AE resin selected for this study is a polystyrene-based gel crosslinked with 

divinylbenzene and functionalized with complex amino groups.109 The polystyrene-based matrix 

is commonly used in AE resins62 and is more hydrophobic than polyacrylic acid-based 

matrices;63 this hydrophobicity can enhance the affinity of the resin pores for hydrophobic 

PFASs.63,101 Complex amino groups have been used in a variety of AE resins to remove short-

chain and long-chain anionic PFAS by means of anion exchange and complementary 

electrostatic interactions.62,101 The resin porosity (i.e., macroporous or gel) is not expected to 

greatly influence the diffusion of PFASs, though gels may limit the diffusion and uptake of 

inorganic ions.101,183 The AE resin used in this study is marketed as exhibiting high adsorption 

capacity and relatively rapid adsorption kinetics for PFAS;109 however, this AE resin has not 

been benchmarked against other AE resins that have previously been reported in the scientific 

literature for PFAS removal.113  

 The CE resin selected for this study is also a polystyrene-based gel crosslinked with 

divinylbenzene, but contains aryl sulfonic acid groups.110 The CE resin was selected based on its 

similarity in polymer structure, porosity, and size to the AE resin.109 The CE resin used in this 

study is marketed with its principal applications used in softening potable water and in food and 

beverage processing.110
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Table A2. Characterization of selected adsorbents in this study. 

Type Adsorbent 
Functional 

group/charge 

Particle 

diameter 

(μm) 

Surface 

areab 

(m2 g-1) 

Zeta potential at 

pH 5.5 (mV)c 

Zeta potential at 

pH 7 (mV) 

Zeta potential at 

pH 8.5 (mV) 

Cyclodextrin 

polymer 

DEXSORB Weakly acidic Not sieved 30 -20.6  0.5 -20.3  4.2 -23.9  0.9 

DEXSORB+ 
Permanently 

cationic 
<63 19 16.6  2.6 16.2  1.3 16.0  1.7 

amine-CDP Weakly basic 212-425 140 18.8  1.4 17.5  2.9 19.1  1.7 

Anion exchange 

resin 

Purofine® 

PFA694Ea 

Complex amino 

acids 
675  75 n.a. n.a. n.a. n.a. 

Cation exchange 

resin 

Purofine® 

PFC100Ea 
Sulfonic acid 570  50 n.a. n.a. n.a. n.a. 

aData from Purolite product sheets; bBrunauer-Emmet-Teller surface area. Data from Klemes et al. (2019) for DEXSORB and amine-

CDP and from Wu et al. (2020) for DEXSORB+; cThe zeta potential measurements of the CDPs at pH 5.5, 7, and 8.5 were determined 

with 100 mg L-1 polymer in 10 mM NaCl solution at 25 °C. The pH was adjusted by adding drops of 0.1 M HCl and 0.1 M NaOH. 

Zeta potential measurements were performed on a Nano Zetasizer (Malvern Instruments Ltd.) with a He-Ne laser (633 nm, Max 

5mW); n.a. indicates not applicable data for a particular adsorbent.  
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Analytical Method 

 

Table A3. Acquisition parameters for the eleven target PFASs. 

PFAS Neutral Mass Formula Neutral Mass Adduct Extract Mass 
Retention Time 

[min] 

Isotope Labelled 

Internal Standard 

(ILIS) 

PFBA C4HF7O2 213.9870 [M-H]- 212.9792 9.2 13C2-PFHxA 

PFOA C8HF15O2 413.9743 [M-H]- 412.9664 21.2 13C4-PFOA 

PFBS C4HF9O3S 299.9508 [M-H]- 298.9430 13.0 18O2-PFHxS 

PFOS C8HF17O3S 499.9380 [M-H]- 498.9302 23.2 13C4-PFOS 

FBSA C4H2F9NO2S 298.9668 [M-H]- 297.9590 15.8 18O2-PFHxS 

FOSA C8H2F17NO2S 498.9540 [M-H]- 497.9462 25.9 13C4-PFOS 

4:2 FTOH C6H5F9O 264.0197 [M+Hac-H]- 323.0335 19.4 13C2-6:2FTOH 

8:2 FTOH C10H5F17O 464.0069 [M+Hac-H]- 523.0207 28.2 13C2-10:2FTOH 

AmPr-FHxSA C11H13F13N2O2S 484.0490 [M+H]+ 485.0563 23.4 13C4-PFOS 

TAmPr-FHxSA C12H15F13N2O2S 498.0647 [M+H]+ 499.0719 21.7 13C4-PFOS 

6:2 FTSA-PrB C15H19F13N2O4S 570.0858 [M+H]+ 571.0931 22.4 13C2-PFHxA 
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Table A4. The coefficient of determination (R2) and limit of quantification (LOQ)a of each 

PFAS.  
Nanopure 

 NPb NPc NPd 

 R2 LOQ R2 LOQ R2 LOQ 

PFBA 0.9568 50 0.9966 10 0.9987 10 

PFOA 0.9888 10 0.9921 1 0.9873 1 

PFBS 0.9980 1 0.9985 1 0.999 1 

PFOS 0.9745 1 0.9951 10 0.9859 50 

FBSA 0.9991 1 0.999 1 0.9989 1 

FOSA 0.9671 10 0.9782 1 0.9325 50 

4:2 FTOH 0.9967 200 0.9748 500 0.9493 500 

8:2 FTOH 0.9655 500 n.a. n.a. n.a. n.a. 

AmPr-FHxSA 0.9605 10 0.9702 1 0.9427 1 

TAmPr-FHxSA 0.9676 10 0.9618 1 0.9836 1 

6:2 FTSA-PrB 0.9752 10 0.9962 1 0.9949 1 

 

pH-adjusted Nanopure 

 pH 5.5 pH 7 pH 8.5 

 R2 LOQ R2 LOQ R2 LOQ 

PFBA 0.9949 10 0.9988 10 0.9981 10 

PFOA 0.9970 10 0.9993 10 0.9989 1 

PFBS 0.9996 1 0.9988 1 0.9990 1 

PFOS 0.9667 10 0.9749 10 0.9983 10 

FBSA 0.9994 1 0.9991 1 0.9996 1 

FOSA 0.9845 10 0.9880 10 0.9837 50 

4:2 FTOH 0.9812 200 0.9882 100 0.99 100 

8:2 FTOH 0.8386 500 n.a. n.a. n.a n.a. 

AmPr-FHxSA 0.9797 1 0.9532 1 0.9777 1 

TAmPr-FHxSA 0.9775 1 0.9573 1 0.9780 1 

6:2 FTSA-PrB 0.9979 1 0.9915 1 0.9957 1 

 

pH-adjusted Groundwater 

 pH 5.5 pH 7 pH 8.5 

 R2 LOQ R2 LOQ R2 LOQ 

PFBA 0.9988 10 0.9973 10 0.9986 50 

PFOA 0.9504 1 0.9489 1 0.9545 1 

PFBS 0.9994 1 0.9983 1 0.9991 1 

PFOS 0.9947 50 0.9936 50 0.9977 50 

FBSA 0.9998 1 0.9988 1 0.9996 1 

FOSA 0.9900 50 0.9876 50 0.9928 50 

4:2 FTOH 0.9557 100 0.9817 200 0.9384 200 

8:2 FTOH n.a n.a. n.a n.a. n.a n.a. 

AmPr-FHxSA 0.9964 50 0.9933 50 0.9978 50 

TAmPr-FHxSA 0.9963 50 0.9917 50 0.9967 50 

6:2 FTSA-PrB 0.9970 50 0.9953 50 0.9940 50 
aLimit of quantification is provided in units of ng L-1; bThis calibration curve is used for the kinetics and 

isotherm experiments conducted for DEXSORB, DEXSORB+, amine-CDP, and AE; cThis calibration 

curve is used for the kinetics experiment for CE, isotherm experiments for DEXSORB and amine-CDP; 
dThis calibration curve is used for the isotherm experiments for DEXSORB+ and CE, and pH-adjusted 

experiments in nanopure and groundwater for CE; n.a. indicates that 8:2 FTOH was not detected in the 

calibration samples at levels that met the defined QC requirements. 8:2 FTOH was therefore not 
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quantified in some of the nanopure experiments, nanopure experiments adjusted to pH 7 and pH 8.5 or in 

any of the groundwater experiments.  
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Results and Discussion 

Adsorbent affinity for different PFASs 

Table A5. Computed log KD (L g-1) for PFAS-adsorbent pairs. 
 

DEXSORB DEXSORB+ amine-CDP 

Purofine® 

PFA694E  

(AE) 

Purofine® 

PFC100E  

(CE) 

PFBA 0.3 ± 0.1 3.1 ± 0.0 2.7 ± 0.0 2.3 ± 0.1 -1.2 ± 1.3 

PFOA --- 3.7 ± 0.0 4.0 ± 0.1 2.2 ± 0.1 --- 

PFBS -0.5 ± 0.8 4.1 ± 0.0 4.1 ± 0.1 2.3 ± 0.1 --- 

PFOS --- 3.0 ± 0.0 3.0 ± 0.1 2.0 ± 0.1 --- 

FBSA 1.1 ± 0.1 2.9 ± 0.0 2.7 ± 0.0 2.2 ± 0.1 --- 

FOSA 2.3 ± 0.1 3.1 ± 0.0 3.1 ± 0.0 1.4 ± 0.2 --- 

4:2 FTOH 0.5 ± 0.3 0.4 ± 0.4 0.5 ± 0.3 0.7 ± 0.3 --- 

8:2 FTOH 0.2 ± 0.0 -0.3 ± 0.8 0.0 ± 0.4 0.2 ± 0.0 n.a. 

AmPr-FHxSA 3.1 ± 0.1 --- --- -0.8 ± 1.7 1.8 ± 0.4 

TAmPr-FHxSA 2.7 ± 0.0 --- --- -0.8 ± 1.3 1.9 ± 0.2 

6:2 FTSA-PrB 2.4 ± 0.0 -0.3 ± 0.4 -0.5 ± 0.8 --- -1.1 ± 1.3 

--- indicates that the computed KD value was zero; n.a. indicates that 8:2 FTOH was not detected 

in the calibration samples at levels that met the defined QC requirements. 8:2 FTOH was 

therefore not quantified. 
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Effects of pH on PFAS Adsorption 

Table A6. Speciation and predicted distributiona of zwitterionic PFASs at pH 5.5, 7, 8.5. 
 % at pH 5.5 % at pH 7 % at pH 8.5 Species 

AmPr-FHxSA 

1.2 0.0 0.0 

 

98.8 99.3 83.6 

 

0.0 0.6 16.4 

 

TAmPr-FHxSA 

0.6 0.0 0.0 

 

99.4 100.0 100.0 
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6:2 FTSA-PrB 

0.2 0.0 0.0 

 

99.8 99.1 97.9 

 

0.0 0.1 2.1 

 
aCalculator Plugins were used to predict PFAS speciation, Marvin 18.20.0, 2018, ChemAxon. 
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Effects of Matrix Constituents on PFAS Adsorption 

Table A7. Groundwater characterization. 
pH Anionsa,b,c Cationsa,b,c  NOMa,d Conductivitya,e  TDSa,f  SUVAb,g  TOCa,b,h 

8.4 F- 

Cl- 

NO3- 

SO4
2- 

0.1 

8.9 

0.0 

18.7 

Li+ 

Na+ 

NH4
+ 

K+ 

Mg2+ 

Ca2+ 

0.0 

23.2 

0.0 

1.2 

7.8 

26.8 

Sum 

L-NOM 

M-NOM 

H-NOM 

1.1 

0.4 

0.4 

0.4 

272 137 0.6 1.5 

aLing et al. (2020)84; bWu et al. (2020)82; cinorganic anions and cations (mg L-1); dNOM (mg L-1) 

is based on sum of low molecular weight NOM (L-NOM, molecular weight <600 Da), medium 

molecular weight NOM (M-NOM, 600 Da < molecular weight < 1000 Da), and high molecular 

weight NOM (H-NOM, molecular weight >1000 Da); eConductivity ( S); fTotal dissolved solids 

(ppm); gSUVA (L mg-1 M-1); hTotal organic carbon (mg L-1). 
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APPENDIX B - Identifying the Physicochemical Properties of β-Cyclodextrin Polymers 

that Determine the Adsorption of Perfluoroalkyl Acids 

 

Materials and Methods 

Adsorbents 

Adsorbents B-01 through B-06 were synthesized by the following procedure: -CD (1 

eq.), crosslinker (3 eq.), K2CO3 base (12.6 eq.), and 10 mL of H2O:DMSO solvent were added to 

a 20 mL scintillation vial and stirred for 24 h at a range of 60-85 C. 10 mL of DI water was 

added and the combined mixture was transferred and centrifuged in a 50 mL polypropylene 

centrifuge tube. The solvent was decanted, and DI water (~30 mL) was added. 1 M HCl was 

added dropwise until the mixture of the pH was 3-4. The mixture was stirred for 15 min, and 

then centrifuged again. The crude product was washed with DI water, acetone, and methanol. 

The mixture was stirred for 30 min and centrifuged in each washing cycle. Following the final 

methanol wash, the product was filtered under vacuum and dried at 80 C overnight.  

Adsorbent B-07 was synthesized as follows: β-CD (456.5 mg, 1 eq), 4,4’-

dimethylbiphenyl linker (823.1 mg, 6 eq), and Cs2CO3 (3.1306 g, 24 eq) were added to a flame-

dried round bottom with stir bar. Solids were stirred at 500 RPM, and the vessel purge-degassed 

3x with nitrogen, then 0.5 mL sieve-dried DMSO (0.4 M) was added to form a clumpy white 

paste. The reaction was heated to 80°C for 48 h under positive N2 pressure, then the hard brown 

solid was broken up and removed using DI water and 1 M HCl, ground with mortar and pestle, 

and neutralized with 1 M HCl (10 mL) until gas evolution stopped. The solid was transferred to 

50 mL centrifuge filled with 45 – 50 mL H2O, centrifuged, and rinsed twice each with water, 

tetrahydrofuran (THF) and methylene dichloride (DCM), or until supernatant was clear for each 



 

 

127 

 

solvent. The solid Soxhlet was extracted for 2 days in water, soaked overnight in methanol, and 

dried with supercritical CO2. 

Adsorbent B-08 was synthesized as follows: -CD (1 eq.), 4,4’-difluorodiphenyl sulfone 

(DFPS) crosslinker (6 eq.), K2CO3 base (20 eq.), and 5 mL of H2O:DMSO solvent were added to 

a 20 mL scintillation vial and stirred for 24 h at a range of 100 C. 10 mL of DI water was added 

and the combined mixture was transferred and centrifuged in a 50 mL polypropylene centrifuge 

tube. The solvent was decanted, and DI water (~30 mL) was added. 1 M HCl was added 

dropwise until the mixture of the pH was 3-4. The mixture was stirred for 15 min, and then 

centrifuged again. The crude product was washed with DI water, acetone, and methanol. The 

mixture was stirred for 30 min and centrifuged in each washing cycle. Following the final 

methanol wash, the product was filtered under vacuum and dried at 80 C overnight. 

Adsorbents C-01 through C-07 were synthesized by the following procedure: -CD (1 

eq.) was dissolved in dimethylformamide (DMF) (2 mL) in a 20 mL scintillation vial at 80 C. 

Diisocyanate was added; liquid 2,4-TDI was added directly, while solid 4,4-MDI was initially 

dissolved in DMF (2 mL) before being added. After 3 hours, methanol (10 mL) was added to 

stop the reaction. The crude product was washed with DI water, acetone, and methanol. The 

mixture was stirred for 30 min and centrifuged in each washing cycle. Following the final 

methanol wash, the product was filtered under vacuum and dried at 80 C overnight. 
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Analytical Method 

Table B1. Loading and elution pump gradients.  

Retention 

time 

(min) 

Flow 

(mL·min-1) 

%A 

(Water) 

%B* 

(Methanol) 

Loading pump 

 0.0 1.000 99  1 

 5.1 1.000 99  1 

  5.11 0.000 99  1 

37.2 0.000 99  1 

37.3 1.000  2 98 

41.3 1.000  2 98 

41.4 1.000 99  1 

42.1 1.000 99  1 

Elution pump 

 0.0 0.300 60 40 

 6.1 0.300 60 40 

30.1 0.300 10 90 

37.1 0.300 10 90 

37.2 0.300 60 40 

42.1 0.300 60 10 
* A = LC-MS-grade water with 20 mM ammonium acetate. B = LC-MS-grade methanol. 
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Table B2. Acquisition parameters for the six target PFAAs. 

PFAA 

Neutral Mass 

Formula 

Neutral 

Mass Adduct Extract mass 

Retention Time 

[min] 

LOQ 

[ng L-1] 

Isotope Labelled Internal 

Standard (ILIS)a 

PFBA C4HF7O2 213.9865 [M-H]- 212.9792 9.6 1 13C2-PFHxA, 13C8-PFOA 

PFHxA C6HF11O2 313.9801 [M-H]- 312.9728 16.5 1 13C2-PFHxA, 13C8-PFOA 

PFOA C8HF15O2 413.9737 [M-H]- 412.9664 21.9 1 13C4-PFOA, 13C8-PFOA 

PFBS C4HF9O3S 299.9503 [M-H]- 298.9430 13.7 1 18O2-PFHxS, 13C8-PFOS 

PFHxS C6HF13O3S 399.9439 [M-H]- 398.9366 19.7 1 18O2-PFHxS, 13C8-PFOS 

PFOS C8HF17O3S 499.9375 [M-H]- 498.9302 23.9 1 13C4-PFOS, 13C8-PFOS 
aEarly experiments in this study relied on 13C8-PFOA and 13C8-PFOS as the ILIS for all six target PFAAs; later experiments in this study included 13C2-PFHxA 

and 18O2-PFHxS. We do not expect that the different ILISs for this study impact the quantification of these six PFAAs.  
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Characterization of CDPs 

Crosslinker hydrophobicity (CL.Kow) was estimated using EPISUITE 4.11. 

Cyclodextrin content was estimated from the elemental analysis (see below). Crosslinker 

content (CL) was estimated as the product of the crosslinker-cyclodextrin ratio (CL:CD) and 

cyclodextrin content (CD content).   

Elemental analysis was performed by Robertson Microlit Laboratories. Combustion 

analysis was used for carbon, hydrogen, and nitrogen elemental analysis, and fluorine was 

analyzed using ion-selective electrode methodology. 

Surface Area Analysis was performed on a Micromeritics ASAP 2420 Accelerated 

Surface Area and Porosity Analyzer using 20-40 mg of polymer loading. Samples in oven dried 

analysis tubes were capped with a Transeal then degassed at 100 C until the offgas rate was less 

than 2.0 μmHg/min. Isotherms were performed using ultrahigh purity N2. The isotherms were 

generated by incremental exposure to nitrogen up to 760 mmHg (1 atm) at 77 K. surface areas 

(SABET) were calculated based on the linear region (P/P0 of 0.05-0.15) of the isotherm using 

Brunauer-Emmett-Teller adsorption models included in the instrument software (Micromeritics 

ASAP-2420 V4.00). 

The characterization of the polymer charge as negative, neutral, or positive was 

determined by Zeta potential measurements or through knowledge of polymer crosslinker 

structure and the resulting expected surface charge. 

We note that the physicochemical properties of the CDPs and the performance may not 

have been measured at the same time for all CDPs. Thus, it is possible that the physicochemical 

properties of a polymer at the time of performance assessment may be different from what is 

reported. 
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Table B3. Summary of the range of the 34 CDP physicochemical properties. 

Polymer property Abbreviation Range 

Crosslinker hydrophobicity CL.Kow 0.95 - 6.65 

Crosslinker-cyclodextrin ratio (eq eq-1) CL:CD 2 - 6 

Cyclodextrin content (mmol g-1) CD 0.12 - 0.71 

Crosslinker content (mmol g-1) CL 0.66 - 2.69 

Carbon content (%) %C 41 - 63 

Hydrogen content (%) %H 2 - 6 

Oxygen content (%) %O 23 - 44 

Nitrogen content (%) %N 0 - 10 

Fluorine content (%) %F 0 - 28 

Chlorine content (%) %Cl 0 - 3 

Sulfur content (%) %S 0 - 8 

Total porosity (cm3 g-1) pol.pore.vol 0 - 0.6 

Specific surface area (m2 g-1) pol.SA 0 - 996 

Polymer sieved pol.sieve yes, no 

Polymer size (μm) pol.size <45, <63, <90, <177 

Polymer charge pol.charge -1, 0, 1 
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Results and Discussion 

Performance of CDPs 
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Table B4. Performance metrics for each CDP and each PFCA.  
 PFBA PFHxA PFOA 

CDP dRi qe logKD dRi qe logKD dRi qe logKD 

A-01 1 ± 1 3 ± 2 0.6 ± 0.2 6 ± 1 7 ± 1 0.9 ± 0.1 9 ± 3 50 ± 4 2.0 ± 0.1 

A-02 9 ± 6 13 ± 5 1.2 ± 0.2 20 ± 6 31 ± 9 1.6 ± 0.2 55 ± 2 93 ± 2 3.0 ± 0.1 

A-03 7 ± NA 4 ± NA 0.7 ± NA 4 ± NA 4 ± NA 0.7 ± NA 20 ± NA 25 ± NA 1.6 ± NA 

A-04 7 ± NA 3 ± NA 0.7 ± NA 6 ± NA 4 ± NA 0.7 ± NA 44 ± NA 36 ± NA 1.8 ± NA 

A-05 1 ± 1 0 ± 0 0.0 ± 0.0 24 ± 1 12 ± 1 1.2 ± 0.0 13 ± 0 36 ± 0 1.9 ± 0.0 

A-06 4 ± 5 0 ± 0 0.0 ± 0.0 25 ± 7 15 ± 3 1.3 ± 0.1 22 ± 2 49 ± 2 2.2 ± 0.0 

A-07 1 ± 2 0 ± 0 0.0 ± 0.0 16 ± 13 9 ± 2 1.1 ± 0.1 4 ± 2 27 ± 10 1.7 ± 0.3 

A-08 0 ± 0 1 ± 0 0.4 ± 0.1 0 ± 0 3 ± 1 0.5 ± 0.1 0 ± 0 42 ± 12 1.8 ± 0.2 

A-09 5 ± 1 6 ± 7 0.8 ± 0.6 13 ± 7 19 ± 6 1.3 ± 0.1 38 ± 4 42 ± 4 1.8 ± 0.1 

A-10 8 ± 5 6 ± 4 0.8 ± 0.4 0 ± 1 0 ± 0 0.1 ± 0.1 0 ± 0 9 ± 2 1.1 ± 0.1 

B-01 2 ± 3 0 ± 0 0.0 ± 0.0 3 ± 3 2 ± 3 0.2 ± 0.4 3 ± 1 7 ± 7 0.8 ± 0.4 

B-02 0 ± 0 0 ± 0 0.0 ± 0.0 22 ± 5 6 ± 4 0.8 ± 0.5 2 ± 2 5 ± 5 0.8 ± 0.5 

B-03 0 ± 0 0 ± 0 0.0 ± 0.0 1 ± 2 0 ± 1 0.1 ± 0.2 2 ± 2 16 ± 13 1.2 ± 0.4 

B-04 1 ± 2 9 ± 10 0.8 ± 0.7 1 ± 1 7 ± 8 0.7 ± 0.7 2 ± 2 22 ± 5 1.5 ± 0.1 

B-05 2 ± 2 6 ± 8 0.7 ± 0.6 3 ± 3 5 ± 7 0.6 ± 0.6 0 ± 1 15 ± 10 1.3 ± 0.3 

B-06 0 ± 1 0 ± 0 0.0 ± 0.0 0 ± 0 0 ± 0 0.1 ± 0.1 1 ± 1 23 ± 25 1.1 ± 1.0 

B-07 10 ± 1 10 ± 4 1.1 ± 0.2 0 ± 0 1 ± 1 0.4 ± 0.1 0 ± 0 4 ± 2 0.7 ± 0.2 

B-08 0 ± NA 2 ± NA 0.5 ± NA 0 ± NA 0 ± NA 0.0 ± NA 4 ± NA 0 ± NA 0.0 ± NA 

C-01 0 ± 0 3 ± 1 0.6 ± 0.2 0 ± 0 15 ± 1 1.2 ± 0.0 8 ± 3 92 ± 2 2.7 ± 0.1 

C-02 0 ± 0 5 ± 4 0.6 ± 0.6 0 ± 0 17 ± 2 1.3 ± 0.1 10 ± 1 95 ± 5 2.8 ± 0.2 

C-03 8 ± 0 5 ± 3 0.8 ± 0.3 21 ± 3 12 ± 5 1.2 ± 0.2 70 ± 8 79 ± 2 2.8 ± 0.1 

C-04 0 ± 0 6 ± 5 0.8 ± 0.4 0 ± 0 15 ± 3 1.2 ± 0.1 1 ± 1 92 ± 2 2.7 ± 0.1 

C-05 11 ± 15 8 ± 13 0.7 ± 0.8 13 ± 15 18 ± 23 1.0 ± 0.7 9 ± 11 20 ± 32 1.0 ± 1.0 

C-06 6 ± 6 8 ± 3 1.0 ± 0.2 18 ± 6 13 ± 2 1.2 ± 0.1 29 ± 6 70 ± 9 2.5 ± 0.2 

C-07 2 ± 2 0 ± 0 0.0 ± 0.0 1 ± 2 5 ± 5 0.7 ± 0.3 0 ± 0 4 ± 3 0.7 ± 0.3 

D-01 0 ± 0 0 ± 0 0.0 ± 0.0 11 ± 5 19 ± 3 1.4 ± 0.1 15 ± 3 15 ± 1 1.3 ± 0.0 

D-02 68 ± 1 82 ± 1 2.9 ± 0.0 80 ± 2 94 ± 0 3.9 ± 0.0 83 ± 2 99 ± 0 4.3 ± 0.0 

D-03 100 ± 0 95 ± 0 4.3 ± 0.0 95 ± 1 99 ± 0 4.2 ± 0.2 96 ± 0 101 ± 1 4.1 ± 0.3 

D-04 9 ± 2 34 ± 5 1.7 ± 0.1 28 ± 3 94 ± 1 2.8 ± 0.0 51 ± 1 109 ± 0 3.5 ± 0.0 

D-05 82 ± 1 72 ± 3 2.5 ± 0.1 96 ± 1 93 ± 0 3.6 ± 0.1 97 ± 1 99 ± 0 3.9 ± 0.1 

D-06 78 ± 1 69 ± 3 2.4 ± 0.1 95 ± 1 93 ± 0 3.6 ± 0.1 97 ± 0 99 ± 0 4.3 ± 0.0 

D-07 0 ± 0 5 ± 3 0.8 ± 0.2 2 ± 1 15 ± 3 1.3 ± 0.1 1 ± 1 41 ± 7 1.9 ± 0.4 

D-08 19 ± 6 30 ± 17 1.7 ± 0.3 21 ± 18 87 ± 5 3.2 ± 0.4 28 ± 16 93 ± 1 4.1 ± 0.7 

D-09 34 ± 20 36 ± 4 1.8 ± 0.1 37 ± 19 89 ± 1 3.2 ± 0.1 45 ± 19 94 ± 0 4.3 ± 0.4 

NA = samples were not measured in triplicate.  
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Table B5. Performance metrics for each CDP and each PFSA. 
 PFBS PFHxS PFOS 

CDP dRi qe logKD dRi qe logKD dRi qe logKD 

A-01 0 ± 0 20 ± 0 1.5 ± 0.0 5 ± 6 53 ± 2 2.1 ± 0.0 20 ± 7 82 ± 1 3.1 ± 0.0 

A-02 21 ± 4 32 ± 12 1.8 ± 0.3 59 ± 2 87 ± 2 3.0 ± 0.1 87 ± 1 87 ± 0 3.9 ± 0.1 

A-03 5 ± NA 20 ± NA 1.5 ± NA 22 ± NA 34 ± NA 1.9 ± NA 65 ± NA 58 ± NA 3.0 ± NA 

A-04 5 ± NA 24 ± NA 1.6 ± NA 45 ± NA 42 ± NA 2.1 ± NA 93 ± NA 61 ± NA 3.2 ± NA 

A-05 17 ± 1 36 ± 6 1.8 ± 0.1 21 ± 4 72 ± 2 2.3 ± 0.0 65 ± 1 451 ± 0 4.0 ± 0.0 

A-06 22 ± 5 30 ± 2 1.7 ± 0.0 32 ± 2 80 ± 2 2.4 ± 0.0 75 ± 4 454 ± 0 4.3 ± 0.0 

A-07 9 ± 11 27 ± 2 1.6 ± 0.0 9 ± 8 57 ± 4 2.0 ± 0.1 42 ± 25 447 ± 5 3.8 ± 0.3 

A-08 0 ± 0 4 ± 2 0.7 ± 0.2 0 ± 0 32 ± 6 1.7 ± 0.1 0 ± 0 69 ± 2 3.0 ± 0.2 

A-09 22 ± 10 34 ± 5 1.8 ± 0.1 47 ± 5 53 ± 3 2.1 ± 0.1 91 ± 1 84 ± 0 3.3 ± 0.0 

A-10 0 ± 0 8 ± 3 1.0 ± 0.1 1 ± 1 8 ± 3 1.0 ± 0.2 6 ± 3 32 ± 4 1.9 ± 0.1 

B-01 7 ± 4 10 ± 9 0.8 ± 0.7 11 ± 5 15 ± 14 0.9 ± 0.8 11 ± 1 22 ± 21 1.6 ± 1.4 

B-02 13 ± 8 29 ± 8 1.6 ± 0.2 12 ± 4 42 ± 7 1.8 ± 0.1 50 ± 4 412 ± 19 3.0 ± 0.2 

B-03 7 ± 8 1 ± 1 0.2 ± 0.3 8 ± 9 14 ± 9 1.1 ± 0.3 13 ± 10 30 ± 9 2.2 ± 0.4 

B-04 0 ± 0 14 ± 15 1.7 ± 0.8 1 ± 2 18 ± 13 1.6 ± 0.4 9 ± 2 31 ± 3 2.9 ± 0.4 

B-05 2 ± 4 10 ± 16 1.0 ± 1.3 0 ± 0 12 ± 15 1.3 ± 0.7 3 ± 3 29 ± 2 2.8 ± 0.3 

B-06 0 ± 0 4 ± 6 0.5 ± 0.5 0 ± 0 16 ± 18 0.9 ± 0.8 3 ± 3 24 ± 24 1.7 ± 1.6 

B-07 3 ± 1 6 ± 5 0.8 ± 0.4 1 ± 0 3 ± 2 0.7 ± 0.1 0 ± 0 0 ± 0 0.0 ± 0.0 

B-08 2 ± NA 10 ± NA 1.1 ± NA 0 ± NA 0 ± NA 0.0 ± NA 16 ± NA 20 ± NA 1.7 ± NA 

C-01 0 ± 0 9 ± 7 0.9 ± 0.5 0 ± 0 58 ± 4 2.2 ± 0.1 31 ± 7 74 ± 1 3.5 ± 0.1 

C-02 0 ± 0 12 ± 4 1.1 ± 0.1 0 ± 0 62 ± 6 2.3 ± 0.1 31 ± 4 75 ± 0 3.7 ± 0.0 

C-03 22 ± 3 3 ± 4 0.6 ± 0.7 63 ± 8 38 ± 3 2.3 ± 0.1 96 ± 2 34 ± 0 3.8 ± 0.0 

C-04 0 ± 0 9 ± 4 1.0 ± 0.2 0 ± 0 58 ± 4 2.2 ± 0.1 3 ± 5 74 ± 0 3.7 ± 0.1 

C-05 9 ± 16 18 ± 24 0.9 ± 0.9 8 ± 14 23 ± 35 0.9 ± 1.0 5 ± 8 15 ± 27 1.0 ± 1.7 

C-06 16 ± 3 13 ± 4 1.7 ± 0.2 29 ± 4 36 ± 6 2.3 ± 0.2 62 ± 8 34 ± 0 3.8 ± 0.0 

C-07 0 ± 0 0 ± 0 0.0 ± 0.0 0 ± 0 1 ± 2 0.2 ± 0.4 0 ± 0 0 ± 0 0.0 ± 0.0 

D-01 18 ± 3 26 ± 4 1.4 ± 0.1 14 ± 3 12 ± 2 1.2 ± 0.1 5 ± 5 13 ± 7 1.3 ± 0.3 

D-02 86 ± 2 80 ± 0 4.2 ± 0.0 89 ± 1 76 ± 0 4.2 ± 0.0 91 ± 1 49 ± 0 3.8 ± 0.2 

D-03 96 ± 0 85 ± 0 4.2 ± 0.0 96 ± 1 84 ± 0 4.1 ± 0.2 92 ± 2 64 ± 1 3.8 ± 0.3 

D-04 10 ± 3 91 ± 1 3.0 ± 0.0 31 ± 1 90 ± 0 3.7 ± 0.0 63 ± 4 75 ± 0 3.7 ± 0.0 

D-05 97 ± 1 79 ± 0 3.8 ± 0.1 98 ± 0 76 ± 0 4.2 ± 0.0 97 ± 0 48 ± 0 3.7 ± 0.2 

D-06 96 ± 1 79 ± 0 3.8 ± 0.1 98 ± 0 76 ± 0 4.2 ± 0.0 97 ± 0 49 ± 0 3.8 ± 0.2 

D-07 4 ± 4 21 ± 1 1.5 ± 0.0 5 ± 1 52 ± 9 2.1 ± 0.2 7 ± 7 57 ± 6 2.5 ± 0.2 

D-08 28 ± 14 84 ± 4 3.3 ± 0.4 32 ± 16 96 ± 1 4.1 ± 0.3 48 ± 17 75 ± 0 4.2 ± 0.0 

D-09 42 ± 21 86 ± 1 3.3 ± 0.1 49 ± 20 96 ± 0 4.3 ± 0.0 75 ± 12 75 ± 0 4.2 ± 0.0 

NA = samples were not measured in triplicate.  
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Bivariate Analysis 

Table B6. Physicochemical properties of CDPs used in the multiple multivariate linear regression analysis.  

CDP Crosslinker 

CL. 

Kowa 

CL:

CDb CDc CLd 

% 

C 

% 

H 

% 

O 

% 

N 

% 

F 

% 

Cl 

% 

S 

pol. 

pore. 

vole 

pol. 

SAf 

pol. 

sieve 

pol. 

sizeg 

pol. 

chargeh 

A-01 

 

5.76 3.0 0.51 1.5 44.4 3.5 30.7 0.0 21.5 0.0 0.0 NAi NA sieve <45 -1 

A-02 5.76 3.0 0.50 1.5 44.3 3.1 29.6 0.0 23.0 0.0 0.0 NA 0 sieve <45 -1 

A-03 5.76 3.0 0.45 1.4 45.1 3.3 27.7 0.0 23.9 0.0 0.0 0.008 39 no sieve <177 -1 

A-04 5.76 3.0 0.45 1.4 NA NA NA NA NA 0.0 0.0 0.452 893 no sieve <177 -1 

A-05 5.76 3.0 0.47 1.4 44.1 3.5 30.8 0.0 21.7 0.0 0.0 0.611 916 no sieve <63 -1 

A-06 5.76 3.0 0.44 1.3 43.7 3.3 30.5 0.0 22.5 0.0 0.0 0.631 996 no sieve <63 -1 

A-07 5.76 3.0 0.46 1.4 44.6 3.3 29.7 0.0 22.5 0.0 0.0 0.004 16 no sieve <63 -1 

A-08 5.76 3.0 0.46 1.4 44.6 3.6 29.5 0.0 22.4 0.0 0.0 0.001 2 no sieve <63 -1 

A-09 5.76 4.2 0.46 1.9 44.2 3.1 27.3 0.0 25.3 0.0 0.0 NA NA sieve <45 -1 

A-10 5.76 4.7 0.40 1.9 45.8 2.4 23.4 0.1 28.4 0.0 0.0 0.000 0 no sieve <177 -1 

B-01 

 

2.54 3.0 0.40 1.2 45.3 2.6 28.2 4.2 19.7 0.0 0.0 0.002 5 no sieve <63 -1 

B-02 2.54 3.0 0.57 1.7 46.2 4.2 37.5 2.9 9.3 0.0 0.0 0.003 12 no sieve <63 -1 

B-03  3.2 3.0 0.61 1.8 45.4 4.4 34.5 0.0 15.7 0.0 0.0 NA NA no sieve <177 NA 

B-04  1.81 3.0 0.47 1.4 41.3 4.1 37.6 4.1 13.0 0.0 0.0 0.001 3 no sieve <63 -1 

B-05  1.21 3.0 0.71 2.1 46.6 5.8 43.7 2.5 1.5 0.0 0.0 0.003 14 no sieve <63 -1 

B-06  3.55 3.0 NA NA 54.9 5.5 37.7 0.0 1.9 0.0 0.0 0.038 80 no sieve <63 -1 

B-07  3.76 4.7 0.54 2.5 63.2 5.4 31.3 0.1 0.0 0.0 0.0 0.000 0 no sieve <177 -1 
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B-08  6.65 6.0 0.35 2.1 54.5 4.6 30.7 0.0 2.1 0.0 8.1 0.007 17 no sieve <177 -1 

C-01 

 

3.74 2.0 0.33 0.7 51.7 5.9 33.3 9.1 0.0 0.0 0.0 0.004 2 no sieve <63 0 

C-02 3.74 3.0 0.41 1.2 51.3 5.9 34.9 7.9 0.0 0.0 0.0 0.006 5 no sieve <63 0 

C-03 3.74 4.0 0.35 1.4 53.4 5.6 31.7 9.3 0.0 0.0 0.0 0.127 268 no sieve <63 0 

C-04 3.74 4.0 0.39 1.6 51.6 5.8 34.4 8.3 0.0 0.0 0.0 0.007 8 no sieve <63 0 

C-05 3.74 6.0 0.32 1.9 52.8 6.0 31.8 9.5 0.0 0.0 0.0 0.001 3 no sieve <177 0 

C-06 

 

5.22 4.0 0.29 1.2 59.3 5.8 28.0 7.0 0.0 0.0 0.0 0.048 82 no sieve <63 0 

C-07 5.22 6.0 0.12 0.7 59.9 5.8 25.8 8.4 0.0 0.0 0.0 0.000 1 no sieve <177 0 

D-01 

 

1.89 4.2 0.53 2.2 51.2 3.2 34.3 7.0 4.2 0.2 0.0 0.017 30 no sieve <177 -1 

D-02 1.89 6.0 0.37 2.2 42.3 5.0 39.8 6.6 4.0 2.2 0.0 0.181 574 no sieve <63 1 

D-03 1.89 6.0 0.35 2.1 42.1 5.5 38.8 6.8 3.4 3.4 0.0 0.003 19 no sieve <63 1 

D-04 

 

0.95 5.6 0.48 2.7 50.4 3.1 30.5 7.6 8.3 0.0 0.0 0.000 5 no sieve <177 1 

D-05 0.95 4.2 0.60 2.5 50.5 4.6 33.3 5.8 3.8 2.0 0.0 0.027 140 no sieve <177 1 

D-06 0.95 4.2 0.60 2.5 50.3 4.7 33.2 5.8 3.9 2.1 0.0 0.073 135 no sieve <177 1 

D-07  5.63 2.0 0.43 0.9 41.3 4.2 35.0 3.9 15.6 0.0 0.0 0.039 44 sieve <90 -1 

D-08 

 

6.63 2.0 0.44 0.9 41.0 4.9 34.4 3.8 15.8 0.0 0.0 0.000 0 sieve <90 -1 

D-09 6.63 2.0 0.44 0.9 42.4 4.6 32.4 3.9 16.7 0.0 0.0 0.104 128 sieve <90 -1 
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alog Kow of the crosslinker is estimated in EPISUITE 4.11 bCL:CD is the ratio of crosslinkers (eq.) to cyclodextrins (eq.). This is the ratio of the feed input or the 

ratio calculated based on the incorporation, based on the elemental analysis. cCyclodextrin content (mmol g-1). dCrosslinker content (mmol g-1) is estimated as the 

product of the cyclodextrin content and the CL:CD. e Total porosity (cm3 g-1). fSurface area (m2 g-1). gPolymer size (μm). hPolymer charge is categorized as 

negative (-1), neutral (0), or positive (1) based on Zeta potential measurements and expected polymer charge. iNA indicates that these parameters were not 

available and were imputed in the analysis. 
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Multivariable Analysis 

 
Figure B1. Spearman’s rank correlation of predictors. Significance is indicated by * (p < 0.10), 

** (p < 0.05), *** (p < 0.01).
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Table B7. The number of predictors in the final all-possible regression models determined from 

the criterion that Mallow's Cp < n.  

 PFBA PFHxA PFOA PFBS PFHxS PFOS 

dRi 8 10 9 9 8 6 

qe 7 7 7 6 7 6 

KD 9 9 8 6 7 8 

 

Table B8. The adjusted R2 for the selected all-possible regression models. 

 PFBA PFHxA PFOA PFBS PFHxS PFOS 

dRi 0.71 0.70 0.72 0.67 0.67 0.53 

qe 0.73 0.82 0.71 0.64 0.72 0.75 

KD 0.84 0.91 0.85 0.81 0.87 0.76 
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Table B9. The standardized coefficients for all eighteen well-performing all-possible regression models.  
Y Β0 CL.Kow CL:CD CD CL %C %H %O %N %F %Cl %S 

pol.pore

.vol 
pol.SA 

pol.siev

e.no 

pol.size.

<63 

pol.size.

<90 

pol.size.

<177 

pol.char

ge.0 

pol.char

ge.1 

PFBA-dRi 0.00 0.00 0.00 0.00 0.42 0.00 1.58 -0.85 1.02 0.78 0.00 0.00 0.00 0.18 0.00 -0.27 -0.19 -0.44 -1.40 0.18 

PFBA-qe 0.00 0.00 -0.91 -0.93 1.29 0.00 0.60 0.00 0.00 0.38 0.00 0.00 0.00 0.00 0.00 -0.39 0.17 -0.33 0.02 0.64 

PFBA-KD 0.00 0.00 -0.60 -0.72 0.95 0.00 0.48 0.00 0.00 0.35 0.44 0.00 0.00 -0.10 0.00 -0.20 0.16 -0.24 -0.05 0.35 

PFHxA-dRi 0.00 0.88 0.94 1.55 -0.84 0.00 0.53 -0.73 1.82 0.00 0.00 0.00 0.00 0.38 0.00 -0.19 -0.49 -0.66 -1.48 0.27 

PFHxA-qe 0.00 0.98 0.00 0.55 0.00 0.00 0.00 0.00 1.32 0.00 0.00 -0.08 0.15 0.00 0.00 -0.34 -0.26 -0.46 -0.45 0.67 

PFHxA-KD 0.00 0.95 0.00 0.39 0.00 0.00 0.25 0.00 1.19 0.00 0.17 -0.09 0.07 0.00 0.00 -0.15 -0.21 -0.25 -0.78 0.61 

PFOA-dRi 0.00 0.93 -0.68 0.00 0.47 0.00 0.59 -0.38 1.73 0.00 0.00 0.00 0.00 0.37 0.00 -0.74 -0.97 -0.77 -1.36 0.37 

PFOA-qe 0.00 0.91 -0.82 0.00 0.58 0.00 0.00 0.00 0.66 0.00 0.00 -0.17 0.00 0.00 0.00 -0.18 -0.30 -0.42 0.10 0.89 

PFOA-KD 0.00 0.89 -0.70 0.00 0.50 0.00 0.50 0.00 1.02 0.36 0.00 0.00 0.00 0.00 0.00 -0.14 -0.28 -0.26 -0.42 0.91 

PFBS-dRi 0.00 0.00 0.30 0.67 0.00 0.00 0.00 -0.82 0.67 -0.43 0.65 0.00 0.00 0.46 0.00 -0.30 0.20 -0.69 -0.58 -0.34 

PFBS-qe 0.00 1.14 -0.55 0.00 0.67 0.00 0.00 0.00 1.26 0.00 0.00 0.00 0.00 0.00 0.00 -0.03 -0.29 -0.23 -0.94 0.48 

PFBS-KD 0.00 0.73 0.00 0.36 0.00 0.00 0.00 0.00 0.80 0.00 0.23 0.00 0.00 0.00 0.00 0.00 -0.04 -0.17 -0.56 0.62 

PFHxS-dRi 0.00 0.00 0.00 0.40 0.00 0.00 0.00 -0.60 0.79 0.00 0.43 0.00 -0.52 0.97 0.00 -0.53 -0.07 -0.73 -0.45 -0.05 

PFHxS-qe 0.00 1.01 -0.70 0.00 0.46 0.00 -0.81 0.75 0.00 0.00 0.00 -0.19 0.00 0.00 0.00 0.00 0.00 0.00 1.01 1.11 

PFHxS-KD 0.00 0.96 -0.19 0.53 0.00 0.00 0.00 0.00 0.80 0.00 0.00 -0.08 0.00 0.00 0.00 -0.03 -0.09 -0.29 -0.22 1.03 

PFOS-dRi 0.00 0.00 -0.41 0.00 0.00 0.00 -0.31 0.00 0.00 0.00 0.00 0.19 0.00 0.34 0.00 -0.55 -0.20 -0.64 0.45 0.81 

PFOS-qe 0.00 1.16 0.00 0.70 0.00 0.00 -1.14 0.75 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.53 0.12 0.11 1.09 0.85 

PFOS-KD 0.00 1.16 -0.27 0.70 0.00 -0.28 0.00 0.00 0.69 0.00 -0.22 0.00 0.00 0.00 0.00 0.26 -0.33 -0.22 0.11 1.05 
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Identifying Important and Significant Predictors  

 
Figure B2. Importance and significance for the predictors based on the 18 selected models from the all-possible regression. We apply 

selection criteria of importance normalized by the adjusted R2 of the selected model > 5% and significance > 2. 

 

 



 

 

142 

 

APPENDIX C - Evaluating the Performance of Novel Cyclodextrin Polymer Granules to 

Remove PFASs from Water in Batch Systems and Rapid Small-Scale Column Tests 

 

Materials and Methods 

Scaling Equations for RSSCTS 

Rapid small-scale columns tests (RSSCTs) have been developed to simulate the performance of 

pilot-scale and full-scale packed-bed filtration systems. Whereas RSSCTs were designed for 

systems using granular activated carbon (GAC) as an adsorbent,154 recent studies have explored 

how RSSCTs can be used to evaluate the performance of other materials such as ion exchange 

resins.116,146 Using similitude, breakthrough curves can be achieved for RSSCTs using only a 

fraction of the resources (e.g., physical space, time, water, etc.) that would be required to operate 

a pilot-scale system. Scaling an RSSCT can be done using the relationship described in 

Equation C1: 

 

Equation C1 

where  and  (min) is the empty bed contact time of larger and smaller column, 

respectively;  and  (m) is the particle diameter of larger and smaller adsorbent, 

respectively; and  for constant diffusivity (CD), and  for proportional diffusivity 

(PD). The scaled equation for CD is used when surface diffusivity is assumed to be independent 

of particle size, whereas the scaled equation for PD is used if surface diffusivity is assumed to be 

proportional to changes in particle size.89,90  

A hydraulic loading rate of 5.3 m h-1 (or 0.15 cm s-1) was maintained for the conducted 

RSSCTs. Using the following equation and the known opening diameter of the selected column 

used for an RSSCT, the flow rate was calculated by rearranging Equation C2: 
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Equation C2 

where  (cm s-1) is the hydraulic loading rate,  (mL min-1) is the flow rate,  (cm2) is the 

cross-sectional area of the column, and  (cm) is the diameter of the column.  

Using the desired , , and , the depth of the packed bed can be estimated by 

rearranging Equation C3: 

 

Equation C3 

where  (cm) is the depth of the packed bed in the column.  

Reynolds number is the ratio of inertial forces to viscous forces and is estimated using Equation 

C4: 

 

Equation C4 

where  (dimensionless) is the Reynolds number,  (g cm-3) is the density of water,  (cm s-1) 

is the flow velocity,  (cm) is the packed bed depth, and  (g cm-1 s-1) is the dynamic viscosity of 

water. 

The time to operate each of the RSSCTs is described in Equation C5: 

 

Equation C5 

where  (h) is the operational time. The parameters of the RSSCTs are in Table C1.  

Table C1. Parameters for the RSSCTs experiments. 
 Constant Diffusivity (CD) Proportional Diffusivity (PD) 

 Model Bin 1 Bin 3 Model Bin 1 Bin 3 Bin 5 

 (m) 1000 84 175 1000 84 175 359 

 (min) 2 0.014 0.061 0.17 0.014 0.029 0.060 

 (cm s-1) -- 0.15 0.15 -- 0.15 0.15 0.15 

 (mL min-1) -- 0.31 1.5 -- 0.31 1.5 1.5 

 (cm) -- 0.21 0.46 -- 0.21 0.46 0.46 

 (cm) -- 0.13 0.55 -- 0.13 0.26 0.54 
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 (--) -- 1.95 8.27 -- 1.95 3.91 8.12 

 (d) -- 5.0 21.2 -- 5.0 10.0 20.8 

 (--) -- 500,000 500,000 -- 500,000 500,000 500,000 
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Analytical Method 

Most samples in this study were measured using Method 1, described below. Method 2 was 

adapted from Method 1 and optimized to target measurement of select PFAAs. The samples 

measured using each method are detailed in Table C2, and each Method is described below.  

Table C2. Samples from each experiment that were measured using the different methods. 

Method 1 Method 2 

Gradient (B): 40-90% Gradient (B): 85-95% 

Kinetics (all) 

Isotherm, PFBA 

Isotherm, PFBS 

Isotherm, PFOS 

RSSCT Bin 1 

RSSCT Bin 3-CD 

RSSCT Bin 3-PD 

RSSCT Bin 5-PD 

Isotherm, PFHxA 

Isotherm, PFHxS 

Isotherm, PFOA 

 

 

Method 1: The mobile phase was delivered starting at 40% B at 300 μL min-1. The fraction of B 

in the mobile phase increased linearly for 24 minutes until 90% B at 30 minutes; 90% B was held 

for 7 minutes before returning to 40% B at 37 minutes. 

Method 2: The mobile phase was delivered starting at 85% B at 300 μL min-1. The fraction of B 

in the mobile phase increased linearly for 5 minutes until 95% B at 10 minutes; 95% B was held 

for 6 minutes before returning to 85% B at 16 minutes. 

 



 

 

146 

 

Table C3. Acquisition parameters for the six target PFAAs. 

PFAA 
Neutral Mass 

Formula 

Neutral 

Mass 
Adduct 

Precursor 

Ion Mass 

Product  

Ion Mass 

Retention 

Time 

[min] 

Normalized 

Collision 

Energy 

Isotope Labelled Internal Standard 

(ILIS)a 

Isotherm 

experiments 

All other 

experiments 

PFBA C4HF7O2 213.9865 [M-H]- 212.9792 168.9897 9.6 20 

13C8-PFOA 

13C2-PFHxA 

PFHxA C6HF11O2 313.9801 [M-H]- 312.9728 268.9829 16.5 20 13C2-PFHxA 

PFOA C8HF15O2 413.9737 [M-H]- 412.9664 368.9767 21.9 20 13C4-PFOA 

PFBS C4HF9O3S 299.9503 [M-H]- 298.9430 79.9557 13.7 60 

13C8-PFOS 

18O2-PFHx 

PFHxS C6HF13O3S 399.9439 [M-H]- 398.9366 79.9557 19.7 60 18O2-PFHxS 

PFOS C8HF17O3S 499.9375 [M-H]- 498.9302 79.9558 23.9 60 13C4-PFOS 

aILISs 13C8-PFOA and 13C8-PFOS were used in experiments where only one PFAA was evaluate at a time (i.e., batch isotherm experiments). A mixture of ILIS 

perfluorocarboxylic and sulfonic acids (Wellington Laboratories) was used in experiments where mixtures of PFAAs were present (e.g., batch kinetic 

experiments, RSSCT experiments). We do not expect that the different ILISs for this study impact the quantification of these six PFAAs.  
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Results and Discussion 

Adsorption Kinetics 

Table C4. Estimates of log kobs (g mg-1 min-1). 
 Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6 Bin 7 

PFBA 2.68 1.43 0.67 0.22 0.60 0.40 0.36 

PFHxA 1.21 0.68 0.70 0.53 0.49 0.40 0.42 

PFOA 1.09 0.68 0.76 0.64 0.69 0.47 0.51 

PFBS 1.27 0.75 0.78 0.65 0.63 0.46 0.49 

PFHxS 1.21 0.74 0.84 0.73 0.84 0.65 0.68 

PFOS 0.91 0.90 1.11 1.02 1.24 1.17 0.65 

 

 

 

 

 

 
Figure C1. Spearman correlation between log kobs and particle size for PFBA, PFHxA, PFOA, 

PFBS, PFHxS, and PFOS. The shaded regions represent a 95% confidence interval on the fitted 

lines.  
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Figure C2. Spearman correlation between the surface area and average particle size. The shaded 

region is a 95% confidence interval on the fitted line.  

 

 

 
Figure C3. Spearman correlation between log kobs and surface area for PFBA, PFHxA, PFOA, 

PFBS, PFHxS, and PFOS. The shaded regions represent a 95% confidence interval on the fitted 

lines.  
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Figure C4. Estimated average and relative error of log-transformed pseudo-second order rate 

constants (log kobs) for the six PFAAs and the seven sizes of CDP granules. [PFAA]0 = 1 μg L-1 

and [adsorbent]0 = 15 mg L-1. Samples were taken at 0.25, 0.5, 1, 2, 4, 8, 24 and 72 hours.  
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Fitted Isotherms  

Table C5. Estimates of qmax (μmol g-1). 
 Bin 1 Bin 3 Bin 5 

PFBA 378 ± 56 449 ± 14 479 ± 44 

PFHxA 214 ± 20 243 ± 9 244 ± 11 

PFOA 215 ± 9 231 ± 8 226 ± 2 

PFBS 186 ± 8 171 ± 7 177 ± 0 

PFHxS 141 ± 6 159 ± 12 142 ± 5 

PFOS 139 ± 6 145 ± 0 151 ± 6 

 

Table C6. Estimate of KL (L mg-1). 
 Bin 1 Bin 3 Bin 5 

PFBA 0.6 ± 0.2 0.9 ± 0.0 1.1 ± 0.3 

PFHxA 1.1 ± 0.2 1.5 ± 0.2 1.3 ± 0.0 

PFOA 29 ± 7 50 ± 13 24 ± 13 

PFBS 15 ± 3 8 ± 3 14 ± 3 

PFHxS 81 ± 36 131 ± 14 149 ± 33 

PFOS 111 ± 18 94 ± 1 79 ± 13 
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Figure C5. The isotherm of (A-C) PFBA, (D-F) PFHxA, and (G-I) PFOA using Bin 1, Bin 3, 

and Bin 5. The solid line indicates the best fit line, and the dotted lines indicate the upper and 

lower fitted lines when the maximum and minimum estimated qmax and KL are used. [PFAA]0 = 

10-5000 μg L-1, [adsorbent] = 15 mg L-1. Samples were taken at 96 hours.  

 
 



 

 

152 

 

 
Figure C6. The isotherm of (A-C) PFBS, (D-F) PFHxS, and (G-I) PFOS using Bin 1, Bin 3, and 

Bin 5. The solid line indicates the best fit line, and the dotted lines indicate the upper and lower 

fitted lines when the maximum and minimum estimated qmax and KL are used. [PFAA]0 = 10-

5000 μg L-1, [adsorbent] = 15 mg L-1. Samples were taken at 96 hours.  
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Rapid Small Scale Column Tests (RSSCTS) 

 

Figure C7. Breakthrough curve for a column packed with granules from Bin 1 and has an EBCT 

= 0.014. This RSSCT is representative of two RSSCTs scaled from the following model 

parameters: (1) dp = 1000 μm and EBCT = 2 min using a scaling of constant diffusivity, and (2) 

dp = 1000 μm and EBCT = 0.17 min using a scaling of proportional diffusivity.  
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Figure C8. Breakthrough curve for a column packed with Bin 3 has an EBCT = 0.061. This 

RSSCT is scaled from the following model parameters of dp = 1000 μm and EBCT = 2 min using 

a scaling of constant diffusivity.  
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Figure C9. Breakthrough curve for a column packed with Bin 3 has an EBCT = 0.029 min. This 

RSSCT is scaled from the following model parameters of dp = 1000 μm and EBCT = 0.17 min 

using a scaling of proportional diffusivity.  
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Figure C10. Breakthrough curve for a column packed with Bin 5 has an EBCT = 0.060. This 

RSSCT is scaled from the following model parameters of dp = 1000 μm and EBCT = 0.17 min 

using a scaling of proportional diffusivity. 

 

 


