
ABSTRACT 

CHENG, LAN. Removal of Per- and Polyfluoroalkyl Substances (PFAS) by Anion Exchange 

Resins. (Under the direction of Dr. Detlef Knappe). 

 

Concerns about the presence of per- and polyfluoroalkyl substances (PFAS) in drinking 

water have led to a demand for effective treatment methods. Anion exchange (AIX) is a readily 

implementable treatment method that can effectively remove PFAS, including short-chain 

compounds and poorly understood fluoroethers. However, the factors controlling AIX resin use 

rates, such as PFAS structure and background water matrix are not well understood, and models 

to predict AIX resin use rates from PFAS and background water matrix characteristics are lacking. 

Furthermore, the contributions of electrostatic and hydrophobic interactions to PFAS uptake by 

AIX resins have not been comprehensively studied.  

For PFAS removal, AIX resins are typically applied in packed bed pressure vessels through 

which impacted water is pumped. Typically, full-scale AIX performance for PFAS removal is 

assessed in costly pilot studies. Rapid small-scale column tests (RSSCTs) are bench-scale tests 

that rely on crushed sorbents with smaller particle diameters to predict the full-scale performance 

of packed bed contactors. RSSCTs have been successfully applied to predict PFAS adsorption by 

granular activated carbon (GAC) in pilot studies. However, RSSCTs have rarely been used to 

investigate AIX resin performance because an effective scale-up approach has not been fully 

developed.  

The overarching goals of this research were to (1) develop a scale-up approach to predict 

PFAS removal in pilot- and full-scale AIX resin vessels from RSSCTs, (2) investigate factors 

determining AIX resin use rates, including initial PFAS concentration, total organic carbon (TOC) 

and four inorganic anions (bicarbonate, chloride, sulfate, and nitrate), and (3) determine the 

sorption mechanisms of PFAS uptake by AIX resins.  



To develop an RSSCT scale-up approach for AIX resins, the effects of crushing of AIX 

resin properties were assessed. Crushing AIX resin did not substantially change the bed density 

and total anion exchange capacity, but the morphology of particles was changed from almost 

perfect spheres to an irregular shape. Constant diffusivity (CD) and proportional diffusivity (PD) 

RSSCT designs were compared for predicting PFAS breakthrough curves in pilot tests. This study 

found that CD RSSCT effectively predicted PFAS uptake kinetics, while PD RSSCT 

overestimated PFAS uptake kinetics. This research also investigated the effects of influent PFAS 

concentrations on PFAS uptake and found that PFAS breakthrough was independent of influent 

PFAS concentrations between the tested range of 30 - 300 ng/L. This finding facilitated the 

development of an RSSCT scale-up approach because the influent PFAS concentrations in 

RSSCTs and corresponding pilot tests often differ. Using the CD RSSCT design approach, 

RSSCTs with different hydraulic loading rates (ὺ) were designed. The comparison between PFAS 

breakthrough curves in these RSSCTs and corresponding pilot tests showed that the PFAS uptake 

capacity was a function of the Sherwood number (Sh). Accordingly, a scale-up approach based on 

a CD RSSCT design with a reduced ὺ was developed, in which the PFAS breakthrough curves 

from pilot tests can be predicted by scaling up the RSSCT breakthrough curves by a factor of 

ὛὬ ȾὛὬ  . 

To investigate the PFAS structure effect, RSSCTs with two types of AIX resins were 

conducted to remove 23 PFAS, including legacy and fluoroether compounds with 3 to 9 fluorinated 

carbon atoms. The PFAS structure effect was quantified with a group contribution method, and 

the relative contributions of structural fragments to PFAS uptake capacity (KAIX ) for -CF2-/-CF3, 

-O-, -SO3H, -CH2-, and >CF-CF3 were 1.00: 0.35: 4.32: -2.29: 1.64. To investigate the water 

matrix effect, RSSCTs in surface water and groundwater with different TOC levels and inorganic 



ions were conducted. It was found that KAIX  decreased with increasing TOC concentration. Nitrate 

adversely impacted PFAS removal, while chloride, sulfate, and bicarbonate at concentrations up 

to 3 meq/L had negligible effects on KAIX  for the two single-use resins evaluated in this research. 

Based on the obtained data, pseudo-single solute models were developed. These models can 

predict KAIX  and BV10, and hence PFAS breakthrough curves for the two tested AIX resins. Model 

inputs are PFAS building blocks as well as the TOC, and nitrate concentration of the water being 

treated. The model can predict PFAS breakthrough curves for a wide range of PFAS in a wide 

range of water matrices with a rood mean square error (RMSE) of 2.92 and 4.56 for the cube root 

of bed volume of water that can be treated before 10 % breakthrough for the two tested resins.  

To investigate PFAS sorption mechanisms on AIX resins, the removal of 23 PFAS in 

methanol, ultrapure water (UPW), and surface water in RSSCTs were studied. The experiments 

showed that PFAS broke through much earlier in methanol RSSCTs than in UPW RSSCTs, 

indicating the mechanism of PFAS uptake by AIX  resins is a combination of electrostatic and 

hydrophobic interactions, with the relative importance of the latter increasing with increasing 

PFAS chain length. Among these two sorption mechanisms, hydrophobic interaction is the 

dominant mechanism that contributes to over 85% of the PFAS uptake capacity in UPW. In 

methanol RSSCTs, the chain-length dependence of PFAS removal was opposite to that observed 

in UPW and surface water, and perfluoroalkyl sulfonic acids (PFSAs) were much better removed 

than perfluoroalkyl carboxylic acids (PFCAs). This PFAS structure effect in methanol RSSCT 

could be described by density functional theory (DFT) indices, including the overall electrostatic 

potential (ESP), the sum of oxygen atomic charges in the PFAS head group, and the sum of 

hydrogen atomic charges in polyfluorinated compounds.  



Overall, this research provides a scale-up approach to predict PFAS removal on AIX resins 

and pseudo-single solute models that can quantify the impact of frequently detected PFAS 

structural features and major water matrix components on AIX resin use rates. The developed 

scale-up approach and pseudo-single solute models can aid the design of AIX resin vessels for 

PFAS treatment in water utilities. This research also investigated the PFAS sorption mechanisms 

by AIX resins, which aids researchers in the selection of isotherm models to describe the sorption 

of PFAS on AIX resins and develop effective AIX resin regeneration processes. 
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CHAPTER 1 INTRO DUCTION  AND OBJECTIVES 

1.1 Motivation 

Per- and polyfluoroalkyl substances (PFAS), also known as ñforever chemicals,ò are 

persistent contaminants with adverse environmental and public health effects (Evich et al., 2022; 

ITRC, 2020). Due to their oil and water repellency, these compounds have been applied in over 

200 use areas, including non-stick cookware, water-resistant fabric, fire-fighting foam, and food 

packaging (Glüge et al., 2020). PFAS are highly mobile and can be transported to locations far 

from the source through atmospheric transport and aqueous advection, causing the detection of 

PFAS in various matrices worldwide (Cousins et al., 2022; Lescord et al., 2015; Young et al., 

2007). Some of the most impacted areas are communities located near sites, where PFAS are 

manufactured or used. USEPA's third unregulated contaminant monitoring rule (UCMR3) 

between 2013 and 2015 showed that 4% of the public water supplies in the U.S. contain at least 

one detectable PFCA and PFSA (Hu et al., 2016; USEPA, 2017). The latest PFAS contamination 

map (June 8, 2022) from Environmental Working Group (EWG) showed 2858 sites in 50 states 

and two territories in the U.S. are contaminated by PFAS. In North Carolina, high levels of per- 

and polyfluoroalkyl ether acids (PFEAs) were detected in the Cape Fear River downstream of a 

fluorochemical manufacturing facility and in the finished drinking water of more than 200,000 

residents (Strynar et al., 2015; Sun et al., 2016). Furthermore, over 6,000 private wells in the 

vicinity of the fluorochemical manufacturer are contaminated with PFAS. The detected PFEAs 

were perfluoro-2-methyl-3-oxahexanoic acid (HFPO-DA, commonly referred to as GenX 

chemicals) , Perfluoro-2-(perfluoromethoxy)propanoic acid (PMPA), Perfluoro-2-

ethoxypropanoic acid (PEPA), and Nafion byproduct 2 (NFB2) (NCDEQ, 2022a). PFAS were 

detected in most people in the U.S. The PFAS levels in the general U.S. population in 2017 to 
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2018 are 1.4 ul/L, 4.3 ug/L, and 1.1 ug/L for Perfluorooctanoic acid (PFOA), 

Perfluorooctanesulfonic acid (PFOS), and Perfluoroheptanoic acid (PFHxS), respectively (CDC, 

2023). In 2017 and 2018, researchers investigated the drinking water-associated PFAS in the blood 

serum of the residents in the lower Cape Fear region and detected three PFEAs in more than 85% 

of the participants and four legacy PFAS in more than 97% of the participants (Kotlarz et al., 2020).  

The ubiquity of PFAS in drinking water sources and the potential for adverse health effects 

have led to a demand for effective treatment methods to remove PFAS from water. Traditional 

drinking water treatment processes, such as coagulation, flocculation, and sedimentation, are 

ineffective in removing PFAS (Hopkins et al., 2018; Sun et al., 2016). In some water treatment 

plants, the finished drinking water was reported to have a higher PFAS concentration than the raw 

water, due to the transformation of PFAS precursors during the treatment processes (Rahman et 

al., 2014). Anion exchange (AIX) is a readily implementable treatment method that can effectively 

remove PFAS, including short-chain PFAS and poorly understood fluoroethers (Dixit et al., 2020; 

Liu and Sun, 2021; Zaggia et al., 2016). However, the factors controlling AIX resin use rates, such 

as PFAS structure and background water matrix constituents, have not been comprehensively 

studied. Most previous studies only focused on a limited number of long-chain legacy PFAS, often 

at high concentrations that are not relevant to drinking water treatment. For the studies that 

included the short-chain compounds and PFEAs, the structure impacts were generally described 

qualitatively. A model that quantifies the effects of different PFAS structural features on AIX resin 

use rates is lacking. Background water matrix constituents, such as natural organic matter (NOM) 

and inorganic anions, were reported to negatively impact PFAS removal by AIX resins (Dixit et 

al., 2019; Dudley et al., 2015; Liu, 2017). Understanding the water matrix effect is important for 

designing AIX treatment units in water utilities because the water matrix varies between locations 
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and seasons. As a result, the experimental results from a single study might not apply in locations 

with different water characteristics. Therefore, an effective model that predicts AIX resin use rates 

under different water matrices is needed.  

The mechanisms of PFAS uptake by AIX resins are debated in previous studies and can 

include electrostatic and hydrophobic interactions. The importance of hydrophobic interactions 

directly impacts the selection of the isotherm models that describe the PFAS uptake capacity at 

equilibrium. Many previous studies used Langmuir and Freundlich isotherm models to describe 

their experimental results (Dixit et al., 2019; Maimaiti et al., 2018; Zaggia et al., 2016).  Haupert 

et al. (2021) argued that single solute isotherms, such as single-component Langmuir and 

Freundlich isotherms, are inherently empirical to simulate the ion exchange process because they 

ignore that ion exchange is a competition for exchange sites between the sorbate and the original 

counterions. Instead, a competitive sorption model based on the chromatographic separation factor, 

should be used. However, the ion-exchange isotherm they proposed fails to account for possible 

hydrophobic interactions and is not applicable in water matrices with high NOM levels. In contrast, 

if hydrophobic interactions are the dominant sorption mechanism of PFAS uptake by AIX resins, 

the ion exchange process can be modeled as an adsorption process. Thus, a study is needed to 

determine the sorption mechanisms of PFAS uptake on AIX resin. 

Pilot-scale studies are preliminary tests commonly used by water utilities to determine the 

efficiency of the planned full-scale treatment systems. However, these tests are time-consuming 

and expensive. A typical operational time for a pilot-scale study is 6 to 12 months. Rapid small-

scale column tests (RSSCTs), which were developed for granular activated carbon (GAC), are 

bench-scale tests that can predict sorbate removal in pilot- and full-scale treatments with 

substantially shorter time and lower cost requirements. However, RSSCTs have rarely been used 
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for AIX resins because a scale-up approach has not been fully developed. Moreover, a few 

questions need to be answered before developing an RSSCT scale-up approach, including (1) how 

grinding affects AIX resin properties and (2) how influent PFAS concentrations affect PFAS 

breakthrough in AIX resin bed. These two questions are essential because the RSSCTs and field-

scale treatment use crushed and as-received AIX resins, respectively, and the influent PFAS 

concentrations in RSSCTs and field-scale treatment are likely not identical.  
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1.2 Research objectives 

1.2.1 Overall research goal 

The overarching goals of this research were to (1) develop a scale-up approach to predict 

PFAS removal in pilot- or full-scale AIX resin vessels from RSSCT data, (2) quantify factors, such 

as PFAS structure and background water matrix constituents in determining AIX resin use rates, 

and (3) determine sorption mechanisms of PFAS uptake by AIX resins.    

1.2.2 Specific objectives  

The following objectives were pursued to achieve the above goals: 

1. Investigate the effect of grinding on AIX resin properties. 

2. Investigate the effect of influent PFAS concentrations on PFAS breakthrough curves 

in RSSCTs. 

3. Compare CD and PD RSSCT design approaches for predicting PFAS removal by AIX 

resins in pilot tests. 

4. Develop a scale-up approach to predict PFAS removal by AIX resins in pilot tests.  

5. Quantify the effects of PFAS structure on the PFAS uptake capacity of AIX resins.  

6. Quantify the effects of background water matrix constituents, including TOC and four 

inorganic anions (bicarbonate, chloride, sulfate, nitrate) on the PFAS uptake capacity 

of AIX resins.  

7. Develop a pseudo-single solute model to predict PFAS removal by the two tested AIX 

resins for PFAS with various structures in different water matrices.  

8. Determine the sorption mechanisms controlling PFAS uptake by AIX resins and 

describe electrostatic interactions between PFAS and AIX resins using DFT indices.  
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1.2.3 Specific knowledge gaps related to this research: 

1. An RSSCT scale-up approach for PFAS removal by AIX resin is lacking.  

2. The effect of PFAS structure on PFAS removal by AIX resin has not been quantified, 

especially for the short-chain compounds and fluoroethers. 

3. Studies focusing on the effects of water matrix constituents on PFAS removal by AIX 

resins are limited. A model that predicts PFAS sorption by AIX resins in different water 

matrices is lacking.  

4. PFAS sorption mechanisms on AIX resins are debated in the literature and may be a 

result of electrostatic and hydrophobic interactions. Moreover, questions have been 

raised in applying single-solute adsorption isotherms to the ion exchange process. 
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CHAPTER 2 BACKGROUND  

2.1 Per- and polyfluoroalkyl substances  

2.1.1 PFAS uses and regulations 

First manufactured in the 1950s, PFAS have been applied in over 200 use areas, including 

industrial applications (e.g., water resistance coating), consumer products (e.g., food packaging 

and non-stain fabrics), and firefighting foams (Glüge et al., 2020). In the life cycle of these 

products, PFAS are released through atmospheric and aqueous emissions into various matrices, 

including atmosphere, soils, ground, and surface water (Evich et al., 2022) (Figure 1). It has been 

estimated that over 46,000 tons of perfluoroalkyl acids (PFAAs) have been emitted globally 

(Johansson et al., 2019). The massive release, combined with the persistence and mobility of many 

PFAS, leads to PFAS detection in water at trace levels globally, and PFAS levels in rainwater 

exceed health advisory levels and drinking water standards at even remote location on earth 

(Cousins et al., 2022). Aqueous PFAS levels can be much higher near PFAS manufacturing sites 

and firefighting training areas (Sun et al., 2016) 
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Figure 1. PFAS life cycle from production to disposal. Source: Evich et al. (2022). 

 

Driven by human health concerns, phase-out programs and regulations have been 

established in many regions to restrict the production and release of a few historically detected 

PFAS. For example, in 2006, the United States Environmental Protection Agency (USEPA) 

initiated the 2010/2015 PFOA stewardship program with eight major PFAS manufacturing 

companies to eliminate the release of perfluorooctanoic acid (PFOA), related precursors, and 

homologues (USEPA, 2022). Additionally, the Stockholm Convention on Persistent Organic 

Pollutants (POPs), a United Nations treaty aimed at restricting the production and release of key 

POPs, included perfluorooctane sulfonic acid (PFOS), its salts, and perfluorooctane sulfonyl 

fluoride (PFOSF) in Annex B to the Stockholm Convention in 2009 (Convention). On March 14th, 

2023, US EPA announced the proposed National Primary Drinking Water Regulation (NPDWR) 

at Maximum Contaminant Levels (MCLs) of 4.0 ng/L for PFOA and PFOS, individually, and 1.0 
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hazard index for the combination of Perfluorononanoic acid (PFNA), Perfluorohexanesulfonic 

acid (PFHxS), Perfluorobutanesulfonic acid (PFBS), and HFPO-DA (USEPA, 2023). PFAS 

regulations and guidance in some states in the U.S. are summarized in Table 1.  

Table 1. Example of PFAS regulations or guidance in some states in the U.S. 

Regions Compound 
Concentration 

level (ng/L) 

Type of 

regulation 
Reference 

California 

PFOA 5.1 

Notification 
(Boards, 

2023) 

PFOS 6.5 

PFBS 500 

PFHxS 3 

Illinois 

PFHxA 560,000 

Health-based 

guidance 

level 

(ILEPA, 

2021) 

PFBS 2,100 

PFHxS 140 

PFNA 21 

PFOA 2 

PFOS 14 

New Jersey 

PFOA 14 Maximum 

contaminant 

level 

(NJDEP, 

2022) 
PFOS 13 

PFNA 13 

New 

Hampshire 

PFOA 12 
Maximum 

contaminant 

level 

(NHDES, 

2020) 

PFOS 15 

PFNA 11 

PFHxS 18 

Michigan 

PFOA 8 

Maximum 

contaminant 

level 

(MPART) 

PFOS 16 

PFBS 420 

PFHxS 51 

PFHxA 400,000 

PFNA 6 

HFPO-DA 370 

North 

Carolina 
HFPO-DA 10 

Health 

advisory 

level 

(NCDEQ, 

2022b) 

Vermont 

Sum of PFOA, PFOS, PFHxS, 

perfluoroheptanoic acid 

(PFHpA),PFNA 

20 

Maximum 

contaminant 

level 

(VDH, 

2019) 

Massachusetts 
Sum of PFOA, PFOS, PFHxS, 

PFNA, PFHpA, PFDA 
20 

Maximum 

contaminant 

level 

(MADEP) 
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However, the phase-out programs and regulations potentially have led to the rapid 

development of new PFAS with different structures, such as short-chain PFAS, fluoroethers, and 

polyfluorinated compounds. For example, HFPO-DA and ammonium 4,8-dioxa-3H-

perfluorononanoate (ADONA) are used as replacements for PFOA in polytetrafluoroethylene 

(PTFE) manufacture, and Potassium 2-[(6-chloro-1,1,2,2,3,3,4,4,5,5,6,6-dodecafluorohexyl)oxy]-

1,1,2,2-tetrafluoroethane-1-sulfonate (F-53B) is used as a replacement for PFOS for mist 

suppression in electroplating. Some PFAS replacements have been reported to have similar 

adverse health effects as the regulated ones, while the effects of others remain unclear (Blake et 

al., 2020; Chang et al., 2008; Nian et al., 2020). Some of the replacements would transform to 

recalcitrant forms in the environment, usually perfluoroalkyl carboxylic acids (PFCAs) and 

perfluoroalkyl sulfonic acids (PFSAs), bringing more challenges to scientific investigation. With 

decades of development and manufacturing, over 10,000 PFAS structures have been recorded in 

USEPA's CompTox Chemicals Dashboard (USEPA, 2021), and the number is continuously 

expanding.  

PFAS can be grouped into two primary classes: polymers and non-polymers. PFAS 

polymers are large molecules with a repeating pattern, such as PTFE and ethylene 

tetrafluoroethylene (ETFE). PFAS non-polymers are smaller molecules commonly detected in the 

environments, humans, and wildlife. Examples of PFAS non-polymers include PFOA, PFOS, and 

HFPO-DA. It has been argued that PFAS polymers are of lower concern than non-polymers 

because they are extremely stable and reported to be not bioavailable. However, they cannot be 

viewed as free of risk because non-polymer PFAS are used as processing aids during the 

manufacturing of PFAS polymers and may be present as impurities in some fluoropolymer 

products. Also, the production of polymer building blocks and polymer leads to the release of 
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byproducts and processing aids in the environment (Pelch et al., 2019; Sun et al., 2016). Moreover, 

the fluorinated side chain in some PFAS polymers can break and release PFAS non-polymers. 

PFAS non-polymers can be divided into two major groups: perfluoroalkyl and 

polyfluoroalkyl. Perfluoroalkyl substances are fully fluorinated aliphatic compounds, and 

polyfluoroalkyl substances are partially fluorinated. From these two major groups, PFAS can be 

further grouped into different subgroups based on functional groups, structures, and presence of 

ether oxygen linkages. Figure 2 provides examples of non-polymer PFAS groups. Many 

polyfluoroalkyl substances can degrade into PFCAs and PFSAs in the environment because the 

carbon-hydrogen bond in polyfluoroalkyl substances is a weak point for attack. About 20% of 

released PFAS is estimated to transform in the environment (Jiao et al., 2021).  
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Figure 2. Examples of non-polymer PFAS subclasses. Source: Buck et al. (2011). 
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Most frequent detected PFAS contain a hydrophobic fluoroalkyl tail and a hydrophilic 

functional head group, such as carboxylic or sulfonic acid head groups. The fluoroalkyl moiety 

gives PFAS unique physical and chemical characteristics, including water and oil repellency and 

chemical and thermal stability. Many PFAS exist as anions in the environment because the parent 

acid has a low pKa value. The polarity of the functional group gives PFAS excellent water 

solubility and high mobility. Once released, they can be transported far from the site of release. 

The hydrophilic head and hydrophobic tail together provide PFAS surfactant characteristics. Some 

PFAS tend to aggregate at air-water interfaces and create foams. When the aqueous concentration 

is above certain levels (e.g., the critical micelle concentration (cmc)), they form micelles, 

hemimicelles, or bilayer structures in water  (Bhhatarai and Gramatica, 2011), in which case they 

exhibit different transport behavior. 

 

2.1.2 PFAS health effects 

People can be exposed to PFAS through different pathways. For people living in an area 

with no specific source of PFAS contamination, the primary exposure routes are food, food contact 

materials, and consumer products (Fromme et al., 2009). For people living near PFAS 

contamination sources, exposure is dominated by intaking contaminated drinking water and fish 

from contaminated water bodies (Vestergren and Cousins, 2009). PFAS in serum can be elevated 

significantly even when PFAS concentrations in drinking water are low (Bartell, 2017; Post et al., 

2017). The half-lives of PFAS in humans vary widely. Long-chain PFAS (i.e., PFSAs with six or 

more perfluorinated carbons or PFCAs with seven or more perfluorinated carbons) were observed 

to have slower excretion rates than short-chain PFAS (i.e., PFSAs with five or less perfluorinated 

carbons or PFCAs with six or less perfluorinated carbons) (Xu et al., 2020). Most of the published 
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human epidemiological studies focused on long-chain PFAAs. Recently, more studies have started 

to investigate the toxicologies of short-chain PFAS and PFAS replacements. PFOA and PFOS are 

the two most studied long-chain PFAAs. Long-term exposure to PFOA and PFOS might cause 

liver effects, immunological effects, low birth weight for newborns, thyroid disease, decreased 

fertility, and cancer (ITRC, 2020).  The National Academies of Sciences, Engineering, and 

Medicine reported that people with 2 to 20 ng/mL of PFAS may face the potential for adverse 

effects, and people with over 20 ng/mL of PFAS may face a higher risk of adverse effects, 

including dyslipidemia, hypertensive disorders of pregnancy and breast cancer (National 

Academies of Sciences, 2022). 

 

2.1.3 PFAS occurrence in drinking water 

Drinking water is an important PFAS exposure pathway (Sunderland et al., 2019). 

USEPA's third unregulated contaminant monitoring rule (UCMR3) between 2013 and 2015 

showed that 4% of the public water supplies in the U.S. contain at least one detectable PFCA and 

PFSA (Hu et al., 2016; USEPA, 2017). In North Carolina, except for the historically detected 

PFCAs and PFSAs, HFPO-DA and six other PFEAs have been detected in the finished drinking 

water of a water utility that serves over 200,000 people (Sun et al., 2016). The occurrence of PFAS 

in finished drinking water in a selection of studies can be found in Table 2. The widespread PFAS 

in drinking water causes concern in many communities.       
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Table 2. Occurrence of PFAS in finished drinking water. 

Location Utility  
Finished drinking water concentration (ng/L) 

Reference 
PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFBS PFHxS PFOS 

AL, US 1 37 6.5 16 9.3 32 0.7 ND 15 8.2 22 

(Appleman 

et al., 

2014) 

AL, US 2 19 4.9 47 14 50 0.76 ND 37 10 61 

OH, US 1 ND ND 0.91 ND ND ND ND 0.44 ND ND 

OH, US 2 ND ND 0.52 ND ND ND ND 0.44 ND ND 

NJ, US 1 ND ND 2.9 1.6 17 0.83 ND 0.87 1.1 1.4 

NJ, US 2 ND 2.3 3.7 2.9 33 1.6 ND 2.5 1.1 2.6 

NJ, US 3 ND 3.4 3.8 2.9 11 2 ND 2.7 2 1.8 

NJ, US 4 ND 3.9 4.5 3.9 12 1.8 ND 2.4 2.7 3.2 

NJ, US 5 ND 9.9 8 4.1 11 1.6 ND 3.1 4.6 14 

NJ, US 6 5.5 9.2 7.7 4.3 14 2 ND 3.3 5.1 15 

NJ, US 7 15 12 12 6.8 19 ND ND 0.58 0.32 ND 

NJ, US 8 12 15 16 13 21 ND ND 0.5 ND ND 

NJ, US 9 14 12 20 7.6 38 55 1.2 0.48 1.6 3.4 

NJ, US 10 10 14 26 11 17 1.3 ND 0.43 0.44 0.51 

NJ, US 11 ND 2.5 2.3 1.6 11 1.1 0.55 0.94 1.9 2.7 

NJ, US 12 ND 5.2 6.6 2.8 14 2.6 1.4 3.6 3.3 5.6 

NJ, US 13 ND 6.6 6.4 5.8 24 1.9 0.65 1.9 5.6 4.7 

NJ, US 14 5.6 8.3 8.1 5.8 27 3.1 1.3 3.4 4.2 9.4 

NJ, US 15 28 43 62 34 57 5.8 1.6 1.5 2.1 2.2 

AZ, US 1 - - 1.2 - 11 1.1 ND - 2.2 9.4 

(Quiñones 

and 

Snyder, 

2009) 

NV, US 1 - - ND - ND ND ND - ND 1.2 

MN, US 1 - - ND - ND ND ND - ND ND 

GA, US 1 - - 23 - 30 9.7 3.3 - 12 22 

CA, US 1 - - ND - ND ND ND - ND ND 

CA, US 2 - - 1.9 - 18 3.5 1.5 - 6.1 57 
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Table 2. (continued). 

Osaka, 

Japan 
1 - - - - 48 - - - - 3.7 

(Takagi et 

al., 2011) 

Osaka, 

Japan 
2 - - - - 42 - - - - 2.3 

Osaka, 

Japan 
3 - - - - 22 - - - - 1.6 

Osaka, 

Japan 
4 - - - - 36 - - - - 2.2 

Osaka, 

Japan 
5 - - - - 6.5 - - - - ND 

Amsterda

m, 

Netherlan

ds 

1 30 2.6 4.4 2.6 5.1 ND ND 20 0.6 ND 

(Eschauzie

r et al., 

2012) 
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2.1.4 PFAS treatment methods 

Since traditional water treatment processes are ineffective in PFAS treatment, many 

advanced treatment technologies have been developed or are under development for PFAS 

removal, and these technologies can be classified as separation method and destruction method. In 

Figure 3, PFAS treatment technologies for water are summarized based on their practicality range 

and development stage.  

 

Figure 3. PFAS treatment technologies for water. Source: Ross et al. (2018). 

 

Most destructive technologies are still in the experimental stage or impractical to apply in 

water treatment plants. Granular activated carbon (GAC) adsorption, anion exchange (AIX), and 

high-pressure membranes (e.g., reverse osmosis (RO)\ nanofiltration (NF)) are three readily 

implementable and effective methods for removing PFAS from drinking water (Crone et al., 2019; 

Gagliano et al., 2020). However, factors impacting the efficiency of these processes are not well 

understood. The performance of GAC and AIX resin is expected to be dependent on PFAS 

concentrations and properties, sorbent properties, and background water matrix. Therefore, the 



 

18 

effectiveness of different sorbents could vary greatly at different locations and across seasons. 

Moreover, GAC and AIX resin treatment will generate PFAS-laden spent materials or regenerant 

streams. The treatment of these PFAS-laden materials is challenging. Spent GAC is typically 

reactivated through a thermal process, and spent single-use AIX resin is typically incinerated 

(Evich et al., 2022). The fate of PFAS during thermal processes is unclear. PFAS byproducts might 

be generated during incomplete combustion. Spent regenerable AIX resin can be regenerated using 

brine and organic solvent (Zaggia et al., 2016). However, the regeneration process will produce a 

PFAS-laden regenerant that needs to be managed.  

The performance of GAC and AIX resin are both related to PFAS structure. Researchers 

found that the removal efficiency of GAC and AIX resin increases with increasing PFAS chain 

length, and PFSAs of a given chain length are more removable by GAC and AIX than the 

corresponding PFCAs (Gagliano et al., 2020). Compared to GAC, the unit cost of AIX resin is 

higher, but AIX resin has a lower use rate for PFAS treatment than GAC (Franke et al., 2019; 

Woodard et al., 2017; Yu et al., 2009; Zeng et al., 2020). Therefore, considering the service life, 

AIX resin can be more cost-effective.  

High-pressure membranes are effective for removing both long-chain and short-chain 

PFAS (Lee et al., 2022). However, this method has high energy demand and could encounter 

membrane fouling. Organic matter and inorganic salts in the water matrix can precipitate on the 

surface of the membrane and increase the pressure drop across the membrane. Therefore, 

pretreatment is essential for the application of the high-pressure membrane. Additionally, this 

technology will generate enriched retentate. Like the AIX resin regenerate stream, the PFAS-laden 

membrane retentate is challenging to manage.  
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2.2 Anion exchange resin 

2.2.1 Ion exchange process 

Ion exchange (AIX) is a process in which the ions in solution are exchanged with loosely 

associated ions in the same type of charge on the external or internal surface of ion exchange 

materials. The exchange is based on the electrostatic force between the functional groups and free 

ions in the liquid phase. Most AIX reactions are non-selective and reversible. Equation (2.1) shows 

the ion exchange reaction between an anion exchange resin in the chloride form and a solution 

containing anionic PFAS. 

 Ὑὅὰ ὖὊὃὛᵶὙὖὊὃὛὅὰ (2.1) 

 

The overbars represent the solid phase, and R+ represents the AIX sites on AIX resins. 

Electroneutrality must be maintained during the AIX process. 

 

2.2.2 Ion exchange resin structure and properties 

Ion exchange resin is a synthetic functionalized polymer bead where the ion exchange 

process occurs. It comprises the polymer matrix, which provides support media, and ionic 

functional groups, providing exchanging sites. The properties of the matrix and the functional 

groups control the selectivity of AIX resins. Polystyrene and polyacrylic are two typical AIX resin 

matrices, where the former is more hydrophobic than the latter. During manufacturing, a few 

percent of divinylbenzene (DVB) can be introduced into AIX resins to increase the degree of DVB 

cross-linking. The cross-linking increases AIX resins' resistance to oxidation and swelling. 

Because the swelling of AIX resins is directly related to their water content, highly cross-linked 

AIX resins have low water content. As the water content is positively associated with the 
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interparticle diffusion coefficient, the AIX resins with a higher degree of DVB cross-linking would 

exhibit slower solute uptake kinetics (Wheeler, 1951). 

Based on the charge type of the ionic functional groups, AIX resins can be classified into 

basic anion exchange resin (AIX resin) or acidic cation exchange resin (CIX). AIX resin has 

positively charged ionic functional groups (coions) and negatively charged exchangeable ions 

(counterions), while the opposite is the case for CIX. Since the most frequently detected PFAS are 

anionic in the environment, this study will focus on AIX resin. AIX resin can be classified into 

strong and weak AIX resin based on the dissociation constant of their functional group. Strong 

AIX resin can operate over the entire pH range, while the weak AIX resin can only operate at pH 

below 5-8 (Höll, 2000). Most weak AIX resins have tertiary amine functional groups, and strong 

AIX resins have quaternary ammonium groups. Typical quaternary ammonium groups in 

commercial strong AIX resin are trimethyl ammonium group (type I) and dimethylethanol 

ammonium group (type II). Type II resins are more hydrophilic than type I resins. The structure of 

type I and type II quaternary ammonium groups are presented in Figure 4. Except for type I and 

type II groups, other quaternary ammonium groups have been developed by substituting the alkyl 

groups surrounding the positively charged nitrogen center. For example, researchers developed 

quaternary AIX resins with long alkyl chains to remove nitrate from sulfate-rich water (Guter, 

1984).  
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Figure 4. (a) Type I and (b) Type II functional groups of strong AIX resin. Source: SenGupta 

(2017). 

 

AIX resin can be classified as gel-type or macroporous based on the structure of the resin 

matrix. Gel-type resins have a homogeneous structure with tightly spaced functional groups with 

no internal surface area. The pore volume within gel-type AIX resins is created by the free water 

molecules within the resins. The primary intraparticle transport mechanism in gel-type resin is 

solid-phase transportation (SenGupta, 2017). Macroporous resins, on the other hand, have internal 

pores. They can be viewed as an aggregate of microgels with linked pores filled with liquid (Li & 

Sengupta, 2000). The ion-exchange sites of macroporous reins are located only on the microgels. 

The intraparticle solute transport process in a macroporous resin bead is parallel pore and solid-

phase transport through macropores and microgels. This intraparticle transportation is similar to 

the solute transport mechanism in geosorbents, such as soils and sediments. Schematic diagrams 

and Cryo-SEM images of gel-type and macroporous resin beads used in this study are shown in 

Figure 5. In the cryoSEM images, under 5,000 times magnification, the gel-type resin shows a 

homogeneous and smooth appearance, while the surface of macroporous resin looks rough and 
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porous. Compared to gel-type resins, microporous resins have shorter intraparticle diffusion path 

lengths and, therefore, would exhibit faster solute uptake kinetics. 

 

A*  D* 

  
*Source: Li & Sengupta, 2000  

B E 

  
C F 

  
Figure 5. Schematic diagrams and cryoSEM images of (A) (B) (C) a gel-type resin, and (D) (E) 

(F) a macroporous resin. CryoSEM images were collected at the Advanced Instrumentation facility 

at NC State University. 
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Based on the operation mode, AIX resins can be grouped as single-use and regenerable. 

After use, the spent single-use AIX resin will be incinerated, while spent regenerable AIX resin 

can be reused after regeneration. Depending on the sorbate, the regenerable AIX resins can be 

regenerated using brine solution alone or a combination of brine and organic solvent. In the 

regeneration of PFAS-laden AIX resin, both brine and organic solvent are needed, especially for 

the long-chain compounds (Dudley et al., 2015; Liu and Sun, 2021). The primary benefit of using 

single-use AIX reins is avoiding the generation of PFAS concentrated brines. Additionally, single-

use AIX resins are generally more cost-effective than regenerable ones when treating water with 

summed PFAS levels below 10 ug/L (Coyle et al., 2021) 
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2.3 Rapid small-scale column test 

RSSCT is a bench-scale column test that can predict sorbate removal in a pilot scale column 

test with a small amount of water and in a short time. A typical operational time needed for pilot 

tests is 6 to 12 months, while the time needed for RSSCT is only days to weeks. RSSCT was 

developed for GAC (Crittenden et al., 1986; Crittenden et al., 1987). The application of RSSCT 

with AIX resins have only been investigated by a few studies (Schaefer et al., 2020; Schaefer et 

al., 2019). The major challenge of applying RSSCT to AIX resins is that the scale-up approach 

developed for GAC might not be suitable for AIX resins because the uptake mechanisms of PFAS 

on AIX resin and GAC are different.  

 

2.3.1 Scale-up theory 

The scale-up approach developed by Crittenden et al. is based on the dispersed-flow pore-

surface diffusion model (DFPSDM), which includes many transport and kinetic phenomena in 

fixed bed adsorbers. In the scaling procedures, dimensionless groups of the DFPSDM in RSSCT 

should equal the large-scale column to maintain perfect similitude of the large-scale column (pilot 

column or full-scale adsorber). The dimensionless groups in the DFPSDM are shown in Equations 

(2.2) to (2.6) (Crittenden et al., 1986; Crittenden et al., 1987; Summers et al., 2014).  
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where  ‐=intraparticle porosity, ‐=bed porosity, Ὀ =pore diffusion coefficient, ὒ=bed depth,  

ὺ =hydraulic loading rate, Ὠ =sorbent particle size, Ὀ = surface diffusion coefficient, 

ὅ=capacity factor (determine from Equation (2.7)), Ὀ= dispersion coefficient. 

Capacity factor ὅ
ή”

ὅ‐
 

(

(2.7) 

where, ή=equilibrium solid phase concentration, ”=apparent bed density, ὅ=influent aqueous 

phase concentration. 

By equating the dimensionless groups, the scale-up equations for RSSCT design can be 

developed. These equations are presented in Equation (2.8) (2.9). 
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(2.9) 

where the SC and LC stand for small and large columns, EBCT is empty bed contact time. For the 

constant diffusivity (CD) design, where the intraparticle diffusivity is assumed to be independent 

of sorbent particle size, the x = 0. For the proportional diffusivity (PD) design, where the 

intraparticle diffusivity is assumed to be proportional to sorbent particle size, the x = 1. The ratio 

of the sorbent particle size in the large and small columns is called the scaling factor (SF). For an 

ideal RSSCT design, the ὺ of the small and large columns should be related to the particle size 
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by equation (2.9). However, this equation gives us an impractical RSSCT design with a long bed 

depth and a large flow rate. Crittenden et al. (1987) demonstrated that the ὺ could be reduced as 

long as the dispersion is not over-emphasized. Berrigan Jr (1985) reported that dispersion can be 

ignored if the ReSc (Reynolds number  Schmidt number) was in the mechanical dispersion 

region, ranging from 200 to 200,000 (Fried, 1975). Therefore, a desirable ὺ SC can be chosen 

between the ideal ὺ SC and the minimum ὺ SC. The minimum ὺ SC was calculated by Equation 

(2.10).  

 

ὺ
ȟ

ὺ

Ὠȟ

Ὠȟ

ὙὩȟ Ὓὧ

ὙὩ Ὓὧ
 (2.10) 

where ὙὩȟ = 200/Sc. The equation for the Schmidt number is presented in equation (2.11). 

 Ὓὧ 
‘

”Ὀ
 (2.11) 

where ‘ is the dynamic viscosity of water (ωȢσςρπὫ ὧάί ), ”  is the density of water, 

Ὀ is the liquid diffusivity (ὧάί  of the sorbate (see Equation (2.12)).  

 Ὀ
ρȢσςφὩ

ρππ‘ Ȣ ὠ Ȣ  (2.12) 

where Vb is the molar volume (cm3/mol) of PFAS.  
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CHAPTER 3 DEVELOPMENT OF RSSCT SCALE-UP APPROACH  

3.1 Introduction 

PFAS are a class of anthropogenic chemicals with adverse environmental and health effects 

(ITRC, 2020). They have been widely used in industrial processes and consumer products since 

1950. As a result of their unregulated status and uncontrolled environmental releases, PFAS are 

detected in water, air, and soil (Evich et al., 2022), as well as the blood of almost the entire human 

population (Fenton et al., 2021). Exposure to PFAS can cause several health effects, including 

liver disease, thyroid disease, immunological effects, decreased fertility, low birth weight for 

newborns, and cancer (Fenton et al., 2021; ITRC, 2020). Drinking water is an important PFAS 

exposure pathway (Sunderland et al., 2019). Conventional drinking water treatment processes, 

such as coagulation, flocculation, sedimentation, and disinfection, and many advanced water 

treatment processes (e.g., advanced oxidation, biofiltration) cannot effectively remove or 

transform PFCAs, PFSAs, and PFEAs (Hopkins et al., 2018; Rahman et al., 2014; Sun et al., 2016).  

AIX is a readily implementable PFAS treatment method. Many studies have found 

effective PFAS removal with AIX resins (Boyer et al., 2021; Dudley et al., 2015; Liu and Sun, 

2021).  The effectiveness of AIX resins for PFAS removal can be determined using batch and 

column tests. Compared to the frequently applied batch tests, bench-scale column tests more 

effectively capture the dynamic behavior of full -scale AIX treatment in water utilities when PFAS 

are removed for complex matrices containing dissolved organic matter (DOM) and inorganic 

constituents. The RSSCT is a bench-scale column test that can predict sorbate removal in a pilot- 

or full-scale treatment with a small amount of water and in a short time. Compared to a pilot test, 

which is generally used by water utilities as a preliminary test to determine effective sorbents and 

operational parameters for full -scale treatment, RSSCTs need less time and water to operate. 



 

28 

Typical operational times for RSSCTs are days to weeks, while pilot tests need to be conducted 

for 6 to 12 months. However, unlike pilot test data, which can be used directly to assess full -scale 

treatment performance, data collected from RSSCTs must be scaled up to match pilot- or full-scale 

treatment results. To date, no scale-up approach has been developed to predict full-scale AIX 

performance for the removal of PFAs and other contaminants. 

RSSCTs were first developed in the 1980s to predict full-scale GAC performance 

(Crittenden et al., 1986; Crittenden et al., 1987). Based on different assumptions, RSSCT can be 

designed using constant diffusivity (CD) and proportional diffusivity (PD) RSSCT design 

approach. In the CD RSSCT design approach, the intraparticle diffusivity is assumed to be 

independent of sorbent particle size, while, in the PD RSSCT design approach, the intraparticle 

diffusivity is assumed to be proportional to sorbent particle size. Researchers have successfully 

developed RSSCT scale-up approach for PFAS removal by GAC. However, the scale-up 

approaches developed for GAC might not be suitable for AIX resins because the uptake 

mechanisms of PFAS on AIX resin and GAC differ. To date, the only study that evaluated the 

scale-up of RSSCT for the treatment of PFAS by AIX resins is by Schaefer et al. (2019), who 

compared the removal of PFAS in RSSCT and small columns containing as-received AIX resin. 

Their scaling factors (SF) (i.e., a ratio of as-received to crushed AIX resin particle size) were 3.1 

and 3.6. Schaefer et al. (2019) found that RSSCT could predict PFAS removal within ~ 25% of 

the BV value in the column containing as-received AIX using a linearized Thomas model with 

scaling in Thomas rate constant and resin equilibrium sorption capacity using the CD RSSCT 

design. However, direct comparisons between RSSCTs and pilot- or full-scale AIX columns are 

lacking in his study.  
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In developing an RSSCT scale-up approach for AIX resins, several data gaps exist. First, 

RSSCTs use crushed AIX resins, while pilot and full-scale columns use as-received resins. 

Grinding will change the morphology of AIX resins and may affect the equilibrium uptake 

capacity and uptake kinetics for PFAS. Second, the influent PFAS concentrations in full-scale 

treatment depend on the drinking water source and can vary daily, while lab experiments keep the 

influent PFAS concentration constant. Whether influent PFAS concentration impacts PFAS 

breakthrough will affect the determination of sorption isotherm parameters. Moreover, many 

published studies conducted experiments with influent PFAS concentration orders of magnitudes 

higher than environmental levels. These data are likely not useful for water utilities because 

micelles and hemi-micelles can form at high PFAS concentrations (in mg/L levels) and change the 

PFAS uptake mechanism.  

Third, an ideal model that describes the migration of PFAS in AIX resin fixed-bed columns 

is unavailable. Most readily implementable fixed-bed models, such as the homogeneous surface 

diffusion model (HSDM), pore diffusion model (PDM), pore and surface diffusion model (PSDM), 

and local equilibrium model (LEM), were developed for GAC. These models do not consider the 

electrical potential effects on the transport of PFAS in the AIX resin bed and, therefore, might 

underestimate the initial flux of PFAS in AIX resins. Due to the requirement of electroneutrality, 

when the exchanging ions have different mobility in the ion exchange process, such as PFAS and 

Cl-, a potential gradient will build up, accelerating the slower ions and slowing down the faster 

ions until the electric force is compensated by the concentration gradient (Helfferich and Plesset, 

1958; Schlögl and Helfferich, 1957; Streat, 1984). This phenomenon is called the shell-progressive 

phenomenon. Moreover, due to kinetic limitations, the ion exchange process might only happen 

on the out shell of ion exchange resins during the operation of RSSCTs, or for some type of AIX 
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resins, e.g., shell-core ion exchange resins, only the exterior of the resin beads been functionalized 

and available for the ion exchange process. Thus, the diffusion path length could be much smaller 

than the particle radius, and the sorption and desorption kinetics are significantly faster than the 

estimations from the models which use the particle radius as the diffusion path length.  

This study aimed to develop a scale-up approach to predict PFAS removal in pilot-scale 

and full-scale AIX resin contactors from RSSCT data. To achieve this goal, the effect of grinding 

on AIX resin properties were determined by comparing the CryoSEM images, AIX resin densities, 

and total anion capacities of crushed and as-received AIX resins. Then, the effect of influent PFAS 

concentration on PFAS breakthrough curves were investigated by comparing the PFAS 

breakthrough curves from RSSCTs conducted with influent PFAS concentrations from 30 ng/L to 

300 ng/L. Afterward, the effect of mass transfer differences between RSSCTs and pilot-scale 

studies on scale-up were studied by simulating pilot-scale studies with CD RSSCTs designed in 

different hydraulic loading rate (ὺ ) . Additionally, the effect of RSSCT designs on PFAS 

breakthroughs were investigated by comparing the PFAS breakthrough obtained from a PD 

RSSCT and two CD RSSCTs with two scaling factors (6.2 and 9.8). 
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3.2 Materials and Methods 

3.2.1  Water  

Influent water samples used in RSSCTs were collected from the same utilities as previously 

completed pilot tests for developing the scale-up approach. Three types of water were studied to 

develop the scale-up approach: (1) coagulated surface water (SW1, TOC = 2.19 mg/L) from a 

drinking water utility in US EPA Region 4, (2) groundwater (GW1, TOC = 0.52 mg/L) from a 

drinking utility in US EPA Region 2, and (3) groundwater (GW2, TOC = 1.92 mg/L) from US 

EPA Region 8. Additional surface water (SW2, TOC = 1.30 mg/L) treated through coagulation, 

ozonation, and biofiltration from the drinking water utility in US EPA Region 4 was collected to 

compare PFAS breakthrough in PD and CD RSSCT designs. After collection, water was stored at 

4  until use. Before starting RSSCTs, subsamples of water were filtered through a 5-mm 

polypropylene cartridge filter. Water characteristics are summarized in Table S5. 

 

3.2.2 Per-and polyfluoroalkyl substances 

Twenty-three PFAS in four classes, including PFCAs, PFSAs, FTS, and PFEAs, were 

studied (Table S1). In SW1 and SW2, a mixture of the 23 PFAS was spiked to reach a target 

concentration of ~100 ng/L for each PFAS. Additional experiments were conducted with SW1 at 

influent PFAS concentrations of ~30 and ~300 ng/L to determine the effect of influent PFAS 

concentration on AIX resin performance. For GW1, no PFAS were spiked to assure a close match 

in influent water characteristics between the RSSCT and pilot test. For GW2, a mixture of PFBA, 

PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFBS, PFHxS, PFOS, HFPO-DA, 6:2 FTS was 

spiked to reach a target concentration of 0.2 nM for each compound. When spiking PFAS, 

methanol from the PFAS dosing solution was evaporated in a 15-mL conical polypropylene 
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centrifuge tube (manufacturer) using a TurboVap (TurboVap LV Evaporator, Caliper) to avoid 

introducing organic carbon into the influent water. The PFAS residue was vortexed and dissolved 

in 10 mL of influent water and added to a 5-gallon high-density polyethylene influent container 

(Dynalon Labware). The centrifuge tube containing the residue was rinsed another 5 times with 

influent water to ensure PFAS were completely transferred to the influent container. The influent 

PFAS concentrations for the RSSCTs and the corresponding pilot tests are summarized in Table 

S6. 

 

3.2.3 Anion exchange resins 

Two single-use AIX resins (Resin A and Resin B) were tested in this study (Table 3). AIX 

resins were crushed using a mortar and pestle and then size-fractionated by wet sieving with 

deionized water to capture the100200 and 200 230 U.S. mesh fractions [log-mean particle 

diameter (dp) = 0.11 mm and 0.07 mm, respectively]. Crushed AIX resins were dried in a vacuum 

desiccator at room temperature (20  2 ) and stored in a dry state until use. Prior to packing 

RSSCT columns, the desired mass of dry AIX resin was weighed out, soaked in deionized water 

and placed in a vacuum desiccator for at least 24 hours to assure hydration and elimination of air 

from void spaces. Properties of the crushed and as-received resins, such as total anion capacity 

(measured with ASTM D2187-17), density, and morphology, were characterized to determine the 

effect of grinding on AIX. Moreover, film diffusion coefficients (kf) of PFAS for crushed and as-

received resins were measured by conducting short bed adsorber (SBA) tests (Weber and Liu, 

1980). The methods used to characterize AIX resin properties and the specifications of the SBA 

tests are described in Appendix A.4. Resin morphologies before and after crushing were 
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determined by CryoSEM [JEOL JSM-7600 FE SEM (JEOL USA, Peabody, MA) outfitted with 

Alto-2500 (Gatan, Warrendale, PA), Analytical Instrumentation Facility, NC State University]. 

 

Table 3. AIX resins. 

Parameters Resin A Resin B 

AIX resin type Gel Macroporous 

Polymer matrix 
Polystyrene crosslinked with 

divinylbenzene 

Polystyrene crosslinked with 

divinylbenzene 

Functional group Complex Amino N-Tri-Butyl Amine 

 

3.2.4 Rapid small-scale column test 

Design specifications of RSSCTs and the corresponding pilot tests are summarized based 

on the objectives in Table 4.  

To develop the scale-up approach, CD RSSCTs with ὺ of 16.9 m/hr, 37.9 m/hr, and 75.8 

m/hr were conducted with resins A and B to simulate PFAS breakthrough in pilot tests (ὺ = 49.3 

m/hr) conducted with SW1. Two CD RSSCTs, one with 2.41 mL/min flow rates with resin A and 

one with 2.23 mL/min flow rates with resin B, were conducted to simulate PFAS removal in pilots 

test with the GW1 and GW2, respectively. Note that the simulated EBCT of the RSSCT conducted 

with GW2 differed from the corresponding pilot tests (1.5 min vs. 2.5 min). However, based on 

our previous study, EBCT has a negligible impact on normalized PFAS breakthrough curves 

obtained with AIX resin (Appendix A.8).  

To compare RSSCT designs, three RSSCTs, two CD RSSCTs with different scaling factors 

and one PD RSSCT, were conducted. Moreover, four interrupted column tests (ICT) were 

conducted to determine the diffusion mechanism of PFAS uptake by AIX resins. During the ICTs, 

the column tests were paused for 960 BVs (14.4 min), 1920 BVs (28.8 min), and 2880 BVs (43.2 

min) for every 2880 BVs (43.2 min) and compared to an uninterrupted column test. These 
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interruptions are equivalent to 1, 2 days, or 3 days following 3 days of operationat full- or 

pilot=scale.  

RSSCTs were designed by scaling down the pilot studies using the CD and PD design 

approach developed by Crittenden et al. (1986), which assumes that intraparticle diffusivity is 

independent of (constant diffusivity = CD) or proportional to (proportional diffusivity = PD) 

sorbent particle size. The RSSCT design approach was described in section 2.3.1. 
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Table 4. Pilot and RSSCT column specifications. 

Objective Water Test 
Design 

approach 
Resin 

dp Flowrate ὺ EBCT 
Simulated 

EBCT 

Column 

Diameter 

Bed 

Length 

mm mL/min m/hr s min cm cm 

Develop 

scale-up 

approach 

SW1 

Pilot - 
 A 0.68 1665.6 49.3 102 1.7 5.08 139.80 

B 0.70 1665.6 49.3 102 1.7 5.08 139.80 

RSSCT 

CD 

A 0.07 2.23 16.9 1.06 1.7 0.32 0.50 

A 0.07 5.00 37.9 1.06 1.7 0.32 1.12 

A 0.07 10.00 75.8 1.06 1.7 0.32 2.23 

CD 

B 0.07 2.23 16.9 1.03 1.7 0.32 0.48 

B 0.07 5.00 37.9 1.03 1.7 0.32 1.12 

B 0.07 10.00 75.8 1.03 1.7 0.32 2.23 

GW1 
Pilot - A 0.68 617.0 18.3 90 1.5 5.08 45.70 

RSSCT CD A 0.07 2.41 18.3 0.94 1.5 0.32 0.48 

GW2 
Pilot - B 0.70 1900 6.9 150 2.5 14.5 28.5 

RSSCTa CD B 0.06 4.2 17.4 0.72 1.5 0.43 0.4 

Compare 

between 

different 

RSSCT 

designs 

SW2 

RSSCT 
CD 

(SF=6.2) 
A 0.11 5.00 16.9 2.0 1.3 0.48 0.95 

RSSCT 
CD 

(SF=9.7) 
A 0.07 5.00 37.9 0.8 1.3 0.32 0.85 

RSSCT 
PD 

(SF=6.2) 
A 0.11 2.00 6.7 12.6 1.3 0.48 2.36 

Determine 

PFAS 

diffusion 

mechanism 

SW1 ICT CD B 0.07 2.23 16.9 0.91 1.5 0.32 0.43 

a RSSCT conducted by Bahareh Tajdini in Colorado School of Mines.    
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RSSCTs were built in upflow mode using polypropylene tubing and Swagelok stainless 

steel tube fittings. Glass wool was packed below and above the AIX resin bed to prevent AIX resin 

migration. Influent water was pumped into the column using an HPLC pump (LC 20-AT, 

Shimadzu, Columbia, MD). The set-up is shown in Figure S5. The AIX resin bed was packed 

carefully under water-saturated conditions to prevent the introduction of air bubbles into the 

column. Before pumping the influent water into the column, the column was flushed with 

deionized water at the design flow rate for one day to stabilize the AIX resin bed. Two effluent 

samples, one for PFAS analysis and one for total organic carbon (TOC) and UV254 analysis, were 

collected periodically using an autosampler designed and built by the author. Samples were stored 

at 4  until analysis. 

Two control RSSCTs with no AIX resins were conducted to ensure that PFAS leaching 

and PFAS uptake in the absence of AIX resins was negligible. The influent water used in the two 

control RSSCTs were ultrapure water without spiked PFAS and ultrapure water spiked with 100 

ng/L of each of the 23 targeted PFAS. Based on the control RSSCTs, PFAS removal or leaching 

from the columns without AIX resins was negligible (see Figures S6 and S7). 

 

3.2.5 Mathematical model to describe PFAS breakthrough curves 

PFAS breakthrough curves from RSSCTs were described using the pore surface diffusion 

model (PSDM. AdDesignSTM, (Mertz et al., 1999; USEPA, 2020). AdDesignSTM is a software 

designed to describe adsorption processes in GAC fixed bed contactors. We used this software for 

AIX resin beds because a fixed bed model for AIX is unavailable. To the authorôs knowledge, the 

only fixed bed model for AIX resins today is the Ion Exchange Design Software (IonExDesignSTM) 

(USEPA, 2020), which is still under development. Similar to AdDesignSTM, IonExDesignSTM does 
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not consider the electrical potential in sorbate transport to and in AIX resins. The major difference 

between AdDesignTM and IonExDesignSTM is that the former uses the Freundlich isotherm 

equation to represent adsorption equilibria while the latter uses the Langmuir isotherm equation. 

Many studies found that uptake of trace level substances by AIX can be well described by the 

Freundlich isotherm equation (Boyer et al., 2021; Dixit et al., 2019; Maimaiti et al., 2018; Sposito, 

1980). In this study, influent PFAS concentrations were all at trace levels (ng/L levels), suggesting 

AdDesignSTM is appropriate to apply. Another benefit of using AdDesignSTM is that the data 

obtained can be directly compared with GAC column tests. 

In the PSDM, the Freundlich adsorption capacity parameter [KAIX , (mg/g)(L/mg)1/n], 

surface-to-pore-diffusion flux ratio (SPDFR), and film diffusion coefficient (kf) were adjusted 

until the simulated breakthrough curves matched the experimental RSSCT data. Among these three 

parameters, KAIX  represents the PFAS uptake capacity and controls the bed volume at ~50% 

breakthrough (BV50), while the SPDFR and kf describe intraparticle diffusion and external film 

diffusion, respectively, and control the steepness of the breakthrough curves. Due to kinetic 

limitations, the equilibrium or near-equilibrium capacity is unachievable in ion exchange processes 

in environmental applications (SenGupta, 2017). Therefore, the KAIX  obtained from RSSCTs are 

apparent uptake capacities that are influenced by mass transfer limitations and water matrix effects. 

The PFAS breakthrough curves obtained from this research were generally much steeper than 

PFAS breakthroughs obtained from GAC fixed bed tests because of the impact of electrical 

potential and a possible short diffusion path length, as discussed in the introduction. To describe 

the steepness of the breakthrough curves, we increased the SPDFR value until the simulations 

matched the experimental RSSCT data. When SPDFR increases to >30, the simulated 

breakthrough curves are no longer sensitive to changes in SPDFR. If an SPDFR of 30 was not 
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sufficient to describe the experimental RSSCT data, kf was manually increased from the value 

estimated from the Gnielinski correlation (Roberts et al., 1985), to further increase the slope of the 

simulated breakthrough curves. This is empirical method of applying the GAC fixed bed model to 

AIX resin fixed beds resulted in unique sets of KAIX , SPDFR, and kf values to describe both pilot-

scale and RSSCT AIX data. Changing the SPDFR and kf values only changed the shape of the 

breakthrough curves and did not affect the determination of KAIX .  

The number of axial elements and collocation points in the axial and radial direction had 

no impact on the simulation results in this study and were set at 6, 8, and 3, respectively. Mass 

transfer parameters, including surface diffusion coefficient, and pore diffusion coefficient, were 

estimated in AdDesignSTM using the Sontheimer correlation (Sontheimer et al., 1988), and Ὀ †ϳ , 

respectively, where the liquid diffusion coefficient (Ὀ ) was obtained from Hayduk & Laudie 

(1974), and the tortuosity (†) was set to a value of 1; i.e., pore diffusion was maximized. The 

Freundlich exponent (1/n) was set to a value of ñ1ò because normalized PFAS breakthrough curves 

(C/C0 as a function of bed volumes of water treated) were found to be independent of the influent 

PFAS concentration, as described in the results section. PFAS breakthrough curves with <30% 

breakthrough at the end of a column test were not simulated to avoid introducing uncertainty in 

KAIX  determinations. In these cases, a K value was calculated that corresponded to the maximum 

value of bed volumes reached in the experiment (KAIX  = BVmax/rbed), and the value for KAIX  was 

reported as larger than the calculated K value, i.e., KAIX  > BVmax/rbed).  

 

3.2.6 PFAS and water quality analyses 

PFAS concentrations were quantified using liquid chromatography and tandem mass 

spectrometry (LC-MS/MS) (1260 LC ï Ultivo MS, Agilent Technologies, Santa Clara, CA) 
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equipped with a 4.6 x 50 mm high-performance liquid chromatography (HPLC) column 

(ZORBAX Eclipse Plus C18, 3.5 ɛm, Agilent Technologies, Santa Clara, CA). Each sample was 

injected twice at high (400 ) and low (250 ) ion source sheath gas temperature to maximize 

responses for the targeted PFAS (Meng et al., 2022; Pétré et al., 2021). Detailed PFAS 

quantification methods are provided in Appendix A.2. TOC was measured using a TOC analyzer 

(TOC-VCSH/CSN, Shimadzu, Kyoto, Japan) and UV254 was measured by a spectrophotometer 

(Hach DR 5000) with a 5-cm quartz cuvette. Sodium, calcium, magnesium, and potassium were 

measured by cation chromatography (DIONEX ICS-2000, Thermo Fisher Scientific, Waltham, 

MA) Chloride, nitrate, and sulfate were measured by anion chromatography (DIONEX ICS-5000+, 

Thermo Fisher Scientific, Waltham, MA). Bicarbonate concentrations were calculated from 

alkalinity values determined by titration with 0.02 N or 0.002 N sulfuric acid. 
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3.3 Results and Discussion 

3.3.1 Effect of grinding on AIX resin properties 

As-received AIX resins used in pilot or full-scale treatment are spherical in shape. For 

RSSCTs, as-received AIX resins are crushed to smaller sizes. Thus, understanding the effect of 

AIX resin crushing on AIX resin properties is essential in the development of a scale-up approach 

involving RSSCTs. To determine the effect of crushing on AIX resin characteristics, the change 

in morphology, bed density, and total anion capacity before and after crushing were investigated. 

The properties of as-received AIX resins are shown in Table S10. Based on cryoSEM images, AIX 

resin beads changed from an almost perfect spherical shape to irregular shapes after grinding 

(Figure 6). However, differences in bed densities and the total anion exchange capacities before 

and after grinding were less than 10%, as shown in Figure 7. These findings suggest that AIX resin 

properties, apart from their shape, do not change substantially as a result of crushing. Therefore, 

crushed AIX resin meets an important RSSCT requirement, i.e., the capacity and bed density of 

the sorbent before and after crushing need to match (Patni et al., 2008). 
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(A) 

 

(B) 

 

(C) 

 

(D) 

 

Figure 6. CryoSEM images of the (A) as-received resin A; (B) as-received resin B; (C) crushed 

resin A (dp =0.07 mm); (D) crushed resin B (dp =0.07 mm). All resins were in dry state. 

 

 

Figure 7. Bed densities (left) and total anion capacities (right) of as-received and crushed resin A 

and resin B. 
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Changing the morphology of AIX resin particles could make the correlated kf in the PSDM 

simulation unreliable. In the PSDM simulation, kf is calculated from the Gnielinski correlation. 

This correlation assumes that the sorbent particles are perfect spheres. Therefore, the Gnielinski 

correlation may underestimate the kf values for crushed AIX resins because irregularly shaped 

particles have a higher external surface area than spherical particles with same volume and the 

hydrodynamic flow conditions for irregularly shaped particles differ from those for spherical 

particles. This underestimation in kf with crushed AIX resins was confirmed by the SBA tests. As 

shown in Figure 8, the ratios of experimental kf to correlated kf values were >1 for crushed AIX 

resins (dp = 0.07 mm and dp =0.11 mm) (P-value < 0.05) and not significantly different from 1 for 

as-received AIX resins (P-value > 0.05). Moreover, the mean ratio was not significantly different 

between crushed AIX resins with log-mean diameters of 0.07 and 0.11 mm (P-value >0.05 in two 

sample t-test), which is reasonable because they exhibited similar morphologies after crushing. 

Therefore, in the PSDM simulation, kf values were increased from the correlated kf value if the 

steepness of the breakthrough curve could not be described with the correlated kf value in column 

tests conducted with crushed AIX resins (RSSCTs and SBAs). In contrast, the kf obtained from 

the Gnielinksi correlation was effective for column tests involving as-received AIX resins (pilot 

tests and SBAs). 
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Figure 8. The ratio of experimental kf to correlated kf obtained from the Gnielinski correlation for 

crushed and as-received AIX resins. Resin: Resin A. Water: SW1. 

 

3.3.2 Influent PFAS concentration effect 

To determine the effect of influent PFAS concentration on normalized PFAS breakthrough 

curves, CD-RSSCTs were conducted with influent water spiked with a 23-compound PFAS 

mixture at concentrations of ~30, ~100, and ~300 ng/L for each PFAS. Breakthrough curves for 

PFBA, HFPO-DA, and 6:2 FTS on resins A and B are shown in Figure 9. The breakthrough curves 

of the other 20 PFAS spiked as a mixture with PFBA, HFPO-DA, and 6:2 FTS can be found in 

Appendix A.6. For each PFAS, breakthrough curves obtained with different influent PFAS 

concentrations overlapped, suggesting influent PFAS concentrations in the tested range had a 

negligible effect on normalized PFAS breakthrough curves. In this research, we used PSDM from 

AdDesingSTM to simulate PFAS removal by AIX resin and estimated the PFAS uptake capacities 

of AIX resins. In PSDM, the adsorption equilibrium of the individual compound was represented 

by the Freundlich isotherm equation (ή ὑὅϳ ). Because normalized breakthrough curves of 

PFAS were independent of influent PFAS concentration, the Freundlich isotherm becomes a linear 

isotherm, where the Freundlich exponent 1/n is 1, and the Freundlich capacity parameter KAIX  

[(ng/g)(L/ng)^(1/n)] becomes a partition coefficient KAIX  (L/g). The finding that normalized 
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breakthrough curves for PFAS are independent of the influent PFAS concentration is, therefore, 

the same as what has been observed from the adsorption of many organic micropollutants to GAC 

(Knappe et al., 1998).   

 
Figure 9. Scaled RSSCT breakthrough curves with different influent PFAS concentrations. Dashed 

line: PSDM simulation; Water: SW1. (See discussion in 3.3.3 for scaling details). 

 

In the sorption of environmental level PFAS on AIX resins, the uptake process can be 

viewed as the sorption of a trace species in a multi-component system because the influent 

concentrations of PFAS are orders of magnitude lower than those of other components of the 

solution, e.g., TOC and inorganic ions. In this system, the ratio of the trace constituent (in this case 

PFAS) concentration on the AIX resin and in the aqueous phase is constant at equilibrium 

(Equation (3.1)) (SenGupta, 2017).  
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ὅ
ὧέὲίὸὥὲὸ (3.1) 

where, q and C represent PFAS in solid and solution phase. 

Thus, the BVs treated to a given level of PFAS breakthrough are not expected to change 

with a change in influent PFAS concentration. The same phenomenon was observed for the 

sorption of arsenate [As (V) anion]; SenGupta and Greenleaf (2002) investigated the removal of 

As (V) anion on a strong-base AIX resin fixed bed columns and found that increasing the influent 

As (V) concentration 200 times from 10 to 2000 ug/L did not change normalized breakthrough 

curves for As (V). 

It is important to note that the PFAS breakthrough curves were compared based on the 

normalized RSSCT effluent concentration (the ratio of effluent concentration to influent 

concentration, C/Co). Therefore, even though the breakthrough curves were independent of 

influent PFAS concentration, at a given BV value, a higher influent concentration still leads to a 

higher effluent concentration. For example, at 10% breakthrough, the effluent concentration of a 

compound with a 30 ng/L influent concentration is 3 ng/L, while the effluent concentration of a 

compound with a 300 ng/L influent concentration is 30 ng/L. Thus, with the same treatment goal, 

the AIX resin in an AIX  vessel with a higher influent PFAS concentration needs to be changed 

more frequently. 

 

3.3.3 RSSCT Scale-up 

A scale-up approach was developed by comparing normalized PFAS breakthrough curves 

obtained in RSSCTs were companied to those obtained in pilot tests. Since many breakthrough 

curves in the pilot studies exhibited a large degree of scatter and were in some cases incomplete 

because of variable influent PFAS concentrations and insufficient sampling points, the comparison 
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was limited to PFAS with relatively complete breakthrough curves in the pilot tests. For example, 

only PFHxA and PFHpA breakthrough curves were relatively complete for pilot tests conducted 

with SW1, and only PFPeA, PFHxA, PFHpA breakthrough curves were relatively complete for 

the pilot tests conducted with GW1 and GW2.  

RSSCTs with three ὺ (16.9 m/hr, 37.9 m/hr, and 75.8 m/hr) and two resin types (resins A 

and B) were conducted to simulate PFAS removal in the pilot tests conducted in SW1. The 

breakthrough curves for PFHxA and PFHpA from these RSSCTs and the corresponding pilot tests 

are presented in Figure 10. The pilot test was conducted with an ὺ of 49.3 m/hr. As can be seen, 

the RSSCTs underestimated PFAS removal in pilot studies, and the apparent uptake capacities of 

RSSCTs increased with increasing ὺ. This ὺ-dependent PFAS uptake implied that the uptake of 

PFAS in RSSCTs is controlled by external film diffusion. Increasing flow rates in the RSSCT 

reduced the external film thickness, which increased the film diffusion rate, and, therefore, 

increased the apparent uptake capacity. The external film diffusion-controlled sorption in RSSCTs 

was further confirmed with four ICTs. The ICT is a simple technique to determine the rate-limiting 

step on sorption. ICTs were conducted by pausing the flow in the column tests for different lengths 

of time before restarting the flow. If a sharp decrease in the effluent concentration is observed 

upon restart of the column, the rate-limiting step is intraparticle diffusion. If no significant 

concentration drop is observed after restarting, the rate-limiting step is external film diffusion. 

Figure S9 presents the results from the four ICTs. As shown, no measurable or negligible 

concentration drops were observed after restarting the columns after flow interruptions, confirming 

that the rate-limiting step is external film diffusion.  
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Figure 10. Comparison between non-scaled RSSCT and pilot PFAS breakthrough curves. 

Compounds: (A)(B): PFHxA; (C)(D): PFHpA. Resin: (A)(C): Resin A; (B)(D): Resin B. Water: 

SW1.  

 

Because RSSCTs underestimated PFAS uptake compared to that observed in pilot tests, a 

scale-up approach for the RSSCT data is needed. Based on the observation that PFAS uptake is 

dependent on external film mass transfer, the Sherwood number of RSSCTs and pilot tests were 

compared. It was found that the square root of the ratio of Sherwood numbers for the pilot tests 

and RSSCT was correlated with the KAIX  ratio between pilot tests and RSSCTs (Figure 11). The 
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Sherwood number is a dimensionless parameter that compares the mass transfer to molecular 

diffusion rates and is related to the Reynolds and Schmidt numbers. Sherwood numbers for each 

compound were estimated using the Gnielinski correlation. The expressions of the Sherwood 

number from the Gnielinski correlation are presented in Equations (3.2) to (3.5). The square root 

of the Sherwood number ratios for each pair of RSSCT and pilot tests are listed in Table 5. 

Sherwood number      ὛὬ ρ ρȢυρ ‐ ϽὛὬ (3.2) 

Sherwood number for a single particle     ὛὬ ς ὛὬ ὛὬ  (3.3) 

Sherwood number from laminar conditions    ὛὬ πȢφφτὛὧȾὙὩȾ (3.4) 

Sherwood number from turbulent conditions    ὛὬ
Ȣ Ȣ

Ȣ ȢϽ

 (3.5) 

 

Table 5. Square root of the Sherwood number ratio between the RSSCTs and pilot tests. 

Water 

RSSCT flow 

rate 

(mL/min) 

RSSCT ὺ 

(m/hr) 

ὺ in the 

corresponding 

pilot test 

(m/hr)  

ὛὬ ȾὛὬ   

(mean±sd)*  

SW1 

2.23 16.9 49.3 2.1 ± 0.011 

5.00 37.9 49.3 1.8 ± 0.008 

10.00 75.8 49.3 1.5 ± 0.007 

GW1 2.41 18.3 18.3 1.6 ± 0.003 

GW2 4.20 17.4 6.9 1.4 ± 0.002 

*The average value (mean) and standard deviation (sd) between PFPeA, PFHxA, PFHpA with 

resins A and B for the tests with SW1 and between PFPeA, PFHxA, PFHpA with resins A and B 

for GW1 and GW2, respectively. 
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Figure 11. Relationship between PFAS uptake capacity ratios and the square root of the Sherwood 

number ratio between pilot tests and RSSCTs. Solid line: 1:1 ratio. Dashed line: ±20% variance 

from the 1:1 ratio line. (A) SW1 with resin A; (B) GW1 with resin A; (C) SW1 with resin B; (D) 

GW2 with resin B. 

 

Based on the relationship of the Sherwood number and KAIX  between the pilot tests and 

RSSCTs, RSSCT data were scaled up using two approaches. In the first approach, the BV value 

for each RSSCT data point was multiplied by the ὛὬ ȾὛὬ  value corresponding to a 

given RSSCT/pilot data set (Table 5) and compared the pilot test data. We found that the scaled 
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RSSCT breakthrough matched the pilot breakthrough data well for SW1 (Figure 12) as well as 

GW1 and GW2 (Figure 13). In the second approach, the PSDM was used to scale up RSSCT data. 

In step 1, RSSCT data were described with the PSDM to obtain KAIX ,RSSCT, SPDFR, and kf. In 

step 2, PSDM predictions for the pilot test were obtained with fixed bed and adsorbent properties 

that matched pilot test dimensions, and KAIX ,pilot was obtained by multiplying the KAIX ,RSSCT by the 

corresponding ὛὬ ȾὛὬ  value. SPDFR values for the pilot test were the same as for the 

RSSCT, and kf values for the pilot test were obtained from the Gnielinski correlation using the 

pilot test dimensions and ὺ. The scaled breakthrough curves from these two scale-up approaches 

yielded similar results, as shown by the open points and dotted lines in Figures 12 and 13. For 

simplicity, the first scale-up approach is recommended.   

The difference in PFAS breakthrough between RSSCTs and pilot studies was present 

because the RSSCTs were not operated in ideal CD RSSCT designs, which the ὺ  is 

determined based on Equation (2.10). If using the ideal CD RSSCT designs, the ὛὬ ȾὛὬ  

will equal 1, and the RSSCT should predict PFAS breakthrough in pilot studies without scaling. 

However, ideal CD RSSCT designs have super high flow rates with long bed depths, which would 

result in high head loss and be impractical to operate in a laboratory. For example, the ideal CD 

RSSCT design with a column diameter of 0.32 cm that simulates the 1.7 min EBCT pilot test with 

resin A has a bed depth of 14.3 cm and a flow rate of 63.8 mL/min. Therefore, the non-ideal CD 

RSSCT design is preferred as it can be run in lab-scale dimensions, and the obtained breakthrough 

curves can predict PFAS removal in pilot and full-scale treatment within 20% variance after 

scaling by a factor of ὛὬ ȾὛὬ . 
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Figure 12. Comparison between scaled RSSCT and pilot breakthrough curves. Water: SW1. Resin: 

(A)(C)(E) Resin A, (B)(D)(F) Resin B. RSSCT ὺ: (A)(B) 16.9 m/hr, (C)(D) 37.9 m/hr, (E)(F): 
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75.8 m/hr. Pilot ὺ: 49.3 m/hr. Dashed line: scaled PSDM simulation. The shaded region: 20% 

variance from scaled PSDM. 

 

 

Figure 13. Comparison between scaled RSSCT and pilot breakthrough curves. Water: (A) GW1; 

(B) GW2. Resin: (A) Resin A; (B) Resin B. Dashed line: scaled PSDM simulation. The shaded 

region: 20% variance from scaled PSDM. 
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3.3.4 Comparison between RSSCT designs 

To assess the effects of AIX particle size used in RSSCTs and RSSCT design on 

normalized PFAS breakthrough curves, two CD RSSCTs with different scaling factors (i.e., AIX 

resin particle sizes) and a PD RSSCT were conducted. Resulting normalized PFAS breakthrough 

curves are compared in Figure 14. Breakthrough curves for six PFAS are presented because these 

compounds gave complete breakthrough curves in all three RSSCTs. As shown, PD RSSCT 

produced breakthrough curves that were substantially steeper than those obtained by the two CD 

RSSCTs. Because CD RSSCT effectively simulates PFAS removal kinetics in pilot tests (Figures 

12 and 13), it can be concluded that PD RSSCTs are not a suitable starting point for predicting 

full -scale AIX performance. Additionally, PD RSSCTs are more time- and water-consuming than 

CD RSSCTs. Based on the RSSCT specifications used in this study, PD RSSCTs require 28 

gallons of water and operate for 36 days to reach 250,000 BVs, while CD RSSCTs (SF= 6.2) only 

needs to use 11 gallons of water and operate for 6 days. By crushing AIX resin to a smaller particle 

size and thus using a larger scaling factor (SF = 9.7), water and time requirements for CD RSSCTs 

can be further reduced to 5.8 gallons and 3 days to reach 250,000 BVs. Therefore, CD RSSCTs 

are preferred to rapidly predict PFAS removal by AIX resins in full-scale treatment systems. 

Note that the two CD RSSCTs conducted with different particles sizes exhibited similar 

PFAS uptake kinetics (the steepness of the breakthrough curves) but slightly different KAIX , as the 

CD RSSCT with SF of 6.2 reached BV50 faster than the one with SF of 9.7. This difference in 

KAIX  is a consequence of the two CD RSSCTs being associated with different Sherwood numbers. 

The ὛὬ ȢȾὛὬ Ȣ was calculated to be 1.1. Therefore, scaling the CD RSSCT with an SF 

of 6.2 resulted in PFAS breakthrough curves that overlap with the non-scaled CD RSSCT with an 
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SF value of 9.7 (Figure 15). This finding confirms that the scale-up approach developed in section 

3.3.3 is valid and accurate.  
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Figure 14. Comparison between RSSCT designs. Data: unscaled RSSCT data. Dotted line: PSDM 

simulation. Shaded area: ±20% variance from PSDM simulation. Resin: Resin A; Water: Surface 

water (Coagulated, ozonated, and biofiltrated). 
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Figure 15. CD RSSCT (SF=6.2) matched with CD RSSCT (SF=9.7) after scale-up with a factor 

of 1.1. Dotted line: PSDM simulation.   
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3.4 Conclusions 

A scale-up approach was developed, with which CD RSSCT data can be scaled up to 

predict pilot- or full-scale PFAS removal by AIX resins. To develop the scale-up approach, the 

properties of the as-received and crushed AIX resins were compared. Crushing AIX resin for 

RSSCTs had a negligible effect on the bed density and total anion capacity of AIX resins, implying 

crushed AIX resins meet an important prerequisite for RSSCTs.  Evaluating a range of influent 

PFAS concentrations (30-300 ng/L), it was determined that changing influent PFAS concentration 

did not affect normalized PFAS breakthrough curves. This finding is important because the 

influent PFAS concentration in pilot- or full-scale treatment may not necessarily match those 

evaluated in RSSCTs. Subsequently, PFAS breakthrough curves from CD RSSCTs were 

compared to corresponding pilot tests, and it was found that PFAS breakthrough curves obtained 

from CD RSSCTs can simulate PFAS removal in pilot studies after multiplying the bed volumes 

of water treated in CD RSSCTs by a factor of ὛὬ ȾὛὬ , where Sh is the Sherwood 

number. This finding was verified with eight sets of RSSCT that could be compared with pilot 

tests, with ὛὬ ȾὛὬ  ranging from 1.4 to 2.1.  Furthermore, a comparison of CD RSSCT 

and PD RSSCT designs showed that the PD RSSCT overestimates PFAS uptake kinetics and is 

more time-consuming and water-intensive than the CD RSSCT. This research will support the 

design of AIX treatment processes in the context of PFAS remediation and drinking water 

treatment. 
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CHAPTER 4 FACTORS DETERMINING RESIN USE RATES  

4.1 Introduction 

PFAS are a large class of anthropogenic chemicals. PFAS are present in many drinking 

water sources across the globe at levels associated with potential adverse human health effects 

(ITRC, 2020). A substantial of human exposure to PFAS is through ingestion of contaminated 

drinking water, especially for those living in PFAS-impacted areas (Sunderland et al., 2019). 

Traditional drinking water treatment processes, including coagulation, flocculation, and 

sedimentation, are ineffective for PFAS removal (Hopkins et al., 2018; Sun et al., 2016). Among 

the effective processes, AIX  is one readily implementable PFAS treatment method. Many studies 

have found effective PFAS removal by AIX resins, even for PFAS that are difficult to remove 

from water, such as short-chain PFAS, such as PFEAs with 2 to 5 fluorinated carbon atoms (Dixit 

et al., 2020; Liu and Sun, 2021). 

 Factors that determine AIX resin use rates can be grouped into PFAS structure and water 

matrix effects. PFAS structure, such as the fluorinated alkyl chain length, head group, and presence 

of ether oxygen linkages, affects AIX resin use rates. Many studies have investigated how PFAS 

chain length and functional groups affect AIX  resin sorption. For example, PFSAs have a higher 

affinity for AIX resins than PFCAs with the same number of perfluorinated carbon atoms (Dudley 

et al., 2015; Liu and Sun, 2021), and within the PFCA and PFSA subclasses, PFAS uptake capacity 

increases with increasing PFAS chain length (Fang et al., 2021; Maimaiti et al., 2018). However, 

the information for more recently introduced PFAS chemistries, such as PFEAs and fluorotelomer 

sulfonates (FTS), is limited. Furthermore, data from many previous studies are not directly 

applicable to drinking water treatment because the initial PFAS concentrations were orders of 

magnitude higher than the levels typically found in drinking water sources. Thus, research is 
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needed to understand and quantify the effect of PFAS structure, including structures of newer 

PFAS chemistries, on the uptake capacity of AIX resins at environmentally relevant concentrations 

and background water matrices. 

The water matrix effect can be categorized into organic matter and inorganic ion effects. 

Organic matter affects PFAS removal through pore blockage and direct competition for exchange 

sites. Dixit et al. (2019) studied the PFOA and PFOS removal by Purolite A860 (a macroporous 

polyacrylic strong AIX resin with quaternary ammonium functional group) in the presence of four 

Suwannee River humic substances with different molecular weight distributions and charge 

densities. They found that the organic matter with high molecular weight distribution caused pore 

blockage on the AIX resin during PFAS removal and decreased the removal efficiency of both 

PFAS and the organic matter. Under the presence of low molecular weight organic matter with 

similar or lower sizes as the AIX resin pore size, the impact of organic matter increased with 

increasing charge density. The charge is the prerequisite of organic matter impact on AIX resins. 

Maimaiti et al. (2018) compared PFAS sorption on a macroporous polystyrene resin in the 

presence of non-ionic and ionic organic matter. They found that the non-ionic organic matter (tri-

chloroethylene (TCE), methylbenzene (MB)) does not affect PFAS removal. Moreover, the impact 

of organic matter was found to be related to PFAS chain length and functional group. Dudley et 

al. (2015) compared the removal of PFCAs with 3 to 9 fluorinated carbons and PFSAs with 4, 6, 

and 8 fluorinated carbons in surface water and deionized water with matched anion composition. 

They found that organic matter only decreased the removal of short-chain PFCAs with 3 to 5 

fluorinated carbons by about 10%, while a negligible impact was seen on the removal of PFCAs 

with longer chains and PFSAs.  
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The inorganic ion effects on PFAS removal were investigated by a limited number of 

studies. Liu (2017) reported a significant negative impact on the removal of short-chain PFCAs 

(Perfluorobutanoic acid (PFBA) and Perfluorohexanoic acid (PFHxA)) on type I gel-type and 

macroporous resins with 0.21 meq/L and 0.63 meq/L of sulfate addition and only a small negative 

impact with 0.1 meq/L nitrate addition. They concluded that the effect of sulfate is stronger than 

nitrate on short-chain PFAS removal by AIX resins. This comparison is unfair as nitrate addition 

was more than six times lower than the sulfate addition in their experiments. Dudley et al. (2015) 

compared the removal of 7 PFCAs and 3 PFSAs under the presence of 0.001 N to 0.2 N of 

bicarbonate, chloride, sulfate, and nitrate on a polyacrylic macroporous resin. They found that the 

four tested anions negatively impacted PFAS removal, especially for the short-chain PFCAs. 

Among the four anions, nitrate had the most significant impact on PFAS removal, followed by 

sulfate, chloride, and bicarbonate.  

The published water matrix effect studies mostly focus on a limited number of PFCAs and 

PFSAs, whereas the impact of the water matrix on PFEAs has not been comprehensively studied. 

Moreover, most previous studies were conducted with batch experiments which cannot directly 

reflect the PFAS uptake in water utilities, where AIX resins are generally implemented in fixed 

bed vessels. In this research, the removal of 23 PFAS, including 7 PFCAs, 3 PFSAs, 1 FTS, and 

12 PFEAs with 3 to 9 fluorinated carbon atoms, in water matrices with different TOC levels and 

four inorganic ions were investigated using rapid small-scale column tests (RSSCTs) to (1) 

quantify the effects of PFAS structure on the PFAS removal by AIX  resins, (2) investigate the 

effect of background water matrix on the PFAS uptake capacity of AIX  resins. Using structural 

features of the studied PFAS, a quantitative structure-property relationship (QSPR) were 

developed to obtain a normalized PFAS chain length (NCL), from which PFAS breakthrough in 
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AIX resin column can be predicted for a given AIX resin in a given water. Moreover, a pseudo-

single solute model that combines the QSPR and water matrix effect was developed to predict 

PFAS removals on AIX resin with various TOC and nitrate concentrations.  
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4.2 Materials and Methods 

4.2.1 Waters  

There are four different water sources used in this research. One surface water source and 

three groundwater sources. Water collected from the surface water source was either settled 

coagulated surface water (TOC = 2.21 mg/L) (SW1) or settled coagulated and ozonated surface 

water (TOC = 1.91 mg/L) (SW3) from a water utility in North Carolina. The three groundwater 

sources are located in North Carolina (GW3), Colorado (GW4), and Florida (GW5), respectively, 

with TOC of <0.30 mg/L, 1.35 mg/L, and 4.60 mg/L. The water characteristics of the water 

collected are summarized in Table 6.  

Table 6. Water characteristics of the surface water and groundwater.  

Water sources Surface water 
Groundwater from 

North Carolina 

Groundwater 

from Colorado 

Groundwater 

from Florida 

Name SW1 SW3 GW3 GW4 GW5 

TOC (mg/L) 2.21 1.91 < 0.30 1.35 4.60 

UV254 (abs/cm) 0.039 0.020 0.003 0.026 0.082 

Conductivity 

(mS/cm) 
170.5 148.2 164.7 918.1 240.9 

Chloride (mg/L) 8.4 10.7 28.4 89.9 4.9 

Nitrate (mg/L) 2.7 3.0 10.7 17.0 < 0.5 

Sulfate (mg/L) 50.8 36.0 <0.5 190.0 7.5 

 

After collection, water was stored at 4  until use. Before starting RSSCTs, subsamples 

of water were filtered through a 5-mm polypropylene cartridge filter.  

 

4.2.2 Per-and polyfluoroalkyl substances 

Twenty-three PFAS in four classes, including PFCAs, PFSAs, FTS, and PFEAs, were 

studied (Table S1). When spiking, methanol from the PFAS dosing solution was evaporated in a 

15-mL conical polypropylene centrifuge tube (Corning) using a TurboVap (TurboVap LV 
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Evaporator, Caliper) to avoid introducing organic carbon into the influent water. The PFAS residue 

was vortexed and dissolved in 10 mL of influent water and added to a 5-gallon high-density 

polyethylene influent container (Dynalon Labware). The centrifuge tube containing the residue 

was rinsed another 5 times with influent water to ensure PFAS were completely transferred to the 

influent container.  

 

4.2.3 Anion exchange resins 

Two single-use AIX resins (Resin A and Resin B) were tested in this study (Table 7). AIX 

resins were crushed using a mortar and pestle and then size-fractionated by wet sieving with 

deionized water to capture 200230 U.S. mesh fraction [mean particle diameter 0.07 mm]. 

Crushed AIX resins were dried in a vacuum desiccator at room temperature (20  2 ) and stored 

in a dry state until use. Prior to packing RSSCT columns, the desired mass of dry AIX  resin was 

soaked in deionized water and placed in a vacuum desiccator for at least 24 hours to ensure 

hydration and elimination of air from void spaces.  

Table 7. AIX resins. 

Parameters Resin A Resin B 

AIX resin type Gel Macroporous 

Polymer matrix 
Polystyrene crosslinked with 

divinylbenzene 

Polystyrene crosslinked with 

divinylbenzene 

Functional group Complex Amino N-Tri-Butyl Amine 

 

4.2.4 Rapid small-scale column test 

RSSCTs were designed based on the CD design approach with non-perfect similitude to 

simulate 1.5 min EBCT pilot tests for the tests with groundwater (GW3, GW4, and GW5) and 1.7 

min EBCT pilot tests for the tests with surface water (SW1 and SW3). The bed depth of the 

RSSCTs with 1.5 min simulated EBCT is about 10% less than the RSSCTs with 1.7 min simulated 
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EBCT. However, the effect on PFAS breakthrough is negligible (P-value > 0.05) (see Appendix 

A.8). The RSSCT specifications can be found in Table 8. 

Table 8. RSSCT specifications. 

Simulated EBCT 1.5 min 1.7 min 

Resin Resin B Resin A Resin B 

Particle size mm 0.07 0.07 0.07 

Flowrate mL/min 2.23 2.23 2.23 

ὺ m/hr 16.9 16.9 16.9 

EBCT s 0.905 1.060 1.026 

Column Diameter cm 3.175 3.175 3.175 

Bed Length cm 0.425 0.498 0.482 

 

RSSCTs were built in upflow mode using polypropylene tubing and Swagelok stainless steel 

tube fittings. Glass wool was packed below and above the AIX resin bed to prevent bed migration. 

Influent water was pumped into the column using an HPLC pump (L.C. 20-AT, Shimadzu, 

Columbia, MD). The RSSCT set-up is shown in Figure S5. The AIX resin bed was packed 

carefully to prevent the introduction of air bubbles into the column. Before pumping the influent 

water into the column, the column was flushed with deionized water at the design flow rate for 

one day to stabilize the AIX resin bed. Two effluent samples, one for PFAS analysis and one for 

TOC and UV254 analysis, were collected periodically using an autosampler designed and built by 

the author. Samples were stored at 4 until analysis. 

Two control RSSCTs with no AIX resins were conducted to ensure that PFAS leaching 

and PFAS uptake in the absence of AIX resins was negligible. The influent water used in the two 

control RSSCTs was ultrapure water without spiked PFAS, and ultrapure water spiked with 100 

ng/L of each of the 23 PFAS. Based on the control RSSCTs, PFAS removal or leaching from the 

columns without AIX resins was negligible (see Figures S6 and S7). 
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4.2.5 Water matrix effect 

4.2.5.1 TOC effect 

TOC effects were investigated by conducting RSSCT with surface water and groundwater 

at different TOC levels. Low TOC surface water was obtained by diluting SW1 (TOC = 2.21 mg/L) 

to two low TOC water (TOC = 1.18 mg/L and 0.71 mg/L) with deionized water. After dilution, 

salts were spiked into the diluted water to keep major ions (chloride, nitrate, sulfate, bicarbonate, 

magnesium, calcium, potassium, sodium) at the same level as the undiluted water to control the 

inorganic ion effects. The water characteristics of diluted and undiluted SW1 are presented in 

Table 10. For groundwater tests, since the three groundwater were in different TOC levels 

originally, they were used as-received. In the diluted and undiluted SW1, a mixture of the 23 PFAS 

(Table S1) was spiked to reach a target concentration of ~100 ng/L for each PFAS. In the three 

groundwater, a mixture of PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, PFDA, PFBS, PFHxS, 

PFOS, HFPO-DA, 6:2 FTS was spiked to reach a target concentration of 0.2 nM for each 

compound. The experiment design for the TOC effect is presented in Table 9.  

Table 9. experiment design for the TOC effect 

Water AIX Resin 
RSSCT Simulated 

EBCT (min) 
TOC (mg/L) 

SW1 Resin A, Resin B 1.7 2.21 

SW1 (dilution 1) Resin A, Resin B 1.7 1.18 

SW1 (dilution 2) Resin A, Resin B 1.7 0.71 

GW3 Resin B 1.5 < 0.3 

GW4 Resin B 1.5 1.35 

GW5 Resin B 1.5 4.60 
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Table 10. Water characteristics of the diluted and undiluted SW1.  

Parameters Unit 
SW1 

Undiluted Dilution 1 Dilution 2 

pH - 6.92 7.01 6.84 

TOC mg/L 2.21 1.2 0.7 

UV254 abs/cm 0.039 0.020 0.010 

Conductivity mS/cm 170.5 175.0 173.7 

Alkalinity  mg/L as CaCO3 7.5 8.5 7.8 

Na+ mg/L 23.0 23.8 24.3 

Mg2+ mg/L 1.7 1.7 1.6 

Ca2+ mg/L 4.5 4.7 4.6 

K+ mg/L 2.8 2.7 2.8 

NO3
- mg/L 2.7 2.8 2.8 

SO42- mg/L 50.8 52.4 51.2 

Cl- mg/L 8.4 8.5 8.4 

HCO3
- mg/L 7.0 8.2 7.4 

 

4.2.5.2 Inorganic ion effect  

The inorganic ion effect was investigated by conducting RSSCT with SW3 and GW3 

spiked with different inorganic ions. The inorganic ions spiked include chloride, sulfate, 

bicarbonate, nitrate, and a mixture of all four ions. All ions were added in sodium form. To 

investigate cation effects, one more matrix was prepared by adding 3 meq/L of potassium sulfate 

in SW3. Two matrices without additional ions were prepared with SW3 and GW3 for control tests. 

The experimental design is summarized in Table 11. In the tests with SW3, a mixture of the 23 

PFAS (Table S1) was spiked into the 8 matrices to reach a target concentration of ~100 ng/L for 

each PFAS. In the tests with GW3, a mixture of PFBA, PFPeA, PFHxA, PFHpA, PFOA, PFNA, 

PFDA, PFBS, PFHxS, PFOS, HFPO-DA, 6:2 FTS was spiked to reach a target concentration of 

0.2 nM for each compound.  
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Table 11. Experiment design for inorganic ion effect. 

Water AIX Resin 

RSSCT 

Simulated 

EBCT 

(min) 

Ion spiked 
Concentration 

(meq/L) 

SW3 Resin A, Resin B 1.7 Control - 

SW3 Resin A, Resin B 1.7 Chloride 3.0 

SW3  Resin A, Resin B 1.7 Sulfate 3.0 

SW3  Resin A, Resin B 1.7 Sulfate (potassium form) 3.0 

SW3 Resin A, Resin B 1.7 Bicarbonate 3.0 

SW3  Resin A, Resin B 1.7 Nitrate 1.5 

SW3 Resin A, Resin B 1.7 Nitrate 3.0 

SW3 Resin A, Resin B 1.7 Mix  3.0 for each 

GW3 Resin B 1.5 Control - 

GW3 Resin B 1.5 Nitrate 3.0 

GW3 Resin B 1.5 Mix  3.0 for each 

 

4.2.6 Mathematical model to describe PFAS breakthrough curves 

PFAS breakthrough curves from RSSCT were described using the pore and surface 

diffusion Model (PSDM) in AdDesignSTM (Mertz et al., 1999; USEPA, 2020) to obtain the 

Freundlich adsorption capacity [KAIX , (mg/g)(L/mg)1/n] and 10% breakthrough bed volume (BV10). 

In the model, the KAIX  and surface-to-pore-diffusion flux ratio (SPDFR) were adjusted until the 

simulated breakthrough curves matched the experimental RSSCT data. Increasing SPDFR 

increases the steepness of the simulated breakthrough curves. However, when SPDFR reaches over 

30, the simulated breakthrough curves wonôt change significantly. If SPDFR of 30 cannot describe 

the experimental RSSCT data, the film diffusion coefficient was manually adjusted from the 

correlated value to further increase the steepness of the simulated breakthrough curves. Changing 

the SPDFR value and film diffusion only changes the kinetic of the test and does not affect the 

determination of KAIX . The number of axial elements, axial direction, and radial direction had no 

impact on the simulation results in this study and were set at 6, 8, and 3, respectively. Mass transfer 

parameters, including film diffusion coefficient, surface diffusion coefficient, and pore diffusion 
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coefficient, were estimated in AdDesignSTM using the Gnielinski correlation (Roberts et al., 1985), 

Sontheimer correlation (Sontheimer et al., 1988), and Ὀ †ϳ  , respectively, where the liquid 

diffusion coefficient (Ὀ) was obtained from Hayduk & Laudie (1974), and the tortuosity (†) was 

input by the user. Adsorbent tortuosity was set to be ñ1ò as the pore diffusion was assumed 

maximized. The Freundlich exponent (1/n) was set to be ñ1ò because the uptake of PFAS was 

found to be independent of the influent PFAS concentration, as described in the results section. 

PFAS breakthrough curves with <30% breakthrough at the end of a column test were not simulated 

to avoid introducing uncertainty in KAIX  determinations.  

 

4.2.7 PFAS and water quality analyses 

PFAS concentrations were quantified using liquid chromatography and tandem mass 

spectrometry (LC-MS/MS) (1260 LC ï Ultivo MS, Agilent Technologies, Santa Clara, CA) 

equipped with a 4.6 x 50 mm high-performance liquid chromatography (HPLC) column 

(ZORBAX Eclipse Plus C18, 3.5 ɛm, Agilent Technologies, Santa Clara, CA). Each sample was 

injected twice at high (400 ) and low (250 ) ion source sheath gas temperature to maximize 

responses for the targeted PFAS (Meng et al., 2022; Pétré et al., 2021). Detailed PFAS 

quantification methods are provided in Appendix A.2.  

TOC was measured using a TOC analyzer (TOC-VCSH/CSN, Shimadzu, Kyoto, Japan), 

and UV254 was measured by a spectrophotometer (Hach DR 5000) with a 5-cm quartz cuvette. 

Sodium, calcium, magnesium, and potassium were measured by cation chromatography (DIONEX 

ICS-2000, Thermo Fisher Scientific, Waltham, MA). Chloride, nitrate, and sulfate were measured 

by anion chromatography (DIONEX ICS-5000+, Thermo Fisher Scientific, Waltham, MA). 
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Bicarbonate concentrations were calculated from alkalinity values determined by titration with 

0.02 N or 0.002 N sulfuric acid. 
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4.3 Results and Discussion 

4.3.1 PFAS structure effect 

The RSSCT breakthrough curves of the 23 studied PFAS in four classes with 3 to 9 

fluorinated carbons (Table S1) were compared to investigate the PFAS structure effect on PFAS 

removal by AIX resins. Figure 16 and Figure 17 show the scaled RSSCT breakthrough curves of 

the 23 PFAS with resins A and B. The breakthroughs of PFAS were separated because the PFAS 

migrated through the column at different speeds, indicating that the 23 PFAS have different 

affinities to the AIX resins. The compounds with lower affinity to AIX resins would reach 

breakthroughs earlier in the AIX resin bed. Moreover, the compounds that broke through earlier 

had steeper breakthrough curves than the later breakthroughed compounds, implying that the early 

breakthroughed compounds had faster sorption kinetics. This phenomenon is exhibited because 

the compounds with lower affinity to AIX resins had a shorter mass transfer zone (Li and SenGupta, 

2000).   

Additionally, a chromatographic effect was observed as the breakthrough for early 

breakthroughed PFAS increased to >100% before slowly decreasing to around 100%, indicating 

competition between PFAS and other constituents in the water. This phenomenon occurred 

because more removable constituents in the water took over the exchange sites occupied by the 

less removable compounds, causing desorption of the less removable compounds. The same 

chromatographic effect was also seen in the previous PFAS sorption studies on AIX resin (Chow 

et al., 2022; Maimaiti et al., 2018), GAC (Appleman et al., 2013), and soil (Gellrich et al., 2012).  
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Figure 16. Scaled RSSCT breakthrough curves, A. PFCAs, PFSAs, and FTS. B. PFEAs; Resin: 

Resin A; Water: SW1. 
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Figure 17. Scaled RSSCT breakthrough curves, A. PFCAs, PFSAs, and FTS. B. PFEAs; Resin: 

Resin B; Water: SW1. 
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PFAS chain length had a strong impact on PFAS uptake on AIX resins. For a given PFAS 

subclass, KAIX increased exponentially with the PFAS chain length, defined here as the sum of 

carbon (including branched), ether oxygen, and sulfur atoms (Figure 18A). This log-linear 

relationship between PFAS chain length and AIX  uptake capacity was also discovered by Chow 

et al. (2022) in pilot studies. Furthermore, PFAS with the sulfonic acid groups were found to have 

a higher KAIX  than PFAS with the carboxylic groups with the same PFAS chain length, consistent 

with previous studies (Appleman et al., 2014; Liu and Sun, 2021; McCleaf et al., 2017; Murray et 

al., 2021). For example, PFBS with four perfluorinated carbon atoms and a sulfonic acid head 

group had a higher KAIX  than PFPeA with the same number of perfluorinated carbon atoms and a 

carboxylic acid head group. Moreover, fully fluorinated PFAS were found to have higher uptake 

capacities than partially fluorinated PFAS. 6:2 FTS is a polyfluorinated compound with two 

hydrogenated carbons and a sulfonic acid group. Considering the sulfonic acid head group, 6:2 

FTS should have a higher KAIX than PFNA, which has the same chain length and a carboxylic acid 

group. However, the KAIX  for 6:2 FTS (KAIX =296.1 L/g) is 38.6% of that for PFNA (KAIX =766.5 

L/g) (Table S12), implying that replacing fluorine atoms with hydrogen atoms decreased KAIX . 

Comparing different PFAS subclasses, the insertion of ether oxygen atoms decreased KAIX  

for a given chain length, i.e., KAIX  values of PFECAs were lower than those of PFCAs with the 

same chain length (Figure 18A). For example, PFAS with a chain length of 6, PFO2HxA and 

PEPA with ether oxygen atoms had lower KAIX values than PFHxA without ether oxygens (see 

Figure 18A). However, the effect of ether oxygen can be viewed differently if the number of 

fluorinated carbons is used as the reference framework (Figure 18B). While ether oxygen showed 

a negative effect with a given PFAS chain length (Figure 18A), the effect became positive for a 

given number of fluorinated carbons (Figure 18B). Our findings regarding the effect of ether 
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oxygen on PFAS affinity for ion exchange resins, as determined from RSSCTs, is consistent with 

those of Liu and Sun (2021), who conducted batch studies. They found that ether oxygens 

increased PFAS removal capacity when using the number of fluorinated carbons as the reference 

framework. 

 
Figure 18. Effects of (A) PFAS chain length (the sum of carbon (including branched), ether 

oxygen, and sulfur atoms); (B) the number of fluorinated carbons; (C) and (D) NCL on KAIX ; 

Resin: resin A (black) and resin B (turquoise); Water: (A)(B)(C) SW1, (D) GW3, GW4, and GW5. 

See discussion for labeled compounds. For panel C and D, y axis is nonlinear and ranges from 27 

to 5832.  
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4.3.2 Quantitative structure-property relationship 

To explore how different structural features affect KAIX  quantitatively, a QSPR that can be 

used to predict KAIX based on PFAS structural features was developed. In this QSPR, the 

normalized chain length (NCL) for each PFAS was calculated. The NCL is linearly correlated with 

the cube root of KAIX . The QSPR works well in different treatment scenarios (R2 > 0.9), including 

resin A and B in SW1 (Figure 18C) and resin B in GW3, GW4, and GW5 (Figure 18D). 

The equation for determining NCL was developed based on a group-contribution approach. 

PFAS were divided into seven structural fragments (Table 12), each with a contribution factor. 

The contribution factors were obtained from the regression coefficients of multilinear regressions 

built between the cube root of KAIX  and the number of each PFAS structural fragment [Equation 

(4.1)]. A multilinear regression based on the log10 transformation of KAIX  was also tested but did 

not meet the assumption of homoscedasticity. The multilinear regressions were developed based 

on the KAIX obtained from the RSSCT conducted with resin A and B in SW1. The adjusted R2 

values of the regression models are 0.984 and 0.987 for resins A and B, respectively, and the 

residuals of the regressions are normally distributed with constant variance (p-value > 0.05 for 

Shapiro-Wilk normality test and studentized Breusch-Pagan test). The diagnostic plots for the 

multilinear regressions are presented in Figures S13 and S14. For ease of comparison, the 

coefficient for each structural fragment (‍) was transformed by dividing it by the coefficient for 

the -CF2- group (‍) (Table 12). This transformation makes the coefficient for the - CF2- group 

ñ1.00ò. In the multilinear regressions, p-values associated with the coefficients for the -COOH and 

-CHF groups were larger than 0.05 for both resins A and B. Therefore, the impacts of -COOH and 

-CHF on KAIX  were insignificant, and the transformed coefficients of these two structural 

fragments were set to ñ0.00ò. The transformed coefficients calculated for resins A and B exhibited 
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negligible differences suggesting that these transformed coefficients are not restricted to a single 

type of AIX resin, and each structural fragment has a fixed impact compared to the -CF2- group. 

The transformed coefficients of resin A and resin B were averaged to obtain the contribution 

factors of each structural fragment (Table 12). Finally, The NCL for a given PFAS is calculated 

from the sum of the products of the contribution factors and the number of structural fragments in 

the PFAS [Equation (4.2)].  

The number of structural fragments and NCL for each PFAS were summarized in Table 

S13. 

ὑ ‍ ‍ὔ ‍ὔ ‍ὔ ‍ὔ ‍ὔ ‍ὔ

‍ὔ  
(4.1) 

ὔ  ȡ  

ὲόάὦὩὶ έὪ ὸὭάὩί ὥ ίὸὶόὧὸόὶὥὰ ὪὶὥὫάὩὲὸί έὧὧόὶ Ὥὲ ὥ ὫὭὺὩὲ ὖὊὃὛ 

‍ȡὭὲὸὩὶὧὩὴὸ έὪ ὶὩὫὶὩίίὭέὲ 

‍ȡὶὩὫὶὩίίὭέὲ ὧέὩὪὪὭὧὭὩὲὸ Ὢέὶ ίὸὶόὧὸόὶὥὰ ὪὶὥὫάὩὲὸ Ὥ 

 

 

ὔὅὒὔ πȢσυὔ τȢσςὔ ςȢςωὔ ρȢφτὔ  (4.2) 
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Table 12. Group contribution of PFAS structural fragments on NCL. 

Structural fragment 

Resin A Resin B 

Contribution factor Transformed regression coefficients 

(estimated ± standard error) 

-CF2-
i 1.00 1.00 1.00 

-O- 0.33±0.04 0.37±0.04 0.35 

-SO3H 4.13±0.21 4.51±0.20 4.32 

-COOH 0.00 0.00 0.00 

-CH2- -2.16±0.17 -2.43±0.16 -2.29 

-CHF- 0.00 0.00 0.00 

>CF-CF3
j 1.63±0.16 1.65±0.15 1.64 

i.The carbon in -CF2- can be connected to either two carbon atoms, one carbon and one fluorine atom, or 

one fluorine/carbon and one oxygen atom (e.g., PMPA, PEPA). 
j.The two atoms connect toò>ò are an oxygen and a carbon atom. The CF3 in ">CF-CF3" cannot be 

counted as "-CF2-". 

* -CF2- does not have standard error because its coefficient was obtained by dividing itself. -COOH and -

CHF- do not have standard errors because the impact from these two structural features is negligible and 

was manually set to be 0.  

 

The contribution factors give us a quantitative understanding of the impact of each 

structural fragment on PFAS affinity for AIX resins relative to the impact from adding a -CF2- 

group. For example, adding one ether oxygen atom is equivalent to adding 0.35 of a -CF2- group, 

while adding one -SO3H group is equivalent to adding 4.32 -CF2- groups, and adding one branch 

structure (>CF-CF3) equals adding 1.64 -CF2- groups. In contrast, adding a -CH2- group was 

comparable to removing 2.29 -CF2-groups. Our contribution factors for the -SO3H group and >CF-

CF3 are consistent with the findings of Chow et al. (2022), who conducted pilot scale studies to 

investigate PFAS uptake by two AIX resins. They found that the PFSAs reached breakthroughs 

after the PFCAs with 4-5 more fluorinated carbons. For example, perfluoropropane sulfonic acid 

(PFEtS) (number of fluorinated carbons = 2) reached breakthrough after PFHpA (number of 

fluorinated carbons = 6). Additionally, they found that PFAS branched isomers broke through 

between their linear isomers and the homologs with one less fluorinated carbon, consistent with 

the contribution factor of >CF-CF3 obtained in this study. The >CF-CF3 fragment adds two 
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fluorinated carbons into the PFAS structure but only increased PFAS affinity for AIX resins by 

1.64 times of a -CF2- group.  

The QSPR is useful when information is needed for compounds that reach breakthrough 

late in AIX resin columns and for which data may be lacking. In this case, the regression can be 

established with a few compounds that break through early, and uptake capacities for other 

compounds can then be predicted based on their NCL. For example, the data for PFAS that break 

through early, such as PMPA, PFBA, PFPeA, and HFPO-DA, can be more quickly obtained than 

the data for compounds that break through later, such as PFOA. To predict KAIX  for PFOA, one 

can develop a simple linear regression between NCL and KAIX  for PMPA, PFBA, PFPeA, and 

HFPO-DA, then predict the KAIX  for PFOA based on the NCL of PFOA (Figure 19). This method 

works for any PFAS of interest (unlabeled points in Figure 19) as long as their structural feature 

can be described with the structural fragments listed in Table 12.  

  

Figure 19. Application of the developed QSPR to predict KAIX . Shaded area: 25% variance in KAIX . 

See discussion for labeled compounds. Water: SW1. Resin: Resin A.  
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 For water utilities, KAIX alone is generally not sufficient for decision-making because this 

parameter only reflects the resinôs uptake capacity but not sorption kinetics. Uptake kinetics are 

important because the change-out of the AIX resin is normally determined near the onset of 

breakthrough for a criterion PFAS. PFAS with higher KAIX  tend to exhibit slower uptake kinetics 

and, thus an early onset of the breakthrough. Therefore, the most useful prediction for water 

utilities would be the prediction of entire breakthrough curves. We found that BV10 has a linear 

relationship with KAIX for the evaluated PFAS (Figure S18). Thus, BV10 can be predicted using 

the predicted KAIX . For example, the KAIX  and BV10 of PMPA, PFBA, PFPeA, and HFPO-DA 

were used to predict the KAIX  and BV10 of the other studied PFAS in the RSSCT conducted in 

SW1 with resins A and B (Figure S19). This prediction is very accurate as the majority (over 83%) 

of the predictions fall within the ±25% variance. With the predicted KAIX  and BV10, we can predict 

the entire breakthrough curve from the PSDM simulation in AdDesignSTM by entering the 

predicted KAIX  and adjusting the SPDFR and film diffusion coefficient until the breakthrough 

curve passes the (BV10, 0.1) point. Using PFOA as an example, Figure 20 shows the comparison 

between predicted and observed breakthrough curves. 
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Figure 20. Comparison between the observed and predicted PFOA breakthrough curves. Water: 

SW1. Resin: Resin A. Shaded area: ±20% variance. 

 

It needs to be noticed that the intercept and the coefficient of the simple linear regression 

for predicting KAIX  and BV10 are not the same for different resins and water matrices (Figure 18C, 

18D, and Figure S18). This difference is because water matrices can affect PFAS removal on AIX 

resins. Details about the water matrix impact on PFAS removal are discussed in the next section. 

Moreover, pseudo-single solute models that can be used to predict PFAS removal in different water 

matrices for the two tested resins were developed.    
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4.3.3 TOC effect 

TOC has a negative impact on the PFAS uptake of AIX resins. Figure 21 shows PFHpA 

breakthrough curves under three TOC levels. With increasing TOC levels in the influent water, 

PFHpA reached the breakthrough much earlier. Moreover, the TOC effect on PFAS removal 

efficiency is nonlinear. As TOC increased by 0.47 mg/L from 0.71 mg/L to 1.18 mg/L, the bed 

volume at 10% breakthrough (BV10) for PFHpA decreased by around 30% (21.2 kBVs) for resin 

A and B. However, when TOC increased by 1.03 mg/L from 1.18 mg/L to 2.21 mg/L, BV10 for 

PFHpA decreased by only approximately 24% (17.1 kBVs).  

 

Figure 21. PFHxA breakthrough curves under different TOC levels. Dashed line: PSDM 

simulation. Water: SW1.  

 

This negative nonlinear effect from TOC on PFAS uptake was consistent among the tested 

PFAS but to different extents. PFAS that reached breakthrough later was more affected by TOC 

than those that broke through earlier (Figure 22). For example, increasing TOC from 0.71 mg/L to 

2.21 mg/L only decreased the BV10 of PFBA by 13% but reduced the BV10 of PFHpA by 53% 

for resin A. The varying extent of the TOC effect is likely attributed to the continuous fouling of 
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AIX resin. The fouling of AIX resin slowly built up through the operation period. Therefore, the 

compounds that broke through later are more affected by AIX resin fouling than those that reached 

breakthrough earlier. Furthermore, when the fouling increased to a certain extent, the hindrance of 

PFAS removal efficiency from TOC was slowed down. As shown in Figure 22, with increasing 

TOC levels, the BV10 decreased rapidly for the early breakthroughed compound (the compounds 

that reached BV10 before 100,000 at TOC of 0.71 mg/L). Then the decreasing trend became less 

drastic for the PFAS reached the breakthrough later. Figure 23 shows the TOC breakthrough 

curves from these RSSCTs. As can be seen, the TOC breakthrough curves reached a flat region at 

around 100,000 BVs, indicating the TOC loading is closed to saturate, and the fouling speed started 

to decrease. Thus, the PFAS that broke through after 100,000 BVs was influenced by a similar 

extent of TOC impact and exhibited similar reductions in BV10 with increased TOC. Additionally, 

the TOC effect was found to be independent of the AIX resin type (P-value > 0.01) (Figure 22). 

In Figure 23, we can see that the TOC breakthrough on resin A (gel type) and B (macroporous) 

overlapped for a given TOC level, indicating that the fouling rate of resin A and B were identical. 

Thus, resin A and B displayed the same reduction in BV10 with increasing influent TOC levels.  
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Figure 22. Percent change in BV10 of increasing TOC from 0.71 mg/L to 1.18 mg/L and from 

0.71 mg/L to 2.21 mg/L. Water: SW1.  

 

 
Figure 23. TOC breakthrough curves. Water: diluted and undiluted SW1. 

 

The same TOC effect was found in the RSSCTs conducted with GW3, GW4, and GW5 

(Figure 24). PFAS were most effectively removed in the RSSCT conducted with GW3, which had 

the lowest TOC, followed by GW4 and GW5. However, PFBA and PFPeA were better removed 

from GW5 (TOC = 4.6 mg/L) than from GW4 (TOC = 1.35 mg/L) with a lower TOC level. These 

exceptions are likely due to the presence of nitrate in GW4 (Nitrate = 17 mg/L). Details about the 

nitrate effect are discussed in the next section. 
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Figure 24. Effect of GW matrix on PFHxA breakthrough curves (left) and percent change in BV10 

from GW4 (TOC=1.35 mg/L) to GW5 (TOC =4.6 mg/L) (right).   
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4.3.4 inorganic ion effects 

Among the four ions, nitrate hindered PFAS removal by AIX resin (P-value < 0.01 for both 

resin A and resin B), while chloride, sulfate, and bicarbonate showed a negligible effect (P-value 

> 0.01) (Figure 25). This finding is consistent between surface water and groundwater (Figure 26). 

The inorganic ion effect on the breakthrough curves of the other PFAS can be found in Appendix 

B.1.  

The impact of nitrate on PFAS removal was nonlinear with respect to the nitrate 

concentration in the water matrix. Increasing nitrate concentration from 0.0 meq/L to 1.5 meq/L 

had a more substantial impact on PFAS removal than that from 1.5 meq/L to 3.0 meq/L. For 

example, the BV10 of PFOA on Resin A decreased by 55% (35.8 kBVs) when increasing nitrate 

concentration from 0.0 meq/L to 1.5 meq/L. However, increasing nitrate concentration from 1.5 

meq/L to 3.0 meq/L only decreased the BV10 by an additional 24% (15.5 kBVs).   
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Figure 25. Effect of inorganic ions on PFAS removal by AIX resins. Dashed line: PSDM 

simulation. Water: SW3. The spiked anions were in sodium form if not noted. The concentrations 

of the spiked anions are 3 meq/L if not noted. 
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Figure 26. Nitrate effect on PFAS removal by resin B in GW3. Dashed line: PSDM simulation.  

 

Because nitrate was the only inorganic ion that affected PFAS removal among the four 

ions, the breakthrough curves were grouped based on nitrate addition and fitted with PSDM 

simulation to obtain BV10 for each PFAS. By comparing the relative changes of BV10 in the 

presence of 1.5 meq/L or 3.0 meq/L of nitrate, we can see that the effect of nitrate was depended 

on the NCL (P-value < 0.01) (see Figure 27). PFAS with shorter NCL were more affected by 

nitrate addition. The chain length-dependent nitrate effect might be due to the different dominant 

sorption mechanisms between the short and long chain PFAS. AIX resin removes PFAS by 

electrostatic and hydrophobic interactions. Since the hydrophobic interactions increase with 

increasing PFAS chain length, the sorption of longer chain PFAS is attributed more to hydrophobic 

interactions, while the sorption of shorter chain PFAS relies more on electrostatic interactions. Liu 

and Sun (2021) used 10% brine solution to regenerate PFAS-laden AIX resin and found that 

shorter chain PFAS had higher regeneration recovery than longer chain PFAS, suggesting that the 

sorption of shorter chain PFAS is attributed more to electrostatic interactions. As an inorganic ion, 
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nitrate can only affect PFAS sorption through electrostatic interactions. Therefore, PFAS with 

shorter NCL were more affected by nitrate.  

 

Figure 27. Percent change in BV10 of increasing nitrate from 0.0 meq/L to 1.5 meq/L and from 

0.0 meq/L to 3.0 meq/L. Water: SW3.  

 

The two tested resins were affected by nitrate, but not sulfate, indicating that these resins 

are similar to nitrate-selective resins. Nitrate-selective resins have more hydrophobic and bulkier 

functional groups and longer distances between neighboring exchange sites than common AIX 

resins targeted for chloride and arsenic removal. These features create greater steric resistance to 

more hydrated divalent sulfate than monovalent nitrate on the AIX resins (SenGupta, 2017). It is 

not coincidental that these two tested resins have nitrate-selective properties. Nitrate-selective 

resins and the PFAS-targeted AIX resins have shared key properties: the hydrophobic resin matrix 

and functional group. For nitrate-selective resin, Soldatov and Bychkova (1988) studied the effects 

of resin matrix and functional groups on sulfate/nitrate selectivity and found that a polystyrene 

resin matrix, which is more hydrophobic, offers higher selectivity for nitrate than a polyacrylic 
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AIX resin. Guter (1984) studied the selectivity of nitrate over sulfate on resin with trimethyl, 

triethyl, tripropyl, and tributyl quaternary amine functional groups and found that nitrate selectivity 

increased with increasing functional group hydrophobicity. For PFAS-targeted resin, Zaggia et al. 

(2016) compared PFAS exchange capacities of three AIX resins with different functional groups 

and found that the PFAS affinity to AIX resin increased with increasing AIX resin functional group 

hydrophobicity. Liu and Sun (2021) found that polystyrene AIX resins had higher uptake 

capacities than polyacrylic AIX resins in PFAS removal. Therefore, it is likely that the AIX resins 

with good performance in PFAS uptake are sensitive to the presence of nitrate in the water matrix. 

Moreover, since nitrate-selective resins generally have good selectivity to perchlorate, perchlorate 

could also affect PFAS uptake by AIX resins.  

As nitrate negatively affects PFAS removal by the AIX resins evaluated here, water 

treatment plants should reduce the nitrate concentration in the influent water to reach the best 

performance of AIX resin. When treating nitrate-rich water, AIX resins need to be replaced more 

frequently than water with low nitrate content.  

4.3.5 Comparison between the controlling factors 

Sections 4.3.1 to 4.3.4 show that the resin use rate is controlled by PFAS properties, nitrate, 

and TOC. However, the relative impact of each factor is unclear. By comparing the KAIX  of PFAS 

in different treatment scenarios in a heatmap (Figure 28), we can see that the effects on PFAS 

uptake capacities follow the sequence of PFAS properties >>Nitrate concentration>TOC. In Figure 

28, the color of the heatmap represents the value of KAIX . As the KAIX  increases, the color of the 

heatmap cells gradually changes from blue to red. The x-axis of the heatmap is the PFAS, sorted 

by NCL from smallest to largest. The color of the heatmap changed gradually from blue to red 

from left to right as the NCL increased. The y-axis is the water matrix conditions and resins. The 
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color change from top to bottom reveals the TOC and nitrate effects on the two tested resins. For 

example, the color of PFHxA changed gradually from red to blue when TOC increased from 0.7 

mg/L to 2.2 mg/L, and nitrate concentration increased from 0 meq/L to 3 meq/L, implying TOC 

and nitrate hindered PFAS removal on resin A and B. From the overall color change, we can see 

that the color change in the horizontal direction is much more drastic than in the vertical direction. 

Thus, PFAS properties had the most significant impact on KAIX , followed by nitrate and TOC 

concentration.   
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*: Exact KAIX  is unavailable because the compound reached breakthrough later than the last sampling point. KAIX  >15.03 

Å: Exact KAIX  is unavailable because the compound reached breakthrough earlier than the first sampling point. KAIX  <2.53 

Figure 28. Heatmap of PFAS uptake capacities in different conditions.  
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4.3.6 Predicting PFAS removal in different water matrices 

Pseudo-single solute models were developed for resins A and B to predict KAIX  and BV10 

for PFAS from PFAS structural features and water matrix characteristics. This model predicts the 

KAIX  and BV10 of PFAS on resins A and B in water matrices with wide ranges of TOC and nitrate 

concentrations (Equations (4.3) to (4.6)). The four models meet the regression assumptions of 

linearity and have a normally distributed residual with constant variance. The diagnostic plots are 

presented in Figure S20. The models were cross validated using the Leave-One-Out Cross 

Validation (LOOCV) method. The results of LOOCV are summarized in Figure 29. Overall, the 

models give an accurate prediction as over 83% of the predictions fall within the 50% variance 

from the observed value. Using the predicted KAIX  and BV10 values, researchers can predict the 

entire PFAS breakthrough curve with the PSDM using AdDesignTM, as demonstrated in section 

4.3.2. These models are developed for column tests with Sh of 79.2. To apply the models at other 

fixed bed conditions, one can calculate the Sh of the targeted column (Shtargeted) and scale up the 

KAIX  and BV10 by multiplying the KAIX  and BV10 by a factor of  ὛὬ ȾχωȢς. Details about 

the scale-up approach were discussed in Chapter 3. 

Resin A Adj-R2  

ὑ πȢχσςρȢφχς╝╒╛ρȢσφρ╒▪░◄►╪◄▄πȢρπω╝╒╛╒▪░◄►╪◄▄

πȢρχυ╝╒╛╣╞╒ 

0.94 (4.3) 

Ѝὄὠρπ χȢφρςρπȢφρχ╝╒╛υȢωωφ╒▪░◄►╪◄▄ρȢςσυ╝╒╛╣╞╒ 0.97 (4.4) 

Resin B   

ὑ ρȢωσυ╝╒╛ςȢςφψ╒▪░◄►╪◄▄πȢςωω╝╒╛╒▪░◄►╪◄▄

πȢςρψ╝╒╛╣╞╒ 

0.92 (4.5) 
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Ѝὄὠρπ ωȢφυψ╝╒╛ρπȢςφυ╒▪░◄►╪◄▄πȢψςπ╝╒╛╒▪░◄►╪◄▄

ρȢρφψ╝╒╛╣╞╒ 
0.91 (4.6) 

*P-values for coefficients and intercepts are less than 0.05. The units for TOC and Cnitrate are mg/L 

and meq/L, respectively. 

 

 

Figure 29. LOOCV for water with different TOC and nitrate concentrations. A and B: Resin A; C 

and D: Resin B. Labels: Percentage of predictions that fall within ± 50% variance from the 

observed value. Dashed line: ± 50% variance from the observed value. Solid line: 1:1 ratio line.   
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4.4 Conclusion 

The factors determining AIX resin use rate in PFAS treatment include PFAS structure, 

TOC, and nitrate concentrations. The other tested major anions, including chloride, sulfate, and 

bicarbonate, had an insignificant impact on PFAS removal at a concentration of up to 3 meq/L. 

Among the three determining factors, the PFAS structure has the most significant impact.  

For the PFAS structure effect, different PFAS structures affect PFAS uptake on AIX resins 

differently. In a given PFAS subclass, the affinity of PFAS on AIX resins increased with increasing 

PFAS chain length. With a given PFAS chain length, PFAS with sulfonic acid head groups had a 

higher affinity to AIX resins than PFAS with carboxylic acid head groups. Moreover, for a given 

PFAS chain length, the PFAS with ether oxygens (e.g., PFMOAA) or hydrogenated carbons (e.g., 

6:2 FTS) had lower PFAS uptake capacities. Based on the structure effect, a QSPR which 

quantifies the impact of 7 PFAS structural features, including -CF2-, -O-, -SO3H, -COOH, -CH2-, 

-CHF- and >CF-CF3, on PFAS uptake by AIX resins were developed. The contribution ratio 

between these PFAS structural fragments is 1.00: 0.35: 4.32: 0.00: -2.29: 0.00: 1.64. Using the 

QSPR, water utilities and researchers can predict the breakthrough curves of the PFAS that reaches 

breakthrough late with the breakthrough information of the early breakthroughed compounds. This 

prediction can help cut the time needed for the preliminary tests and the cost of purchasing 

expensive PFAS standards.  

Both TOC and nitrate decreased the PFAS uptake capacities of AIX resins. Moreover, due 

to the accumulation of fouling through the operation, PFAS that reached breakthroughs late were 

more affected by TOC than PFAS that broke through early. For the nitrate effect, this research 

showed that the compounds with shorter NCL were more affected by nitrate. The chain length-

dependent nitrate impact is because the sorption of the PFAS with shorter NCL relies more on 
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electrostatic interactions, which are more affected by nitrate. Based on the water matrix impact, 

pseudo-single solute models for the two tested AIX resins that can be used to predict PFAS 

removal on AIX resin in water matrices with a wide range of TOC and nitrate concentrations were 

developed. The QSPR was embedded in this pseudo-single solute model, so the PFAS structure 

effect is also considered. 

The two models developed in this chapter help design future AIX treatment processes in 

the context of PFAS remediation and drinking water treatment. The QSPR focuses on the PFAS 

structure effect. It can predict PFAS breakthrough curves in a given water matrix with a given AIX 

resin based on the breakthrough information of the other PFAS in the same water matrix and on 

the same AIX resin. The QSPR is not restricted by the water matrix and AIX resins. It is applicable 

as long as the breakthroughs to be predicted are in the same water matrix and AIX resins as the 

training datasets. Furthermore, pseudo-single solute models were developed by adding water 

matrix effect information to the QSPR. It is more straightforward than the QSPR. The pseudo-

single solute models can predict PFAS breakthroughs based on only three parameters, the NCL of 

the PFAS, TOC, and nitrate concentration. However, the pseudo-single solute models only apply 

to the two AIX resins studied in this research and have a lower accuracy (within 50%) than the 

QSPR model (within 25%). Nevertheless, considering how little information is needed to apply 

the prediction, the pseudo-single solute models are useful to provide information for the design of 

bench- or pilot-scale column experiments and to obtain a first estimate for assessing the feasibility 

of AIX processes for PFAS removal.  

 

  



 

96 

CHAPTER 5 THE SORPTION MECHANISMS OF PFAS UPTAKE ON AIX RESINS  

5.1 Introduction 

Many studies have found effective PFAS removal by AIX resins (Dixit et al., 2020; Liu 

and Sun, 2021; Zaggia et al., 2016). However, the sorption mechanisms of PFAS uptake on AIX 

resins have not been comprehensively studied.  

AIX is a process in which the ions in solution are exchanged with loosely associated ions 

with the same type of charge on the external or internal surface of ion exchange materials. The 

exchange is based on the electrostatic force between the functional groups and free ions in the 

solution. Therefore, electrostatic interactions are always involved in the ion exchange process. 

Depending on the type of sorbates and sorbents, sorption mechanisms other than electrostatic 

interactions can also contribute to sorbate uptakeðfor example, hydrophobic interactions in the 

sorption of hydrophobic ionizable organic compounds (HIOC) (Li and Sengupta, 1998), Lewis 

acid-base interactions in the sorption of transition metal cations, and ligand exchange with metal 

oxides (SenGupta, 2017). PFAS meet the definition of HIOC as these compounds have ionized 

head groups and hydrophobic moieties. However, whether hydrophobic interactions are involved 

in the uptake of PFAS by AIX resins is debated in the literature. The evidence supporting that both 

electrostatic and hydrophobic interactions are important include (1) the affinity of PFAS to AIX 

resins increases with increasing PFAS hydrophobicity (Maimaiti et al., 2018; Zaggia et al., 2016), 

(2) in the regeneration of PFAS laden AIX resin, both brine and organic solvent are needed to 

reach a high PFAS recovery (Liu and Sun, 2021; Maimaiti et al., 2018; Zaggia et al., 2016), and 

(3) PFAS uptake exceeded the release of counterions in batch experiments (i.e., non-stoichiometric 

exchange between the sorbed PFAS and released AIX resin counterions) (Deng et al., 2010; Zaggia 

et al., 2016).  
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It is worth noting that the stoichiometric exchange between PFAS and the counterions is 

inconsistent between studies, as summarized in Table 13. Researchers who found the 

stoichiometric exchange between PFAS and Cl- stated that ion exchange is the only uptake 

mechanism (e.g., Dixit et al., 2019, 2020). Some studies found PFAS uptake exceeded Cl- release, 

which likely resulted from high initial PFAS concentrations. PFAS have surfactant properties and 

can form micelles or hemi-micelles when they exceed the critical micelle concentration (cmc). For 

the studies with non-stoichiometric reactions, the initial PFAS concentrations were very high. 

Although the aqueous concentrations were below the cmc, they likely exceeded the cmc once taken 

up by the AIX resin. Zaggia et al. (2016) found aggregates on spent AIX resin through transmission 

electron microscopy (TEM) analysis, which were likely PFOA micelles. Furthermore, Zaggia et 

al. (2016) and Maimaiti et al. (2018) found non-stoichiometric reactions in the sorption of long-

chain PFCAs and PFSAs but not in the sorption of PFBA, suggesting that the non-stoichiometric 

results could come from the formation of micelles because the cmc of PFBA is much higher than 

that of the long-chain PFCAs and PFSAs. In the author's opinion, the stoichiometric exchange 

between PFAS and the AIX counterion can only prove the existence of ion exchange but cannot 

reject the existence of hydrophobic interactions. Li and Sengupta (1998) investigated the sorption 

mechanisms of pentachlorophenol (PCP-), which is a HIOC, on two AIX resins with different 

hydrophobicity. Both AIX resins showed stoichiometric exchange between PCP- and Cl- from 

batch equilibrium tests. However, the more hydrophobic AIX resin had a higher uptake capacity 

in fixed bed column tests, indicating the existence of hydrophobic interactions. Moreover, they 

also found that a non-functionalized AIX resin had little uptake capacity for PCP-, indicating that, 

in the uptake of PCP-, electrostatic and hydrophobic interactions contribute concurrently, but 

electrostatic interactions are a prerequisite for PCP- uptake. PFAS also fall into the category of 
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HIOCs; therefore, PFAS are expected to behave similarly to PCP-. Senevirathna et al. (2011) 

studied the sorption of four PFCAs on non-functionalized ion exchange polymers. They found 

effective removal for PFOA and PFDA with non-functionalized ion exchange polymers, proving 

the presence of hydrophobic interactions. This finding differs from that of Li and Sengupta (1998) 

for PCP-, which is likely a result of structural differences between PCP- and long-chain PFCAs. 

PFOA and PFDA have linear alkyl chains that are likely more hydrophobic than the aromatic PCP- 

moiety.  

Recent studies applied quantum chemical computational approaches to investigate the 

electrostatic interactions of PFAS on AIX resins. Park et al. (2020) investigated PFAS removal by 

magnetic ion exchange (MIEX) in a jar tester and found a strong correlation between total negative 

atomic charges of PFAS and apparent equilibrium constants derived from kinetic models. The total 

negative atomic charges were obtained by summing the atomic charges of oxygen and fluorine 

atoms in PFAS. They concluded that the interaction between the non-polar tail of PFAS and MIEX 

is charge interactions instead of hydrophobic interactions because the correlation between apparent 

equilibrium constants for PFAS and total negative charge of PFAS was stronger than with the pH-

dependent octanol-water partition coefficient (log Dow). However, Dudley et al. (2015) found that 

organic solvent was needed in addition to salts to regenerate PFAS-laden MIEX, suggesting that 

hydrophobic interactions played an important role in PFAS sorption. Parker et al. (2022) isolated 

electrostatic interactions from hydrophobic interactions by conducting anion-exchange liquid 

chromatography-mass spectrometry (LC-MS) with an aminopropyl guard column in a pure 

methanol system, where the hydrophobic interactions were minimized. PFAS were eluted with 20 

mM ammonium acetate in methanol. By comparing the retention times of PFAS with various 

structures, Parker et al. (2022) found that the PFAS affinity for the AIX phase resulting from 
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electrostatic interactions was inversely related to PFAS chain length and the average electrostatic 

potential (ESP) of each PFAS. ESP is the interaction energy of a positive point charge at a location, 

usually the van der Waals surface, with the nuclei and electrons of a molecule (Hehre, 2003; 

Murray and Politzer, 2011). The average ESP in this paper was calculated by averaging the 

minimum and maximum ESP of a given PFAS. This method of using the pure organic solvent 

system to isolate electrostatic interactions is innovative. Useful data can be obtained with the same 

concept to investigate electrostatic interactions in packed bed reactors containing AIX resins that 

showed promising PFAS removal.  

Understanding the role of hydrophobic interaction in PFAS sorption by AIX resin is 

important because it determines what isotherm equations should be used in predictive models. For 

example, Haupert et al. (2021) argued that an ion exchange isotherm (Equation 5.1) instead of 

empirical single-solute isotherms, such as the Freundlich and Langmuir isotherm models, should 

be used to describe PFAS uptake in the AIX resin because AIX is a competitive process that the 

counterions and deprotonated PFAS compete for exchange sites. However, if hydrophobic 

interactions play a dominant role, the ion exchange isotherm would not describe the dominant 

PFAS uptake mechanism by AIX resins.  

ή
‌ȟὅή

ὅ ὅ ‌ȟὅ
 

(

(5.1) 

q: solid phase concentration 

C: liquid phase concentration 

‌: separation factor 

A and B: two ion species that compete for exchange sites 

T: total ions in liquid or solid phase 
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The objectives of this research were to (1) determine PFAS uptake mechanisms by AIX 

resins, (2) quantify electrostatic interactions between PFAS and AIX resins using DFT indices, 

and (3) investigate impacts of PFAS structure on hydrophobic interactions between PFAS and AIX 

resins. To achieve the objectives, the removal of 23 PFAS, including 7 PFCAs, 3 PFSAs, 1 FTS, 

and 12 PFEAs with 3 to 9 fluorinated carbon atoms, on a gel-type and a macroporous AIX resin 

in ultrapure water (UPW), methanol, and coagulated surface water were conducted using rapid 

small-scale column tests (RSSCTs). PFAS partition coefficients in UPW (KAIX,UPW) are assumed 

to be controlled by both electrostatic and hydrophobic interactions. PFAS partition coefficients in 

methanol (KAIX, MeOH) are assumed to be controlled by electrostatic interactions alone because 

hydrophobic interactions between PFAS and AIX resin should be minimized or eliminated in 

organic solvent. As in UPW, PFAS uptake in coagulated surface water (KAIX, SW) should be 

controlled by both electrostatic and hydrophobic interactions. Additionally, KAIX, SW is also 

affected by background water matrix constituents, as discussed in Chapter 4. To verify these 

hypotheses, PFAS breakthrough curves in methanol and UPW were compared. If PFAS 

breakthrough curves in methanol RSSCTs match those obtained in UPW RSSCTs, the uptake of 

PFAS by AIX resins is controlled by electrostatic interactions. If PFAS break through earlier in 

methanol RSSCTs than in UPW RSSCTs, the uptake of PFAS by AIX is due to a combination of 

electrostatic and hydrophobic interactions. If negligible PFAS uptake is observed in methanol 

RSSCTs, the uptake of PFAS by AIX resins is governed by hydrophobic interactions. To study 

the contribution of electrostatic interactions to PFAS uptake, ESP and natural bond orbital (NBO) 

atomic charges of the targeted PFAS were calculated using the DFT software Gaussian 16 

(Gaussian, Inc, CT USA) and a multilinear regression equation was developed to describe 

KAIX,M eOH from these DFT indices. To study the contribution of hydrophobic interactions to PFAS 
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uptake, the difference between KAIX  from aqueous solutions (KAIX,UPW or KAIX,SW), where both 

electrostatic and hydrophobic interactions are present, and KAIX,MeOH, where electrostatic 

interactions dominate, were calculated. For UPW, (KAIX, UPW ï KAIX,MeOH) produced ideal data for 

studying hydrophobic interactions. However, only three PFAS reached over 30% breakthrough 

before the end of the UPW RSSCT because of high PFAS removal efficiency in UPW. Therefore, 

(KAIX,SW ï KAIX,MeOH) values were also used with awareness of water matrix effects to investigate 

the correlation between PFAS uptake from hydrophobic interactions and PFAS structural 

characteristics, such as chain length and functional groups. Additionally, PFAS removal by the 

two AIX resins, one gel-type and one macroporous, in methanol and water was compared.   
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Table 13. Ion exchange stoichiometry from published articles. 

 

AIX resin resin Matrix 
Functional 

group 

Compounds 

exchanged* 

Initial PFAS 

concentration 

PFAS sorbed/ 

chloride released 
Citation 

Purolite A860 
Polyacrylic, 

macroporous 
- 

GenX/Cl- 0.5~ 10 mg/L 1 
(Dixit et al., 

2020) 
PFMOBA/Cl- 0.5~10 mg/L 1 

PFMOPrA/Cl- 0.5~10 mg/L 1 

Purolite A860 
Polyacrylic, 

macroporous 
- 

PFOA/Cl- 0.5~10 mg/L 1 (Dixit et al., 

2019) PFOS/Cl- 0.5~10 mg/L 1 

Purolite A600E 
Polystyrene-

DVB, gel-type 

Trimethyl 

quaternary 

amine 

PFBA/Cl- 1000 mg/L 1.2 

(Zaggia et al., 

2016) 

PFOA/Cl- 1000 mg/L 3.5 

Purolite A520E 

Polystyrene-

DVB,  

macroporous 

Triethyl 

quaternary 

amine 

PFBA/Cl- 1000 mg/L 1.1 

PFOA/Cl- 1000 mg/L 3.9 

Purolite A532E 
Polystyrene-

DVB, gel-type 

Bifunctional 

quaternary 

amine 

PFBA/Cl- 1000 mg/L 0.8 

PFOA/Cl- 1000 mg/L 4.2 

IRA67 
Polyacrylic,  

gel-type 
Polyamine PFOS/Cl- 200~400 mg/L 1~1.28 

(Deng et al., 

2010) 
IRA958 

Polyacrylic,   

macroporous 

Quaternary 

ammonium 
PFOS/Cl- 200~400 mg/L 1~1.28 

IRA910 

Polystyrene- 

DVB, 

Macroporous 

Dimethyl 

ethanol 

ammonium 

PFBA/Cl- 50~400 mg/L 1 

(Maimaiti et al., 

2018) 

PFHxS/Cl- 50~400 mg/L 

1.08~1.31 

PFOS/Cl- 50~400 mg/L 

PFBS/Cl- 50~400 mg/L 

PFHxA/Cl- 50~400 mg/L 

PFOA/Cl- 50~400 mg/L 
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5.2 Materials and Methods 

5.2.1 Water 

RSSCTs were conducted in UPW, methanol, and coagulated surface water to investigate 

PFAS sorption mechanisms on AIX resins. The coagulated surface water was SW1 (TOC = 2.19 

mg/L) from a drinking water utility in US EPA Region 4. The characteristics of SW1 are 

summarized in Table S5.  

 

5.2.2 Anion exchange resins 

Two single-use AIX resins (Resin A and Resin B) were evaluated in this study (Table 14). 

To conduct RSSCTs, AIX resins were crushed using a mortar and pestle and then size-fractionated 

by wet sieving with UPW to capture the 200 230 U.S. mesh fraction [log mean particle diameter 

0.07 mm]. Crushed AIX resins were dried in a vacuum desiccator at room temperature (20  2 ) 

and stored in a dry state until use. Before packing RSSCT columns, the desired mass of dry AIX  

resin was soaked in UPW and placed in a vacuum desiccator for at least 24 hours to ensure the 

resin was fully swelled and air was displaced from void spaces. The total anion exchange capacities 

of resins A and B were characterized using the method described in Appendix A.4 and were 

determined to be 0.86 eq/L and 0.67 eq/L, respectively. 

Table 14. AIX resins. 

Parameters Resin A Resin B 

AIX resin type Gel Macroporous 

Polymer matrix 
Polystyrene crosslinked with 

divinylbenzene 

Polystyrene crosslinked 

with divinylbenzene 

Functional group Complex Amino N-Tri-Butyl Amine 
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5.2.3 Per-and polyfluoroalkyl substances 

Twenty-three PFAS in four classes, including PFCAs, PFSAs, FTS, and PFEAs, were 

studied (Table S1). When spiking PFAS into UPW and SW1, methanol from the PFAS dosing 

solution was evaporated in a 15-mL conical polypropylene centrifuge tube (Falcon Brand) under 

nitrogen (TurboVap LV Evaporator, Caliper) to avoid introducing organic carbon into the influent 

water. The PFAS residue was dissolved in 10 mL of influent water, vortexed, and added to a 5-

gallon high-density polyethylene influent container (Dynalon Labware). The centrifuge tube 

containing the residue was rinsed another 5 times with influent water to ensure PFAS were 

completely transferred to the influent container. When spiking PFAS into methanol, the PFAS 

standards were spiked directly because the standards were stored in methanol. 

The normalized PFAS chain length (NCL) of each targeted PFAS was calculated to 

investigate the effect of PFAS structure on the sorption mechanisms of PFAS uptake by AIX resins. 

The NCL is a parameter that combines different structural features of PFAS, which was developed 

and discussed in Chapter 4.  

 

5.2.4 Rapid small-scale column test 

RSSCTs were designed based on the CD design approach with non-perfect similitude to 

simulate a pilot test with an EBCT of 1.7 min for resins A and B. A design approach with a reduced  

ὺ was selected because it allows rapid completion of RSSCTs with a small volume of water, and 

it can effectively predict pilot-scale performance using the scale-up approach presented in Chapter 

3. The RSSCT specifications can be found in Table 15. The design approach can be found in 

section 2.3.1.   
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Table 15. RSSCT specifications ï simulated full-scale EBCT: 1.7 min. 

Resin Unit Resin A Resin B 

Particle size mm 0.07 0.07 

Flowrate mL/min 2.23 2.23 

ὺ m/hr 16.9 16.9 

EBCT s 1.06 1.03 

Column Diameter cm 3.175 3.175 

Bed Length cm 0.498 0.482 

 

RSSCTs were built in upflow mode using polypropylene tubing and Swagelok stainless steel 

tube fittings. Glass wool was packed below and above the AIX resin bed to prevent bed migration. 

Influent water was pumped into the column using an HPLC pump (LC 20-AT, Shimadzu, 

Columbia, MD). The RSSCT setup is shown in Figure S5. The AIX resin bed was packed carefully 

under saturated conditions to prevent the introduction of air bubbles into the column. Before 

pumping the influent water into the column, the AIX resin bed was flushed with UPW at the design 

flow rate for one day to stabilize the AIX resin bed.  

For the RSSCTs conducted in UPW and SW1, after stabilizing with UPW for one day, the 

PFAS spiked influent water was pumped through the column, and the effluent water was collected 

periodically for PFAS analysis. For the RSSCT conducted in the methanol, after stabilizing with 

UPW for one day, pure methanol was pumped through the column for two hours at the designated 

flow rate to purge the UPW from the AIX resin bed before the feed was switched to the PFAS-

spiked methanol. Two identical methanol RSSCTs were conducted for each AIX resin. The first 

RSSCT was operated for 8.8 hours (30,000 BVs), and the second RSSCT was operated for 55.4 

hours (188,000 BVs). In the first RSSCT, effluent samples were collected every 17.7 min (1,000 

BVs) for the first 12 samples and every 53 min (3,000 BVs) for the following 6 samples. In the 

second RSSCT, the effluent samples were collected every 176.7 min (10,000 BVs) after operating 
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for 9 hours (31,000 BVs) for the first 8 samples and every 512.4 min (29,000 BVs) for the 

following 3 samples. Results from these two methanol RSSCTs were combined.  

Samples were stored at 4 prior to PFAS analysis. 

Two control RSSCTs with no AIX resins were conducted to ensure that PFAS leaching 

and PFAS uptake in the absence of AIX resins was negligible. The influent water used in the two 

control RSSCTs was ultrapure water without spiked PFAS, and ultrapure water spiked with 100 

ng/L of each of the 23 PFAS. Based on the control RSSCTs, PFAS removal or leaching from the 

columns without AIX resins was negligible (see Figures S6 and S7). 

 

5.2.5 DFT calculation 

ESP and the atomic charge of the atoms in deprotonated PFAS in methanol and water were 

calculated using DFT calculation with Gaussian 16 (revision A.03) using North Carolina State 

Universityôs high performance computing (HPC) service. The Gaussian cartesian input files were 

generated from Avogadro (Hanwell et al., 2012), where the deprotonated PFAS structures were 

drawn and the geometries were initially optimized with the AutoOptimization tool under the force 

Field of MMFF94. In Gaussian 16, the geometry optimizations and frequency calculations were 

performed at the M062X/6-31+G(d,p) level of theory with SMDsSAS model (Lian et al., 2018). The 

solvent was set to be water and methanol. The optimizations were successful, and no imaginary 

frequencies were found. Afterward, the calculation results were loaded to Multiwfn to calculate 

the minimum, maximum, and overall ESP (Tian Lu, 2012; Zhang and Lu, 2021). Natural bond 

orbital (NBO) analysis was performed to calculate the atomic charges of each atom in deprotonated 

PFAS using Gaussian.  
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5.2.6 Mathematical model to describe PFAS breakthrough curves 

PFAS breakthrough curves from RSSCTs were described with the pore and surface 

diffusion Model (PSDM) using AdDesignSTM (Mertz et al., 1999; USEPA, 2020) to obtain the 

Freundlich adsorption capacity parameter [KAIX , (mg/g)(L/mg)1/n]. In the model, KAIX  and the 

surface-to-pore-diffusion flux ratio (SPDFR) were adjusted until the simulated breakthrough 

curves matched the experimental RSSCT data. Increasing SPDFR increased the steepness of the 

simulated breakthrough curves. If SPDFR of 30 could not describe the experimental RSSCT data, 

the film diffusion coefficient was manually adjusted from the value obtained from the Gnielinski 

relationship to further increase the steepness of the simulated breakthrough curves. Changing the 

SPDFR value and film diffusion coefficient only changed the shape of the breakthrough curve but 

did not affect the determination of KAIX . The number of axial elements, axial direction, and radial 

direction had no impact on simulation results in this study and were set at 6, 8, and 3, respectively. 

Mass transfer parameters, including the film diffusion coefficient, surface diffusion coefficient, 

and pore diffusion coefficient, were estimated in AdDesignSTM using the Gnielinski correlation 

(Roberts et al., 1985), Sontheimer correlation (Sontheimer et al., 1988), and Ὀ †ϳ , respectively, 

where the liquid diffusion coefficient (Ὀ) was obtained from Hayduk & Laudie (1974), and the 

tortuosity (†) was input by the user to a value of ñ1ò such that pore diffusion was maximized. The 

Freundlich exponent (1/n) was set to a value of ñ1ò because the uptake of PFAS was found to be 

independent of the influent PFAS concentration, as described in Chapter 3. PFAS breakthrough 

curves with <30% breakthrough at the end of a column test were not simulated to avoid introducing 

uncertainty in KAIX  determinations.  
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5.3 Results and Discussion 

5.3.1 Sorption mechanisms 

To assess PFAS uptake mechanisms, RSSCT results obtained in methanol and UPW were 

compared (Figure 30). Only three compounds were compared in Figure 30 because only these 

compounds reached breakthroughs in the UPW RSSCT before the end of the tests at 350,000 BVs. 

Comparing the methanol RSSCT to UPW RSSCT, the sorption of PFAS on AIX resins is found 

to be controlled by both hydrophobic and electrostatic interactions. As shown in Figure 30, PFAS 

reached breakthroughs much faster in the methanol than in the UPW, indicating the importance of 

hydrophobic interactions in the uptake of PFAS on AIX resins. Moreover, although greatly 

reduced, the PFAS uptake in methanol did not decrease to zero, implying that electrostatic 

interactions were also present in the PFAS sorption on AIX resins. 

 
Figure 30. Comparison between PFAS breakthrough curves in methanol and UPW. A: Resin A; 

B: Resin B.  
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5.3.2 Electrostatic interaction 

To assess the affinity of PFAS for AIX resins under conditions dominated by electrostatic 

interactions, PFAS breakthrough curves obtained from the methanol RSSCTs were compared 

(Figures 31 and 32). Interestingly, the chain length effect on PFAS uptake from methanol was 

reversed compared to that in water. Figure 33 shows the KAIX  of each PFAS against their NCL. In 

RSSCTs conducted with UPW and SW1, i.e., RSSCTs in which both hydrophobic and electrostatic 

interactions were important, KAIX ,UPW and KAIX,SW was positively related to NCL. In contrast, in 

methanol RSSCTs, in which electrostatic interactions were dominant, KAIX ,MeOH was negatively 

associated with NCL, consistent with a previous study conducted with a weak AIX LC guard 

column (Parker et al., 2022). This chain length effect in methanol RSSCTs implies that compounds 

with shorter NCLs exhibit stronger electrostatic interactions with AIX resins. Moreover, PFAS 

with sulfonic functional groups, excepting 6:2 FTS, had much higher KAIX ,MeOH than those with 

carboxylic functional groups, as shown by the empty turquoise points in Figure 33, implying that 

PFSAs exhibit stronger electrostatic interactions with AIX resins than PFCAs and polyfluorinated 

compounds. Nevertheless, chain length effects for PFSAs matched those for PFCAs, i.e., KAIX 

decreased with increasing NCL. 6:2 FTS is a special case as it has a sulfonic functional group but 

has a KAIX  close to the carboxylated PFAS in the methanol RSSCT. This difference is likely due 

to the two hydrogenated carbons in 6:2 FTS. The functional group and hydrogenated carbon impact 

on electrostatic interactions in this study are inconsistent with Parker et al. (2022), likely due to 

differences in the AIX resin backbone and functional groups. Parker et al. (2022) used a weak AIX 

LC guard column, while strong AIX resins were used here.   
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Figure 31. RSSCT breakthrough curves, A. PFCAs, PFSAs, and FTS. B. PFEAs; Resin: Resin A; 

Liquid phase: Methanol. Black symbols and lines: PFAS with carboxylic acid head groups. 

Turquoise symbols and lines: PFAS with sulfonic acid head groups.  
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Figure 32. RSSCT breakthrough curves, A. PFCAs, PFSAs, and FTS. B. PFEAs; Resin: Resin B; 

Liquid phase: Methanol. Black symbols and lines: PFAS with carboxylic acid head groups. 

Turquoise symbols and lines: PFAS with sulfonic acid head groups.  
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For PFAS with NCL < 4, KAIX ,SW were lower than KAIX ,MeOH due to the water matrix effect. 

In the surface water RSSCT, the background water matrix, such as TOC and inorganic ions, 

negatively impacted PFAS uptake, and, therefore, the KAIX ,SW values of the compounds breaking 

through earliest were lower than KAIX,MeOH. Comparing KAIX ,SW and KAIX,UPW values (orange points 

in Figure 33), it is apparent that a much higher KAIX  is obtained in UPW without water matrix 

effects.   

 
Figure 33. Effect of NCL on PFAS uptake capacities in different liquid phases. Based on the point 

color, KAIX  represents KAIX ,UPW, KAIX,SW, or KAIX,MeOH. A: Resin A; B: Resin B. Only three points 

are shown for UPW RSSCT because only these compounds reached over 30% breakthrough and 

could therefore be fitted with the PSDM to obtain KAIX .   

 

To study the impact of PFAS structure on electrostatic interactions between PFAS and AIX 

resins, the ESP (minimum, maximum, and overall) and NBO atomic charges of each targeted 

PFAS were calculated. Calculations were made for the deprotonated forms in methanol and water 
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using Gaussian 16 (Appendix C) because deprotonated PFAS are the units involved in the ion 

exchange process. The obtained results for the deprotonated forms are consistent with previous 

studies, with mean absolute differences of 49.0, 13.9, and 37.5 kJ/mol for minimum, maximum, 

and overall ESP from Parker et al. (2022), where the data was calculated from Spartan, and the 

percent differences of less than 2% for the atomic charge of the oxygen in PFAS functional group 

from Park et al. (2020), where the data was calculated from ORCA. Figures 34 and 35 exhibit the 

ESP and atomic charge of deprotonated PFHxA in methanol. As shown in Figure 34, the maximum 

ESP point is close to the hydrocarbon tail of PFHxA, and the minimum ESP point is close to the 

PFHxA functional group. The overall ESP was calculated from the average of ESP over the entire 

molecular surface.  

 

Figure 34. ESP colored molecular van der Waals surface of deprotonated PFHxA in methanol. 

Bond order not shown.  










































































































































































































