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ABSTRACT  
   

 Although anion exchange resins (AERs) have been implemented for a wide range 

of aqueous contaminants including notorious perfluoroalkyl acids (PFAAs) that are of 

human health concern, the potential benefits and underlying chemistry of weak-base 

(WB) AERs are overlooked. To fill these key gaps in the literature, this research 

evaluated the removal and regeneration efficiency of WB-AER (IRA 67 and IRA 96) 

with strong-base (SB) AER as the baseline. Batch equilibrium tests were first conducted 

for the removal of nitrate, sulfate, 3-phenylpropionic acid, and six legacy PFAAs with 

contrasting properties at different solution pH using polyacrylic and polystyrene chloride-

form AERs. In ambient (pH 7) and acidic (pH 4) solutions, the polymer composition was 

the controlling factor followed by the length of alkyl chain of the resin while AER 

basicity did not influence the selectivity for the selected contaminants. WB resin had 

higher capacity than SB analogs based on quantitative analysis using isotherm model 

parameters. Batch and column adsorption experiments showed significantly greater 

removal of PFAAs by polystyrene than polyacrylic AERs regardless of resin basicity, 

with the order of decreasing polyacrylic resin selectivity of PFOS >> PFHxS ≈ PFOA > 

PFBS > PFHxA ≈ PFBA. The removal performance of WB-AER was reversible, 

declining drastically at basic conditions and gradually regained once below the pKa of the 

resin due to the pH-dependent nature of amine groups. This was not the case for IRA 96 

(i.e., polystyrene) which exhibited high removal of PFAAs irrelevant of pH because of 

the nonpolar character of polystyrene matrix. The non-hydrophobic IRA 67 (i.e., 

polyacrylic) had a satisfactory regeneration using non-toxic salt-only solutions 

comprising 1% NaOH and 0.5% NaOH + 0.5% NaCl, while IRA 96 was only amenable 
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to brine/methanol regeneration. Important caveats on the validity of isotherm modeling in 

batch adsorption tests were discussed. Results for batch and column experiments using 

chloride-form and free-base form WB-AER, respectively, provide insights for industrial 

applications.  
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CHAPTER 1 

INTRODUCTION 

 Anion exchange have successfully been implemented for raw drinking water 

treatment over its facile operability, cost-effectiveness, and selectivity of specific resin 

structures to a range of pollutants. While the efficiency of strong-base (SB) anion 

exchange resins (AERs) is well established, the chemistry of weak-base (WB) AERs is 

understudied despite their strong buffering capability (Hinrichs & Snoeyink, 1976; Zhang 

et al., 2014), ease of regeneration (Ateia, Alsbaiee, et al., 2019), and high capacity 

(Boyer, Fang, et al., 2021; Höll & Kirch, 1978). Few pilot studies were dedicated to WB-

AER thus overlooking the practicability in treatment settings. For instance, WB-AERs 

are less prone to organic fouling (Dixit, Dutta, et al., 2021) and present greater chemical 

stability in oxidative environments and higher thermal resistance (Harland, 1994) than SB 

analogs, all of which increase resin longevity and are important considerations for 

operational costs. 

Regardless of resin basicity, AER technology is commonly used for the removal 

of problematic aqueous contaminants that are partially or fully dissociated and/or possess 

a hydrophobic character. The removal efficiency of inorganics (e.g., Cl-, SO4
2-, NO3-, 

ClO4
-, arsenic; uranium (VI)) (Dron & Dodi, 2011; Foster et al., 2017; Gu et al., 2005; 

Hekmatzadeh et al., 2012; Hu et al., 2016; Song et al., 2012), NOM (Bolto et al., 2002; 

Edgar & Boyer, 2021; Graf et al., 2014; Ness & Boyer, 2017), and organic ionizable 

compounds (Kanazawa et al., 2004; Li & SenGupta, 1998, 2004; Rahmani & Mohseni, 

2017; Subramonian & Clifford, 1988), especially trace emerging contaminants such as 

pharmaceuticals (Gustafson & Lirio, 1968; Landry & Boyer, 2013; Landry et al., 2015) 
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and per- and polyfluoroalkyl substances (PFAS) (Chularueangaksorn et al., 2013, 2014; 

Dietz et al., 2021; Dixit et al., 2019, 2020a, 2020b; Dixit, Barbeau, et al., 2021; Dixit, 

Dutta, et al., 2021; Franke et al., 2019; Laura del Moral et al., 2020; Woodard et al., 

2017; Yao et al., 2014; Zaggia et al., 2016; Zeng et al., 2020), by strong-base (SB) anion 

exchange resins (AERs) has been documented in the literature to a substantially greater 

extent than WB-AER. Therefore, the performance of WB-AER is underestimated, an 

issue that stems from the lack of review articles consecrated to elucidate the convolution 

of resin-solute interactions. While the selectivity and removal efficiency of SB-AER is 

generally influenced by the mobile counterion form (Laura del Moral et al., 2020) and 

properties of the resin (Helfferich, 1995), like polymer matrix composition (Li & 

SenGupta, 1998) and functional group (Samatya et al., 2006), added complexity is 

observed for WB-AER since the resin also exhibits different behaviors in the absence of 

counter-ions (i.e., free-base) and across a range of solution pH.  

PFAS, specifically the perfluoroalkyl acids (PFAAs) subgroup, are susceptible for 

WB-AER treatment given their low acid dissociation constant (pKa) (< 1.0) and 

hydrophobic character (Park et al., 2020). These anthropogenic compounds along with 

over 3000 types of PFAS have dominated the industry for the past 60 years through a 

wide array of applications including surfactants, impervious textiles, stain-resistant 

coatings, adhesives, non-stick cookware, and fire-fighting foams for both military and 

non-military use and are thus widely discharged in drinking water matrices (Dixit, Dutta, 

et al., 2021; Gagliano et al., 2020; Xiao et al., 2012). Although an enforceable drinking 

water regulation for PFOA and PFOS was established by the USEPA at levels < 70ng/L, 

several perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic acids 
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(PFSAs) (e.g, PFOA, PFOS, PFHxS, PFNA, PFDA, PFUnA) were detected in the serum 

blood of more than 99% of the US population at concerning amounts (Calafat et al., 

2019; CDC, 2021; USEPA, 2019). These compounds have been recently raising concern 

internationally due to their exceptional resistance to biotic and abiotic degradation and 

are responsible for numerous chronic diseases in mammals (Abunada et al., 2020; 

Domingo & Nadal, 2019; Pontius, 2019). Typical PFAAs concentrations in U.S. 

groundwaters serving as a source for potable water vary from tens (Appleman et al., 

2014) to over hundreds of ng/L (Quiñones & Snyder, 2009; Zeng et al., 2020). Even 

though the natural occurrence of high PFAAs concentrations (i.e., mg/L) in 

environmental water matrices is unlikely, levels exceeding several hundreds of μg/L 

could emanate from industrial and military applications, namely effluents generated from 

electroplating (Schuricht et al., 2017), semiconductor and electronics industries (Lin et 

al., 2009), and fire-fighting activities (Schultz et al., 2004).  

Most studies comparing PFAS and other contaminant removal in terms of resin 

basicity have emphasized on the decreasing WB-AER performance with increasing 

solution pH while disregarding other underlying convenience for industrial applications. 

The pH-dependent nature of WB-AER imparts promising strategies for contaminant 

desorption using aqueous-only alkaline solutions (i.e., NaOH; NH4OH; KOH) with low 

ecotoxicological risk compared to the conventional SB-AER chloride salt and/or organic 

co-solvent (e.g., methanol, ethanol) solutions, which require proper management and 

disposal. Subsequent PFAAs destruction through electro-oxidation in methanol or NaCl 

solution is discouraged due to the need for combustion inhibitor systems for safety 

concerns and the potential for perchlorate by-products release respectively, as opposed to 
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the formation of hydroxyl radicals which enhance PFAAs oxidation (Dixit, Dutta, et al., 

2021; Laura del Moral et al., 2020; Liang et al., 2022; Schaefer et al., 2020; Yang et al., 

2018; Zaggia et al., 2016). However, PFAAs desorption by hydroxide ions does not 

imply WB-AER regeneration, which is a common misconception for studies conducting 

one service cycle only (Conte et al., 2015; Deng et al., 2010; Gao et al., 2017; Shuang et 

al., 2012; Wang et al., 2019). Briefly, the basicity of AER is defined by the type of 

alkylamine functional group, where the SB-AER-exclusive quaternary ammonium 

functional group is permanently charged at practical pH (i.e., < 13) (Clifford & Weber, 

1983; Dudley, 2012), whereas primary, secondary, and tertiary amines lose much of the 

ion-exchange (IX) capacity through deprotonation at approx. > pH 9 and are specific to 

WB-AER (Clifford & Weber, 1983; Helfferich, 1995; Miyazaki & Nakai, 2011). Only a 

limited amount of proton (H+) could be removed from unbuffered test waters before 

reaching equilibrium at around the pKa of tertiary amines, meaning the adsorption 

mechanism of WB-AER in the free-base form is restricted to π-π, n-π, and hydrogen 

bonds, van der Waals forces and other non-electrostatic interactions. Therefore, there is a 

need for a functionalization step succeeding contaminant desorption to unlock the full 

potential of WB-AER, especially in systems where pH control is not an option. This is 

possible with strong acids having high affinity for the free-base tertiary amine functional 

group (Höll & Kirch, 1978). In the presence of aqueous solution of acids such as HCl, 

H2SO4, and HNO3, IX is activated by resin uptake of H+ with the inorganic anion as the 

mobile counterion. Several studies successfully conditioned WB resin using concentrated 

NaOH and HCl solutions (Bolto et al., 2002; Clifford & Weber, 1983; Miyazaki & Nakai, 

2011; Moldes et al., 2003; Sengupta & Clifford, 1986). As opposed to NaCl, HCl is 



  5 

highly volatile and can be easily separated from the effluent. When chloride was the 

mobile counterion, WB-AER had three times higher sorption capacity for lactic acid 

compared to the resin in free-base form, which was explained to be due to the absence of 

electrostatic interactions in the latter form. WB-AER with macroporous (MP) structure 

swells up to 20% more with chloride as the mobile counterion (Harland, 1994) allowing 

for greater uptake of macromolecules (e.g., NOM) (Bolto et al., 2002). 

Nonetheless, free-base WB-AERs have also shown essential properties with the 

most advantageous being the higher buffering capacity than other form AERs (Zhang et 

al., 2014), which is an essential quality for water desalination or point-of-use 

demineralization through a series of strong-acid cation/weak-base anion exchange resin 

beds (Harland, 1994; Helfferich, 1995; Höll & Kirch, 1978). WB-AER in its free-base 

form also offers a cost-effective alternative relative to its chloride counterpart since the 

resin is used without the added step of pretreatment. Considering research studies to date 

on PFAA removal and/or regeneration, only SB-AERs were tested in column-flow mode 

and only polyacrylic WB-AERs were tested for regeneration in batch mode (Deng et al., 

2010; Du et al., 2015; Gao et al., 2017) with the exception of Conte et al. (2015) who 

evaluated the regeneration of polystyrene MN102 resin. 

A large body of literature highlighted the potential for conflicting conclusions in 

estimating the adsorption efficiency and mechanism by misapplying isotherm models 

(Allen et al., 2003; Bolster & Hornberger, 2007; Dron & Dodi, 2011; Foo & Hameed, 

2010; Haupert et al., 2021; Tran, You, Hosseini-Bandegharaei, et al., 2017). The factors 

that affect the quality of model fit to experimental data include the optimization 

technique, goodness-of-fit parameters, data transformation (i.e., linear, and nonlinear 
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forms), and experimental operating conditions, all of which alter the error distribution 

structure and lead to biased interpretations. 

Previous experiments have proven WB-AER to have great potential for IX 

applications. This study was intended to fill remaining gaps in the literature pertaining to 

the mechanisms that govern contaminant removal by salt-form and free-form WB-AER. 

Hence, four commercially available WB and SB-AERs with analogous porosity and 

polymer structure were selected for the removal of relevant drinking water contaminants, 

including PFAAs, sulfate, nitrate, and NOM surrogate (i.e., 3-phenylpropionic acid) in 

batch adsorption experiments. The co-removal of six PFAAs was tested at source zone 

concentration, while nitrate, sulfate, and 3-phenylpropionic acid experiments were 

conducted separately and were chosen to represent a wide range of competitors for IX 

sites. A cross-cutting follow-up column study evaluated the ability of four resins, notably 

the free-base WB-AERs, to remove and desorb high concentrations of PFAAs (hundreds 

of μg/L) in impacted groundwater. Solutions comprising caustic, caustic/brine, and 

brine/organic solvent were used for regeneration. 

The specific objectives of this research were to (1) assess the effect of solution pH 

and resin properties, considering resin basicity, polymer structure, and functional group, 

on the removal efficiency; (2) validate the influence of PFAAs properties, in term of 

carbon chain-length and terminal head group, on the selectivity sequence for each AER; 

(3) evaluate the reliability of different isotherm modeling techniques for single-solute 

ion-exchange systems; (4) discuss the underlying mechanisms and efficacies of chloride-

form for various water pollutants; (5) investigate the viability of free-base WB-AER for 
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PFAAs removal from groundwater in column-mode; and (6) explore the regeneration 

capabilities of PFAAs-laden WB resins. 



  8 

CHAPTER 2 

MATERIALS AND METHODS 

2.1. Batch Experiments 

2.1.1. Anion Exchange Resins 

Four anion exchange resins (AERs) were selected for batch equilibrium tests and 

their properties are listed in Table 2.1. Weak-base (WB) Amberlite® IRA 67 

(WB/PA/G/dimethyl) and Amberlite® IRA 96 (WB/PS/MP/dimethyl) resins were 

obtained as free base. Strong-base (SB) Amberlite® IRA 458 (SB/PA/G/trimethyl) and 

Purolite A520E (SB/PS/MP/triethyl) were in the chloride form. To ensure that most ion-

exchange sites were occupied with chloride (Cl-), all AERs were pretreated with 10× 

more Cl- than the exchange capacity of the resin then repeatedly washed with deionized 

(DI) water. Sodium chloride (NaCl) was used to treat SB AER while WB-AER were 

saturated with hydrochloric acid (HCl) to help with the protonation of tertiary amine. 

Basicity is determined by the degree of protonation of the resin functional groups which 

increases for C1 and C2 alkylamines as follows: tertiary (pKa ≈ 9.8 – 10.72) ≈ primary 

(pKa ≈ 10.62 – 10.63) < secondary (pKa ≈ 10.77 – 10.93) < quaternary (pKa > 13). 

When synthesized, these values differ for each type of resin (e.g., 6.8 – 11.1) in terms of 

degree of resin cross-linking, temperature, and porosity (Clifford & Weber, 1983; 

Gustafson et al., 1970). Resin density was determined by measuring 20 mL of wet 

undisturbed resin in a graduated cylinder. Dry density was further calculated as the ratio 

of dry mass to wet volume after oven-drying the resins at 55℃ for 24 h. 

Table 2.1. Characteristics of anion exchange resins. 
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Resin Basicit

y 

Divinylbenzen

e matrix type/ 

Porosity 

Functiona

l group 

Exchang

e 

capacity 

(eq/L)a 

Exchang

e 

capacity 

(meq/g)b 

pK

a 

Experimen

t 

Water 

conten

t (%) 

IRA 

67 

WB PS/G Tertiary 

amine: 

Dimethylc 

1.6 4.557 9.0f Batch + 

Column 

56-64h 

IRA 

96 

WB PS/MP Tertiary 

amine: 

Dimethylc 

1.25 3.285 6.4f Batch + 

Column 

57-63h 

IRA 

458 

SB PA/G Type I: 

Trimethyl

d  

1.25 4.099 > 

13g 

Batch 57-64i 

A520

E 

SB PS/MP Type I: 

Triethyle 

0.9 2.439 > 

13g 

Batch + 

Column 

50-56i 

A860 SB PA/MP Type I: 

Trimethyl

d 

0.8 Not 

Measure

d 

> 

13g 

Column 66-72i 

Strong-Base (SB), Weak-Base (WB), Polyacrylic (PA), Polystyrene (PS), Gel (G), Macroporous (MP). 

a Data obtained from the manufacturer. 
b Determined experimentally. 
c R-(CH3)2HN+ (protonated form) or R-(CH3)2N (anhydrous free-base form) 
d R-(CH3)3N+. 
e R-(CH2CH3)3N+. 
f (Miyazaki & Nakai, 2011). 
g (Dudley, 2012). 
h Chloride form 
i Free-base form 

2.1.2 Chemical analytes 



  10 

Synthetic solutions in both single and multi-solute batch experiments were 

prepared by dissolving ≈2.14 meq/L (30 mg-N/L) of total analytes in DI water 

(resistivity >18.2 mΩ-cm). The solution pH was adjusted using 1 M HCl and NaOH. 

Single-solute experiments included sodium nitrate (NaNO3, CAS# 7631-99-4, Fisher 

Scientific), 3-phenylpropionic acid (C8H9COOH, CAS# 501-52-0, Alfa Aesar), and 

sodium sulfate (Na2SO4, CAS# 7757-82-6, Fisher Scientific). The multi-solute synthetic 

solution consisted of six PFAS with varying fluorinated carbon (C-F) tail lengths and 

functional head group, each at an initial concentration of 80 μg/L to reflect typical 

amounts (i.e., tens of μg/L) in groundwater amenable to source zone contamination 

(Kärrman et al., 2011; McGuire et al., 2014). A previous study showed the maximum 

adsorbent capacity to be inconsistent when bottle-point methods for equilibrium tests 

varied (Millar et al., 2015). Therefore, sodium bicarbonate (NaCO3, CAS# 1066-33-7, 

Sigma Aldrich) was added to the mixture to bring the final equivalent concentration of 

analytes (C∑ ଡ଼ష) to 2.14 meq/L to provide similar adsorbent-to-volume ratio between 

batch adsorption tests. In the order of decreasing number of carbons (C#), six PFAS (C#, 

acronym, form, purity, CAS#) purchased from Sigma-Aldrich were considered in this 

study:  perfluorooctane sulfonate (C8, PFOS, aqueous, 40% in water, 1763-23-1), 

perfluorooctanoic acid (C8, PFOA, solid, 95%, 335-67-1), perfluorohexane sulfonate 

(C6, PFHxS, sodium salt, 98%, 3871-99-6), perfluorohexanoic acid (C6, PFHxA, 

aqueous, 97%, 307-24-4), perfluorobutane sulfonate (C4, PFBS, sodium salt, 98%, 

29420-49-3) and perfluorobutanoic acid (C4, PFBA, aqueous, 98%, 375-22-4). 

Accounting for purity, a 1 L stock solution was prepared adding 32 mg of each PFAS in 

DI water and was further sonicated to achieve full dissolution. Solid-form PFAS (i.e., 
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PFBS, PFHxS, and PFOA) were measured by weight, whereas density was used for the 

determination of volume for PFAS in the aqueous phase (i.e., PFBA, PFHxA, and 

PFOS). The combined PFAS solution was diluted 400 times for each batch experiment. 

2.1.3. Adsorption experiments 

Adsorption equilibrium tests were conducted in a benchtop orbital shaker 

(Thermo Scientific™ MaxQ™) for 24 h with dry resins in 125 mL amber glass bottles 

containing 100 mL of synthetic contaminant solution. While it has been shown that the 

majority of contaminant uptake by AER is exhibited within the first hour (Dixit, Dutta, et 

al., 2021; Landry & Boyer, 2013; Millar et al., 2015) or two (Graf et al., 2014) of the 

experiment, it is crucial to evaluate the equilibrium time through preliminary kinetic tests 

to avoid generating erroneous conclusions (Tran, You, Hosseini-Bandegharaei, et al., 

2017). In this study, the time to reach equilibrium was selected based on commonly 

reported values for batch IX experiments comprising inorganic (Hekmatzadeh et al., 

2012; Hekmatzadeh et al., 2013; Hu et al., 2016) or complex organic (Dudley, 2012; Gao 

et al., 2017; Landry et al., 2015; Laura del Moral et al., 2020) pollutants. The percent 

resin dose was defined as the ratio of resin dose (meq/L) to initial total concentration of 

contaminants (meq/L). Five percent resin doses (25%, 50%, 100%, 150% and 300%) 

were selected for this study. The adsorption isotherm experiments were carried out by 

keeping C∑ ଡ଼ష constant at 2.14 meq/L and varying the resin mass. The contaminant 

solutions were prepared at three different solution pH (4, 7 and 10) prior to the batch 

equilibrium test. To investigate the influence of alkaline conditions on WB-AER removal 

efficiency, WB resins were put in contact with a highly basic solution (~ pH 11) for 24 h 

then carefully decanted. The basic test water at ~ pH 11.4 was subsequently added to the 
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resin and equilibrated for 24 h. This method was adopted for WB-AER to compensate for 

the deprotonation of amine group, constantly decreasing the pH in unbuffered test water 

(Gustafson et al., 1970). To simplify the comparison between AERs, the two different 

methods used to equilibrate WB and SB resins in basic conditions will be referred to as 

“pH 10” in this paper. All samples were tested in triplicate and the pH was measured 

before and after adsorption experiments. Control samples with no resin show losses of 

contaminant due to glass adsorption to be negligeable. 

2.1.4. Data analysis 

The equivalent concentration of each analyte in the resin phase (qe; meq/g) was 

calculated on a mass balance basis from Eq. (1). 

𝑞௘ =
(஼బି஼೐)

௠
 𝑣     (1) 

Where 𝐶଴ (meq/L) and 𝐶௘ (meq/L) are the initial and equilibrium aqueous concentration 

of the target analyte respectively. The Removal efficiency for each percent resin dose was 

determined as the amount of contaminant removed divided by its initial amount in 

solution and was reported as percent removal (%). To account for additional chloride 

sites, stemming from resin pre-conditioning, the resin capacity was recalculated for all 

resins using 10× more NO3
- and 10× more SO4

2- than the manufacturer value. The 

highest exchange capacity for each AER was then used for determination of isotherm 

parameters and separation factors (see section 2.3). This recalculation was due to higher 

observed contaminant uptake and chloride release for low percent resin dose than the 

maximum theoretical resin capacity. Previous work reported polyacrylic strong-base resin 

to have capacity ≈ 220% than the manufacturer value (Hu et al., 2016). Percent removal, 

qe, and separation factors for each percent resin dose and analyte were computed as the 
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average of triplicate samples with error bars representing one standard deviation. 

Isotherm models, goodness-of-fit parameters, and binary exchange plots are discussed in 

detail later (see section 2.3.). 

2.2. Column experiments 

2.2.1. Continuous-flow adsorption 

 Continuous-flow column adsorption tests were carried out in triplicate by loading 

12 mL of wet IRA 67, IRA 96, A520E and Purolite® A860 resins (see Table 2.1) into 250 

mm long and 10 mm wide glass columns with one adjustable end (Diba Omnifit® EZ 

Chromatography, Cole-Parmer), PTFE filters on both ends of the column were replaced 

by a fine mesh to prevent PFAA contamination and pressure buildup. A860 

(SB/PA/MP/trimethyl) was selected instead of IRA 458 (SB/PA/G/trimethyl) due to 

higher initial adsorption rate of large contaminants for resins with a more porous 

structure (Boyer, Fang, et al., 2021; Li & SenGupta, 2000). Packed resins were used as 

received and were continuously fed in up-flow configuration at 2.4 mL/min with PFAAs-

spiked natural groundwater having the physicochemical characteristics illustrated in 

Table B1. Elevated PFAA concentrations (mg/L) were considered to ensure high 

adsorbed amounts therefore minimizing the volume of groundwater needed (Schaefer et 

al., 2019). Effluent samples were collected every ~280 bed volumes (BV) over a period 

of 2000 BV (~24 L) at an average empty bed contact time (EBCT) of 5 min. 

2.2.2. Resin regeneration 

 Regeneration experiments were conducted in coflow mode (i.e., direction of 

regeneration is same as treatment) by first backwashing the columns with DI water (2 × 

flowrate, down-flow configuration, 3.2 BV), then circulating air (3 × flowrate, up-flow 
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configuration, 1 BV) to prevent clogging, and finally passing 120 mL of the regeneration 

solution and 80 mL of DI water (1 2⁄  × flowrate, up-flow configuration, 16-17 BV). 

Each PFAA-laden AER was subjected to regeneration using two salt-only aqueous 

solutions and a mixture of brine and organic cosolvent to evaluate the extent of PFAA 

desorption in the presence/absence of an alcohol cosolvent. For WB-AER, the three 

solutions comprised 1% NaOH (w/w), 0.5% NaOH (w/w) + 0.5% NaCl (w/w), and 1% 

NaCl (w/w) + 70% methanol (v/v). For SB-AER, the same latter two solutions were used 

with 1% NaOH being substituted for a concentrated brine solution (10% NaCl w/w). 

2.2.3. Data analysis 

 The mass of PFAA adsorbed onto the resin is described by Eq. (2). 

𝑀𝑟𝑒𝑚 = 𝑀𝑎𝑑𝑠𝑜𝑟𝑏 = ∫ (𝐶𝑖𝑛𝑓 − 𝐶𝑒𝑓𝑓,𝑖)
𝑉𝑛

𝑉0
𝑑𝑉 = 𝑉𝐴𝐸𝑅 × ∑ (𝐶𝑖𝑛𝑓,0 − 𝐶𝑒𝑓𝑓,𝑖)

𝑛
𝑖=1 × (𝐵𝑉𝑖 − 𝐵𝑉𝑖−1) (2) 

Where subscript i represents the sample number and subscript n the total number of 

samples taken during column treatment. Cinf,0 and Ceff,i are PFAA concentration (μg/L) 

measured in the influent and in the effluent sample i, respectively, BVi is the number of 

bed volumes treated prior to sample i (i-1 = 0 denotes the start of the experiment), and 

VAER is the volume of packed resin (12 mL). The mass of PFAA removed from 

groundwater (Mrem, μg) is the same as the mass adsorbed onto the resin (Madsorb, μg). 

Removal data during column treatment was expressed as the mean normalized 

concentration (i.e., Ceff,i/Cinf,0) of triplicate samples. The Regeneration efficiency (%) was 

calculated as the mass of PFAA removed during adsorption divided by the amount 

recovered in the 200 mL regenerant mixture (120 mL regeneration solution + 80 mL DI 

water). 

2.3. Analytical methods 
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Concentrations of Cl-, nitrate (NO3
-), sulfate (SO4

2-) anions, and sodium (Na+) 

cations were measured using ion chromatography (IC) (Dionex ICS 5000+, Sunnyvale, 

California) as described elsewhere (Edgar & Boyer, 2021). Cl- concentration was 

determined to calculate the separation factor of AER in binary batch system (i.e., Cl/NO3
-

, Cl-/3-PPA, Cl-/SO4
2-). Background Na+ was measured as control for chemicals in the 

salt form. Single-analyte samples were passed through a 0.45 µm nylon membrane (NM) 

filter, while 0.45 µm cellulose acetate (CA) syringe filters were used for all samples 

containing PFAAs since CA exhibits the lowest PFAAs losses to the filter material in 

ultrapure and DOC rich matrices (p < 0.05) (Sörengård et al., 2020). Samples from each 

column test were collected and filtered separately using CA and NM syringe filter 

materials for PFAAs and select physicochemical analyses (e.g., DOC, pH, conductivity), 

respectively. All batch and column samples were then stored in conical polypropylene 

tubes with zero head space at 5℃. Dissolved organic carbon (DOC) and dissolved 

inorganic Carbon (DIC) were measured using a Total organic carbon analyzer (TOC-

VCH, Shimadzu, Japan). Reported results are the averages of duplicates with relative 

percent difference below 10%. During each run, organic carbon standard (1000 ppm C, 

CAS# 1847-16, Ricca Chemical) and inorganic carbon standard (1000 ppm C, CAS# 

1845-4, Ricca Chemical) were used periodically as checks (RPD <15%). 3-PPA samples 

were analyzed for DOC and UV absorbance at 254 nm using a UV-Visible 

Spectrophotometer (UV-2700, Shimadzu) and showed DOC measurements to be 

representative of the 3-PPA isolate. The calibration curve for UV254 analysis (R2 > 

0.995) was made from several concentrations of 3-PPA (30, 50, 100, 200, 250, and 400 

mg/L) in DI water. A high-performance liquid chromatography (HPLC 1290 Infinity II, 
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Agilent Technologies) coupled to a triple quadruple mass spectrometer (LC/MS 6490, 

Agilent Technologies) was employed for PFAA analysis. 5μL samples are injected into a 

C18 analytical column (5 μm, 100 x 3 mm, 110 Å, Phenomenex Gemini) protected by a 

C18 guard column (4 x 2 mm, Phenomenex Gemini), which is replaced at intervals of 

100 injections. To ensure the retention of short-chain PFAAs (i.e., PFBA, PFBS and 

PFHxA), Phenomenex C18 equipment were separated by two hydrophilic DIOL guard 

columns (6 μm, 4.6 x 12.5 mm, Agilent Technologies). A C18(2) delay column (5 μm, 30 

x 3 mm, 100 Å, Luna) was used to enhance analyte separation and minimize 

contamination. The eluent consisted of 20 mM ammonium acetate (CAS# 631-61-8) in 

water (CAS# 7732-18-5), as the aqueous mobile phase, and methanol (CAS# 67-56-1), as 

the organic mobile phase. All eluent reagents were purchased from Fischer Scientific at 

Optima HPLC-grade. The mixture flow rate was maintained at 0.8 mL/min. 

2.4. Adsorption Isotherms 

Adsorption isotherms portray the dependence of analyte concentration in the resin 

phase (qe) on the aqueous concentration (Ce) at equilibrium (Helfferich, 1995). Langmuir, 

Freundlich, Dubinin-Radushkivich (DR) and Dubinin-Astakhov (DA) models were chosen 

and determined using the nonlinear least-squares (NLS) regression method in Rstudio 

(Version 1.4.1717). Parameters were first obtained plotting linear forms of each isotherm 

model to initiate values for the NLS function. To assess model fits of experimental data, 

the correlation coefficient (R2), the average relative error (ARE), the sum of squared errors 

(SSE), the root mean squared error (RMSE), and the chi-squared (χ2) were calculated using 

the metrics RStudio package and the equations S1-S5 listed in Supplementary Information 

(SI). The R2 and ARE were used to compare multiple equilibrium experiments for one 
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model. The SSE, RMSE and χ2 were used to evaluate the goodness-of-fit of multiple 

isotherms for one equilibrium experiment. In the adsorption isotherm graphs, qe (mmol/g), 

the contaminant concentration in the resin phase, is plotted against Ce (mmol/L), the 

aqueous contaminant concentration, at equilibrium. Isotherm models are chosen to evaluate 

the model approach that best describes adsorption mechanism. These include 

thermodynamic, kinetic, and potential theory considerations with each isotherm model 

derived in terms of at least one approach (Foo & Hameed, 2010).  

2.4.1. Langmuir isotherm model 

The Langmuir isotherm (Eq. 3) implies that the adsorbent has limited number of 

sites with equal and constant adsorption energy and homogeneous structure (Chan et al., 

2012). Aqueous contaminants have similar thermodynamic character (i.e., enthalpy, 

activation energy of adsorption), which suggests equal preference for accessible sites 

(Tran, You, Hosseini-Bandegharaei, et al., 2017). Once adsorbed, only a one-molecule 

layer can be formed on the adsorbent, with no lateral transport on the surface and 

interactions between adsorbates (Foo & Hameed, 2010). 

𝑞௘ =
௤బ௄ಽ஼೐

ଵା௄ಽ஼೐
    (3) 

Where q0 (mmol/g) is the maximum adsorption capacity of the resin and KL (L/mmol) is 

the Langmuir coefficient related to the affinity between the adsorbent and adsorbed species. 

Further useful parameters such as the dimensionless separation factor (RL) (Eq. 4) and the 

change in Gibbs free energy (ΔG0) (Eq. 5) are calculated as follows: 

𝑅௅ =
ଵ

ଵା௄ಽ஼బ
      (4) 

𝛥𝐺଴ = −𝑅𝑇 ln 𝐾௅     (5) 
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Where T (K) is the temperature (average of 275.41 K in this study), R is the ideal gas 

constant (8.314 J/K mol). The extent of isotherm favorability is portrayed by RL, whereby 

values between 0 and 1 represents suitable fit while being unfavorable above 1 

(Namasivayam & Ranganathan, 1995). Negative values of the thermodynamic parameter 

ΔG0 (kJ/mol) suggest favorable and spontaneous adsorption of aqueous contaminants, 

otherwise unfavorable and nonspontaneous (Dron & Dodi, 2011). More than four 

expressions for the linearized Langmuir equation are available, each yielding different R2 

and fitted parameter values (Bolster & Hornberger, 2007). Type I (Hanes-Woolf) and Type 

II (Lineweaver-Burk) (Table A1) are the two most common linear forms of the Langmuir 

equation (Kumar & Sivanesan, 2005), thus the form with the highest R2 was used to 

determine starting parameters for the NLS function.  

2.4.2. Freundlich isotherm model 

As opposed to the semi-empirical Langmuir model (Langmuir, 1916), the 

Freundlich isotherm is an empirical model (Eq. 6) (Freundlich, 1906), which assumes 

bilayer formation of solutes on the surface of the adsorbent, heterogeneous sites, and non-

ideal systems. The isotherm suggests potential for unlimited adsorbent capacity, translated 

by its shape not exhibiting a plateau, with the thermodynamic approach not accounted for 

(Ahmed & Dhedan, 2012). Hence, the Freundlich model lacks the ability to describe 

saturation effects at high analyte concentration while not converging to the Henry’s law at 

trace levels (Chan et al., 2012; Dron & Dodi, 2011; Foo & Hameed, 2010). 

𝑞௘ = 𝐾ி𝐶௘
ଵ/௡      (6) 

Where KF (mmol/g)/(mmol/L)1/n and 1/n (dimensionless) are the Freundlich constants 

representative of adsorption intensity and the extent of surface heterogeneity or selectivity 



  19 

respectively. Complementary to the RL parameter of the Langmuir model, 1/n was used to 

evaluate the adsorption nature, where adsorption is favorable, linear, and unfavorable for 

1/n values below, equal, and above unity respectively (Tran, You, Hosseini-Bandegharaei, 

et al., 2017). 

2.4.3. Dubinin-Radushkevich (DR) and Dubinin-Astakhov (DA) isotherm models 

The DR and DA empirical models assume pore filling adsorption onto 

microporous solids (Dubinin, 1947) rather than the layer-by-layer mechanism of previous 

models (i.e., Langmuir and Freundlich) (Inglezakis, 2007). The Dubinin isotherms are 

based on the Polanyi potential theory of adsorption expressed in Eq. 7 by the temperature 

dependent Polanyi potential (ε) parameter. 

𝜀 = 𝑅𝑇 ln(1 +
ଵ

஼೐
)     (7) 

Where Ce (g/g) is the concentration of analyte at equilibrium.  Here, the non-solubility-

normalized ε highly relates to the negative value of the Langmuir thermodynamic change 

in free energy parameter (Eq. 5) (Inglezakis, 2007). The nonlinear DR and DA 

parameters are calculated by fitting equilibrium data to Eq. 8 and Eq. 9 respectively. of 

contaminants from the aqueous to the surface of the adsorbent 

𝑞௘ = 𝑞଴ 𝑒𝑥𝑝 ൤− ቀ
ఌ

ா√ଶ
ቁ

ଶ

൨    (8) 

𝑞௘ = 𝑞଴ 𝑒𝑥𝑝 ቂ− ቀ
ఌ

ா√ଶ
ቁ

௡ವ

ቃ    (9) 

Where qe and q0 are the equilibrium contaminant concentration in the solid phase and the 

maximum adsorbent capacity (g/g) respectively. E is the adsorption energy (J/mol), 

defined as energy needed for the contaminant to partition between the aqueous and solid 

phases from infinity (Onyango et al., 2004; Özcan et al., 2005), and nD is the 
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heterogeneity parameter (dimensionless). The magnitude of E indicates the type of 

adsorption (i.e., chemical or physical) and is typically useful for the removal of organic 

ionizable compounds (OICs) by AER (Fu et al., 2008; Milmile et al., 2011; Özcan et al., 

2005; Tran, You, Hosseini-Bandegharaei, et al., 2017). For the DR isotherm nD = 2 (i.e., 

non-ideal) while higher values (nD > 3) impart homogeneous pore structure (Dron & 

Dodi, 2011; Inglezakis, 2007). Both isotherms were treated as two-parameter models, 

whereby E and q0, and E and nD were obtained through nonlinear regression for DR and 

DA isotherms respectively while q0 was determined experimentally for the DA isotherm 

as recommended elsewhere (Dron & Dodi, 2011; Landry et al., 2015). 

2.4.4. Redlich-Peterson (RP) isotherm model 

The RP is a three-parameter empirical model able to predict ideal and non-ideal 

adsorption at a wide range of concentrations (Chen et al., 2014; Foo & Hameed, 2010). 

As shown in Eq. 10, based on the dimensionless parameter, α (0-1), and Ce values, the 

hybrid RP model converts to the Langmuir (Eq. 11), the Freundlich (Eq. 12), and the 

Henry’s law (Eq. 13) equations. 

𝑞௘ =
௄ೃು஼೐

ଵା௕ೃು஼೐
ഀ     (10) 

𝑞௘ =
௄ೃು஼೐

ଵା௕ೃು஼೐
=

௤బ௄ಽ஼೐

ଵା௄ಽ஼೐
   (11) 

𝑞௘ =
௄ೃು

௕ೃು
𝐶௘

ଵିఈ = 𝐾ி𝐶௘
ଵ/௡   (12) 

𝑞௘ =
௄ೃು஼೐

ଵା௕ೃು
= 𝐻௒஼𝐶௘    (13) 

Where 𝐾ோ௉ (L/mmol) and 𝑏ோ௉ (L/mmol)α are the RP constants, α (dimensionless) 

is the RP exponent, 𝐾௅ and 𝑞଴ are the Langmuir constants, 𝐾ி and 1/𝑛 are the Freundlich 

constants, and 𝐻௒஼ is the dimensionless Henry’s law constant. Briefly, the RP reduces to 
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the Langmuir equation (Eq. 11) when α approaches 1, where 𝐾ோ௉ and 𝑏ோ௉ equal 𝑞଴𝐾௅ and 

𝐾௅ respectively (Chen et al., 2014; Foo & Hameed, 2010); it reduces to the Freundlich 

equation (Eq. 12) at large contaminant concentration (Jossens et al., 1978; Radke & 

Prausnitz, 1972) where 𝐾ோ௉ 𝑏ோ௉⁄  equals 𝐾ி and 1 − 𝛼 equals 1/𝑛; and is in accordance 

with the Henry’s law (Eq. 13) whenever α is close to 0 (Howe et al., 2012). Considering 

the mathematical complexities of a three-parameter model, the linearized RP form (see 

Table A1 in SI) is to be solved by either minimizing the SSE or maximizing the R2 error 

functions to initiate values for the nonlinear model parameters (Allen et al., 2003). 

2.4.5. Goodness-of-fit measures 

Mathematical error functions from current literature were explored to determine 

the best-fit model for ion-exchange systems. All the following equations (Eqs. 14-18) 

could both be applied to linear and nonlinear data except for chi-squared (χ2) being 

specific to the nonlinear regression method (Tran, You, Hosseini-Bandegharaei, et al., 

2017). 

𝑅ଶ = 1 −
∑ (௒ି௒෠)మ೙

೔సభ

∑ (௒ି௒)మ೙
೔సభ

    (14) 

𝐴𝑅𝐸 =
ଵ଴଴

௡
∑

|௒ି௒෠|

௒

௡
௜ୀଵ     (15) 

𝑆𝑆𝐸 = ∑ (𝑌 − 𝑌෠)ଶ௡
௜ୀଵ     (16) 

𝑅𝑀𝑆𝐸 = ට
ଵ

௡
∑ (𝑌 − 𝑌෠)ଶ௡

௜ୀଵ    (17) 

𝜒ଶ = ∑
(௤೐,೘೐ೌೞି௤೐,೎ೌ೗೎)మ

௤೐,೎ೌ೗೎

௡
௜ୀଵ    (18) 

Where 𝑌, 𝑌, and 𝑌෠  are the ordinate data, mean of ordinate data, and the ordinate data 

achieved from the linear or the nonlinear of the model, respectively. Accordingly, for 
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nonlinear equilibrium adsorption models, 𝑌, 𝑌 and 𝑌෠  are the measured (qe,meas; meq/g), 

the mean of measured (qୣ,୫ୣୟୱ; meq/g), and the calculated (qe,calc; meq/g) equivalent 

concentrations of contaminants in the resin phase, respectively.  

The coefficient of determination R2 (Eq. S1) is a widely used statistical measure that 

compares the variance of independent variables (i.e., qe,meas and qe,calc ) to the variance 

about the mean of dependent variables (i.e., qe,meas and qୣ,୫ୣୟୱ) (Foo & Hameed, 2010). 

Values closer to 1 indicate a better fit of a model to experimental data. The average 

relative error (ARE) (Eq. 15) reflects on the degree of bias in the predicted model results. 

Both these error functions are used to evaluate model fitting for all solute-resin pairs 

(Dron & Dodi, 2011; Hu et al., 2016; Landry et al., 2015). The SSE and RMSE reflect on 

the variance of independent variables and are good indicators of model fitting to 

experimental data where isotherms provide a better fit when SSE and RMSE values are 

closer to 0 (Kinniburgh, 1986). However, both these functions could only be used to 

compare the fit of different models to one equilibrium experiment as the values are not 

normalized (Dron & Dodi, 2011) and become more sensitive to variation at the highest 

end of the curve (i.e., high Ce values) (Allen et al., 2003). χ2 are specific to nonlinear 

regression only, where high χ2 values show an underestimation or an overestimation of 

the calculated values, while conforming to the experimental data when approaching 0 

(Tran, You, Hosseini-Bandegharaei, et al., 2017). 



  23 

CHAPTER 3 

RESULTS AND DISCUSSION 

3.1. Effect of resin properties on individual contaminant removal 

IRA 458 (SB/PA/G/trimethyl), A520E (SB/PS/MP/triethyl), IRA 67 

(WB/PA/G/dimethyl), and IRA 96 (WB/PS/MP/dimethyl) were tested to investigate the 

effect of resin characteristics for separate removal of nitrate, sulfate, and 3-PPA. Fig. 3.1 

shows percentage removal of 3-phenylpropionic acid (3-PPA), nitrate, and sulfate at pH 

4, 7, and 10 and different resin properties as a function of resin dose from 25% to 300%. 

The following trends are specific to pH 4 and pH 7 removal data. Table A2 in appendix A 

summarizes the impact of resin properties on contaminant selectivity based on the results 

of Fig. 3.1. The most important results in Fig. 3.1 are SB/PS/MP/triethyl removed 3-PPA 

to a greater extent than WB/PS/MP/dimethyl, whereas SB/PA/G/trimethyl and 

WB/PA/G/dimethyl exhibited similar removal (≤ 10% difference) of all contaminants at 

each condition except 3-PPA at pH 4, where SB/PA/G/trimethyl > WB/PA/G/dimethyl. 

Briefly, the functional groups of the selected WB-AERs and Type I SB-AERs were 

dimethylamine R-(CH3)2HN+ (IRA 67 and IRA 96) and trialkylamine respectively, with 

SB-AER groups further subdivided into triethyl R-(CH2CH3)3N+ (A520E) and trimethyl 

R-(CH3)3N+ (IRA 458). For the same resin porosity and polymer composition, the AER 

becomes more hydrophobic as the alkyl chain-length increases (Helfferich, 1995; Zaggia 

et al., 2016), which explains the higher preference of organic 3-PPAs to ethylamine than 

methylamine type functional groups. However, the addition of one methyl group did not 

affect contaminant removal, suggesting the order of decreasing hydrophobicity as triethyl 

> trimethyl ≈ dimethyl. The higher observed removal of 3-PPA by dimethyl compared to 
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triethyl-functionalized PA resin at pH 4 was due to the WB-AER release of proton ions 

(H+) in unbuffered solution. Additionally, 3-PPA removal at pH 4 was reduced by 15-

38% compared to pH 7 for all AERs at maximum resin dose (i.e., 300%). Both trends are 

consistent with weaker electrostatic interactions between 3-PPA and resin functional 

groups. To elaborate, 3-PPA contains a carboxylic acid group with pKa of 4.66 (Kୟ =

2.19 × 10ିହmol/L) at 25°C (Kortüm et al., 1960). Once below the pKa value, a slight 

decrease in pH significantly increases the portion of 3-PPA in its conjugate acid form, 

whereby 82% of 3-PPA is in its protonated form at pH 4. The former results conclusively 

isolate the influence of the AER functional group structure and resin basicity on resin 

performance at pH ≤ 7, where contaminant removal varied with carbon chain-length 

while remaining the same after the WB-AER-specific tertiary amine group was 

substituted by a quaternary ammonium (i.e., characteristic of SB-AER) with similar 

branched alkyl group. Several studies compared resin basicity using the same PA AERs 

(i.e., IRA 458 and IRA 67) for the removal of charged organic dyes from aqueous 

solution and showed IRA 458 to have half (Wawrzkiewicz, 2011), seven (Greluk & 

Hubicki, 2011), and ten times (Greluk & Hubicki, 2010; Wawrzkiewicz & Hubicki, 

2011) more maximum capacity (i.e., q0) than IRA 67. A possible reason for these 

differences is the use of non-normalized data to compare between studies using different 

resin and contaminant concentration. In this work, resin dose (%) accounted for the 

capacity of the resin (see Section 2.3), which also corroborated AER selectivity for a 

contaminant. A previous study supported all the above-mentioned statements, whereby 

for the same resin properties using normalized resin concentrations (i.e., selectivity), 

resin functional groups that showed decreasing maximum capacity for PFOS were 
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triethylammonium > trimethylammonium ≈ dimethylamine (Schuricht et al., 2017). The 

trend of increasing removal with increase in alkyl chain-length was only valid for C ≤ 2. 

Another study showed that WB/PA/dimethyl had higher anion exchange capacity (meq/g) 

and similar selectivity for various hydrophobic ionizable organic compounds (HIOCs) 

than SB/PA/trimethyl resin (Gustafson & Lirio, 1968). This both highlights the intrinsic 

benefit of AER with smaller (i.e, close-packed) functional groups (Boyer, Fang, et al., 

2021) and further solidifies the advantage of normalized data.  

 

At 100% dose (i.e., equal available ion exchange sites on equivalent basis), the 

nitrate selective A520E resin (i.e., SB/PS/MP/triethyl) showed significant removal of 

nitrate (87-89%) while other resins exhibited 59-77% removal. Nitrate and 3-PPA both 

followed the same trend for all resins (Fig. 3.1a, 3.1b). In terms of resin properties, the 

order of decreasing removal was SB/PS/MP/triethyl (87%, 66%, and 44%) > 

WB/PS/MP/dimethyl (77%, 59%, and 36%) > SB/PA/G/trimethyl (65%, 45%, and 26%) 

≈ WB/PA/G/dimethyl (59%, 46%, and 18%) for nitrate at pH 7, 3-PPA at pH 7, and 3-

PPA at pH 4, respectively. Before reaching a plateau (i.e., < 100% resin dose), sulfate 

removal at pH 4 and 7 (Fig. 3.1c) decreased as follows: WB/PA/G/dimethyl (46-48% and 

88-89%) > SB/PA/G/trimethyl (46% and 82-83%) > WB/PS/MP/dimethyl (35-36%, 65-

67%) ≈ SB/PS/MP/triethyl (36-39% and 64%). As a general rule, the affinity of the 

solute is highest for the resin with complementary polarity character. PS matrix of the 

AER is composed of a repeating (CH2)-CH-(CH2)-benzene unit making it more 

hydrophobic than PA-AER with benzene rings substituted by carbonyl groups. Due to the 

longer alkyl chains of ethyl than methyl groups, A520E (SB/PS/MP/triethyl) is slightly 
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more hydrophobic than IRA 96 (WB/PS/MP/dimethyl). The degree of resin 

hydrophilicity was defined by Sengupta and Clifford (1986) as the media’s ability to 

absorb polar water molecules. As such, a hydrophobic resin will favorably interact with 

poorly hydrated contaminants and vice versa (Sengupta & Clifford, 1986). NO3
- and 

SO4
2- have symmetrical structures with trigonal planar and tetrahedral geometries, 

respectively, cancelling the combined effects of individual S-O and N-O bond dipoles. 

This is indicative of the low polarization of polyatomic nitrate and sulfate with no dipole 

moment. Despite the similar thickness of the hydration shell of sulfate (0.043 nm) and 

nitrate (0.044 nm), sulfate is 3.6 times more hydrated than nitrate (Marcus, 1991). The 

main contributors to the energy of hydration are coulombic ion-water interactions, thus 

divalent sulfate immobilizes water molecules within its hydration shell more effectively 

than monovalent nitrate (Marcus, 1991; Vchirawongkwin & Rode, 2007). 3-PPA has a 

highly hydrophobic moiety with a phenyl group attached to a long aliphatic chain. Hence, 

3-PPA and nitrate had higher affinity for PS resins than PA resins and A520E 

(PS/triethyl) than IRA 96 (PS/dimethyl) whereas sulfate is preferred by PA resins. These 

trends are validated by ΔG0 values for the adsorption  of HIOCs (Landry et al., 2015; Li 

& SenGupta, 1998, 2004) and inorganic anions (Hu et al., 2016) on AERs with structures 

similar to the ones tested in this study. which agrees with previous research results with 

respect to removal efficiency (Hu et al., 2016). 

 

At stoichiometric dose (i.e., 100%), all resins exhibited > 96% sulfate removal 

apart from SB/PS/MP/triethyl with ~88% removal. The order of increasing percent 

removal was 3-PPA < nitrate < sulfate for all resins except for SB/PS/MP/triethyl (i.e., 
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A520E) being 3-PPA < sulfate ≈ nitrate. These trends support the preference of resins 

with closely spaced alkylamine groups for divalent over monovalent ions (Howe et al., 

2012; Subramonian & Clifford, 1988). Considering that all four AERs in this study have 

similar overall volume of active sites (i.e., water content), the low exchange capacity of 

A520E insinuates greater effective distance between triethyl groups than less bulky 

methyl groups of remaining resin (Subramonian & Clifford, 1988). Divalent sulfate, with 

distant ionic charges, needs to access two binding sites simultaneously to satisfy 

electroneutrality which is more appropriate for the resin with densely packed functional 

groups. The effect of charge separation is well demonstrated in previous research, 

whereby the preference of sulfate over nitrate decreased with increasing length of carbons 

of resin functional groups (Samatya et al., 2006), the selectivity of IRA 458 with closely-

spaced trimethyl was higher for divalent bichromate than IRA 900 with more spaced 

active sites (Sengupta & Clifford, 1986), and was even relevant for zeolites (i.e., cation 

exchangers) where an increase in the silica to alumina ratio increased the intramolecular 

distance between anionic sites, which provided lower uptake of divalent cations (Ames, 

1965). Therefore, triethylamine decreased the performance of A520E for sulfate removal 

relative to methyl groups of remaining resins. It is worthy to note that, while not 

significantly noticeable in this study, IRA 96 (~89%) with dimethyl group exhibited 

higher removal than IRA 458 (~80%) with trimethyl group which could be attributed to 

site spacing. This was also observed in a study comparing methylamines with different 

basicity (i.e., primary, secondary, tertiary, and quaternary) (Clifford & Weber, 1983). 
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Removal efficiency is generally influenced by AER properties in terms of 

polymer composition, porosity, and functional group (Landry & Boyer, 2013; Li & 

SenGupta, 1998, 2004). However, MP and G resin vary in pore size distribution (50-100 

nm vs. < 2nm), also reflected by the higher Brunauer-Emmett-Teller (BET) surface area 

of MP resin (Dudley, 2012), and surface morphology (large array of tiny microgels vs. 

homogeneous unit), both only affecting the predominance of intra-particle diffusion (pore 

vs. solid phase) of large solutes (Li & SenGupta, 2000). This suggests that, for 

equilibrium tests (i.e., ≥ 24 h) and relatively low molecular weight contaminants, 

sorption kinetics was not the limiting factor, which implied the irrelevance of comparing 

the removal of the selected contaminants based on porosity. 

 

Evaluating the impact of solution pH, SB-AERs had similar removal results 

between pH 4, 7, and 10, for nitrate and sulfate and between pH 7 and 10 for 3-PPA. 

However, for WB-AER, removal efficiency significantly decreased when solution pH 

increased to 10. This is because the tertiary amine functional group is mostly in its 

conjugate base form when pH > pKa. Additional discussion on this is given in the 

following section. 
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Fig. 3.1. Removal of (a) 3-phenylpropionic acid, (b) nitrate, and (c) sulfate by ion-

exchange at different solution pH (4, 7, and 10) in single-solute system. Initial 

contaminant concentration C଴ ≈ 2.14 meq/L. Percent resin dose (Dose %) is the ratio of 

theoretical resin capacity to initial contaminant concentration on equivalent basis. Values 

for each pair of contaminant and resin are mean of triplicate with error bars showing one 

standard deviation. 

 

3.2. Effect of solution pH 

Fig. 3.2 shows the impact of solution pH on WB-AER removal efficiency. 

Pertaining to contaminants with equivalent concentration (i.e., ≈ 2.14 meq/L), WB-AERs 

showed less than 10% removal of 3-PPA (Figs. 3.2a and 3.2b), nitrate (Figs. 3.2c and 

3.2d), sulfate (Figs. 3.2e and 3.2f), and bicarbonate (Figs. 3.2g and 3.2h) when pH > 11. 

When % dose >100%, contaminant removal increased with decreasing pH and increasing 

resin dose. At 300 % dose Both WB/PA/G/dimethyl (IRA 67) and WB/PS/MP/dimethyl 

(IRA 96) regained their sulfate removal efficiency to match their initial performance at 

pH 4 and pH 7 (Fig. 3.1c). At resin dose equal or lower than the stoichiometric dose (i.e., 

≤ 100%), any amount of H+ released from the resin was neutralized by excess OH- ions 

in solution, which kept the pH unchanged. At a higher dose, OH- was more than offset by 

H+, thus significantly decreasing pH down to 6-8. Although the same trend was observed 

for PFAS removal by WB/PA/G/dimethyl, WB/PS/MP/dimethyl was not affected by 

solution pH and achieved > 88% removal at pH > 10. This strictly isolates the impact of 

highly basic conditions on the removal of all contaminants except for PFAS and is 

consistent with the decrease in resin performance with increasing deprotonated sites of 
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WB-AER. Miyazaki and Nakai (2011) estimated pKa = 9.3 for IRA 67 using the cesium 

(133Cs) and hydrogen (1H) nuclear magnetic resonance (NMR) method and pKa = 6.3 for 

IRA 96 using phosphorus (31P) NMR. As the pH > pKa, most amine groups get 

protonated, which weakens ionic interactions (i.e., electrostatic) of the resin thus 

functioning as nonionic AER. In all cases, WB/PS/MP/dimethyl showed > 0 % removal 

even when pH >> pKa, which suggests that other interactions are influencing the IX 

process. Although the mechanism responsible for sulfate, nitrate, and bicarbonate 

removal at high pH is still not clear, it is suggested that the high hydrophobicity coupled 

with the porous structure of IRA 96 allow inorganic contaminants to diffuse within the 

resin pore and bind to remaining protonated resin sites through IX. PFAS and 3-PPA on 

the other hand are mainly removed by physisorption (e.g., hydrophobic interactions, van 

der Waals forces). Since the PFAS concentration (∑ PFAS = 480 μg/L) was exceeded by 

resin doses ( > 3000%), physisorption deemed sufficient to achieve high removal. This 

data does not rule out the possibility of either still having available protonated sites, or 

dissimilar amine groups with higher pKa values (e.g., quaternary ammonium). Gel-type 

resins are generally regarded as more homogeneous and less porous than MP resins 

(Harland, 1994), which is consistent with both conjectures. In fact, multiple asymmetric 

peaks were detected over the 31P NMR spectral range of IRA 96 evincing heterogeneity 

in amine functionalities of the resin structure (Miyazaki & Nakai, 2011). It was also 

observed that some WB-AERs had polyamines while advertised commercially as 

secondary or tertiary amines (Clifford & Weber, 1983). This non-uniformity arises from 

the difficulties of controlling the chloromethylation step during resin synthesis 

(Anderson, 1964). For the purpose of this study, having WB-AERs in the chloride form 
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was, to a small extent, a limitation. Previous research showed difficulties maintaining 

solution pH of unbuffered solutions for WB-AER batch adsorption experiments 

(Gustafson et al., 1970). In this study, WB-AERs were pretreated with HCl to ensure 

chloride saturation on the resin. When in contact with test water, H+ tends to displace off 

the resin in response to a driving force (i.e., charge gradient and concentration gradient) 

thus significantly reducing the pH of the solution (Hinrichs & Snoeyink, 1976). The 

reason for this pretreatment method is due to WB-AER being highly selective for strong 

acids (e.g., HCl, HNO3, H2SO4). To further elucidate, ion-exchange between WB resin 

and charged contaminants only occurs when a readily dissociating strong acid along with 

corresponding H+ occupy IX sites (Helfferich, 1995), which precludes using free-base 

form WB-AERs in synthetic solutions with low ionic strength. The results in the 

literature showed similar pH-dependent behavior of WB-AER for inorganic (Awual et 

al., 2008; Kołodyńska, 2009, 2010), HOICs (Greluk & Hubicki, 2011; Gustafson & Lirio, 

1968; Hinrichs & Snoeyink, 1976; Wawrzkiewicz, 2011; Wawrzkiewicz & Hubicki, 

2011), and PFAS (Deng et al., 2010; Du et al., 2015; Gao et al., 2017; Wang et al., 2019; 

Yang et al., 2018) removal in batch conditions. All these results suggest the potential for 

WB-AER regeneration using NaOH and/or NaOH + salt only solutions with low 

ecotoxicological risk (Hinrichs & Snoeyink, 1976; Jackson & Bolto, 1990). Likewise, 

Ateia, Alsbaiee, et al. (2019) also highlighted the importance of the tertiary amine 

functionality of non-AER adsorbents, such as highly porous nanostructured polymers, 

due to the ease of regeneration. 
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Fig. 3.2. Impact of solution pH on the removal by weak-base anion exchange resins of 

(a,b) 3-phenylpropionic acid, (c,d) nitrate, and (e,f) sulfate in single-solute system (C଴ ≈

2.14 meq/L) and (g,h) the six PFAS in the presence of sodium bicarbonate (C଴ ≈

2.14 meq/L) in multi-solute system. Initial concentration of each PFAS was C଴ =

80 μg/L (∑ PFAS = 480 μg/L). Resins were first equilibrated for 24 h at basic 

conditions (pH ≈ 11) then placed in test water at pH (a,b) 11.70, (c,d) 11.41, (e,f) 11.43, 

and (g,h) 11.40. Error bars show one standard deviation. 

 

3.3. Competitive removal of six PFASs 

Figs. 3.3, 3.4 and A1 show the effect of resin properties and solution pH on the 

co-removal of PFAS by AER at pH 4, 7, and 10, respectively. Comparing the removal 

efficiency in terms of resin basicity and solution pH, PFAS removal by WB-AER was 

similar to SB-AER with analogous resin polymer composition and porosity, and all AERs 

showed equal removal between pH 4 and pH 7. Although SB/PA/G/trimethyl, 

SB/PS/MP/triethyl, and WB/PS/MP/dimethyl resins maintained their performance with 

respect to PFAS removal, WB/PA/G/dimethyl had a considerable decrease in efficiency 
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at pH 10 (see Fig. A1). Since the pKa of selected PFASs varied from -3.33 to 1.07 

(Maimaiti et al., 2018; Park et al., 2020), any change in removal efficiency was attributed 

to either the protonating state of amine group or the type of aqueous inorganic carbon 

species (i.e., carbonic acid, bicarbonate, and carbonate). Considering the low selectivity 

of bicarbonate species compared for AER compared to PFAS, the latter statement is not 

evident. As explained in the previous section, the PS polymer composition of 

WB/PS/MP/dimethyl imparts strong nonionic character to the resin thus showing similar 

PFAS removal between different solution pH, whereas for SB-AERs, this was attributed 

to quaternary ammonium functional groups always being protonated below pH 14 (Bolto 

et al., 2002). Several studies evaluated the impact of pH on PFAS uptake by SB-AER 

(Deng et al., 2010; Maimaiti et al., 2018; Wang et al., 2019; Yu et al., 2009) and WB-

AER (Deng et al., 2010; Du et al., 2015; Maimaiti et al., 2018; Wang et al., 2019). As 

expected, PFAS removal decreased with increasing solution pH for WB-AER and was 

constant for SB-AER (Deng et al., 2010; Maimaiti et al., 2018). However, Yu et al. 

(2009) and Wang et al. (2019) have reported lower PFAS removal at higher pH for IRA 

400 (SB/PS/MP/trimethyl). Some conjectured this to be due to the stronger hydrophobic 

character of PFAS, that outweighs electrostatic repulsion, stemmed from the more neutral 

surface potential of perfluorinated tail at lower pH (Du et al., 2014). Again, this is 

promising for the reuse of WB resin in conventional treatment settings. Effective PFAS 

desorption was previously achieved through the deprotonation of amine groups using 1% 

NaOH (~35%) (Gao et al., 2017), 0.04% NaOH (38 – 85%) (Du et al., 2015), 0.5% 

NaOH at 25 and 92°C (92%, 95%) (Wang et al., 2019), with an interesting regeneration 

result showing a decrease in desorption efficiency with increasing % NaOH as 50% 
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(0.04% NaOH) > 45% (0.4% NaOH) > 3% (4% NaOH). The main goal of using a base 

solution was to convert WB-AERs to the free-base form thus desorbing most PFAS. 

However, the current work highlights two key limitations for these regeneration results. 

The first is that most studies used NaOH to regenerate IRA 67 (WB/PA/G/dimethyl) 

while disregarding IRA 96 (WB/PS/MP/dimethyl) which showed high PFAS affinity 

even in its free-base form. The second caveat being the reusability of AER after 

desorption by NaOH. Once neutralized by OH-, the WB-AER in its free-base form will 

exhibit less capacity for PFAS than other chloride form WB-AER (Moldes et al., 2003). 

Therefore, it is recommended that the tertiary amine be functionalized by chloride ions 

with an additional washing step using hydrochloric acid (HCl) as described elsewhere 

(Bolto et al., 2002; Moldes et al., 2003; Sengupta & Clifford, 1986). 

 

 The results in Fig. 3.3 clearly show increasing PFAS removal with increasing 

number of fluorinated carbons within each subgroup, and higher PFAS removal for 

PFSAs than PFCAs and for PS-AER than PA-AER. PFAS removal by SB-AER was 

extensively investigated within the literature with similar trends consistently observed 

(Laura del Moral et al., 2020; Maimaiti et al., 2018; Zaggia et al., 2016; Zeng et al., 

2020). PFAS removal is governed by both electrostatic and non-electrostatic (i.e., 

London van der Waals, hydrophobic) interactions (Boyer, Fang, et al., 2021). A previous 

study estimated the total PFAS atomic charge using the density functional theory (DFT) 

method to highlight the more important electrostatic interactions between resin and PFSA 

relative to PFCA for PFAS with the same number of carbons. The most tangible 

difference was on the hydrophilic end showing the total charge of oxygen atoms of 
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carboxylates to be halved when compared to sulfonate analogues (Park et al., 2020). Non-

electrostatic interactions are more noticeable with increasing hydrophobicity of the solute 

and the sorbent. As discussed earlier, hydrophobicity is greater for PS-AERs than PA-

AERs, and ethyl than methyl functional groups. Building on the latter statement, 

SB/PS/MP/triethyl should remove PFAS to a greater extent than WB/PS/MP/dimethyl; 

nonetheless, this conclusion was not attained given the considerably high removal of both 

resins. However, this was confirmed elsewhere, whereby the change in removal 

efficiency between SB/PS/MP/triethyl and WB/PS/MP/trimethyl was hardly noticeable 

(Schuricht et al., 2017). Similar to the results of Fig. 3.1, PFAS removal was the same 

between SB/PA/G/trimethyl and WB/PA/G/dimethyl. 

 

 The effect of inorganic carbon on PFAS removal was not conclusively isolated. 

Under the tested conditions, inorganic carbon species are mostly in the in the neutral CO2 

(aq)/H2CO3 form at pH 4 given the high henry’s partitioning constant and pKa of HCO3
- 

species being 0.83 and 6.3 at 25°C respectively (Howe et al., 2012). Hence, it can be 

inferred from Fig. 3.4 that the influence of inorganic carbon on PFAS removal was 

minimal. This was further supported in the literature, where less than 6% reduction in 

PFOA removal was shown when bicarbonate ions were added at 1 meq/L (Yang et al., 

2018).  

 

Regarding bicarbonate removal, the order of decreasing removal was 

WB/PA/G/dimethyl > WB/PS/MP/dimethyl > SB/PA/G/trimethyl > SB/PS/MP/triethyl. 

PA-AER is more selective of bicarbonate species than PS-AER owing to the hydrophilic 
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nature of PA resin matrix (Ness & Boyer, 2017). The main reason bicarbonate was 

removed to a greater extent by WB-AER than SB-AER analogues at pH 7 is similar to 

the one described for 3-PPA at pH 4 in section 3.1, where release of H+ decreased the 

detected amount of bicarbonate in its neutral form. While the goal of this section does not 

include bicarbonate removal, it was further added for completeness. 

 

 

Fig. 3.3. Effect of resin polymer composition (PS vs PA) on perfluoroalkyl acids 

(PFAAs) removal by (a,c) polyacrylic, and (b,d) polystyrene strong-base and weak-base 

anion exchange resins at pH 4. Initial concentration of each PFAS was C଴ = 80 μg/L 
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(∑ PFAS = 480 μg/L). Bicarbonate (pKୟ = 6.3) was mostly in the neutral CO2 

(aq)/H2CO3 form at pH 4. 

 

Fig. 3.4. Effect of resin polymer composition (PS vs. PA) on perfluoroalkyl acids 

(PFAAs) removal by (a,c) polyacrylic, and (b,d) polystyrene strong-base and weak-base 

anion exchange resins in the presence of sodium bicarbonate (C଴ ≈ 2.14 meq/L) at pH 7. 

Initial concentration of each PFAS was C଴ = 80 μg/L (∑ PFAS = 480 μg/L). DIC is 

dissolved organic carbon. 
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3.4. Sorption isotherms 

3.4.1. Limitations of isotherm modeling for ion-exchange 

The nonlinear and corresponding linear forms and plots of each isotherm model 

are summarized in Table A1 in Appendix A. To investigate the inaccuracies of the 

linearized curve-fitting method, the Langmuir isotherm parameters (KL and q0) and 

goodness-of-fit measures for the adsorption of sulfate and nitrate were calculated using 

the nonlinear and four different linear forms of the Langmuir model and are listed in 

Table A3 in Appendix A. When excluding A520E data, the Langmuir Type I form was a 

better fit than the Langmuir Type II form for the sulfate data as shown by the linear R2 

values of > 0.991 and 0.600-0.889 respectively, whereas Type II linearization provided 

the best fit to nitrate data (linear R2 > 0.995) and A520E data for sulfate (linear R2 > 

0.9937). The different outcomes were because Langmuir Type II fails to portray very 

high removal, which corroborates the strong affinity of AERs and the lower selectivity of 

A520E for sulfate. To elaborate, Bolster and Hornberger (2007) proved the Type II 

linearized form to be disadvantageous when qe values approach zero since 1/qe values 

become extremely sensitive to small variations of 1/Ce (x-axis). Also, the high linear R2 

values of the Langmuir Type I form, which suggest strong positive correlation between 

Ce/qe and Ce, provide misleading deduction regarding adsorption mechanism given the 

interdependence of both variables. Considering all AERs at different solution pH, linear 

models fit to sulfate data that showed decreasing average linear R2 values were Redlich-

Peterson (RP) (0.9946) ≈ Langmuir Type I (0.9940) > DA (0.9475) > DR (0.8571) > 

Langmuir Type II (0.8370) > Freundlich (0.819) > Langmuir Type III = Langmuir Type 

IV (0.698). This creates possible misunderstanding, where adsorbates occupy a single 
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layer within resin walls when the Langmuir Type I or the RP linearization is accounted 

for, while following a pore filling mechanism otherwise (i.e., D-A). When comparing 

parameter estimation for Langmuir Type III vs. Type IV, lower KL values were 

compensated by higher values of q0, despite showing the same fit to all equilibrium data 

based on linear R2. This was explained by both forms being associated to the same error 

distribution structure due to their identical x and y correlation (i.e., qe/Ce and qe). A study 

on the adsorption of safranin on activated carbon supported both statements with the 

order of decreasing R2 values as RP > Langmuir Type I > Freundlich > Langmuir Type II 

> Langmuir Type III = Langmuir Type IV (Kumar & Sivanesan, 2005). 

 

However, the results of this research showed that identifying the best-fit model 

cannot solely pertain to Linear R2. Although the Langmuir Type I form exhibited a good 

fit to sulfate data (linear R2 > 0.9803), values for the equilibrium constant, KL, varied up 

to 30% (average ≈ 16%) compared to the nonlinear least-squares method. When the 

equilibrium contaminant concentration in the ion phase, qe, was further calculated using 

the linearly estimated Langmuir parameters, all values for the nonlinear coefficient of 

determination (R2) (see Eq. 14) decreased (nonlinear R2 > 0.8912). Clearly, the axial 

settings of the Langmuir Type I form provided the lowest error distribution, thus 

maximizing linear R2 while giving the impression of a favorable fit to experimental data. 

The strong correlation between the dependent variables of this linearized form was 

designated a “mathematical artifact” and could falsely represent the Langmuir model (El-

Khaiary, 2008).  
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 Following the logic of the previous paragraph, all linear data were transformed 

back to qe and goodness-of-fit parameters were calculated to evaluate the difference in 

model fits between the nonlinear and the linearized forms of each isotherm model. The 

nonlinear R2, SSE and RMSE improved for all the data while ARE was kept stable after 

transformation. The Langmuir model was the most impacted by nonlinear regression 

where SSE and RMSE values for the linearized equations exceeded the values for the 

nonlinear form by 2−1106% and 1−247%, respectively and nonlinear R2 values 

improved from > 0.4290 to > 0.8993. The estimated parameter values for the linearized 

Langmuir equations varied from -169% − 62% compared to the nonlinear form, with the 

order of decreasing average deviation as Type II (33%) > Type IV (15%) > Type III 

(13%) > Type I (11%) given that observed extremes (i.e., -169% and + 62%) were for the 

Langmuir Type II form. However, the overall quality of the fit of all other models 

improved slightly ( < 15%), which explained the non-significant difference between the 

adsorption parameters calculated by the linear and nonlinear methods ( < 20%), except 

for extreme values (e.g., the DR maximum adsorbent capacity, q0, for 3-PPA adsorption 

by IRA 67 at pH 4). An anion-exchange study for the removal of inorganic contaminants 

supported most assertions whereby Freundlich, DR, and DA were minimally affected by 

the modeling procedure and linear R2 spuriously identified the linearized Langmuir 

model to be the best-fit model to equilibrium data, while nonlinear R2 values and 

adsorption parameters values suggested otherwise (Dron & Dodi, 2011). Additionally, 

Langmuir isotherm model parameters and goodness-of-fit measures for all solute-resin 

pairs in this study converged to single values when using the nonlinear least-squares 

method regardless of initial nonunique values established from linear plots. In general, χ2 
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values were all < 0.9 showing very small bias between measured and predicted NLS data. 

All these results suggest that while the differences between isotherm parameter values 

after optimization were not relevant enough to alter the interpretation of adsorption 

mechanisms, the nonlinearization process presented various advantages. For instance, the 

NLS function showed a unified error distribution structure, which eliminated biases in the 

estimation of model fitting parameters, whereas the linearly transformed plots were 

conditioned by the distortion of their error structures instead of their ability to describe 

the theory behind each model. The main goal of the NLS fitting process was to reduce 

SSE closest to 0, which implicitly decreased the RMSE (Bolster & Hornberger, 2007). 

Hence, it further optimized the results and corrected abnormal values, especially the ones 

derived from linear plots that showed extreme sensitivity to concentration ranges (i.e., 

Langmuir Type II). Error functions such as R2, ARE, SSE, RMSE, χ2 provided a 

meaningful comparison for model fitting. SSE and RMSE were good indicators to 

identify the best-fit model within each AER-solute system only, while remaining 

functions were used to evaluate the fitting degree of various isotherm models for all IX 

systems. This was because R2, ARE and χ2 were normalized by the concentration in the 

resin phase, qe (i.e., dimensionless) (see Eqs. 14–18). 

 

Several other studies highlighted the inherent superiority of the nonlinear least-

squares over the linear regression but laid out additional suggestions to refine the 

estimation of adsorption isotherm parameters (Dron & Dodi, 2011; El-Khaiary, 2008; 

Foo & Hameed, 2010; Parimal et al., 2010; Tran, You, Hosseini-Bandegharaei, et al., 

2017). As opposed to the linearized models, the nonlinear regression integrates an 
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objective function to minimize the error distribution between measured and modeled data 

(Bolster & Hornberger, 2007). These functions include SSE, ARE, R2, Hybrid fractional 

error function (HYBRID), Marquardt’s percent standard deviation (MPSD), etc. (Foo & 

Hameed, 2010). A study showed the NLS function, which relies on the minimization of 

SSE, to be less accurate as aqueous concentrations of analytes increased and further 

suggested using the HYBRID error function for adsorption equilibrium experiments. 

Other studies proposed associating a weighting factor (wi) to objective functions, such as 

dividing the experimental adsorption data by the measurement variance (i.e., 1/σ2), to 

provide a more accurate model calibration during nonlinear regression (Bolster & 

Hornberger, 2007; Kinniburgh, 1986). Furthermore, the proper use of goodness-of-fit 

parameters is crucial for modeling of adsorption isotherms and could lead to false 

conclusions otherwise. Tran and coworkers (Tran, Wang, et al., 2017; Tran, You, & 

Chao, 2017a, 2017b; Tran, You, Hosseini-Bandegharaei, et al., 2017) emphasized several 

times on the importance of χ2 and nonlinear R2 (see Eq. 14 and Eq. 18) to identify the 

optimum isotherm and evaluate the effectiveness of a nonlinear minimization technique. 

Parimal et al. (2010), and Dron and Dodi (2011) recommended that all adsorption data be 

transformed to a single form (i.e., linear and nonlinear) before testing the constancy of an 

error function. One study showed the adsorption onto activated carbon to be explained by 

Langmuir and Freundlich models to the same extent when different nonlinear error 

functions were optimized, which implied concurrent monolayer and bilayer adsorption. 

To avoid conflicting conclusions, the authors proved that adding a validation step using a 

coefficient of non-determination, K2, to be useful (Kumar et al., 2008). 
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Lastly, possible errors in the estimation of DR and DA parameters could lead to 

contradicting concepts. The mean free energy (E) of DR and DA models imparts useful 

information about the type of adsorption, whereby ion exchange occurs when the 

magnitude of E is between 8 and 16 kJ/mol (Helfferich, 1995) while corresponding to 

physical adsorption when below 8 kJ/mol (Mahramanlioglu et al., 2002). However, the 

inconsistency in estimating E has caused confusion when used to compare different 

adsorption experiments (Tran, 2017), possibly due to incorrect expressions of Polanyi 

potential (ε) in the DR and DA equations (Eqs. 7-9) (Fu et al., 2008). For instance, past 

publications considered either mass concentration, mg/L (Dron & Dodi, 2011; Foo & 

Hameed, 2010) (Onyango et al., 2004) et al., 2004), g/L (Mahramanlioglu et al., 2002), 

and g/g (Inglezakis, 2007), or molar concentration, mmol/L (Landry et al., 2015), and 

mol/L (Özcan et al., 2005), for Ce. Therefore, to prevent inaccurate conclusions regarding 

the type of adsorption, created from different ε values, it is advisable that DA and DR 

parameters be calculated on a mass basis to account for contaminant properties (i.e., 

molecular weight) and weight units (i.e, mg or g) be specified. 

 

3.4.2. Ion-exchange behavior in single-solute systems 

Isotherm shape, goodness-of-fit, and model parameters are good indicators of 

AER capacity, selectivity, and affinity for each contaminant (Sohn & Kim, 2005). Figs. 

3.5-3.7, and Figs. A2-A4 show experimental adsorption data fit to the Langmuir, 

Freundlich, Dubinin-Radushkevich (DR), Dubinin-Astakhov (DA), and Redlich-Peterson 

(RP) models using the nonlinear least-squares (NLS) regression method to evaluate 

adsorption behavior.; the isotherm parameters are tabulated in Tables A3-A8 in Appendix 
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A. The following analysis excludes data for WB-AER at pH 10 given the dissimilarity 

between batch equilibrium methods. Experimental data showed favorable adsorption for 

sulfate and nitrate regardless of solution pH and AER due to the concave shape. The 

curvature was more pronounced for sulfate than nitrate as shown by the sharp slope, 

which implies higher uptake of sulfate at low resin dose. The adsorption of 3-PPA was 

favorable for PS AER (i.e., SB/PS/MP/triethyl and WB/PS/MP/dimethyl) at pH 7 while 

unfavorable for PA AER (i.e, SB/PA/G/trimethyl and WB/PA/G/dimethyl) at pH 7 and 

for all AERs at pH 4 as depicted by the convex shape. The linear shape of PA AER (i.e., 

SB/PA/G/trimethyl and WB/PA/G/dimethyl) for nitrate together with the absence of a 

plateau showed non-saturation even at low resin amounts, suggesting lower AER 

selectivity for nitrate. Dimensionless selectivity factor (RL) and 1/n, calculated from the 

Langmuir and Freundlich models respectively, confirmed the conjectures on adsorption 

behavior, where values below unity were observed for nitrate and sulfate while the 

highest values were for PA AER adsorption of nitrate, with 1/n and RL values ranging 

from 0.73-0.89 and 0.52-0.79, respectively. 

 

In terms of nonlinear R2 and ARE values, the order of decreasing two-parameter 

model fit to sulfate equilibrium data was DA ≈ DR >> Langmuir > Freundlich, while 

nitrate equilibrium data was equally well fit by all isotherm models (R2 > 0.96; ARE < 

10%), both indicating that IX of sulfate and to a lesser extent nitrate were potentially 

described by pore filling mechanism. The same trend was observed for the IX of various 

counterion/solute systems, involving Cl-, NO3
-, HCO3

-, SO4
2-, and OH-, and further 

suggested that the IX process for inorganic compounds was attributed to intraparticle 
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diffusion rather than the layer-by-layer mechanism (Dron & Dodi, 2011). The RP model 

exhibited a suitable fit to all IX data (R2 ≥ 0.9). Values of α (0.29 – 0.92) for IX systems 

involving WB/PS/MP/triethyl indicated that adsorption by A520E does not agree with the 

theory behind the Langmuir model (i.e., true for α = 1), which suggests non-

homogeneous and irreversible adsorption of contaminants with the potential for lateral 

migration along non-polar planes of the resin (Foo & Hameed, 2010). In most 

AER/analyte/pH systems, 𝑛஽ values for the DA model (Table A8) were the lowest for 

A520E further supporting the previous postulation on the heterogeneity of the resin 

micropore structure (Dron & Dodi, 2011; Inglezakis, 2007). 

 

Regardless of the goodness of model fit to sulfate equilibrium data, the magnitude 

of selectivity (1/n, RL) and thermodynamic (ΔG0, E) model parameters all agreed on the 

selectivity sequence for each resin, where selectivity increased with decreasing RL, 1/n, 

ΔG0 and increasing EDR and EDA values. SB/PS/MP/triethyl (1/n = 0.37 – 0.41, RL = 

0.089 – 0.106, ΔG0 = -5.12 - -5.59 kJ/mol, EDR = 7.70 – 8.05 kJ/mol, EDA = 8.10 – 8.11 

kJ/mol) had a significantly lower selectivity for sulfate compared to WB/PA/G/dimethyl, 

SB/PA/G/trimethyl, and WB/PS/MP/dimethyl (1/n = 0.22 – 0.26, RL = 0.015 – 0.019, 

ΔG0 = -5.12 - -5.59 kJ/mol, EDR = 10.44 – 11.25 kJ/mol, EDA = 11.49 – 12.05 kJ/mol), 

which showed equally high selectivity. Although previous research and removal results in 

Fig. 3.1c had already demonstrated increasing sulfate adsorption with increasing resin 

polarity and decreasing spacing of functional groups (Hu et al., 2016), the model data in 

this work are complementary suggesting that the spacing of alkyl groups has a much 

larger impact than polymer composition of AER. The latter assertion regarding resin 



  48 

spacing was proven valid for both inorganic (Clifford & Weber, 1983) and organic 

(Subramonian & Clifford, 1988) divalent anions, whereas the preference of resin with 

polar character does not appertain to sulfonic HIOCs being favorably selected by 

polystyrene AERs (Landry et al., 2015; Laura del Moral et al., 2020; Li & SenGupta, 

2004). PFAS-impacted groundwaters are typically also rich with competing inorganic 

compounds such as nitrates, bicarbonates, sulfates, and chlorides (Dietz et al., 2021; 

Maimaiti et al., 2018; Zaggia et al., 2016). While the latter three anions do not pose high 

ecotoxicological risk or adverse health effects on humans, sulfates are known competitors 

for IX sites (Song et al., 2012) and were shown to reduce the resin capacity for hazardous 

nitrates (Hekmatzadeh et al., 2012), but most importantly for highly selective PFAAs 

such as PFOA (Yang et al., 2018), PFHxS (Maimaiti et al., 2018) and PFOS (Deng et al., 

2010) and evidently for short-chain PFAAs (Zeng et al., 2020). This is an important 

caveat for the applicability of WB-AER because it could potentially preclude using 

sulfate-selective tertiary amine groups for the treatment of groundwater intended for 

human consumption. However, the order of decreasing maximum resin capacity (q0, 

mmol/g) for sulfate, based on the Langmuir and DR models at pH 4 and 7, was 

WB/PA/G/dimethyl (Langmuir, 2.23 – 2.25; DR, 2.83 – 2.91) > SB/PA/G/trimethyl 

(Langmuir, 1.92 – 1.93; DR, 2.48 – 2.51) > WB/PS/MP/dimethyl (Langmuir, 1.50 – 1.52; 

DR, 1.82 – 1.86 mmol/L) > SB/PS/MP/triethyl (Langmuir, 1.03 – 0.96; DR, 1.24 – 1.34 

mmol/L), with the same trend being observed for 3-PPA and nitrate. The estimation of 

the maximum capacity parameter (q0) is dependent on the solution condition (e.g., initial 

contaminant concentration, resin dose, water matrix), competing anions (Hekmatzadeh et 

al., 2012), and experimental procedure for batch adsorption tests (Millar et al., 2015), all 
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of which make comparison between studies difficult but could provide other helpful 

insights on resin properties. That said, WB-AER showed higher capacity for all 

contaminants than SB analogs, primarily due to the smaller tertiary amine functional 

groups compared to quaternary ammonium functional groups (Boyer, Fang, et al., 2021). 

The lower calculated capacity of SB/PS/MP/triethyl relative to WB/PS/MP/diethyl could 

also be attributed to an increase in alkyl chain-length (Samatya et al., 2006; Sengupta & 

Clifford, 1986). An interesting result is the higher calculated capacity of IRA 96 (175%) 

and IRA 67 (280%) resin for lactic acid when both WB-AERs, initially obtained as free-

base form, were converted to the chloride form using concentrated HCl solution (Moldes 

et al., 2003), which is similar to the methodology used in this study. Helfferich (1995) 

stated that WB resins in their various forms (e.g., chloride, sulfate, bicarbonate) differ in 

terms of volume, weight, etc. The author further recommended that future studies 

calculate resin capacities, especially WB-AERs that are not in the free-base form, using 

an expression which considers degree of resin swelling, dry or wet resin density, and the 

atomic weight of the counterion. The greater buffering potential and the higher IX 

capacity of WB-AER, together with the inherent selectivity of a methylated PA resin for 

sulfate are of the utmost importance for water softening applications. For instance, the 

semiconductor industry uses highly soluble sulfate-based organic chemicals for chip 

manufacturing and was shown to discharge abnormally high levels of PFOS (i.e., 

hundreds μg/L) (Lin et al., 2009). This presumes reverse osmosis and nanofiltration for 

PFAS treatment in sulfate-rich waters, which is problematic due to the pH-independent 

deposition of calcium sulfate (CaSO4) and barium sulfate (BaSO4) (MacAdam & Jarvis, 
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2015). Therefore, a screening step using the WB/PA/G/dimethyl resin is recommended to 

increase membrane longevity. 

 

 Figs. A5-A7 show binary exchange plots for chloride-form AER in single-solute 

systems. With the addition of chloride, the general order of decreasing selectivity for 

each AER at pH 4 and 7 were as follows: 

 SB/PA/G/trimethyl SO4
2- > NO3

- ≈ Cl- > 3-PPA (pH 7) > 3-PPA (pH 4) 

 SB/PS/MP/triethyl NO3
- > SO4

2- > 3-PPA (pH 7) ≈ Cl- > 3-PPA (pH 4) 

 WB/PA/G/dimethyl SO4
2- > NO3

- ≈ Cl- > 3-PPA (pH 7) > 3-PPA (pH 4) 

 WB/PS/MP/dimethyl NO3
- ≈ SO4

2- > 3-PPA (pH 7) > Cl- > 3-PPA (pH 4) 

The results agree with isotherm models (Figs. 3.5-3.7 and A2-A4) and removal data (Fig. 

3.1). However, higher chloride release than contaminant uptake was observed for WB-

AER which precludes comparison between AER. 

 

Looking collectively at isotherm and binary exchange plots (Figs. 3.5-3.7 and A2-

A7) and corresponding data (Tables A4-A8), all plots were insignificantly different and 

model parameters showed relative difference values < 10% between pH 4 and pH 7, 

which suggest no impact of solution chemistry on resin selectivity and capacity at pH ≤ 

7. This is especially important for WB-AER because it broadens its applicability to 

various drinking water contaminants. For instance, a past study showed that despite the 

monovalent form of the triprotic arsenic acid (H3AsO4) below pH 4.6, the tertiary amine 

group of WB-AER exhibited higher capacity than the quaternary ammonium of SB-AER 

and maintained its greater selectivity toward arsenate species in the presence of 
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equimolar chloride in acidic conditions (Awual et al., 2008). This was due to the strong 

preference of WB-AER for dissociated acids (Helfferich, 1995). 

 

 
Fig. 3.5. Equilibrium adsorption isotherms of nitrate onto (a,c) polyacrylic and (b,d) 

polystyrene anion exchange resins at pH 7. 
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Fig. 3.6. Equilibrium adsorption isotherms of 3-phenylpropionic acid (3-PPA) onto 

polyacrylic (left panels) and polystyrene (right panels) anion exchange resins at (a-d) pH 

4 and (e-h) pH 7. 
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Fig. 3.7. Equilibrium adsorption isotherms of sulfate onto (a,c) polyacrylic and (b,d) 

polystyrene anion exchange resins at pH 7. 
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 Electrostatic interactions (1) are the basis of IX. The literature describes PFAAs 

uptake as strong ionic bonds occurring between the dissociated sulfonic and carboxylic 

acid head group of PFSAs and PFCAs with positively charged nitrogen of amine groups. 

The strong electronegativity of fluorine atoms of PFAAs molecules also generates 

additional ionic interactions with the resin (Du et al., 2014). However, these are several 

folds weaker than main ionic bonds as indicated by DFT (Park et al., 2020) and 

molecular orbital theory (Erkoç & Erkoç, 2001) calculations showing that the total 

negative charge of oxygen dwarfed that of individual fluorine atoms. 

 

  Hydrophobic interactions and van der Waals forces are the dominant physical 

mechanisms for most adsorbents including AER. Hydrophobicity is described as the 

ability of a chemical structure to repel water molecules. Aromatic structures and bonds 

such as C-F of PFAAs confer high oleophobic (i.e., high Log Kow) and hydrophobic 

properties, which in turn decrease the solubility of aqueous contaminants (Du et al., 

2015). It has been shown that van der Waals forces contributed to the removal of most 

pharmaceuticals and were even stronger than electrostatic interactions for certain HIOCs 

(Landry et al., 2015). Being less relevant for PFAAs, C-F bonds with low polarizability 

produce weak but cumulative induced-induced dipole interactions (i.e., van der Waals) 

and potentially form molecular bilayers (i.e., micelle) on the resin, especially when at 

high enough concentration (Ateia, Alsbaiee, et al., 2019). These types of interactions are 

absent in the case of polar PA AERs as previously demonstrated by a one-to-one ratio of 

PFAS removal to chloride release of the A860 resin on an equivalent basis (Dixit et al., 

2020a). 
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 π-π bonding (2) occurs between the aromatic rings of 3-PPA and PS polymer 

structure of AER. One study suggested that π-π bonding occurred between acid orange 7, 

an HIOC with similar structure to 3-PPA, and IRA 67 resin (Greluk & Hubicki, 2011). 

However, the benzene rings of acrylic acid-divinylbenzene-based WB-AER, as seen 

elsewhere, (Miyazaki & Nakai, 2011) are surrounded by lengthy aliphatic compounds 

that inhibit potential π-π bonds. This precludes the possibility of HOIC adsorption on PA 

resin. 

 

 Hydrogen bonding (H-bond) is a particular type of dipole-dipole interactions and 

was not shown in Fig. 3.8 due to the absence of carbonyl groups in the SB/PS/MP/triethyl 

structure. H-bonding typically occurs between oxygen atoms acting both as proton donors 

(hydroxyl group) and proton acceptors (carbonyl group). Free-form amine groups of WB-

AERs have also shown to act as proton acceptors for undissociated acid groups of 

macromolecules (i.e., dyes, NOM) (Bolto et al., 2002; Greluk & Hubicki, 2011). These 

are of great value for the removal of organics with multiple undissociated -NH, -COOH, 

and -OH functional groups (e.g., histidine, diclofenac, paracetamol) (Landry & Boyer, 

2013; Landry et al., 2015). 
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Fig. 3.8. Different interactions between dissociated (top) or protonated (bottom) 3-

phenylpropionic (3-PPA) molecules and triethyl quaternary ammonium of A520E. 

Dashed lines indicate (1) electrostatic interactions (for pH > pKa), (2) π-π lateral bonds 

between carbon atoms of polar benzene rings, (3) n-π bonds between oxygen donor atoms 

of 3-PPA and benzene rings, (4) Yoshida hydrogen bonds between benzene rings of resin 

matrix and hydroxyl group of protonated 3-PPA (for pH < pKa), and (5) dipole-dipole 

bonds between positively and negatively charged H and O atoms respectively (Tran, You, 

Hosseini-Bandegharaei, et al., 2017) (Tran, You, & Chao, 2017a). The numbers given to 

each interaction represent corresponding magnitude in reverse order (i.e., 1 being the 

strongest). 
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CHAPTER 4 

PRELIMINARY STUDY 

4.1. Column-mode adsorption study 

4.1.1. Effect of resin basicity 

Fig. 4.1 and Fig. B1 illustrate the performance of WB and SB resins, respectively, 

for the removal of six short-chain (i.e., PFBA, PFHxS, and PFHxA) and long-chain (i.e., 

PFHxS, PFOA, and PFOS) PFAAs from groundwater. Comparing the results of 

WB/PA/G/dimethyl and SB/PA/MP/trimethyl (Fig. 4.1a and Fig. B1a) with 

WB/PS/MP/dimethyl and SB/PS/MP/triethyl (Fig. 4.1b and Fig. B1b) highlights the 

greater impact of resin polymer structure than other major resin properties (i.e., basicity, 

porosity, and functional groups) on PFAA removal. Most importantly, the similar 

removal achieved by SB and WB resin with analogous polymer composition insinuates 

the successful operability of WB-AER in its free-base form. Fig. 4.2 shows the pH of 

groundwater after being contacted with WB resin, where high pH values were measured 

at the early stages of operation (< 200 BV) due to the release of hydroxide (OH-) ions and 

approached the initial groundwater pH thereupon. The more basic groundwater effluent 

of IRA 67 than IRA 96 is consistent with increasing estimated pKa values for their 

protonated forms. This trend is helpful to understand the chemistry of weakly basic 

tertiary amine group in the free-base form, which was well elucidated by previous 

researchers (Greluk & Hubicki, 2011; Harland, 1994; Höll & Kirch, 1978) and described 

as follows:  

𝑅 ≡ (𝐶𝐻ଷ)ଶ + 𝐻ଶ𝑂 ↞ሬሬሬ⃗ 𝑅 ≡ 𝑁(𝐶𝐻ଷ)ଶ𝐻ା. 𝑂𝐻ିതതതതതതതതതതതതതതതതതതതതതതതതതതതത   (19) 

𝑅 ≡ 𝑁(𝐶𝐻ଷ)ଶ𝐻ା. 𝑂𝐻ିതതതതതതതതതതതതതതതതതതതതതതതതതതതത + 𝐻𝐶𝑙 → 𝑅 ≡ (𝐶𝐻ଷ)ଶ𝐻ା. 𝐶𝑙ି + 𝐻ଶ𝑂  (20) 
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𝑅 ≡ 𝑁(𝐶𝐻ଷ)ଶ𝐻ା. 𝑂𝐻ିതതതതതതതതതതതതതതതതതതതതതതതതതതതത + 𝑋ି ↞ሬሬሬ⃗ 𝑅 ≡ (𝐶𝐻ଷ)ଶ𝐻ା. 𝑋ି + 𝑂𝐻ି  (21) 

Where reversible reactions are strongly favored in the direction of two-headed arrows 

(↞) and the presence and absence of overbars indicate molecules in the resin and 

aqueous phase, respectively. Upon solvation, the anhydrous 𝑅 ≡ (𝐶𝐻ଷ)ଶ amine gets 

immediately protonated with OH- as the counterion through weak dissociation of water 

(Eq. 19). For effective ion-exchange to occur, OH- ions need to be neutralized (Eq. 20) or 

displaced (Eq. 21) by either introducing strong acids or high concentrations of competing 

anions to account for the strong preference of tertiary amines for hydroxide ions (OH-). 

Hence, the use of strong acids such as HCl, H2SO4, or dilute HNO3 to functionalize and 

convert the resins to the desired form (Bolto et al., 2002; Höll & Kirch, 1978; Moldes et 

al., 2003). Note that while Eqs. 19-21 are useful for understanding the underlying 

chemistry of free form WB-AERs, Harland (1994) recommends representing tertiary 

amines as initially deionized (i.e., anhydrous form). All the above-stated findings suggest 

the potential to replace chloride-form SB-AER with free-base form WB-AER for column 

treatment of natural waters (e.g., groundwater, surface water, wastewater). The following 

explanation strongly depends on the buffering capacity of the feed where pH and pKa are 

those of the natural water in contact with WB resins and of their tertiary amine moieties, 

respectively. In column adsorption systems the water is continuously replaced flushing 

out excess OH- ions (pH >> pKa), which results in a new driving force (pH < pKa) after 

each BV treated. However, this is not possible in batch studies due to the presence of 

competing OH- once equilibrium is reached (pH > pKa). This is of outmost importance 

for a multistage water deionization system consisting typically of alternating strong-acid 

and weak-base ion-exchange columns, whereby uptake of aqueous inorganic cations and 
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anions is accompanied by a neutralization reaction between released H+ and OH- to form 

pure water (Harland, 1994; Helfferich, 1995; Höll & Kirch, 1978). Clark et al. (2022) 

interestingly combined free-base IRA 67 with a zinc (Zn2+) form cation exchange resin in 

a mixed bed to enhance the recovery of total ammonia (i.e., NH3 and NH4+) from 

hydrolyzed urine, where IRA 67 (pKa = 9) acted as a pH buffer to bias the formation of 

neutral ammonia (pKa = 9.25) and prevent the elution of the NH3-selective Zn2+. 

 

It is not graphically evident (Fig. 4.1 and Fig. B1) that for the same resin polymer, 

WB resins had greater capacity for PFAAs than SB counterparts. Nonetheless, for the 

same volume of packed resins and based on PFAAs removal on mass (w; μg) and 

equivalent (eq; μeq) basis (Eq. 2), the total amounts on the resins are in the relation of w; 

eq (SB/PA/MP/Trimethyl) = 1.29 w; 1.32 eq (WB/PA/G/Dimethyl) = 2.30 w; 2.72 eq 

(SB/PS/MP/Triethyl) = 2.75 w; 3.20 eq (WB/PS/MP/Dimethyl), which insinuates greater 

inherent capacity of tertiary amines than quaternary ammonium (Boyer, Fang, et al., 

2021).  

 

4.1.2. PFAAs removal Efficiency 

Both WB/PA/G/dimethyl (IRA 67) and SB/PA/MP/trimethyl (A860) resin treated 

≤ 290 BV before exhibiting a significant decrease in removal efficiency for all PFAAs 

except PFOS as indicated by an early steep slope followed by a plateau (see Fig. 4.1a and 

Fig. B1a). The high adsorption of PFOS is associated to unfavorable interactions with 

water molecules rather than favorable interactions with PA resin. Fig. B2 shows the 

corresponding preference in a different format, where PFOS represented only 18-20% of 
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the total PFAAs equivalent concentration in the influent, whereas occupied 48% and 60% 

of the total PFAAs sites on the WB/PA (Fig. B2a) and SB/PA resin (Fig. B2b), 

respectively. It has been previously elucidated that for highly hydrophobic IOCs, 

partitioning out of water to the resin phase is energetically favored (i.e., ΔG0 < 0, ΔH0 > 

0, and TΔS0 > 0) for all polymer matrix composition (Li & SenGupta, 1998). While 

PFOS and PFOA have the same number of carbons, PFSAs have longer alkyl chains with 

one carbon not residing in the functional acid moiety as opposed to PFCAs. The more 

hydrophobic character of PFOS compared to remaining PFAAs is further justified by 

physicochemical properties such as lower water solubility (570 vs. ≥ 3400 mg/L), higher 

Log DOW (3.05 vs. ≤ 1.58), and higher MW (500.13 vs. ≤ 414.07 g/mol) (Brooke et al., 

2004; Park et al., 2020; Yu et al., 2009). This trend was observed elsewhere for the same 

polyacrylic A860 resin where the highest removal (C/C0 < 0.25) in batch equilibrium 

tests  (Fang et al., 2021; Laura del Moral et al., 2020) and the lowest breakthrough (C/C0 

< 0.20) in column adsorption (Dietz et al., 2021) was for PFOS. Therefore, the two-step 

uptake of PFOS by PA resin can be viewed as migration to the surface of the resin by 

repelling water molecules followed by electrostatic interactions with the resin. Some 

suggested that micelle formation could also play an important role in the adsorption at the 

mg/L, especially for PA resin (Fang et al., 2021; Schuricht et al., 2017). However, Dixit 

et al. (2019) proved stoichiometrically (i.e., chloride release = PFOS removal) that the 

highly polar A860 will only remove PFOS via ion-exchange when below 10 mg/L.  

 

Other evident results of Fig. 4.1 show significantly higher PFAAs removal by PS 

than PA resins due to the stronger interplay between electrostatic and van der Waals 
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attraction forces for PS-AERs with aromatic rings than PA-AERs with more polar open-

chain carbonyl structure (Landry & Boyer, 2013; Laura del Moral et al., 2020; Li & 

SenGupta, 1998, 2004). Two recent studies involving the SB-AERs that were used in this 

experiment (i.e., A520E and A860) portrayed the same impact of polymer composition 

on PFAAs removal (Fang et al., 2021). PFAAs that showed decreasing affinity for PA-

AER based on lower breakthrough curves (i.e., decreasing C/C0 ) were PFOS >> PFHxS 

≈ PFOA > PFBS > PFHxA ≈ PFBA which is consistent with decreasing octanol-water 

partition coefficient at pH 7 (Log DOW) (Park et al., 2020; Zeng et al., 2020) and the 

increasing preference of PA resin for more hydrophobic organic compounds (Rahmani & 

Mohseni, 2017). For the same carbon chain-length, PFSAs were removed to a greater 

extent than PFCAs given the more hydrophobic nature (Du et al., 2014) and more 

pronounced electrostatic interactions (Park et al., 2020) of sulfonates compared with 

carboxylate homologs. All these trends are supported by the batch experiments in this 

work and the work of other researchers (Du et al., 2015; Franke et al., 2019; Laura del 

Moral et al., 2020; Maimaiti et al., 2018; McCleaf et al., 2017; Park et al., 2020; Zaggia 

et al., 2016). Conversely, Ateia, Arifuzzaman, et al. (2019) displayed higher removal of 

PFSAs regardless of carbon chain-length with Park et al. (2020) further showing 

adsorption onto MIEX resin to be remarkably more sensitive to the total negative atomic 

charge than Log Dow values of PFAAs. This pattern was also maintained for the IX 

removal of non-fluorinated organic ions, whereby the selectivity coefficients of PS were 

higher than PA AERs and the affinity of aromatic HOICs having the same polar 

functional group increased with increasing Log Dow, while the selectivity of 

monosulfonate ions was greater than monocarboxylate ions inconsistent with the Log Dow 



  63 

values (Kanazawa et al., 2004). Electrostatic potential and hydrophobicity are 

indissociable factors in adsorption and should be perceived as complementary rather than 

strictly additive. For instance, low polarity would majorly contribute to a first-stage 

migration of PFAAs from water onto a more thermodynamically stable solid state (i.e., 

surface of adsorbent) and the anionic character would in turn bolster the selectivity to 

secure active sites on the resin. 

 

In the case of PA AERs, as shown in Fig. 4.1a and Fig. B1a, breakthrough (i.e., 

constant C/C0) took place at the very early stages of the experiment (< 500 BV) for all 

PFAAs except PFOS. PFOA, PFHxS, and PFBS exhibited a plateau in adsorption 

without ever meeting the influent concentration (C0). Key reasons for this are the 

aforementioned higher affinity of less polar PFAAs to PA resins and more importantly 

the higher initial concentration in groundwater (see Table B1), which initiates a driving 

force (i.e., concentration gradient) for diffusion. Both these elements were highlighted by 

Du et al. (2015) with adsorbed amounts of PFCAs on IRA 67 as: PFOA (C8) >> PFHpA 

(C7) > PFHxA (C6). Kinetic models portrayed the IX removal of PFAAs as a multi-stage 

process with intraparticle diffusion being the predominant and rate-limiting step, 

followed by diffusion through the boundary layer of the resin (McCleaf et al., 2017; 

Wang et al., 2019; Yu et al., 2009), meaning that sites occupied by long-chain PFAAs 

block the pores for shorter-chain counterparts. Since the data is not indicative of PFBA 

and/or PFHxA desorption, which should otherwise resemble the competitive exchange 

curves portrayed by Gu et al. (2004), PFOA, PFHxS, and PFBS are supposedly 

displacing less selective anions, most likely inorganic compounds (e.g., SO4
2-, Cl-, NO3

-). 
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The column exchange curves of Zeng et al. (2020) were identical to this study but no 

clear reasons for the observed plateau in adsorption were reported. 

 

Fig. 4.1. Efficiency of weak-base (a) polyacrylic/gel and (b) polystyrene/macroporous 

anion exchange resins for PFAAs removal in impacted groundwater. Each data point 
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represents the average of triplicate column experiments with same operating conditions. 

Initial concentrations of individual and total PFAAs given in Table B1. 

 

Fig. 4.2. Dissociation effect of free-base tertiary amine groups of (a) IRA 67 (pKa = 9.0) 

and (b) IRA 96 (pKa = 6.4) WB-AERs on groundwater pH. Dashed green lines represent 

initial groundwater pH, triangles represent the pH measured in effluent immediately after 

collecting each sample with error bars denoting of in the free-base form dissociation WB 

resin  

4.2. Column-mode regeneration study 

 Fig. 4.3 shows the efficiency of 1% NaOH (w/w), 0.5% NaOH + 0.5% NaCl 

(w/w), and 1% NaCl (w/w) + 70% methanol (v/v) regeneration solutions at desorbing 

PFAAs from spent WB IRA 67 and IRA 96 resins. For salt aqueous solutions (i.e., NaOH 

and NaOH/NaCl), only PFBA desorbed > 5% from the PS resin, whereas PFAAs 

recovery ranged from ~10% to 57% for PA resin except for PFOS. On the other hand, the 

NaCl/methanol mixture had an effective desorption of the six PFAAs (> 43%) from the 

IRA 96 resin (i.e., polystyrene). For IRA 67 (i.e., polyacrylic), the addition of methanol 

did not impact the recovery of short-chain PFAAs, but increased markedly for PFHxS 
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(from ~ 52% to 93%), for PFOA (from ~47% to 85%), and PFOS (from ~4% to 34%) 

when NaCl/methanol was substituted for salt aqueous reagents. These results indicate 

satisfactory regeneration efficiency of PA resin using NaOH to deprotonate the amino-

groups of the weak-base resins. However, it is evident that the presence of highly 

hydrophobic contaminants such as long-chain PFAAs and/or AERs with nonpolar 

character such as PS resin requires a concentrated solution of organic solvent. Only one 

study tested the regeneration of WB/PS resin and showed no desorption of PFOA (~ 0%) 

using NH4Cl and/or NH4OH as opposed to ~20% and ~ 95% recovery when methanol 

and NH4OH/methanol were employed, respectively (Conte et al., 2015). This suggests 

that while the nonpolar character of polystyrene derivatives is more important than the 

neutralization of tertiary amine, both electrostatic and non-electrostatic forces of 

attraction cannot be decoupled thus a mixture of alkaline and organic solvent is 

recommended for optimal regeneration efficiency of IRA 96. 

 

Among all PFAAs, PFOS desorbed the least (< 5%) for both resins using salt-

only solutions, which is consistent with the lower solubility of PFOS in aqueous solutions 

with higher ionic strength (Brooke et al., 2004; Yu et al., 2008). By salting-out and 

adhering physically to the surface of the resin, van der Waals forces get more 

pronounced, which implies the need for organic cosolvent. Gao et al. (2017) and Deng et 

al. (2010) showed the same trend whereby PFOS recovery from IRA 67 was lower in 

NaOH solutions than NaOH/methanol mixtures but further demonstrated that 100% 

methanol alone cannot desorb PFOS (< 5%). 
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Figs. B2 shows the equivalence distribution of PFAAs in different regeneration 

eluates of IRA 67, IRA 96, A860, and A520E. Comparing the composition of each 

regeneration eluate in terms of PFAAs properties and resin polymer composition agrees 

with previous assertions on selectivity. For PS resins, the PFAAs composition in 1% 

NaOH, 0.5% NaOH + 0.5% NaCl, and 10% NaCl regeneration solutions (i.e., salt-only) 

were 62 – 88% PFBA and 69 – 99% PFCAs, which is consistent with increasing 

desorption with decreasing polarizability of PFAAs (i.e., less fluorinated carbons) and for 

carboxylates having weaker negative inductive effect than sulfonates. Although PFOS 

occupied 48% and 61% of the WB and SB polyacrylic resin sites respectively, it 

amounted to less than 8% of the total PFAAs in salt-only eluates. All the above-

mentioned discrepancies were less noticeable using 1% NaCl + 70% methanol. These 

findings were true regardless of resin basicity, which further support the greater impact of 

polymer composition on selective regeneration of PFAA than resin basicity. Nonetheless, 

the low recovery of short-chain PFAAs from WB/PA compared to SB/PA suggests that a 

portion of PFBA, PFBS, and PFHxA might have desorbed throughout the DI 

backwashing process. 

 

 Fig. B2 compares for each PFAA, the amount recovered in one type of 

regeneration solution relative to the amount recovered in all three solutions of a single PA 

resin. Regarding WB/PA, the efficiency of NaOH (~35-40%) and NaOH/NaCl (~34-

36%) were slightly better than the NaCl/methanol mixture (~29-32%) for short-chain 

PFAAs and decreased to small extent for PFOA and PFHxS (~ 24-29% for salt-only vs. 

~47-48% for NaCl/methanol). Conversely for SB/PA, 10% NaCl and 0.5% NaOH + 
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0.5% NaCl were only effective at desorbing PFBA and PFHxA while being significantly 

less effective for long-chain PFAAs (≤ 11%) relative to the regeneration solution 

comprising 1% NaCl + 70% methanol (≥ 84%). This insinuates the potential to further 

enhance salt-only solutions for the regeneration of WB/PA resin while maintaining 

reduced environmental impact (i.e., solvent-less). A thorough life cycle assessment 

(LCA) for the treatment of AER regeneration eluates showed that although fully 

recycling salt-only solutions of NaCl/NaOH contributed to greater carcinogenicity than 

NaCl/methanol, the overall environmental impact of regeneration solutions comprising 

chloride/hydroxide salts was the same regardless of the co-ion used (e.g., Na+, NH4
+, K+) 

(Boyer, Ellis, et al., 2021). For example, Conte et al. (2015) and Zaggia et al. (2016) 

proposed using ammonium co-ion (e.g., NH4OH) due to higher solubility of PFAS-NH4
+ 

than PFAS-K+ or PFAS-Na+. In addition, WB-AER could be regenerated with only 1.3-

1.5 × the total IX sites (Dorfner, 2011), which allows the use of dilute solutions of 

NH4OH or NH4Cl/NH4OH, down to 0.05% w/w (pH > 12), and still be enough to 

deprotonate the resin. 

 

For completion, the measurements of nitrate, sulfate and UV254 in the 

regeneration eluates of WB resins are illustrated in Fig. B3 in Appendix B. The data 

shows that for WB/PA resin, the salt-only solutions were ~60% and ~130% more 

effective at desorbing inorganic nitrates and sulfates than the organic solvent mixture, 

respectively (see Fig. B3a and b). In the case of WB/PS, recovery values measured for 

nitrates and UV254 were greater using the solvent mixture while the relatively more 
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hydrophilic sulfates desorbed to a lesser extent (see Fig. B3d-f). This is important to 

further validate the understanding of WB/PA and PS. 

 

 

Fig. 4.3. Column regeneration of PFAAs-laden (a) polyacrylic and (b) polystyrene weak-

base resins. Reported values are amounts of PFAAs recovered during regeneration 

0

20

40

60

80

100

PFBA PFBS PFHxA PFHxS PFOA PFOS

R
eg

en
e

ra
ti

o
n

 e
ff

ic
ie

n
c

y 
(%

)

(a) WB/PA/G/Dimethyl (IRA 67)

1% NaOH

0.5% NaOH + 0.5% NaCl

1% NaCl + 70% MeOH

0

20

40

60

80

100

PFBA PFBS PFHxA PFHxS PFOA PFOS

R
eg

en
e

ra
ti

o
n

 e
ff

ic
ie

n
c

y 
(%

)

(b) WB/PS/MP/Dimethyl (IRA 96)

1% NaOH

0.5% NaOH + 0.5% NaCl

1% NaCl + 70% MeOH



  70 

normalized by the total adsorbed amounts during treatment and are expressed in percent 

(%) with error bars representing one standard deviation of triplicate measurements. 
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CHAPTER 5 

CONCLUSIONS 

 At natural pH, chloride-form WB-AER had higher capacity and similar selectivity 

than chloride-form SB-AER with analogous properties (i.e., polymer composition, 

porosity, functional group) as indicated by isotherm parameters in single-analyte 

system (i.e., nitrate, sulfate, and 3-phenylpropionic acid) and normalized removal 

data for all contaminants. The effectiveness of chloride-form WB-AER 

demonstrates the potential to substitute conventional chloride-form SB-AER in 

batch reactors and that pretreatment schemes using hydrochloric acid (HCl) were 

successful. 

 When resin dose significantly exceeded the concentration of six legacy PFAAs 

(i.e., PFBA, PFBS, PFHxA, PFHxS, PFOA, and PFOS) present as a mixture, 

removal by polyacrylic resin increased with increasing PFAAs carbon chain-

length, resin dose, and was greater for PFAAs with sulfonic head group compared 

to carboxylic analogs. Regardless of resin amount, the near complete removal of 

PFOS by polyacrylic AERs and of all PFAAs by polystyrene AERs were linked 

to the strong tendency of PFOS to repel water molecules and to the combination 

of electrostatic and non-electrostatic interactions enhanced by the hydrophobic 

character of polystyrene resin, respectively. The presence of relatively high 

concentrations of bicarbonate ions (≈ 2.14meq/L) showed no impact on PFAAs 

removal. 

 At high pH (i.e., > 10) WB polyacrylic/gel and polystyrene/macroporous resin 

had low, to no removal of nitrate, 3-phenylpropionic acid, and sulfate due to the 
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deprotonation of amine group, which implies the potential for regeneration of WB 

resin using salt-only alkaline solutions with low ecotoxicological risk (e.g., 

NaOH, NH4OH; NaHCO3). However, the complete removal of relatively low 

PFAAs concentration by polystyrene/macroporous resin was maintained, 

suggesting that PFAAs adsorption was either solely governed by hydrophobic 

interactions or that a fraction of ion-exchange sites was not converted to its free-

base form. Further research should explore the trade-offs in both PFAAs removal 

by WB/polystyrene and regeneration by WB/polyacrylic AERs. 

 The estimation of isotherm constants for the two-parameter Freundlich, Dubinin-

Radushkevich (DR), and Dubinin-Astakhov (DA) models showed no significant 

difference between the regression methods (i.e., linear and nonlinear) used to fit 

adsorption data in single-analyte system. Conversely, selectivity and capacity 

parameter values determined from four linearized Langmuir versions were biased 

while the nonlinear least-squares method provided unique values. Relying on 

goodness-of-fit measures only to gain insight on adsorption mechanism could be 

misleading as two isotherms with conflicting theories (e.g., Langmuir, 

Freundlich) might fit equilibrium data the same extent depending on the operating 

conditions. Therefore, qualitative rather than quantitative analysis should be 

considered to identify potential trends and three-parameter hybrid models such as 

Redlich-Peterson (RP) should be employed given the wider range of applicability 

offered by additional variables. 

 In column experiments for the treatment of PFAAs-spiked groundwater, the free-

base form WB resin had similar selectivity and higher capacity for PFAAs than 
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SB-AER with same polymer composition. This result not only suggests WB-AER 

as a viable alternative to conventional SB-AER but also offers a more cost-

effective and sustainable option of neglecting the added step of resin pretreatment 

(e.g., HCl, NaCl, H2SO4) in continuous-flow mode. Because of the hypothesized 

high overall chemical stability, buffering capabilities, and capacity of the tertiary 

amine functional group in its free-base form, long-term pilot scale studies are 

needed in order to evaluate the durability of commercially available WB-AERs. 

 The individual influence of the hydrophobic and electrostatic characters of 

PFAAs on the adsorption affinity were not conclusively differentiable given their 

additive nature and were instead interpreted as complementary in this study. A 

thorough multiple linear regression analysis would be helpful to synthesize resins 

for optimal removal and/or regeneration. 

 WB/polystyrene exhibited significantly higher removal of PFAAs from 

groundwater than WB/polyacrylic resin as indicated by column breakthrough 

curves. However, subsequent desorption from PFAAs-laden WB resin using 

solvent-free regeneration solutions comprising 1% NaOH or 0.5% NaOH + 0.5% 

NaCl was only possible for the polyacrylic type. This poses an inevitable trade-off 

between performance and reusability of WB resins. Since the electrostatic and the 

hydrophobic character of polystyrene resin could not be decoupled with salt-only 

aqueous regenerants. The shift in research should focus on optimizing the 

formulation of caustic or caustic/brine solutions for the regeneration of 

WB/polystyrene AER. 
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Table A1. Adsorption isotherm models and corresponding linear forms and plots used to 
obtain starting values for the nonlinear-optimization method. 

Adsorption 

Isotherm  

Nonlinear form Linear form Plot 

Langmuir 

Type I (Hanes-

Woolf) 

𝑞௘ =
𝑞଴𝐾௅𝐶௘

1 + 𝑏𝐶௘

 
𝐶௘

𝑞௘

=
1

𝐾௅𝑞଴

+
1

𝑞଴

𝐶௘ 
𝐶௘

𝑞௘

 𝑣𝑠 𝐶௘ 

Langmuir 

Type II 

(Lineweaver-

Burke) 

1

𝑞௘

=
1

𝑞଴

+
1

𝐾௅𝑞଴

1

𝐶௘

 
1

𝑞௘

 𝑣𝑠 
1

𝐶௘

 

Langmuir 

Type III 

(Eadie-

Hoffsiee) 

𝑞௘ = 𝑞଴ −
1

𝐾௅

𝑞௘

𝐶௘

 𝑞௘  𝑣𝑠 
𝑞௘

𝐶௘

 

Langmuir 

Type IV 

(Scatchard) 

𝑞௘

𝐶௘

= 𝑞଴ − 𝐾௅𝑞௘  
𝑞௘

𝐶௘

 𝑣𝑠 𝑞௘  

Freundlich 𝑞௘ = 𝐾ி𝐶௘
ଵ/௡ log(𝑞௘)

= log(𝐾ி) +
1

𝑛
log 𝐶௘ 

log(𝑞௘)  𝑣𝑠 log(𝐶௘) 

Dubinin-

Astakhov 

𝑞௘ = 𝑞଴exp (− ൬
𝜀

𝐸√2
൰

௡ವ

) 
ln (ln(𝑞଴) − ln(𝑞௘))

= −𝑛஽ ln൫𝐸√2൯

+ 𝑛஽ ln(𝜀) 

ln( ln(𝑞௘))  𝑣𝑠 ln(𝜀) 

Dubinin- 

Radushkevich 

𝑞௘ = 𝑞଴exp (− ൬
𝜀

𝐸√2
൰

ଶ

) ln(𝑞௘) = ln(𝑞଴) −
1

2𝐸ଶ
𝜀ଶ 

ln(𝑞௘)  𝑣𝑠 𝜀ଶ 
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Redlich-

Petersona 

𝑞௘ =
𝐾ோ௉𝐶௘

1 + 𝑏ோ௉𝐶௘
ఈ

 ln(𝐾ோ௉

𝐶௘

𝑞௘

− 1)

= ln(𝑏ோ௉) + 𝛼 ln(𝐶௘) 

ln(𝐾ோ௉

𝐶௘

𝑞௘

− 1)  𝑣𝑠 ln(𝐶௘) 

 

Table A2. Estimated influence of resin properties on nitrate, sulfate, and 3-PPA 
selectivity. 

Resin IRA 458 A520E IRA 67 IRA 96 

Classificatio

n 

SB/PA/G/Trimethy

l 

SB/PS/MP/Triethy

l 

WB/PA/G/Dimethy

l 

WB/PS/MP/Dimethy

l 

Nitratea 3-4 1 3-4 2 

Sulfatea 2 4 1 3 

3-PPAa 3-4 1 3-4 2 

Hydrophobic 

characterb 

3-4 1 3-4 2 

Spacing of IX 

sitesb 

2 1 3-4 3-4 

Strong-Base (SB), Weak-Base (WB), Polyacrylic (PA), Polystyrene (PS), Gel (G), Macroporous (MP). 

a Summary of contaminant removal sequence based on Fig. 3.1 results at pH 7. 
b Predominant resin properties  
1 ranks the highest and 4 the lowest. 

Table A3. Nonlinear and linear Langmuir isotherm and goodness-of-fit model parameters 

for the single-analyte adsorption of (a) nitrate and (b) sulfate on AER at pH 4, 7 and 10. 

Nonlinear parameter values were determined using the least-squares regression method in 

RStudio. Linear parameter values were determined plotting corresponding linear forms of 

the Langmuir equation. 

(a) Nitrate 
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Resin/pH Langmuir 

Equation 

KL 

(L/mmol) 

q0 

(mmol/g) 

Linear 

R2 

Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

IRA 

458/4 

Linear 

Type I 

0.29 9.29 0.8762 0.988 2.291 0.0938 0.0791 

Linear 

Type II 

0.27 9.93 0.9985 0.9877 2.412 0.0963 0.0801 

Linear 

Type III 

0.33 8.49 0.8309 0.9876 2.436 0.0973 0.0805 

Linear 

Type IV 

0.27 9.89 0.8309 0.9877 2.399 0.0960 0.0800 

Nonlinear 0.30 9.08 - 0.9881 2.378 0.0934 0.0789 

A520E/4 Linear 

Type I 

4.28 2.48 0.9978 0.9964 3.390 0.0200 0.0366 

Linear 

Type II 

5.41 2.23 0.9971 0.9801 4.082 0.1106 0.0859 

Linear 

Type III 

4.83 2.37 0.9788 0.9933 3.296 0.0372 0.0498 

Linear 

Type IV 

4.73 2.39 0.9788 0.9944 3.305 0.0313 0.0457 

Nonlinear 4.17 2.49 - 0.9968 3.469 0.018 0.0346 

IRA 67/4 Linear 

Type I 

0.15 16.05 0.7654 0.9941 2.394 0.0455 0.0551 

Linear 

Type II 

0.09 25.65 0.9967 0.9869 2.602 0.1011 0.0821 

Linear 

Type III 

0.20 12.42 0.6797 0.9946 2.533 0.0416 0.0527 
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Linear 

Type IV 

0.13 17.43 0.6797 0.9933 2.401 0.0518 0.0588 

Nonlinear 0.19 12.58 - 0.9952 2.525 0.037 0.0497 

IRA 96/4 Linear 

Type I 

1.07 4.65 0.9962 0.9984 1.267 0.0135 0.0300 

Linear 

Type II 

1.03 4.78 0.9992 0.998 1.247 0.0169 0.0336 

Linear 

Type III 

1.06 4.68 0.9917 0.9984 1.252 0.0138 0.0303 

Linear 

Type IV 

1.05 4.71 0.9917 0.9983 1.251 0.0142 0.0308 

Nonlinear 1.09 4.62 - 0.9984 1.291 0.0133 0.0298 

IRA 

458/7 

Linear 

Type I 

0.45 5.96 0.8417 0.9715 3.746 0.1689 0.1061 

Linear 

Type II 

0.41 6.41 0.9948 0.971 3.570 0.1719 0.1071 

Linear 

Type III 

0.51 5.45 0.7792 0.9702 4.129 0.1764 0.1084 

Linear 

Type IV 

0.40 6.56 0.7792 0.9704 3.576 0.1752 0.1081 

Nonlinear 0.46 5.93 - 0.9716 3.706 0.168 0.1058 

A520E/7 Linear 

Type I 

4.09 2.42 0.9976 0.994 3.868 0.0313 0.0457 

Linear 

Type II 

4.99 2.20 0.9816 0.9798 5.332 0.1052 0.0837 

Linear 

Type III 

4.59 2.31 0.9560 0.9906 4.423 0.0491 0.0572 
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Linear 

Type IV 

4.39 2.36 0.9560 0.9927 4.112 0.0381 0.0504 

Nonlinear 3.97 2.44 - 0.9942 4.051 0.0301 0.0448 

IRA 67/7 Linear 

Type I 

0.10 21.97 0.6817 0.9954 2.325 0.038 0.0504 

Linear 

Type II 

0.05 38.6 0.9971 0.9908 2.547 0.0763 0.0713 

Linear 

Type III 

0.15 15.01 0.6055 0.9947 2.414 0.0436 0.0539 

Linear 

Type IV 

0.09 23.59 0.6055 0.9951 2.336 0.0408 0.0522 

Nonlinear 0.13 17.58 - 0.9959 2.250 0.0343 0.0478 

IRA 96/7 Linear 

Type I 

1.23 4.18 0.9691 0.985 3.579 0.1186 0.0889 

Linear 

Type II 

0.99 4.81 0.9969 0.9744 2.934 0.2026 0.1162 

Linear 

Type III 

1.16 4.33 0.9417 0.9845 3.259 0.1232 0.0906 

Linear 

Type IV 

1.09 4.49 0.9417 0.9824 3.111 0.1394 0.0964 

Nonlinear 1.28 4.12 - 0.9856 3.668 0.1144 0.0873 

IRA 

458/10 

Linear 

Type I 

0.3 7.23 0.9667 0.9969 1.693 0.0169 0.0336 

Linear 

Type II 

0.28 7.81 0.9987 0.9959 1.497 0.0225 0.0387 

Linear 

Type III 

0.31 7.11 0.9458 0.9970 1.741 0.0165 0.0332 
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Linear 

Type IV 

0.29 7.43 0.9458 0.9967 1.613 0.0181 0.0348 

Nonlinear 0.32 6.89 - 0.9971 1.831 0.016 0.0327 

A520E/10 Linear 

Type I 

3.84 2.76 0.9983 0.9971 3.291 0.02 0.0365 

Linear 

Type II 

5.02 2.42 0.9865 0.9717 5.953 0.1929 0.1134 

Linear 

Type III 

4.37 2.61 0.9612 0.9926 3.899 0.0502 0.0578 

Linear 

Type IV 

4.2 2.66 0.9612 0.9949 3.534 0.0348 0.0481 

Nonlinear 3.69 2.77 - 0.9975 3.415 0.0172 0.0338 

 

(b) Sulfate 

Resin/pH Langmuir 

Equation 

KL 

(L/mmol

) 

q0 

(mmol/g) 

Linear 

R2 

Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

IRA 

458/4 

Linear 

Type I 

38.47 1.96 0.9982 0.9351 18.285 0.3370 0.1499 

Linear 

Type II 

20.79 2.83 0.7623 0.4503 31.188 2.8544 0.4362 

Linear 

Type III 

59.22 1.73 0.5664 0.9138 22.458 0.4474 0.1727 

Linear 

Type IV 

33.55 2.20 0.5664 0.8958 22.155 0.5408 0.1899 

Nonlinea

r 

47.84 1.93 - 0.9479 18.871 0.2706 0.1343 
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A520E/4 Linear 

Type I 

8.21 1.04 0.9917 0.9844 7.020 0.0153 0.0319 

Linear 

Type II 

12.32 0.88 0.9939 0.9492 5.880 0.0496 0.0575 

Linear 

Type III 

10.68 0.95 0.9443 0.9741 5.731 0.0253 0.0411 

Linear 

Type IV 

10.09 0.97 0.9443 0.9787 5.905 0.0208 0.0372 

Nonlinea

r 

8.05 1.03 - 0.9855 7.416 0.0141 0.0307 

IRA 67/4 Linear 

Type I 

45.57 2.25 0.9974 0.9064 23.280 0.6765 0.2124 

Linear 

Type II 

28.13 2.93 0.6208 0.7067 30.424 2.1199 0.3759 

Linear 

Type III 

88.81 1.86 0.4191 0.8287 33.614 1.2377 0.2872 

Linear 

Type IV 

37.22 2.66 0.4191 0.8327 28.088 1.2090 0.2839 

Nonlinea

r 

55.74 2.25 - 0.9192 23.425 0.5842 0.1974 

IRA 96/4 Linear 

Type I 

43.40 1.55 0.9990 0.9545 11.841 0.1293 0.0929 

Linear 

Type II 

31.79 1.83 0.8801 0.8119 16.804 0.5342 0.1887 

Linear 

Type III 

55.41 1.47 0.7516 0.9622 12.618 0.1075 0.0846 
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Linear 

Type IV 

41.64 1.63 0.7516 0.9447 13.159 0.1569 0.1023 

Nonlinea

r 

53.32 1.52 - 0.9675 12.238 0.0923 0.0784 

IRA 

458/7 

Linear 

Type I 

39.12 1.96 0.9982 0.9369 17.402 0.3248 0.1472 

Linear 

Type II 

21.99 2.80 0.8007 0.4290 30.195 2.9376 0.4425 

Linear 

Type III 

58.55 1.75 0.6122 0.9293 20.138 0.3638 0.1557 

Linear 

Type IV 

35.84 2.15 0.6122 0.9073 20.432 0.4769 0.1783 

Nonlinea

r 

50.27 1.92 - 0.9527 17.819 0.2435 0.1274 

A520E/7 Linear 

Type I 

10.36 0.94 0.9803 0.9734 5.341 0.0234 0.0395 

Linear 

Type II 

13.08 0.86 0.9950 0.9533 5.272 0.0412 0.0524 

Linear 

Type III 

11.72 0.91 0.9455 0.9684 5.132 0.0278 0.0431 

Linear 

Type IV 

11.08 0.93 0.9455 0.9715 5.219 0.0252 0.0410 

Nonlinea

r 

9.72 0.96 - 0.9741 6.241 0.0228 0.0390 

IRA 67/7 Linear 

Type I 

56.51 2.16 0.9910 0.8912 25.857 0.7748 0.2273 
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Linear 

Type II 

30.71 2.83 0.6000 0.7170 29.806 2.0157 0.3666 

Linear 

Type III 

98.34 1.83 0.3858 0.8001 35.298 1.4237 0.3081 

Linear 

Type IV 

37.94 2.70 0.3858 0.7830 29.274 1.5455 0.3210 

Nonlinea

r 

59.87 2.23 - 0.8993 25.536 0.7173 0.2187 

IRA 96/7 Linear 

Type I 

41.91 1.52 0.9985 0.9544 10.949 0.1227 0.0904 

Linear 

Type II 

33.08 1.75 0.8889 0.8571 14.536 0.3844 0.1601 

Linear 

Type III 

54.41 1.45 0.7667 0.9633 11.729 0.0988 0.0811 

Linear 

Type IV 

41.72 1.59 0.7667 0.9503 11.763 0.1338 0.0944 

Nonlinea

r 

52.01 1.50 - 0.9681 11.336 0.0859 0.0757 

IRA 

458/10 

Linear 

Type I 

44.60 1.65 0.9991 0.9397 15.296 0.2119 0.1188 

Linear 

Type II 

24.27 2.27 0.8342 0.5014 26.432 1.7504 0.3416 

Linear 

Type III 

57.36 1.55 0.6419 0.9370 17.513 0.2211 0.1214 

Linear 

Type IV 

36.82 1.84 0.6419 0.8951 18.696 0.3681 0.1567 
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Nonlinea

r 

52.95 1.65 - 0.9505 15.624 0.1736 0.1076 

A520E/1

0 

Linear 

Type I 

9.23 0.96 0.9864 0.9804 5.198 0.0172 0.0339 

Linear 

Type II 

12.07 0.86 0.9937 0.9567 5.339 0.0380 0.0503 

Linear 

Type III 

10.71 0.91 0.9485 0.9744 5.008 0.0225 0.0387 

Linear 

Type IV 

10.16 0.94 0.9485 0.9776 4.948 0.0196 0.0362 

Nonlinea

r 

8.73 0.97 - 0.9810 5.925 0.0166 0.0333 

 

Table A4. Nonlinear Langmuir isotherm model parameters for the adsorption of (a) 
nitrate, (b) 3-phenylpropionic acid, and (c) sulfate on AER at different solution pH. 

(a) Nitrate 

Resin/p

H 

KL 

(L/mmo

l) 

q0 

(mmol/

g) 

RL ΔG0 

(kJ/mo

l) 

Nonline

ar R2 

ARE 

(%) 

SSE 

(mmol2/g

2) 

RMSE 

(mmol/

g) 

χ2 

(mmol/

g) 

IRA 

458/4 

0.30 9.08 0.62
7 

2.92 0.9881 2.38
% 

0.093 0.079 0.038 

A520E/4 4.17 2.49 0.10
8 

-3.50 0.9968 3.47
% 

0.018 0.035 0.024 

IRA 

67/4 

0.19 12.58 0.72
4 

4.02 0.9952 2.53
% 

0.037 0.050 0.022 

IRA 

96/4 

1.09 4.62 0.31
6 

-0.20 0.9984 1.29
% 

0.013 0.030 0.006 



  100 

IRA 

458/7 

0.46 5.93 0.52
0 

1.93 0.9716 3.71
% 

0.168 0.106 0.080 

A520E/7 3.97 2.44 0.11
0 

-3.39 0.9942 4.05
% 

0.030 0.045 0.038 

IRA 

67/7 

0.13 17.58 0.79
2 

5.05 0.9959 2.25
% 

0.034 0.048 0.017 

IRA 

96/7 

1.28 4.12 0.27
5 

-0.61 0.9856 3.67
% 

0.114 0.087 0.053 

IRA 

458/10 

0.32 6.89 0.58
8 

2.76 0.9971 1.83
% 

0.016 0.033 0.009 

A520E/1

0 

3.69 2.77 0.11
2 

-3.20 0.9975 3.42
% 

0.017 0.034 0.031 

 

(b) 3-phenylpropionic acid (3-PPA) 

Resin/pH KL 

(L/mmol) 

q0 

(mmol/g) 

RL Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 

458/4 

-0.42 -0.28 11.694 0.9132 9.21 0.101 0.082 0.119 

A520E/4 -0.32 -0.87 3.180 0.9932 4.07 0.007 0.022 0.022 

IRA 67/4 -0.52 -0.04 -9.908 0.9431 22.88 0.099 0.081 0.239 

IRA 96/4 -0.38 -0.72 5.362 0.9577 9.15 0.090 0.077 0.156 

IRA 

458/7 

-0.30 -1.72 2.922 0.9884 3.31 0.040 0.051 0.027 
 

A520E/7 0.31 4.24 0.602 0.9925 3.91 0.015 0.031 0.020 

IRA 67/7 -0.41 -1.13 8.295 0.9616 12.60 0.221 0.122 0.247 

IRA 96/7 -0.01 -82.12 1.030 0.8817 11.71 0.447 0.173 0.368 

IRA 

458/10 

-0.19 -2.76 1.703 0.9911 3.09 0.016 0.033 0.017 
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A520E/10 0.60 2.57 0.436 0.9943 2.92 0.009 0.025 0.012 

 

(c) Sulfate 

Resin/p

H 

KL 

(L/mmo

l) 

q0 

(mmol/

g) 

RL ΔG0 

(kJ/mol

) 

Nonline

ar R2 

ARE 

(%) 

SSE 

(mmol2/g

2) 

RMSE 

(mmol/

g) 

χ2 

(mmol/

g) 

IRA 

458/4 

47.84 1.93 0.01
9 

-9.50 0.9479 18.8
7 

0.271 0.134 0.416 

A520E/4 8.05 1.03 0.10
6 

-5.12 0.9855 7.42 0.014 0.031 0.039 

IRA 

67/4 

55.74 2.25 0.01
7 

-9.88 0.9192 23.4
3 

0.584 0.197 0.779 

IRA 

96/4 

53.32 1.52 0.01
7 

-9.77 0.9675 12.2
4 

0.092 0.078 0.165 

IRA 

458/7 

50.27 1.92 0.01
8 

-9.62 0.9527 17.8
2 

0.244 0.127 0.365 

A520E/7 9.72 0.96 0.08
9 

-5.59 0.9741 6.24 0.023 0.039 0.038 

IRA 

67/7 

59.87 2.23 0.01
5 

-10.05 0.8993 25.5
4 

0.717 0.219 0.873 

IRA 

96/7 

52.01 1.50 0.01
8 

-9.70 0.9681 11.3
4 

0.086 0.076 0.151 

IRA 

458/10 

52.95 1.65 0.01
8 

-9.75 0.9505 15.6
2 

0.174 0.108 0.283 

A520E/1

0 

8.73 0.97 0.09
8 

-5.32 0.9810 5.93 0.017 0.033 0.032 

 

Table A5. Nonlinear Freundlich isotherm model parameters for the adsorption of (a) 
nitrate, (b) 3-phenylpropionic acid, and (c) sulfate on AER at different solution pH. 

(a) Nitrate 
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Resin/pH KF 

(mmol(1-

1/nF L1/nF/g) 

1/nF Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 2.09 0.81 0.9858 3.71 0.111 0.086 0.052 

A520E/4 2.02 0.41 0.9786 9.21 0.119 0.089 0.131 

IRA 67/4 2.03 0.86 0.9921 3.45 0.061 0.064 0.037 

IRA 96/4 2.36 0.61 0.9871 6.11 0.111 0.086 0.087 

IRA 458/7 1.81 0.73 0.9682 5.86 0.189 0.112 0.102 

A520E/7 1.93 0.40 0.9689 9.94 0.162 0.104 0.161 

IRA 67/7 1.98 0.89 0.9947 2.95 0.044 0.054 0.025 

IRA 96/7 2.25 0.56 0.9613 9.00 0.306 0.143 0.195 

IRA 

458/10 

1.66 0.77 0.9931 3.51 0.038 0.050 0.027 

A520E/10 2.16 0.41 0.9745 9.96 0.174 0.108 0.162 

 

(b) 3-phenylpropionic acid (3-PPA) 

Resin/pH KF 

(mmol(1-

1/nF L1/nF/g) 

1/nF Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 0.13 3.25 0.8949 13.24 0.122 0.090 0.202 

A520E/4 0.41 1.67 0.9778 7.84 0.023 0.039 0.072 

IRA 67/4 4.45E-05 16.25 0.9805 11.21 0.034 0.048 0.081 

IRA 96/4 0.44 2.07 0.9182 13.36 0.174 0.108 0.335 

IRA 458/7 0.74 1.67 0.9882 4.39 0.040 0.052 0.037 

A520E/7 0.97 0.79 0.9940 3.10 0.012 0.028 0.017 

IRA 67/7 0.76 2.28 0.9841 7.96 0.092 0.078 0.099 

IRA 96/7 1.27 0.90 0.9363 10.44 0.240 0.127 0.202 
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IRA 

458/10 

0.65 1.36 0.9946 1.91 0.010 0.025 0.009 

A520E/10 0.94 0.67 0.9973 2.07 0.004 0.017 0.006 

 

(c) Sulfate 

Resin/pH KF 

(mmol(1-

1/nF L1/nF/g) 

1/nF Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 2.32 0.26 0.8674 29.25 0.688 0.214 0.825 

A520E/4 1.09 0.41 0.9914 6.51 0.008 0.024 0.029 

IRA 67/4 2.71 0.25 0.8243 35.34 1.270 
 

0.291 
 

1.242 
 

IRA 96/4 1.71 0.22 0.8779 21.52 0.347 0.152 0.506 

IRA 458/7 2.30 0.26 0.8810 27.18 0.612 0.202 0.760 

A520E/7 1.01 0.37 0.9527 10.12 0.042 0.053 0.078 

IRA 67/7 2.61 0.24 0.7756 37.54 1.599 0.326 1.442 

IRA 96/7 1.67 0.22 0.8806 20.56 0.321 0.146 0.471 

IRA 

458/10 

1.89 0.23 0.8587 25.05 0.496 0.182 0.674 

A520E/10 1.02 0.38 0.9633 9.19 0.032 0.046 0.064 

 

Table A6. Nonlinear Dubinin-Radushkevich (DR) isotherm model parameters for the 
adsorption of (a) nitrate, (b) 3-phenylpropionic acid, and (c) sulfate on AER at different 
solution pH. 

(a) Nitrate 

Resin/pH E (kJ/mol) q0 (g/g) Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 4.72 0.395 0.9875 3.27 0.098 0.081 0.045 
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A520E/4 7.43 0.195 0.9974 2.89 0.014 0.031 0.014 

IRA 67/4 4.45 0.440 0.9974 1.61 0.020 0.037 0.010 

IRA 96/4 5.68 0.316 0.9980 1.55 0.017 0.034 0.008 

IRA 458/7 4.92 0.317 0.9717 3.32 0.168 0.106 0.079 

A520E/7 7.41 0.188 0.9924 4.46 0.040 0.051 0.037 

IRA 67/7 4.32 0.466 0.9960 1.66 0.033 0.047 0.014 

IRA 96/7 5.85 0.291 0.9824 4.38 0.139 0.096 0.067 

IRA 

458/10 

4.67 0.324 0.9974 1.70 0.014 0.031 0.009 

A520E/10 7.29 0.214 0.9962 3.10 0.026 0.042 0.021 

 

(b) 3-phenylpropionic acid (3-PPA) 

Resin/pH E (kJ/mol) q0 (g/g) Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 1.57 2.550 0.8808 14.85 0.138 0.096 0.265 

A520E/4 2.39 0.561 0.9521 11.76 0.050 0.058 0.178 

IRA 67/4 0.67 7.99E+05 0.9811 10.73 0.033 0.047 0.078 

IRA 96/4 2.09 1.140 0.8834 16.38 0.248 0.129 0.562 

IRA 458/7 2.37 1.036 0.9780 7.17 0.075 0.071 0.106 

A520E/7 3.90 0.347 0.9839 5.49 0.032 0.046 0.052 

IRA 67/7 2.02 2.442 0.9904 5.61 0.055 0.061 0.056 

IRA 96/7 3.40 0.586 0.9669 6.66 0.125 0.091 0.093 

IRA 

458/10 

2.61 0.620 0.9930 3.48 0.013 0.029 0.017 

A520E/10 4.31 0.289 0.9877 4.73 0.019 0.036 0.031 

 

(c) Sulfate 
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Resin/pH E (kJ/mol) q0 (g/g) Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 10.44 0.241 0.9081 24.28 0.477 0.178 0.645 

A520E/4 7.70 0.129 0.9983 1.84 0.002 0.011 0.003 

IRA 67/4 10.71 0.280 0.8730 30.49 0.918 0.247 1.010 

IRA 96/4 11.23 0.179 0.9151 18.12 0.241 0.127 0.372 

IRA 458/7 10.55 0.238 0.9170 22.64 0.427 0.169 0.593 

A520E/7 8.05 0.119 0.9751 4.64 0.022 0.038 0.030 

IRA 67/7 11.00 0.272 0.8345 32.77 1.179 0.280 1.164 

IRA 96/7 11.25 0.175 0.9182 17.46 0.220 0.121 0.341 

IRA 

458/10 

10.99 0.196 0.8969 21.69 0.362 0.155 0.530 

A520E/10 7.87 0.121 0.9833 3.65 0.015 0.031 0.020 

 

Table A7. Nonlinear Dubinin-Astakhov (DA) isotherm model parameters for the 
adsorption of (a) nitrate, (b) 3-phenylpropionic acid, and (c) sulfate on AER at different 
solution pH. 

(a) Nitrate 

Resin/pH E (kJ/mol) nD Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 5.73 2.97 0.9801 5.92 0.156 0.102 0.100 

A520E/4 8.39 2.98 0.9967 3.15 0.019 0.035 0.019 

IRA 67/4 5.40 2.97 0.9943 3.24 0.044 0.054 0.033 

IRA 96/4 6.89 3.43 0.9900 5.39 0.086 0.076 0.075 

IRA 458/7 5.46 2.46 0.9701 4.20 0.177 0.109 0.086 

A520E/7 8.23 2.86 0.9947 3.89 0.027 0.043 0.030 

IRA 67/7 5.34 3.11 0.9888 4.20 0.092 0.079 0.055 

IRA 96/7 6.86 3.25 0.9873 3.70 0.100 0.082 0.048 
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IRA 

458/10 

5.24 2.50 0.9956 2.69 0.024 0.040 0.019 

A520E/10 8.50 3.56 0.9866 7.06% 0.092 0.078 0.111 

 

(b) 3-phenylpropionic acid (3-PPA) 

Resin/pH E (kJ/mol) nD Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 2.37 3.36 0.8622 16.38 0.160 0.103 0.311 

A520E/4 2.83 2.48 0.9387 13.12 0.064 0.066 0.187 

IRA 67/4 2.58 15.91 0.9775 8.15 0.039 0.051 0.081 

IRA 96/4 2.81 2.92 0.8507 18.41 0.318 0.146 0.563 

IRA 458/7 2.92 2.72 0.9678 8.59 0.110 0.086 0.151 

A520E/7 3.79 1.86 0.9859 5.04 0.028 0.043 0.039 

IRA 67/7 3.06 4.12 0.9912 4.01 0.051 0.058 0.046 

IRA 96/7 3.70 2.46 0.9740 4.94 0.098 0.081 0.063 

IRA 

458/10 

2.61 2.00 0.9929 3.44 0.013 0.029 0.017 

A520E/10 3.72 1.54 0.9942 2.59 0.009 0.025 0.010 

 

(c) Sulfate 

Resin/pH E (kJ/mol) nD Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 458/4 11.49 3.78 0.9402 20.08 0.310 0.144 0.453 

A520E/4 8.11 2.26 0.9972 1.85 0.003 0.013 0.004 

IRA 67/4 11.95 4.86 0.9201 23.66 0.578 0.196 0.757 

IRA 96/4 11.69 3.47 0.9455 15.26 0.155 0.102 0.230 

IRA 458/7 11.54 3.61 0.9436 19.07 0.290 0.139 0.418 
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A520E/7 8.10 2.06 0.9756 4.08 0.022 0.038 0.027 

IRA 67/7 12.05 5.38 0.8995 24.53 0.716 0.218 0.840 

IRA 96/7 11.61 3.09 0.9423 15.22 0.155 0.102 0.235 

IRA 

458/10 

10.94 2.12 0.8985 21.19 0.356 0.154 0.515 

A520E/10 8.00 2.11 0.9840 3.02% 0.014 0.031 0.018 

 

Table A8. Nonlinear Redlich-Peterson (RP) isotherm model parameters for the 
adsorption of (a) nitrate, (b) 3-phenylpropionic acid, and (c) sulfate on AER at different 
solution pH. 

(a) Nitrate 

Resin/pH Kோ௉  

(L/g) 

bோ௉ 

(L/mmol)α 

α Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 

458/4 

2.76 0.30 1.00 0.9881 2.38 0.093 0.079 0.038 

A520E/4 13.04 5.49 0.88 0.9991 1.16 0.005 0.018 0.003 

IRA 67/4 2.45 0.19 1.00 0.9952 2.53 0.037 0.050 0.022 

IRA 96/4 5.02 1.09 1.00 0.9984 1.29 0.013 0.030 0.006 

IRA 

458/7 

2.70 0.46 1.00 0.9716 3.71 0.168 0.106 0.080 

A520E/7 11.13 4.73 0.92 0.9952 3.77 0.025 0.041 0.025 

IRA 67/7 2.25 0.13 1.00 0.9959 2.25 0.034 0.048 0.017 

IRA 96/7 5.28 1.28 1.00 0.9856 3.67 0.114 0.087 0.053 

IRA 

458/10 

2.24 0.32 

1.00 0.9971 1.83 0.016 0.033 0.009 

A520E/10 11.78 4.41 0.92 0.9984 2.05 0.011 0.027 0.014 

 

(b) 3-phenylpropionic acid (3-PPA) 
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Resin/pH Kோ௉  

(L/g) 

bோ௉ 

(L/mmol)α 

α Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 

458/4 

0.12 -0.42 

1.00 0.9132 9.21 0.101 0.082 0.119 

A520E/4 0.28 -0.32 1.00 0.9932 4.07 0.007 0.022 0.022 

IRA 67/4 0.002 -0.95 0.08 0.9463 22.15 0.093 0.079 0.226 

IRA 96/4 0.28 -0.38 1.00 0.9577 9.15 0.090 0.077 0.156 

IRA 

458/7 0.17 -0.78 0.16 0.9896 3.10 0.036 0.049 0.025 

A520E/7 3.75 2.84 0.29 0.9940 3.17 0.012 0.028 0.017 

IRA 67/7 0.002 -1.00 0.002 0.9727 10.52 0.158 0.102 0.178 

IRA 96/7 1.46 0.13 1.00 0.9431 10.27 0.215 0.120 0.190 

IRA 

458/10 0.002 -1.00 0.001 0.9939 2.20 0.011 0.027 0.010 

A520E/10 3.56 2.75 0.47 0.9977 1.57 0.004 0.016 0.004 

 

(c) Sulfate 

Resin/pH Kோ௉  

(L/g) 

bோ௉ 

(L/mmol)α 

α Nonlinear 

R2 

ARE 

(%) 

SSE 

(mmol2/g2) 

RMSE 

(mmol/g) 

χ2 

(mmol/g) 

IRA 

458/4 92.46 47.84 1.00 0.9479 18.87 0.271 0.134 0.416 

A520E/4 17.13 15.71 0.74 0.9992 1.60 0.001 0.007 0.002 

IRA 67/4 125.29 55.74 1.00 0.9192 23.43 0.584 0.197 0.779 

IRA 96/4 81.28 53.32 1.00 0.9675 12.24 0.092 0.078 0.165 

IRA 

458/7 96.46 50.27 1.00 0.9527 17.82 0.243 0.127 0.365 

A520E/7 12.20 12.36 0.88 0.9774 3.27 0.020 0.036 0.024 
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IRA 67/7 133.44 59.87 1.00 0.8993 25.54 0.717 0.219 0.873 

IRA 96/7 77.83 52.01 1.00 0.9681 11.34 0.086 0.076 0.151 

IRA 

458/10 87.17 52.95 1.00 0.9505 15.62 0.174 0.108 0.283 

A520E/10 11.45 11.40 0.87 0.9847 2.84 0.013 0.030 0.017 

 

 

Fig. A1. Perfluoroalkyl acids (PFAAs) removal by (a,c) polyacrylic (PA), and (b,d) 

polystyrene (PS) AER at pH 10 in the presence of sodium bicarbonate (C଴ ≈

2.14 meq/L). Initial concentration of each PFAS was C଴ = 80 μg/L (∑ PFAS =

480 μg/L). DIC is dissolved organic carbon. 
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Fig. A2. Equilibrium adsorption isotherms of nitrate onto (a,c) polyacrylic and (b,d) 

polystyrene anion exchange resins at pH 4. 
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Fig. A3. Equilibrium adsorption isotherms of sulfate onto (a,c) polyacrylic and (b,d) 

polystyrene anion exchange resins at pH 4. 
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Fig. A4. Equilibrium adsorption isotherms of (a,b) nitrate, (c,d) 3-phenylpropionic acid 
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(3-PPA), and (e,f) sulfate onto polyacrylic (left panels) and polystyrene (right panels) 

strong-base anion exchange resins at pH 10. 

 

Fig. A5. Equilibrium exchange plots of nitrate at (a) pH 4, (b) pH 7 and (c) pH 10 with 

chloride-form anion exchange resins in single-solute systems. 
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Fig. A6. Equilibrium exchange plots of 3-phenylpropionic acid at (a) pH 4, (b) pH 7, and 

(c) pH 10 with chloride-form anion exchange resins in single-solute systems. 
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Fig. A7. Equilibrium exchange plots of sulfate at (a) pH 4, (b) pH 7 and (c) pH 10 with 

chloride-form anion exchange resins in single-solute systems. 
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APPENDIX B 

PRELIMINARY STUDY 
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Table B1. Water quality data of PFAA-spiked groundwater used in ion-exchange column 

experiments. 

AER A860 A520E IRA67 IRA96 

pH (SU) 8.5 ± 0.2 8.2 ± 0.1 

Alkalinity (mg/L as CaCO3) 157 247 

Nitrate (mg/L) 14.8 17.9 

Sulfate (mg/L) 91.2 47.5 

Chloride 283.9 106.1 

Sodium (mg/L) 201.4 46.3 

Potassium (mg/L) 5.3 1.9 

Magnesium (mg/L) 27.3 60.6 

Calcium (mg/L) 62.1 67.1 

DOC (mg/L as C) 2.64 0.64 

UV 254 (1/cm) 0.039 0.033 

SUVA 254 (L/mg-m) 1.48 5.09 

Total Nitrogen (mg/L N) 2.17 2.57 

Conductivity (μS/cm) Not measured 898.1 

FPBA (μg/L) 443.2 443.2 529.0 490.5 

PFBS (μg/L) 546.8 546.8 389.2 350.8 

PFHxA (μg/L) 911.5 911.5 1056.1 948.7 

PFHxS (μg/L) 795.6 795.6 843.7 897.9 

PFOA (μg/L) 1517.9 1517.9 1877.8 1873.8 

PFOS (μg/L) 1513.5 1513.5 1511.6 1476.6 

ΣPFAAs (μg/L) 5728.5 5728.5 6207.5 6038.3 

AER = Anion Exchange Resins, PFAAs = Perfluoroalkyl acids.  

Experiments involving A860, A520E, and IRA 67 resins used the same groundwater 

source. 
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Fig. B1. Efficiency of strong-base (a) polyacrylic/macroporous and (b) 

polystyrene/macroporous anion exchange resins for PFAAs removal in impacted 

groundwater. Each data point represents the average of triplicate column experiments 

with same operating conditions. Initial concentrations of individual and total PFAAs 

given in Table B1. 
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Fig. B2. The distribution on an equivalence basis of the six studied PFAAs in the influent 

phase, the resin phase and in three regeneration solutions for (a) IRA67 

(WB/PA/G/dimethyl), (b) IRA96 (WB/PS/MP/dimethyl), (c) A860 

(SB/PA/MP/trimethyl), and (d) A520E (SB/PS/MP/triethyl). Values expressed in precent 

(%) of total PFAAs concentration in each of the five phases. Influent and adsorbed values 

are average of triplicate column experiments. 
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Fig. B3. Comparative recovery efficiency of PFAA from (a) weak-base and (b) strong-

base polyacrylic resins in three regeneration solutions. Values for each PFAA are the 

amount recovered in one regenerant normalized by the total amount recovered in all three 

regenerants. 
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Fig. B4. Measurements of nitrate (meq/L), sulfate (meq/L), and UV254 (dimensionless) 

in the regeneration solutions after desorption from spent (a-c) IRA 67 

(WB/PA/G/dimethyl) and (d-f) IRA 96 (WB/PS/MP/dimethyl) WB resins. 
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