ABSTRACT

CHENG, LAN. Removal of Br- and Polyfluoroalkyl Substances (PFPA% Anion Exchange
Resins (Under the direction of DDetlef Knappé.

Concerns about the presencepef- and polyfluoroalkyl substanceBEAS in drinking
water have led to a demand for effective treatment methods. Anion exchange (AlX) is a readily
implementabletreatment method that can effectively remove PFAS, including -sham
compounds and poorly understood fluoroethei®wever, the faors controlling AlX resin use
rates, such as PFAS structure and background water matrix are not well understood, and models
to predict AIX resin use rates from PFAS and background water matrix characteristics are lacking.
Furthermore, the contributions efectrostatic and hydrophobic interactions to PFAS uptake by
AIX resins have not been comprehensively studied.

For PFAS removal, AlX resins are typically applied in packed bed pressure vessels through
which impacted water is pumped. Typically, fatlale AlIX performance for PFAS removal is
assessed in costly pilot studies. Rapid sisedlle column tests (RSSCTsg denchscale tests
that rely on crushed sorbents with smaller particle diameters to predict teedigdlperformance
of packed bed contactors. RSSCTs have been successfully applied to predict PFAS adsorption by
granular activated carbon (GAC) in pildudies. However, RSSCTs have rarely been used to
investigate AIX resin performance because an effective -sgak@pproach has not been fully
developed.

The overarching goals of this research were to (1) develop awgzalgproach to predict
PFAS removain pilot- and fulkscale AIX resin vessels from RSSCT2) investigate factors
determining AlX resin use rates, including initial PFAS concentration, total organic carbon (TOC)
and four inorganic anions (bicarbonate, chloride, sulfate, and njtiete)(3) determine the

sorption mechanisms of PFAS uptake by AIX resins



To develop an RSSCT scal@ approach for AIX resins, the effects of crushing of AIX
resin propertiesvere assesse€rushing AIX resin did not substantially change the bed density
and toal anion exchange capacity, but the morphology of particles was changed from almost
perfect spheres to an irregular shapenstant diffusivity (CD) and proportional diffusivity (PD)
RSSCT designaere comparetbr predicting PFAS breakthrough curves itoptests This study
found that CD RSSCT effectively predicted PFAS uptake kinetics, while PD RSSCT
overestimated PFAS uptake kinetigéis researclalso investigated the effects of influd?EAS
concentrations on PFAS uptake and found that PFAS breaktihnmasindependent of influent
PFAS concentrationdetween the tested range & - 300 ng/L. This findingfacilitated the
development of arRSSCT scaleup approachbecause the influent PFAS concentrations in
RSSCTs and corresponding pilot tesféen difer. Using the CD RSSCT design approach,
RSSCTs with differerttydraulic loading rat®(0 ) were designed. The comparison between PFAS
breakthrough curves in these RSSCTs and corresponding pilot tests shattleelPFASuptake
capacity was &nction of the Sherwood number (Sh). Accordingly, a sopgleapproach based on

a CD RSSCT design with a reduagdwas developed, in which the PFAgeakthrough curves

from pilot testscan be predictetdy scalng up the RSSCT breakthrough curvieg a factor of

Yo T0
To investigate the PFAS structure effect, RSSCTs with two types of AIX resns
conductedo remove 23 PFAS, including legacy and fluoroether compounds with 3 to 9 fluorinated
carbon atoms. The PFAS structure effees quantified with a group contribution method, and

the relative contributions of structural fragments to PFAS uptake capagi) (& -CF2-/-CF3,
-O-, -SO3H,-CH2-, and >CFCF3 were 1.00: 0.35: 4.322.29: 1.64. To investigate the water

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



ionswere conductedt wasfound that kx decreased with increasing TOC concentration. Nitrate
adversely impacted PFAS removal, while chloride, sulfate, and bicarboratecantrations up
to 3 meg/L had negligible effects omiKfor the two singleuse resins evaluated in this research
Based on the obtained data, psesomle solute models were developed. These models can
predict Kax and BV10, and hence PFAS breaktlgbweurves for the two tested AlX resins. Model
inputs are PFAS building blocks as well as the TOC, and nitrate concentration of the water being
treated. The model can predict PFAS breakthrough curves for a wide range of PFAS in a wide
range of water matras with a rood mean square error (RMSE) of 2.92 and 4.56 for the cube root
of bed volume of water that can be treated before 10 % breakthrough for the two tested resins.
To investigate PFAS sorption mechanssam AIX resins, the removal of 23 PFAS in
methanol, ultrapure water (UPW)and surface water in RSSCivere studiedThe experiments
showedthat PFAS broke through much earlier in methanol RSSCTs thaliPW RSSCTs,
indicating the mechanism of PFAS uptake Al resins is a combination of electrostatic and
hydrophobic interactions, with the relative importance of the latter increasing with increasing
PFAS chain lengthAmong these two sorption mechanisms, roypthobic interaction is the
dominant mechanism that contributes to over 85% of the PFAS uptake capadiBWnin
methanol RSSCTs, the chdangth dependence of PFAS removal was opposite to that observed
in UPW and surface water, and perfluoroalkyl suifoacids (PFSAs) were much better removed
than perfluoroalkyl carboxylic acids (PFCA3)his PFAS structure effect in methanol RSSCT
could be described by density functbtheory (DFT) indices, including the overall electrostatic
potential (ESP), the su of oxygen atomic charges in the PFAS head group, and the sum of

hydrogen atomic charges in polyfluorinated compounds.



Overall, this research provides a seageapproach to predict PFAS removal on AlX resins
and pseudesingle solute modslthat can quatify the impact of frequently detected PFAS
structural features and major water matrix components on AIX resin use rates. The developed
scaleup approach angseudesingle solute modsican aid the design of AIX resin vessels for
PFAS treatment in wateultilities. This research also investigated the PFAS sorption mechanisms
by AIX resins, which aids researchers in the selection of isotherm models to describe the sorption

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

1.1 Motivation

Per and polyfluoroalkyl substances (PFAS) al so known as afef oreve
persistent contaminants with adverse environmental and public health @féctset al., 2022;
ITRC, 2020) Due to their oil and water repellency, these compounds have been apiext
200 use areas, including netick cookware, wateresistant fabric, firdighting foam, ad food
packaging(Gluge et al., 2020)PFAS are highly mobile and can be transported to locations far
from the source through atmosphetransport and aqueous advection, causing the detection of
PFAS in various matrices worldwid€ousins et al., 2022;escord et al., 2015; Young et al.,
2007) Some of the mosimpacted areas are communities located séas where PFAS are
manufactured or usedJSEPAs third unregulated contaminant monitoring rule (UCMRS3)
between 2013 and 2015 showed that 4% of the public water supplies in the U.S. contain at least
one detectable PFCA and PF8Au et al., 2016; USEPA, 2017)he latesPFAS contamination
map (June8, 2022)from Environmental Workingsroup (EWG)showed 2858 sites in 50 states
and two territoriesn the U.S. are contaminated by PEAS$ North Carolina, high levels of per
and polyfluoroalkyl ether acids (PFEAS) were detected in the Cape Fear Rivestoeamn of a
fluorochemical manufacturing facility and in the finished drinking water of more than 200,000
residents(Strynar et al., 2015; Sun et al., 201Burthermore, over 6,000 private wells ireth
vicinity of the fluorochemical manufacturer are contaminated with PAAS.detected PFEAs
were perfluoro-2-methyt3-oxahexanoic acidHFPODA, commonly referred to as GenX
chemicals) , Perfluore2-(perfluoromethoxy)propanoic  acid (PMPA), Perfluoro2-
ethoxypropanoic aciqPEPA), and Nafion byproduct INFB2) (NCDEQ, 2022a)PFAS were

detected irmostpeople in the U.SThe PFAS levels in the general U.S. populatio20i7 to



2018 are 1.4 ullL, 4.3 ug/L,and 1.1 ug/L for Perfluorooctanoic acid(PFOA),
Perfluorooctanesulfonic aci@dFOS, andPerfluoroheptanoic aciPFHxS, respectively(CDC,
2023) In 2017 and 2018, researchers investigated the drinking-asgeciated PFAS theblood
serum of the residents in the lower Cape Fear region and detliecte PFEAS in more than 85%
of the participants and four legacy PFAS in more than 97% of the particijfatitaz et al., 2020)

The ubiquity d PFAS in drinking water sources and the potential for adverse health effects
have led to a demand for effective treatment methods to remove PFAS fromTwadiional
drinking water treatment processesich ascoagulation, flocculation, and sedimemnati are
ineffective in removing PFA$Hopkins et al., 2018; Sun et al., 2016) some watetreatment
plants, the finished drinking water was reported to have a higher PFAS concentration than the raw
water, due to the transformation of PFAS precursors during the treatment pr¢Bedsean et
al., 2014) Anion exchange () is a readily implementable treatment method ¢hateffectively
remove PFAS, including shechainPFASand poorly understood fluoroeth€Bixit et al., 2020;

Liu and Sun, 2021; Zaggia et al., 2018pwever, the factors controlling AIX resin use rates, such

as PFAS structure and background water matrix constituents, have not been comprehensively
studied. Most previous studies only focused on a limited number otluaiglegacy PFAS, often

at high concentrations that are not relevant to drinking water treatment. For the studies that
included the shorthain compounds and PFEAS, the structure impacts were generally described
gualitatively. A model that quantifies the efts of different PFAS structural features on AlX resin

use rates is lacking. Background water matrix constituents, such as natural organic matter (NOM)
and inorganic anions, were reported to negatively impact PFAS removal by AlX (@siitset

al., 2019; Dudley et al., 2015; Liu, 201Dnderstanding the water matrix effect is important for

designing AlX treatment units in water utilities because the water nvatries between locations



and seasons. As a result, the experimental results from a single study might not apply in locations
with different water characteristics. Therefore, an effective model that predicts AlX resin use rates
under different water matis is needed.

The mechanisms of PFAS uptake by AIX resins are debated in previous studies and can
include electrostatic and hydrophobic interactions. The importance of hydrophobic interactions
directly impacts the selection of the isotherm models thaitritbesthe PFAS uptake capacity at
equilibrium. Many previous studies used Langmuir and Freundlich isotherm models to describe
their experimental resul{®ixit et al., 2019; Maimaiti et al., 2018; Zaggia et al., 20ll8aupert
et al. (2021)argued that single solute isotherms, such as sowlgonent Langmuir and
Freundlich isotherms, are inherently empirical to simulate the ion exchange process because they
ignore that ion exchange is a competition for exchange sites between the aondotte original
counterions. Instead, a competitive sorption model based on the chromatographic separation factor,
should be used. However, the ierchange isotherm they proposed fails to account for possible
hydrophobic interactions and is not applieaiol water matrices with high NOM levels. In contrast,
if hydrophobic interactions are the dominant sorption mechanism of PFAS uptake by AIX resins,
the ion exchange process can be modeled as an adsorption process. Thus, a study is needed to
determine thesorption mechanisms of PFAS uptake on AIX resin.

Pilot-scale studies are preliminary tests commonly used by water utilities to determine the
efficiency of the planned fubicale treatment systems. However, these tests areonseming
and expensive. A pical operational time for a piletcale study is 6 to 12 montHapid smal
scale column test(RSSCTE), which were developed for granular activated carbon (GAf®),
benchscale test that can predict sorbate removal in pHoand fullscale treatmentsvith

substantially shorter time and lower cost requirements. However, RSSCTs have rarely been used



for AIX resins because a scalp approach has not been fully developed. Moreover, a few
guestions need to be answered before developing an RSSCGlgeggproach, including (1) how
grinding affects AlIX resin properties and (2) how influent PFAS concentrations affect PFAS
breakthrough in AlX resin bed. These two questions are essential because the RSSCTs and field
scale treatment use crushed andexeived AX resins, respectively, and the influent PFAS

concentrations in RSSCTs and fieddale treatment are likely not identical



1.2 Research objectives

1.2.10verall research goal

The overarching goals of this research were to (1) develop awgzalgproach to prect

PFAS removal in piletor full-scale AlX resin vessels from RSSCT dajquantify factors, such

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

and(3) determine sorption mechanisms of PFAS uptake byr&bxns

1.2.2Specific objectives

The following objectivesverepursued to achieve the above goals:

1.

N

Investigate the effect of grinding @&iX resin properties.

. Investigate the effect of influent PFAS concentration®®BAS breakthrough curves

in RSSCTs.

CompareCD and PDRSSCT design approachies predicting PFAS removal by AlX
resins in pilot tests.

Develop a scaleip approach to predict PFAS removal&iX resnsin pilot tests
Quantify the effects of PFAS structure on the PFAS uptake capadkiXakesins
Quantifythe effecs of background water matrizonstituents, including TOC and four
inorganic anions (bicarbonate, chloride, sulfate, nitrate)he FFAS uptake capacity
of AIX resins.

Develop goseudesingle solute modeb predict PFAS removal lthe two tested\X
resinsfor PFAS with various structuras differentwater matrces

Determine the sorption mechanisms controlling PFAS uptake by Asiseand

describe electrostatic interactoimetween PFAS and AlX resins using DFT indices.



1.2.3Specific knowledge gaps related to this research:

1. AnRSSCT scalaip approaclior PFAS removal by AlX resin is lacking.

2. The effet of PFAS structure on PFA®moval by AIX resin has not been quantified
especially for the shothain compounds and fluoroethers

3. Studiesfocusng on the effecs of water matrixconstituent®n PFAS removal by AlX
resirsarelimited. A model that predicts PFASrption by AlX resingn different water
matrices is lacking.

4. PFAS sorption mechanisms on AlX resins are debated in the literature and may be a
result of electrostatic and hydrophobic interactions. Moreover, questions hawve be

raised in applying singisolute adsorption isotherms to the ion exchange process.



CHAPTER 2 BACKGROUND

2.1 Per andpolyfluoroalkyl substances

2.1.1PFASusesandregulations

First manufactured in the 1950s, PFAS have been applied in over 200 use areas, including
industrial applications (e.g., water resistance coating), consumer products (e.g., food packaging
and nonstain fabrics), and firefighting foam&lige et al., 2020)In the life cycle of these
products, PFAS are released through atmospheric and aqueous emissions into various matrices,
including atmosphere, soils, ground, and surface watech et al., 2022]Figurel). It has been
estimated that over 46,0G0ns of perfluoroalkyl acids (PFAAs) have been emitted globally
(Johansson et al., 2019)he massive release, combined with the persistence and mobility of many
PFAS, leads to PFAS detection in wad¢trace levels globally, and PFAS levels in water
exceed health advisory levels and drinking water standards at even remote location on earth
(Cousins et al., 2022Aqueous PFAS levels can be much higher near PFAS manufacturing sites

and firefighting training areg$un et al., 2016)
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Driven by human health concernphaseout programs andegulations hee been
established in many regions testrictthe production and release affew historically detected
PFAS. For example, in 2006, thenited States Environmental Protection Agency (USEPA)
initiated the 2010/2015 PFOA stewardship program with eight mR§kS manufacturing
companies to eliminate the release of perfluorooctanoic acid (PFOA), related precursors, and
homologues(USEPA, 2022) Additionally, he Stockholm Convention on Persistent Organic
Pollutants (POPsh United Nations treaty aimed at restricting thedpodion and release of key
POPs, includederfluorooctane sulfonic acid (PFOS), its salied perfluorooctane sulfonyl
fluoride (PFOSF) in Annex B to the Stockholm Conventio8009(Convention) OnMarch 14",
2023, US EPA announcetthe proposedational Primary Drinkng Water RegulatiofiNPDWR)

at Maximum Contaminant Levels (MCLsf 4.0 ng/L for PFOA and PFQ$dividually, and 1.0



hazardindex for the combination oPerfluorononanoic aciPFNA), Perfluorohexanesulfonic

acid (PFHxS, Perfluorobutanesulfonic aciPFBS, and HFPODA (USEPA, 2023) PFAS

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

Tablel. Example of PFAS regulations or guidancesame states ithe U.S.

Regions Compound C,;oncentratlon Type (.Jf Reference
evel (ng/L) regulation
PFOA 5.1
e PFOS 6.5 e Boards,
California PEBS 500 Notification (2023)
PFHXS 3
PFHxA 560,000
PFBS 2,100
llinois PEHXS 140 HZ?JIitQ;)niseed (ILEPA,
PFNA 21 level 2021)
PFOA 2
PFOS 14
PFOA 14 Maximum
New Jersey PFOS 13 contaminant ('\;‘éggb’
PFNA 13 level
PFOA 12 .
New PFOS 15 Maximum | \pneg,
Hampshire PFNA 11 conltamllnant 2020)
PFHxS 18 eve
PFOA 8
PFOS 16
PFBS 420 Maximum
Michigan PFHxS 51 contaminant| (MPART)
PFHXA 400,000 level
PFNA 6
HFPODA 370
Hedth
North . (NCDEQ,
Carolina HFPODA 10 a?;’\'lsé?ry 2022b)
Sum of PFOA, PFOS, PFHXxS Maximum (VDH
Vermont perfluoroheptanoic acid 20 contaminant 20195
(PFHpA),PFNA level
d Maximum
Massachusett; Surr;ngZFS?HEKOPSFDPEHh 20 conlt:\igilnant (MADEP)




However, the phaseut programs and regulationgotentially have ledto the rapid
development ohewPFASwith different structures, such as shadnain PFAS, fluoroethers, and
polyfluorinated compounds. For example&slFPODA and amonium 4,8dioxa3H-
perfluorononanoatéADONA) are used as replacements for PFOApuolytetrafluoroethylene
(PTFE)manufacture, ahPotassium 4(6-chloro-1,1,2,2,3,3,4,4,5,5,6,60decafluorohexyl)oxy]
1,1,2,2tetrafluoroethand-sulfonate (F-53B) is used as a replacement for PFOS for mist
suppression in electroplating. Some PFAS replacentents been reported to have similar
adverg health effects as the regulated ondsile the effects of others remain unclé@lake et
al., 2020; Chang et al., 2008; Nian et al., 2089meof the replacemergt would transform to
recalcitrantforms in the environment, usually perfluoroalkyl carboxylic acids (PFCAs) and
perfluoroalkyl sulfonic acids (PFSAs), bringing more challenges to scientific investigation. With
decades of development and manufacturingy 0,000 PFAS structures have beerorded in
USEPAs CompTox Chemicals DashboafdSEPA, 2021) and the numbeis continuously
expanding.

PFAS can be grouped into two primary classes: polymers angaipmers. PFAS
polymers are large molecules with a repeating pattern, suctPT&E and ehylene
tetrafluoroethylene (ETFEPFAS norpolymers are smaller moleculesmmonly detected in the
environments, humans, and wildlife. Examples of PFASpaymers includé’FOA PFOS and
HFPODA. It has been argued that PFAS polymers are of lave@icernthan norpolymers
because they are extremely stable and reported totd@cavailable. However, they cannot be
viewed as free of risk because rAoolymer PFAS are used as processing aids during the
manufacturing of PFAS polymers and may be present as impurities in some fluoropolymer

products.Also, the production of polymédsuilding blocks and polymer leads to the release of

10



byproducts and processing aids in the environrgiegith et al., 2019; Sun et al., 201dpreover,
the fluorinated side chain in some PFAS polymers can break and release PFH&®&ynuars.

PFAS nonrpolymers can be divided into two major groups: perfluoroaliayid
polyfluoroalkyl. Perfluoroalkyl substances areilly fluorinated aliphaticcompounds and
polyfluoroalkyl substances are partially fluorinatédom these two major groups, PFAS can be
further groupedinto different subgroups based on functional groups, structureqrasence of
ether oxygenlinkages Figure 2 provides examples of npalymer PFAS groups. Many
polyfluoroalkyl substances can degrade into PFCAs and PFSAs in the environment because the
carbonhydrogen bond in polyfluoroalkyl substances is a weak point for attack. About 20% of

released PFAS is estimated to transform in the environdet et al., 2P1).
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Nonpolymers

[
Perfluoroalkyl Substances |

|
Perfluoroalkyl acids (PFAAS)

Perfluoroalkyl carboxylic acids/
Perflucroalkyl carboxylates (PFCAs)

Example Chemical Structure |Uses

Perflucrooctanoic acid | C,F,,COOH Surfactant and

(PFOA) Fluoropotymer
processing aid

Perflusrooctanocate C,F.CO, Surfactant and

(PFOA) R Fluorapatymer
processing aid

Perflucroalkane sulfonic acids/
Perfluoroalkane sulfonates (PFSAs)

Example Chemical Structure | Uses

Perfluorooctane sulfanic CF.50H Surfactant

acid (PFOS)

Perfluorooctane CF.50; Surfactant

sulfonate (PFOS)

Perfluorocalkyl ether acids
Perfluoroalkyl ether carboxylic acids (PFECAs)
Example Chemical Structure Uses

Hexafluoropropylene | CF CF CF OCF(CF_)COOH [ Surfactant

oxide dimer acid and Fluoro-

(HFPO-DA) polymer
p_rgcessmg
al

Perfluoroalkane sulfonamides (FASAs)

Example Chemical Structure | Uses

Perfluerooctane | CF, SONH, Major raw material for
sulfonamide surfactant and surface
(FOSA) protection products

Family Hierarchy Legend

Class

| subclass

| Group

| Subgroup

]
| Polyfluorealkyl Substances

I
Polyfluoroalkyl ether acids

Pelyfluorealkyl ether carboxylic acids (PFECAs)

Example Chemical Structure Uses

4 8-dioxa-3H-per- | CF OCF CF.CF, OCHFCF COCH | Fluore-

flsorononanoic polymer

acid (ADONA) g_rgcesslng
I

Fluorotelomer substances
n:2 Fluorotelomer alcohols (FTOHs)

Example Chemical Structure | Uses

10:2 Fluorotelomer | C. F, CH.CH.OH
alcohol

Major raw material for
surfactant and surface
protection products

n:2 Fluorotelomer carboxylic acids (FTCAs)

Example Chemical Structure | Uses

8:2 Fluorotelomer | CF  .CH,COOH Intermediate
carboxylic acid transformation product
(B:2FTCA)

n:2 Fluorotelomer sulfonic acids (FTSAs)

Example Chemical Structure | Uses

8:2 Fluorotelomer | CF, CH,CH,80.H | Surfactant and
sulfonic acid intermediate
(B:2FTSA) transformation product

Perfluoroalkane sulfonamido substances

N-Alkyl perfluoroalkane sulfonamides
(MeFASAs, EtFASAs, BuFASAs)

Example Chemical Structure Uses

M-Ethyl CF,SON(C HJH Major raw

perfluorcoctana I miaterial for

sulfonamide surfactant and

(NEtFOSA) surface protec-
fion products

N-Alkyl perfluoroalkane sulfonamidoethanols
(MeFASEs, EtFASEs, BUFASEs)

Example Chemical Structure Uses

M-Eihyl C,F, B0.N(C.H,)CH,CH.OH| Major raw

perfuoroactans material for

sulfonamidoethanol surfactant and

(NEFOSE) surface protec-
fion products

N-Alkyl perfluoroalkane sulfonamido acetic acids
(MeFASAAS, EtFASAAsS, BUFASAAS)

Notes

The acronym PFECA is utilized for both per and
polyfluoroalky| ether carboxylic acids. When using this
acronym, it is important to be clear as to the specific group
of chemicals being referenced (i.e., per or poly)

Example Chemical Structure Uses

M-Ethyl CFSON(CHJCHCOH | Intermediate
perfuorooctans transformation
sulfonamido acetic product

acid (NEFOSAA)

Figure2. Examples of noipolymer PFAS subclasses. SourBack et al. (2011)
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Most frequent detecteBFAS containa hydrophobicfluoroalkyl tail and a hydrophilic
functional head group, such as carboxylic or sulforid headgroups. The fluoroalkyl moiety
gives PFAS unique physical and chemical characteristics, including water and oil repellency and
chemical and thermal stabilitylany PFAS exist as anions in the environment because the parent
acid has a low pKvalue The polarity of the functional group gives PFAS excellent water
solubility and high mobility. Once released, they can be transported far from the site of release.
The hydrophilic head and hydrophobic tail together provide PFAS surfactant charact&usties.
PFAS tend to aggregate at-miater interfaces and create foams. When the aqueous concentration
is above certain level(e.g, the critical micelle concentratiorcr(g), they form micelles,
hemimicelles, or bilayer structures in wat@hhatarai and Gramatica, 201if) which case they

exhibit different transportdhavior.

2.1.2PFAS health effects

People can be exposed to PFAS through different pathways. For people living in an area
with no specific source of PFAS contamination, the primary exposure routes are food, food contact
materials, and consumer produdSromme et al., 2009)For peopt living near PFAS
contamination sources, exposure is dominatethtaking contaminated drinking water and fish
from contaminated water bodi@gestergren and Cousins, 200BFAS in serum can be elevated
significantly everwhenPFAS concentratigin drinking waterare low(Bartell, 2017; Post et al.,
2017).The haltlives of PFAS in humans vary widely. Lowgpain PFASi(e., PFSAs with six or
more perfluorinated carbons or PFCAs with seven or more perfluorinated carbons) were observed
to have slower excretion rates than stubrinPFAS(i.e., PFSAs with five or less perfluorinated

carbons or PFCAs witkix or lessperfluorinated carbongXu et al., 2020)Most of the published
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human epidemiological studies focused on tchgin PFAAsRecently morestudieshave started

to investigatehe toxicologies oshortchain PFAS and PFAS replacenemFOA and PFOS are

the two most studied lorghain PFAAs.Longterm exposure to PFOA and PF@fight cause

liver effects, immunological effects, low birth weight for newborns, thyroid disease, decreased
fertility, and cancerITRC, 2020) The National Academies of Sciencdsgineering, and
Medicinereported that people with 2 to 20 ng/mL of PFAS may face the potential for adverse
effects, and people with over 20 ng/mL of PFAS may face a higher risk of adverse effects,
including dyslipidemia, hypertensive disorders of preggaand breast cancefNational

Academies of Sciences, 2022)

2.1.3PFAS occurrence in drinking water

Drinking water is an important PFAS exposure pathw@ynderland et al., 2019)
USEPAs third unregulated contaminant monitoring rule (UCMR3) between 2013 and 2015
showed that 4% of the public waterpslies in the U.S. contain at least one detectable PFCA and
PFSA(Hu et al., 2016; USEPA, 2017ln North Carolina, except for the historicallgtdcted
PFCAs andPFSAs, HFPODA and six other PFEAs have been detected in the finished drinking
water of awvater utilitythat serves over 200,000 peoffein et al., 2016 he occurrence of PFAS
in finished drinkingwater in a selection of studies can be found in Table 2. The widespread PFAS

in drinking water causes concern in many communities.
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Table2. Occurrence of PFAS in finished drinking water

Location Utility

Finished drinking wier concentration (ng/L)

Reference

PFBA PFPeA PFHxA PFHpA PFOA PFNA PFDA PFBS PFHxS PFOS

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

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

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

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

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

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

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

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

NJ, US 5 ND 9.9 8 4.1 11 1.6 ND 3.1 4.6 14 (Appleman
NJ, US 6 5.5 9.2 7.7 4.3 14 2 ND 3.3 5.1 15 et al,
NJ, US 7 15 12 12 6.8 19 ND ND 0.58 0.32 ND 2014)
NJ, US 8 12 15 16 13 21 ND ND 0.5 ND ND

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

NJ, US 10 10 14 26 11 17 1.3 ND 043 044 051

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

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

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

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

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

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

NV, US 1 - - ND - ND ND ND - ND 1.2 (Quifiones
MN, US 1 - - ND - ND ND ND - ND ND and
GA, US 1 - - 23 - 30 9.7 3.3 - 12 22 Snyder,
CA, US 1 - - ND - ND ND ND - ND ND 2009)
CA, US 2 - - 1.9 - 18 35 1.5 - 6.1 57
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Table 2. (continued).

Osaka,
Japan
Osaka,
Japan
Osaka,
Japan
Osaka,
Japan
Osaka,
Japan

3.7

2.3

1.

(o]

2.2

ND

(Takagi et
al., 2011)

Amsterda
m,
Netherlan
ds

30 2.6 4.4 2.6 5.1

ND

ND

20

0.6

ND

(Eschauzie
retal.,
2012)
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2.1.4PFAS treatment methods

Since traditional water treatment processes are ineffective in PFAS treatnagyt, m
advanced treatment technologies have been developed or are under development for PFAS
removal, and these technologies can be classiisdparatiormethodanddestructiormethod In
Figure 3, PFAS treatment technologies for water are summarized based on their practicality range

and development stage.

y - -
% | Adsorptive/Separation I
g | Destruction | m ijon
- on
: E=2
E In Situ Foam
g- Fractionation
° : Electrochemical Ozofractionation
2 CT—
(=] Electrocoagulation
S
] Polymeri
g AOP/ Adsorbents
o=
] Photolysi
g Fungal bk
© Enzymes *AOP/ARP: Advanced oxidation processes/advanced reduction processes
u% **RO/NF: Reverse osmosis/nanofiltration -

Not Viable Range of Practicality Feasible

Figure3. PFAS treatment technologies for water. SouR®@ss et al. (2018)

Most destructive technologies are still in the experimental stage or impractical to apply in
water treatmentlpnts.Granular activated carbon (GAC) adsorption, anion exchange (AIX), and
high-pressure membranes (e.g., reverse osmosis\ (Radpofiltration (NF)) are three readily
implementable and effective methods for removing PFAS from drinking {ztene et al., 2019;
Gagliano et al., 2020However, factors impacting the efficiency of these processes are not well
understood. The performance of GAC and AIX resin is expected to be dependent on PFAS

concentrations and properties, sorbent properties, and background water matrix. Therefore, the
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effectiveness of different sorbents could vary greatly at different locations and across seasons.
Moreover, GAC and AlX resin treatment will generate PHA&eN spnt materials or regenerant
streams. The treatment of these PHA&n materials is challenging. Spent GAC is typically
reactivated through a thermal process, and spent gisgleéAlX resin is typically incinerated

(Evich et al., 2@2). The fate of PFAS during thermal processes is uncRaAS byproducts might

be generated during incomplete combustion. Spent regenerable AlX resin can be regenerated using
brine and organic solve(Zaggia et al., 2016 However, the regeneration process will produce a
PFASIladen regenerant that needs to be managed.

The performance of GA@nd AIX resin are both related to PFABucture Researchers
found that the removal efficiency of GAC and AlX resin increases with increasing PFAS chain
length, and PFSAs of a given chain length are more removable by GAC and AIX than the
corresponding REAs (Gagliano et al., 2020 Compared to GAC, the unit cost of AIX resin is
higher, but AIX resin has a lower use rate for PFAS treatment than (Er@ke et al., 2019;
Woodard et al., 2017; Yu et al., 2009; Zeng et al., 20D®refore, onsidering the seice life,

AIX resin can be more costfective.

High-pressure membranes are effective for removing both-¢bagh and shosthain
PFAS (Lee et al., 2022)However, this methotashigh energy demand arwbuld encounter
membrane fouling. Organic matter and inorganic salteenvater matrix can precipitate on the
surface of the membrane and increase the pressure drop across the mefrtieeafore,
pretreatment is essential for the application of the -pigissure membrand@dditionally, this
technology will generate enriched retentaike the AlX resinregenerte streamthe PFASIaden

membraneetentate i€hallenging to manage.
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2.2 Anion exchange resin
2.2.1lon exchange process

lon exchange (AlX) is a process in which the ions in solution are exchanged with loosely
associated ions the same type of charge on the external or internal surface of ion exchange
materals. The exchange is based on the electrostatic force between the functional groups and free
ions in thdiquid phaseMost AlX reactions are neselective and reversible. Equati@il() shows
the ion exchange reaction between an anion exchange resim ¢hltdride form and a solution

containing anionic PFAS.

Y&E& 000 YD 00 YO & (2.1)

The overbars represent the solid phase, anteresents the AIX sites on AlX resins.

Electroneutrality must be maintained during the AIX process.

2.2.2lon exchange resin structure and properties

lon exchangeesinis a syntheticfunctionalized polymer beadherethe ion exchange
process occurslt compises the polymer matrix which provides support mediand ionic
functional groups, providing exchanging sites. The properties of the matrix and the functional
groups control the selectivity of AIX resirolystyrene and polyachiglare two typical AlX resin
matrices where the former is more hydrophobic than the lafferring manufacturing, a few
percent of divinyloenzene (DVB) can be introduced into AlIX resins to increase the degree of DVB
crosslinking. The crosdinking increase AIX resins' resistance to oxidation and swelling.
Because the swelling of AlX resins is directly relatedhtir water content, highly crodsmked

AIX resins have low water content. As the water content is positiasgpciated withthe
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interparticle dfusion coefficient, the AIX resins witahigher degree of DVB crodsking would
exhibit slower solute uptake kinetif#/heeler, 1951)

Based orthe charge type of the ionic functional group$X resins can be classified into
basic anion exchange resin (AlXsme) or acidic cation exchange resin (CDQIX resin has
positively charged ionic functional groups (coions) and negatively charged exchangeable ions
(counterions), while the opposite is the case for GiXcethe most frequently detected PFAS are
anionc in the environment, this study will focus on AlX resin. AlIX resin can be classified into
strong and weak AlX resin based on the dissociation constant of their functional group. Strong
AIX resin can operate over the entire pH range, whidaveak AIX resn can only operate at pH
below 58 (Holl, 2000) Most weak AlX resins have tertiary amine functional groups, and strong
AIX resins have quaternary ammonium groupBypical quaternary ammonium groups in
commercial strong AIX resin are trimethyl ammonium group (type I) and dimethylethanol
ammonium group (type II). Type Il resins are more hydrophilic than type | resins. The structure of
type | and type Il quaternary ansmum groups are presented in Figure 4. Except for type | and
type Il groups, other quaternary ammonium groups have been developed by substituting the alkyl
groups surrounding the positively charged nitrogen center. For example, researchers developed
guatenary AlX resins with long alkyl chains teemove nitrate from sulfatech water(Gute,

1984)
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Figure4. (a) Type | and (b) Type Il functional groups of stroA¢X resin. Source:SenGupta
(2017)

AIX resin can be classified as ¢gbe or macroporousased on the structure of thesin
matrix. Gektype resins hava homogeneoustructure with tightly spaced functional groupish
no internal surface area. The pore volume withintge¢ AlX resins is created by the free water
molecules within the resins. The primangraparticle transport mechanism geltype resin is
solid-phase transportatioSenGupta, 2017Macroporous ress, on the other hand, have internal
pores. They can be viewed as an aggregate of microgels with linked pores filled witlfLliggid
Sengupta, 2000)he ionexchange sites of macroporous reins are located only on the microgels.
The intraparticle solute transport process in a macroporous resin bead is parallel pore and solid
phase trasportthrough macropores and microgels. Timsaparticletransportatioris similar to
the solute transport mechanism in geosodyesuch as soils and sedimer@shematic diagras
and CryeSEM images of getype and macroporous resin beads used insthidy are shown in
Figure 5.In the cryoSEM imagesjnder 5,000 times magnificatipthe geltype resin showa

homogeneous and smooth appearamdele the surface ofmacroporous resifooks rough and
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porous Compared to gefype resins, microporous resi have shorter intraparticle diffusion path

lengths and, thereforejould exhibit faster solute uptake kinetics.

Figure5. Schematic dirad crySEimages of (A) ()(C) aggbresi, and (D) (E)
(F) amacroporous resitcryoSEM images were collected at the Advanced Instrumentation facility
atNC State University.
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Based on the operation mode, AIX resins can be groapsuhgleuse and regenerable.
After use, the spent singlese AlIX resin will be incinerated, while spent regenerable AlX resin
can be reused after regeneration. Depending on the sorbate, the rdgefk{alesins can be
regenerated using brine solution alone or a combination of brine and organic Skiviet.
regeneration of PFAfden AlX resinbothbrine and organic solveare needd especially for
the longchain compound@®udley et al., 2015; Liu and Sun, 202The primary benefit of using
singleuse AlX reins is avoiding the generation of PFAS concentrated brines. Additionally; single
use AlX resins argenerally more costffective than regenerabtsmes when treating water with

summed PFAS levels below 10 ud(Coyle et al., 2021)
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2.3 Rapid smallscale column test

RSSCTis abenchscale column test that can predict sorbate removalilatespale column
test with a small amount of water and in a short time. A typical operational time needed for pilot
tests is 6 to 12 months, while the time needed for RSSCT is only days to weeks. RSSCT was
developed for GAGCrittenden et al., 1986; Crittenden et al., 198He application of RSSCT
with AIX resins have only beemvestigated by a few studi€Schafer et al., 2020; Schaefer et
al., 2019) The major challengef applying RSSCT to AIX resins is thtte scaleup approach
developed for GAC might not be suitable for AIX resins because the uptake mecharfidfASof

on AlX resin and GAC are different.

2.3.1Scaleup theory

The scaleup approach developed by Crittenden et al. is based on the disflevepdre
surface diffusion model (DFPSDM), which includes many transport and kinetic phenomena in
fixed bed adsorber In the scaling procedures, dimensionless groups of the DFPSDM in RSSCT
should equal the larggcale column to maintain perfect similitude of the lasgale column (pilot
column or fultscale adsorber). The dimensionless groups in the DFPSDM are shBguatiors

(2.2) to (2.6) (Crittenden et al., 1986; Crittenden et al., 1987; Summers et al.,.2014)
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Pore solute distribution , - P -
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diffusi dul 1000 -
Pore diffusion modulus QU (2.3
Surface diffusion modul oq 19O0U-
urface diffusion modulus a0 2.4)
Peclet b 0 Q 0o
eclet number 0 ? o) 25)
Stant b <20p -
anton number Q0 (2.6)
where - =intraparticle porosity; =bed porosity/O =pore diffusion coefficient)=bed depth,

U =hydraulic loading rateQ =sorbent particle sizeO = surface diffusion coefficient,

0 =capacity factofdetermine from Equatior2(7)), O = dispersion coefficient.

"
0 - (2.7
where,; =equilibrium solid phase concentratidn=apparent bed density, =influent agueous

Capacity factor 6

phase concentration.
By equating the dimensionless groups, the soplequations for RSSCT design can be

developedThese equations are presented in Equafi@) (2.9).

066°Y Qf

06 6°Y OF 8
U Q R
L 2.9

where the SC and LC stand for small and large columns, EBCT is empty bed contact time. For the
constant diffusivity(CD) design, where the intraparticle diffusivity is assumed to be independent
of sorbent particle size, the x = 0. For the proportionalusifity (PD) design, where the
intraparticle diffusivity is assumed to be proportional to sorbent particle size, the x = 1. The ratio
of the sorbent particle size in thkerge and small colunwis calledthe scaling factor(SF). For an

ideal RSSCT desigihev of the smalland largecolumns should be related to the particle size

25



by equation2.9). However, this equation gives us an impractical RSSCT design with a long bed
depth and a large flow rat€rittenden et al. (198%emonstrated that the could be reduced as
long as the dispersion is not ovamphasizedBerrigan Jr (1985)eported that dispersiazanbe
ignored if the ReSc (Reynolds number Schmidt number) was in the mechanical dispersion
region, ranging from 200 to 200,0@Bried, 1975) Therebre, a desirable sc can be chosen
between the ideal scand the minimund sc. The minimumd scwas calculated by Equation

(2.10).

O v QF YQR YO
0 Qr  YQ YO

(2.10)

where’Y Q= 200/Sc. The equation for the Schmidt number is presented in equatitn (

where' is the dynamic viscosity of watesfy ¢ p T Q0 & | ),” is the density of water,

O is the liquiddiffusivity (¢ 6 i of the sorbate (see Equati(thl2)).

&
0 P® . 2.12)
prm 8w 8

where \4is the molar volume (cfmol) of PFAS.
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CHAPTER 3 DEVELOPMENT OF RSSCT SCALE-UP APPROACH

3.1Introduction

PFASare a class of anthropogenic chemicals with adverse environmental and health effects
(ITRC, 2020) They have been widely used in industrial processes and consumer products since
1950.As a result of their unregulated status and uncontrelfesronmental releasePFAS are
detected irwater, air, and so{[Evich et al., 2022)as well aghe blood of almost the entire human
population(Fenton et al.2021) Exposure to PFASan cause several health effects, including
liver disease, thyroid disease, immunological effects, decreased fertility, low birth weight for
newborns, and cancéfFenton et al., 2021; ITRC, 202@rinking water is an important PFAS
exposure pathwaySunderland et al., 2019Tonventional drinking water treatment processes,
such as coagulation, flocculation, sedimentation, and disinfection, and many advanced water
treatment processes (e.g., advanced oxidation, biofiltration) cannot effectively reanove
transform PFCAs, PFSAs, and PFEA®pkKins et al., 2018; Rahman et al., 2014; Sun et al., 2016)

AIX is a readily implementable PFAS treatment method. Many studies have found
effective PIAS removal with AIX resingBoyer et al., 2021; Dudley et al., 2015; Liu and Sun,
2021) The effectiveness of AIX resirier PFAS removal can be determined using batch and
column tests. Compared to the frequently applied batch testghscalecolumn testanore
effectively capture the dynamic behaviorfuif-scale AlX treatment in water utilities when PFAS
are removed for complex matrices containing dissolved organic matter (DOM) and inorganic
constituents. Th&SSCTis a benckscale column test that can predict sorbate removal in a pilot
or full-scale teatment with a small amount of water and in a short time. Compared to &@gtot
whichis generally used by water utilities as a preliminary test to deteeffextivesorbents and

operatioal parameterdor full-scale treatment, RSSGTeal less timeand water to operate.
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Typical operational times for RSSCTs al&ys to weekswhile pilot tests need to be conducted
for 6 to 12 months. However, unlike pilot telsttg which can be used directlp assestull-scale
treatmenperformancedata collecteffom RSSCEmust be scaled up to match pilot full-scale
treatment resultsTo date, no scalap approach has been developed to predictstidle AIX
performance for the removal of PFAs and other contaminants.

RSSCE were first developedin the 1980sto predict fultscale GAC performance
(Crittenden et al., 1986; Crittenden et al., 1988sed ordifferent assumptions, RSSCT can be
designedusing constant diffusivity CD) and proportiond diffusivity (PD) RSSCT design
approach In the CD RSSCT design approach, the intraparticle diffusivity is assumed to be
independent of sorbent particle sizehile, in the PD RSSCT design approach, the intraparticle
diffusivity is assumed to be propomial to sorbent particle sizR&esearchers have successfully
developed RSSCT scalp approach for PFAS removal by GAC. However, the sgple
approaches developed for GAC might not be suitable for AIX resins because the uptake
mechanisms of PFAS on AIX resand GACdiffer. To date, the only study that evaluated the
scaleup of RSSCT for the treatment of PFAS by AIX resins isSohaefer et al. (2019yvho
compared the removal of PFAS in RSSCT and small columns containrregeaged AlX resin.
Ther scaling factors (SF) (i.e., a ratio ofgeeived to crushed AlX resin particle size) were 3.1
and 3.6.Schaefer et al. (2019pund that RSSCT could predict PFAS removal within ~ 25% of
the BV value in the column containing-geceived AlIX sing a linearized Thomas model with
scaling in Thomas rate constant and resin equilibrium sorption capacity usiGipPtRSSCT
design. However, direct comparisons between RSSCTs andqilftll-scale AlIX columns are

lacking in his study.
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In developingan RSSCT scaleip approach for AlX resinseveral data gaps exigtrst,
RSSCTs userushedAlX resins, while pilot and fulkscale columnsuse ageceived resins.
Grinding will change the morphology of AIX resins andiymaffect the equilibrium uptake
capacity and uptake kinetics for PFASecond, the influent PFAS concentrations in-$ckle
treatment depend on the drinking water sourcecandary daily, while lab experiments keep the
influent PFAS concentration constant. Whether influent PFAS concentration sipasiS
breakthrough willaffect thedetermination ofsorption isotherm paramegerMoreover, many
published studies conductedpeximents with influent PFAS concentratiorders ofmagnitudes
higher than environmental levels. These data are likely not useful for water utilities because
micelles and hemmicellescanform athigh PFAS concentrations (in mg/L levels) and change the
PFAS uptakemechanism.

Third, an ideal model that describes the migration of PFAS in AlX resin-beelccolumns
is unavailable. Most readily implementable fixeeld models, such as the homogeneous surface
diffusion model (HSDM), pore diffusion model (PDMyore and surface diffusion model (PSDM),
and local equilibrium model (LEM), were developed for GAC. These models do not consider the
electrical potential effects on the transport of PFAS in the AIX resin bed and, therefore, might
underestimate the initiflux of PFAS in AIX resins. Due to the requirement of electroneutrality,
when the exchanging ions have different mobility in the ion exchange process, such as PFAS and
Cl', a potential gradient will build up, accelerating the slower ions and slowing ttevaster
ions until the electric force is compensated by the concentration grédedfierich and Plesset,
1958; Schldgl and Helfferich, 1957; Streat, 1984)is phenomenon is called the sh@ibgressive
phenomaon. Moreover, due to kinetic limitatisnthe ion exchange process might only happen

on the out shell of ion exchange resins during the operation of RSSCTSs, or for some type of AlX
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resins, e.g., shetlore ion exchange resins, only the exterior of thie tesads been functionalized
and available for the ion exchange process. Thus, the diffusion path length could be much smaller
than the particle radius, and the sorption and desorption kinetics are significantly faster than the
estimations from the modelghich use thearticle radius as the diffusigrathlength.

This study aimed to develop a scale approach to predict PFAS removal in psctle
and fullscale AIX resin contactors from RSSCT dé&ta.achieve this goathe effect of grinding
on AIX resn properties were determinég comparinghe CryoSEM images, AlX resin densities,
and total anion capacitie$ crushed and aceived AlX resinsThen, the effect of influent PFAS
concentration on PFAS breakthrough curves were investigatedobyparing the PFAS
breakthrough curves froRSSCTsconductedvith influent PFAS concentrations from 30 ng/L to
300 ng/L Afterward, the effect of mass transfer differenbetween RSSCTs and pHstale
studies on scalap were studied bgimulating pilotscale studies witlkD RSSCE designedn
different hydraulic loading ratg0 ). Additionally, the effect of RSSCT desigion PFAS
breakthroughs were investigated bgmparing the PFAS breakthrough obtained framPD

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

3.2.1 Water

Influent water samples used in RSSCTs were collected from the same utilities as previously
completed pilot testfor developing the scalep approachThreetypes of water were studied
develop the scalap approach(1l) coagulated surface water (SW1, TOC = 2.19 mdrajn a
drinking water utility in US EPA Region, 42) groundwate(GW1, TOC = 0.2 mg/L) from a
drinking utility in US EPA Region 2and (3) groundwater (GW2, TOC =92.mg/L) from US
EPA Region 8Additional surface water (SW2, TOC = 1.30 mg/L) treated through coagulation,
ozonation, and biofiltration from the drinking water utility in US EPA Regdlamas collected to
compare PFAS breakthrough in PD and CD RSSCT desidias.collection, water was stored at
4  until use.Before starting RSSCTs, subsamples of water were filtered throughma 5

polypropylene cartridge filter. Water characteristics are summarized in Table S

3.2.2Per-and polyfluoroalkyl substances

Twentythree PFAS in four classes, including PFCAs, PFSAs, FTS, and®Rtere
studied (Table S1). IBW1 and SW2a mixture of the 23 PFAS was spiked to reach a target
concentration of ~100 ng/L for each PFAS. Additional experiments were conductes\ithat
influent PFAS concentrations of ~30 and ~300 ng/L to determimesfiect of influent PFAS
concentration on AlX resin performance. For GWo PFAS were spiked to assure a close match
in influent water characteristics between the RSSCT and pilot test. Fay &Wikture of PFBA,
PFPeA, PFHxA, PFHpA, PFOA, PENA, PFDA, B, PFHXS, PFOS, HFRDA, 6:2 FTS was
spiked to reach a target concentration of 0.2 nM for each compound. When 9pH#E)

methanol from the PFAS dosing solution was evaporated in-raL18onical polypropylene
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centrifuge tube (manufacturer) using a Torap (TurboVap LV Evaporator, Caliper) to avoid
introducing organic carbon into the influent water. The PFAS residue was vortexed and dissolved
in 10 mL of influent water and added to @#&llon highdensity polyethylene influent container
(Dynalon Labware)The centrifuge tube containing the residue was rinsed another 5 times with
influent water to ensure PFAS were completely transferred to the influent container. The influent
PFAS concentrationr the RSSCTs and the corresponding pilot tests are sunedanzlable

S6.

3.2.3Anion exchange resins

Two singleuse AlX resins (Resin A and Resin B) were tested in this study (BakX
resins were crushed using a mortar and pestle and thefraitienated by wet sieving with
deionized water to capture thel0B00 and 200 230 U.S. mesh fracti@log-mean partile
diameter(dp) = 0.11 mm and.07 mm, respectively. Crushed AlX resins were dried in a vacuum

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

RSSCT colums, the desired mass of diX resin wasweighed outsoaked in deionized water

and placed im vacuum desiccator for at least 24 hours to assure hydration and elimination of air
from void spaces. Properties of the crushed ang@sved resins, such astdl anion capacity
(measured with ASTND2187%17), density, and morphology, were characterized to determine the
effect of grinding on AIX. Moreover, film diffusion coefficientis of PFAS forcrushed and as
received resins were measured by conductimgrt bed adsorbdGBA) tests(Weber and Liu,

1980) The methods used to characterize AIX resin properties and thécspiens of theSBA

tests are described in Appendix A.4. Resin morphologies before and after crushing were
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determined by CryoSEM [JEOL JSK600 FE SEM (JEOL USA, Peabody, MA) outfitted with

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

Table3. AIX resins.

Parameters Resin A Resin B
AIX resin type Gel Macroporous
. Polystyrene crosslinked with Polystyrene crosslinked with
Polymer matrix - .
divinylbenzene divinylbenzene
Functional group Complex Amino N-Tri-Butyl Amine

3.2.4Rapid smalscale column test

Design specifications of RSSCTs and the corresponding pilot tests are summarized based
on the objectives in Tabke

To develop thescaleup approach, CD RSSCTs wibh of 16.9 m/hr, 37.9 m/hr, and 75.8
m/hrwere conducted with resins A and B to simallRFAS breakthrough in pilot tegts = 49.3
m/hr) conducted wittSW1 Two CD RSSCTs, one with 2.41 mL/min flow rates with resin A and
one with 2.23 mL/min flow rates with resin B, were conducted to simulate PFAS removalsn pilot
test with theGW1andGW2, respectively. Note that the simulated EBCT of the RSSCT conducted
with GW2 differed from the corresponding pilot tests (1.5 min vs. 2.5 min). However, based on
our previous study, EBCT has a negligible impactnormalized PFAS breakthrough curves
obtained with AIX resifAppendix A.8).

To compare RSSCT desigtisteeRSSCTs, two CD RSSCTs with different scaling factors
and one PD RSSCT, were conducted. Moreover, four intedupglumn tests (ICT) were
conduded to determine the diffusion mechanism of PFAS uptake by AlX resins. During the ICTs,
the column tests were paused for 960 BVs (14.4 min), 1920 BVs (28.8 min), and 2880 BVs (43.2

min) for every 2880 BVs (43.2 mimind compared to an uninterrupted colutest These
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interruptions are equivalent to 1, 2 days, or 3 days following 3 days of operationatrfull
pilot=scale.

RSSCTs were designed by scaling down the pilot studies using the CD and PD design
approach developed Wgrittenden et al. (1986)which assumes that intraparticle diffusivity is
independent of (constant diffusivity = CD) or proportional to (proportional diffusivity = PD)

sorbent particle siz&8.he RSSCT design approach was désctiin section 2.3.1.
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Table4. Pilot and RSSCT column specifications.

Simulated Column

Bed

Objective ~ Water Test besign d  Flowrate EBCT EBCT  Diameter Length
approach . .
mm mL/min  m/hr S min cm cm
Pilot ) A 0.68 1665.6 49.3 102 1.7 5.08 139.80
B 0.70 1665.6 49.3 102 1.7 5.08 139.80
A 0.07 2.23 16.9 1.06 1.7 0.32 0.50
SWi1 CD A 0.07 5.00 37.9 1.06 1.7 0.32 1.12
D | RSSCT A 0.07 10.00 75.8 1.06 1.7 0.32 2.23
e"le P B 007 223 169 1.03 1.7 032 048
scaleup cD B 007 500 379 1.03 1.7 032 1.12
approach
B 0.07 10.00 75.8 1.03 1.7 0.32 2.23
GW1 Pilot - A 0.68 617.0 18.3 90 1.5 5.08 45.70
RSSCT CD A 0.07 2.41 18.3 0.94 15 0.32 0.48
GW2 Pilot - B 0.70 1900 6.9 150 25 14.5 28.5
RSSCT CD B 0.06 4.2 174 072 15 043 04
Compare RSSCT CD A 0.11 5.00 16.9 2.0 1.3 0.48 0.95
(SF=6.2)
between cD
different SW2 RSSCT A 0.07 5.00 37.9 0.8 1.3 0.32 0.85
(SF=9.7)
RSSCT PD
designs RSSCT (SF=6.2) A 0.11 2.00 6.7 12.6 1.3 0.48 2.36
Determine
.PFA.S SwWi ICT CD B 0.07 2.23 16.9 0.91 1.5 0.32 0.43
diffusion
mechanism

@RSSCT conducted by Bahareh Tajdini in Colorado School of Mines.
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RSSCTs were built in upflownode using polypropylene tubing and Swagelok stainless
steel tube fittings. Glass wool was packed below and above the AIX resin bed to prevent AIX resin
migration. Influent water was pumped into the column using an HPLC pump (E&T20
Shimadzu, ColumbiayiD). The setup is shown in Figure % The AIX resin bed was packed
carefully under watessaturated conditionto prevent the introduction of air bubbles into the
column. Before pumping the influent water into the column, the column was flushed with
deionzed water at the design flow rate for ong da stabilize the AIX resin bed. Two effluent
samples, one for PFAS analysis and oneédtad organic carbonfOC) and UV254 analysis, were
collected periodically using an autosampler designed andoyuitteauthor Samples were stored
at4 until analsis

Two control RSSCTs with no AIX resins were conducted to ensure that PFAS leaching
and PFASuptakein the absence of AlX resins was negligible. The influent water used in the two
control RSSCTs were ultrapaiwater without spiked PFAS and ultrapure water spiked with 100
ng/L of each of the 23 targeted PFAS. Based on the control RSSCTs, PFAS removal or leaching

from the columns without AIX resins was negligible (see Figufeand ).

3.2.5Mathematical model tdescribe PFAS breakthrough curves
PFAS breakthrough curves from RSSCTs were described tpgite surface diffusion
model PSDM AdDesignSM, (Mertz et al., 1999; USEPA, 2020dDesignSM is a software
designed to describe adsogptiprocesses in GAC fixed bed contactors. We used this software for
AlX resin beds because a fixed bed model for AIX isunavaildbe. t he aut hor s knoa
only fixed bed model for AIX resins today is the lon Exchange Design Software (IlonExD&4ignS

(USEPA, 2020)which is still under developmer@imilar toAdDesignS™, lonExDesign$M does
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not consider the electrical potential in sorbate transport to and in AlX resins. The major difference
between AdDesighi!! and lonExDesign$V is that the former uses the Freundlich isotherm
equation to represent adsorptiequilibria while the latter uses thengmuirisotherm equation.
Many studies found that uptake of trace level substances by AIX can be well described by the
Freundlich isotherm equatigBoyer et al., 2021, Dixit et al., 2019; Maimaiti et al., 2018; Sposito,
1980) In this study, influent PFAS concentrations were dliaate levels (ng/L levels), suggesting
AdDesignSM is appropriate to apply. Another benefit of using AdDesl§ns that the data
obtained can be directly compared with GAC column tests.

In the PSDM, theFreundlich adsorption capacityarameter[Kaix, (ng/g)(L/ng)*m,
surfaceto-porediffusion flux ratio (SPDFR)and film diffusion coefficient { were adjusted
until the simulated breakthrough curves matched the experimental RSSCAndatay these three
parameters, Kx represents the PFAS uptake capaand controls the bed volume at ~50%
breakthrough (BV50), while thEPDFRand k describe intraparticle diffusion and external film
diffusion, respectively, and control the steepness of the breakthrough curves. Due to kinetic
limitations, the equilibri or nearequilibrium capacity is unachievable in ion exchange processes
in environmental application$enGupta, 2017)Therefore, the Kx obtained from RSSCTs are
apparent uptake capacities that are influenced by mass transfer limitations and water matrix effects.
The PFAS breakthrough curves obtaineohf this research were generally much steeper than
PFAS breakthroughs obtained from GAC fixed bed tests because of the impaettotat
potentialand a possible short diffusion path length, as discussed in the introduction. To describe
the steepness dhe breakthrough curves, we increased the SPDFR value until the simulations
matched the experimental RSSCT datahé®v SPDFRincreases to 30, the simulated

breakthrough curveare no longer sensitive to changes in SPDFRn SPDFR of 30wvas not
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sufficient to describe the experimental RSSCT dékawas manuallyincreasedrom the value
estimated from th&nielinski correlatior{fRoberts et al., 1985{o furtherincreaseéheslopeof the
simulated breakthrough curv@dis is empirical method of applying the GAC fixed bed model to
AlX resin fixed beds resulted in unique sets aixK SPDFR, andskvalues to describe both piot
scale and RSSCT AIX data. Changing the SPDFR andlies only changed the shape of the
breakthrough curves and did not affect the determinatiomgf K

The rumber of axial elementsnd collocation points ithe axial and radial directiohad
no impact on the simulation results in this study and weret€t8& and 3respectively Mass
transfer parameters, including surface diffusion coefficient, and pore diffusion coefficient, were
estimated in AdDesigr8 usingthe Sontheimer correlatio(Sontheimer et al., 1988ndOj t,
respectively, where the liquid diffusion coefficier® § was obtained fronHayduk & Laudie
(1974) and the tortuosityt] was set to a value of 1; i.@ore diffusion was maximized. The
Freundlich exponent (1/n) was settwalue ofilo becaus@ormalized®FASbreakthrough curves
(C/Go as a functia of bed volumes of water treated) wévandto beindependent of the influent
PFAS concentration, as described in the results secB&AS breakthrough curvewith <30%
breakthroughat the end ofa column testvere not simulated tavoid introducinguncertaintyin
Kaix determinationsin these cases, a K value was calculated that corresponded to the maximum

value of bed volumes reached in the experimenix(K BVmaxr ved, and the value for x was

reported a larger than the calculated K value, i.eapk> BVmaxr bed).

3.2.6PFAS and water quality analyses
PFAS concentrations were quantified using liquid chromatography and tandem mass

spectrometry (LEMS/MS) (1260 LCi Ultivo MS, Agilent Technologies, Santa CéarCA)
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equipped with a 4.6 x 50 mm higlerformance liquid chromatography (HPLC) column
(ZORBAX Eclipse Plus C18, 3.5 em, Agilent Tec
injected twice at high (400 ) and tdrmawimie250 )
responses for the targeted PFAMeng et al., 2022; Pétré et al., 202Detailed PFAS
guantification méhods are provided iAppendix A.2 TOC was measured using a TOC analyzer
(TOC-VCSH/CSN, Shimadzu, Kyoto, Japan) and UV254 was measured by a spectrophotometer
(Hach DR 5000) with a-6m quartz cuvette. Sodium, calcium, magnesium, and potassium were
measurd by cation chromatography (DIONEX 1E€®00, Thermo Fisher Scientific, Waltham,

MA) Chloride, nitrate, and sulfate were measured by anion chromatography (DIONE5OMDS,

Thermo Fisher Scientific, Waltham, MA). Bicarbonate concentrations were calcutated f

alkalinity values determined by titration with 0.02 N or 0.002 N sulfuric acid.
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3.3 Results and Discussion
3.3.1Effect of grinding on AlX resin properties

As-received AIX resins used in pilot or fedkcale treatment are spherical in shape. For
RSSCTs, aseceived AIX resins are crushed to smaller sizes. Thus, understanding the effect of
AlX resin crushing on AlX resin properties is essential in the developaia scaleup approach
involving RSSCTs. To determine the effect of crushing on AlX resin characteristics, the change
in morphology, bed density, and total anion capacity before and after crushing were investigated.
The properties of aeceived AlX resis are shown in Table S1Based orcryoSEM images, AlX
resin beads changed froam almostperfect sphericathapeto irregular shapes after grinding
(Figure 6). However, differencein beddensities and the total anion exchange capacities before
and afte grinding were less than 10%, as shown in Figuiehese findings suggest that AIX resin
properties, apart from their shape, do not chauipstantially as a result of crushifgherefore
crushed AIX resin meets an import&®$SCT requirement, i.e., tltapacity and bed density of

the sorbent before and after crushing need to n{&&tmi et al., 2008)
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Figure6. CryoSEM images of the (A) agceivedresin A; (B) asreceivedresin B; (C) crushed
resin A (¢ =0.07 mm); (D) crusheresin B (¢ =0.07 mm) All resins were in dry state.
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and resin B
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Changing the morphology of AIX resin particles could make the corretaiethe PSDM
simulation unreliableln the PSDM simulatiorks is calculated from th&nidinski correlation.
This correlation assumes that the sorbent particles are perfect spheres. Therefames|itheki
correlationmay underestimate thks valuesfor crushed AIX resins because irreglyfashape
particles havea higherexternalsurface area than spleal particles with same volume and the
hydrodynamic flow conditions for irregulgr shapedparticles differ from those forsphercal
particles. This unerestimation irks with crushed AlX resins was confirmed by tBBA tests As
shown in Figures, the ratios of experiment&l to correlatecks valueswere>1 for crushed AIX
resins (dp =0.07 mm and dp =0.11 mmyéhe < 0.05) andot significantly diferent froml for
asreceived AlX resins (Ralue > 0.05). Moreover, the mean ratiasnot significantly different
between crushed AIX resins wilibg-mean diameters @.07 and 0.11 mm {Ralue >0.05 in two
sample ttest) which is reasonable because tlayibitedsimilar morphologiesfter crushing
Therefore, in the PSDM simulation, kf values were increased from the correlatellifif the
steepness of the breakthrough curve could not be described with the correlated kf value in column
tests conducted with crushed AIX resins (RSSCTs and SBAs). In contrast, the kf obtained from
the Gnielinksi correlation was effective for colunasts involving aseceived AlX resins (pilot

tests and SBAS).
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crushed and aseceived AlX resins. Resin: Resin A. WatSW1
3.3.2Influent PFAS concentration effect

To determine the effect of influent PFAS concentration on normalized PFAS breakthrough
curves, CDRSSCTs were conducted with influent water spiked wit@3compound PFAS
mixture at concentrations of ~30, ~100, and ~300 ng/L for each PFAS. Breakthrough curves for
PFBA, HFPQGDA, and 6:2 FTS on resins A and B are shown in Figure 9. The breakthrough curves
of the other 20 PFAS spiked as a mixture with PFBRPODA, and 6:2 FTS can be found in
Appendix A.6. For each PFAS, breakthrough curves obtained with different influent PFAS
concentrations overlapped, suggesting influent PFAS concentrations in the tested range had a
negligible effect omormalized PFAS laakthrough curvesn this research, we used PSDM from
AdDesingSM to simulate PFAS removal by X resin and estimatéthe PFAS uptake capacities
of AIX resins In PSDM, the adsorption equilibrium of the individual compound was represented
by the Freundlib isotherm equatiofy U 6! ). Becausenormalizedbreakthrougtcurvesof
PFASwereindependent of influent PFAS concentration, the Freundlich isotherm becomes a linear
isotherm, where the Freundligxponentl/n is 1, and the Freundlich capacity param&tgx

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

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

(Knappe et al., 1998)
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Figure9. Scaled RSSCT breakthrough curves with different influent PFAS concentrations. Dashed

line: PSDM simulation; WateSW1 (See discussion iB.3.3for scaling details)

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

viewed as the sorption of a trace species in a foaftiponent system because the influent

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

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

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

(Equation (3.1))SenGupta, 2017)
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z WEET OMEO (3.9
where, g and CepresenPFAS insolid and solution phase.

Thus, the BVs treated to a given level of PFAS breakthrough are not expected to change
with a change in influent PFAS concentration. The same phenomenon was observed for the
sorption of arsenate [As (V) anior§enGupta and Greenleaf (2002)estigatedhe removal of
As (V) anion on a stronfase AIX resin fixed bed columns and found that increasing the influent
As (V) concentration 200times from 10 to 2000 ug/L did not change normalized breakthrough
curves for As (V).

It is important to notehat thePFAS breakthrough curves were compared based on the
normalized RSSCT effluent concentration (the ratio of effluent concentration to influent
concentration, C/g). Therefore, even though the breakthrough curves were independent of
influent PFAS concentratigorat a given BWalueg a higher influent concentration still leads to a
higher effluent concentration. For example, at 10% breakthrough, the effluent concentration of a
compound with a 30 ng/L influent concentration is 3 ng/L, while the effluent conéentcdta
compound with a 300 ng/L influent concentration is 30 ng/L. Thus, with the same treatment goal,

the AIX resin inan AIX vesselwith a higher influent PFAS concentration needdeachange

more frequently.

3.3.3RSSCT Scalap

A scaleup approach wasedeloped by comparing normalized PFAS breakthrough curves
obtained in RSSCTs wermmpaniedo those obtained in pilot tests. Since many breakthrough
curves in the pilot studies exhibited a large degree of scatter and were in some cases incomplete

becausef variable influent PFAS concentrations and insufficient sampling points, the comparison
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was limited to PFAS with relatively complete breakthrough curves in the pilot tests. For example,
only PFHxA and PFHpA breakthrough curves were relatively completgiltd tests conducted
with SW1, and only PFPeA, PFHXA, PFHpA breakthrough curves were relatively complete for
the pilot tests conducted with GW1 aGiv2.

RSSCTs with three (16.9 m/hr, 37.9 m/hr, and 75.8 m/hr) and two resin types (resins A
and B) were conducted to simulate PFAS removal in the pilot tests condnc®d1. The
breakthrough curves for PFHxA and PFHpA from these RSSCTs and the corresponding pilot tests

are preented in Figure 10. The pilot test was conducted with af 49.3 m/hr. As can be seen,

the RSSCTs underestimated PFAS removal in pilot studies, and the apparent uptake capacities of
RSSCTs increasedlith increasing) . Thisu -dependent PFAS upta implied that the uptake of
PFAS in RSSCTs is controlled by external film diffusion. Increasing flow rates in the RSSCT
reduced the external film thickness, which increased the film diffusion rate, and, therefore,
increased the apparent uptake capag€itg external film diffusiorcontrolled sorption in RSSCTs

was further confirmed with four ICTs. The ICT is a simple technique to determine thienititey

step on sorption. ICTs were conducted by pausing the flow in the column tests for different lengths
of time before restarting the flow. If a sharp decrease in the effluent concentration is observed
upon restart of the column, the rditmiting step is intraparticle diffusion. If no significant
concentration drop is observed after restarting, theliraiéng step is external film diffusion.
Figure S9 presents the results from the four ICTs. As shown, no measurable or negligible
concentration drops were observed after restarting the columns after flow interruptions, confirming

that the ratdimiting stepis external film diffusion
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Because RSSCTs unéstimated PFAS uptake compared to that observed in pilot tests, a
scaleup approach for the RSSCT data is needed. Based on the observation that PFAS uptake is
dependent on external film mass transfer, the Sherwood number of RSSCTs and pildreests
compared. It wadound that the square root of the ratio of Sherwood numbers for the pilot tests

and RSSCT was correlated with thgyKratio between pilot tests and RSSCTs (Figure 11). The
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Sherwood number is a dimensionless parameter that compares the anafes to molecular
diffusion rates and is related to the Reynolds and Schmidt numbers. Sherwood numbers for each
compound were estimated using the Gnielinski correlation. The expressions of the Sherwood
number from the Gnielinski correlation are preseimefiquations (3.2) to (3.5). The square root

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

Sherwood number ™YQ p p& p - OYQ (3.2

Sherwood number for a single particléeYQ ¢ "YQ "YQ (3.3
Sherwood number from laminar conditionsYQ L) (p"Y(K Y (3.9
Sherwood number from turbulent conditionsfQ - 8 :O - (3.5

Table5. Square root of the Sherwood number ratio between the RSSCTs and pilot tests

0 inthe
RSSCT flow RSSCTU corresponding YQ FYQ
Water rate )
(mL/min) (m/hr) pilot test (mean#sd)*
(m/hr)
2.23 16.9 49.3 2.1+0.011
SW1 5.00 37.9 49.3 1.8+ 0.008
10.00 75.8 49.3 1.5+ 0.007
Gwi 2.41 18.3 18.3 1.6+ 0.003
GW?2 4.20 17.4 6.9 14+ 0.002

*The average value (mean) and standard deviation (sd) between PFPeA, PFHXA WEHPA
resins A and B for the tests wiBW1and between PFPeA, PFHXA, PFHpA with resins A and B
for GW1 andGW?2, respectively
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Based on the relationship of the Sheod number and kKx between the pilot tests and

RSSCTs, RSSCT data were scaled up using two approaches. In the first approach, the BV value
for each RSSCT data point was multiplied by th&Q TYQ value corresponding to a

given RSSCT/pit data set (Table 5) and compared the pilot test data. We found that the scaled
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RSSCT breakthrough matched the pilot breakthrough data well for SW1 (Figure 12) as well as
GW1 and GW2 (Figure 13l the second approach, tREDMwas used to scale up RSS@dta.

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

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

that matchegbilot test dimensionsindKaix pilot Wasobtaned by multiplying the Kix rssctby the

corresponding "YQ T YQ value.SPDFR values for the pilot test were the same as for the

RSSCT, and kvalues for the pilot test were obtained fréine Gnielinskicorrelation using the
pilot test dimensions and . The scaled breakthrough curves from theseswabeup approaches
yielded similar resultsas showrby the open points and dotted linesHigures 12 and13. For
simplicity, the first scalaip approacls recommended

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

because the RSSCTgere not operateih ideal CD RSSCT designs, which the is

determinedased orEquation (210). If using the ideal CD RSSCesigns, the "YQ  TYQ

will equal 1, and the RSSCT should predict PFAS breakthrough in pilot studies without scaling.
However, ideal CD RSSCT designs have super high flow rates with long bed depths, which would
result in high head lossd be impractical to operate in a laboratory. For example, the ideal CD
RSSCT design with a column diameter of 0.32 cm that simulates the 1.7 min EBCT pilot test with
resin A has a bed depth of 14.3 cm and a flow rate of@8/&in. Therefore, the neideal CD
RSSCT design is preferred as it can be run irstale dimensions, and the obtained breakthrough

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

scaling by a factor of " YQ TYQ
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75.8 m/hr.Pilot 0 : 49.3 m/hr Dashed lie: scaled PSDM simulation. The shaded region: 20%

variance from scaled PSDM.
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3.3.4Comparison between RSSCT designs

To assess the effects of AIX particle size used in RSSCTs and RSSCT design on
normalized PFAS breakthrough curves, two CD RSSCTs with differelmgdactors (i.e., AIX
resin particle sizes) and a PD RSSCT were conducted. Resulting normalized PFAS breakthrough
curves are compared in Figure 14. Breakthrough curves for six PFAS are presented because these
compounds gave complete breakthrough curmealli three RSSCTs. As shown, PD RSSCT
produced breakthrough curves that were substantially steeper than those obtained by the two CD
RSSCTs. Because CD RSSCT effectively simulates PFAS removal kinetics in pilot tests (Figures
12 and 13), it can be concled that PD RSSCTs are not a suitable starting point for predicting
full-scale AIX performance. Additionally, PD RSSCTs are more-tané wateiconsuming than
CD RSSCTs. Based on the RSSCT specifications used in this study, PD RSSCTs require 28
gallons ofwater and operate for 36 days to reach 250,000 BVs, while CD RSSCTs (SF=6.2) only
needs to use 11 gallons of water and operate for 6 days. By crushing AIX resin to a smaller particle
size and thus using a larger scaling factor (SF = 9.7), water ancetjoneaments for CD RSSCTs
can be further reduced to 5.8 gallons and 3 days to reach 250,000 BVs. Therefore, CD RSSCTs
are preferred to rapidly predict PFAS removal by AIX resins indcdlle treatment systems.

Note that the two CD RSSCTs conducted wittiedent particles sizes exhibited similar
PFAS uptake kinetics (the steepness of the breakthrough curves) but slightly diffexeas khe
CD RSSCT with SF of 6.2 reached BV50 faster than the one with SF of 9.7. This difference in

Kaix is a consequenad the two CD RSSCTSs being associated with different Sherwood numbers.

The "Q g¥YQ 4 was calculated to be 1.Thereforescalng the CD RSSCT witlan SF

of 6.2 resukedin PFAS breakthrough curvéisatoverlapwith the nonscaled CD RSSCT wi an
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SF value of 9.7 (Figure 157 his findingconfirmsthat the scaleip approach developed in section

3.3.3is valid and accurate
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3.4 Conclusions

A scaleup approach was developed, with which CD RSSCT data can be scaled up to
predict pilot or full-scale PFAS removal by AIX resins. To develop the sapl@approach, the
properties of the aseceived and crushed AIX resins were compared. Crushing AIX resin for
RSSCTs had a negligible effect on the bed density and total anion capacity of AlXinegiyis,g
crushed AIX resins meet an important prerequisite for RSSCTs. Evaluating a range of influent
PFAS concentrations (3800 ng/L), it was determined that changing influent PFAS concentration
did not affect normalized PFAS breakthrough curves. Tinding is important because the
influent PFAS concentration in pilobr full-scale treatment may not necessarily match those
evaluated in RSSCTs. Subsequently, PFAS breakthrough curves from CD RSSCTs were
compared to corresponding pilot tests, and it feasd that PFAS breakthrough curves obtained
from CD RSSCTs casimulate PFAS removal in pilot studiaier multiplying the bed volumes

of water treated in CD RSSCTs by a factor 6fQ 1TYQ , where Sh is the Sherwood

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

tests, with "YQ  TYQ ranging from 1.4 to 2.1. Furthermore, a comparison of CD RSSCT

and PD RSSCT designs showed that the PD RSSCT overestimates PFAS uptade ialeis
more timeconsuming and watentensive than the CD RSSCThis research will support the
design ofAIX treatment processes in the context of PFAS remediation and drinking water

treatment.
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CHAPTER 4 FACTORS DETERMINING RESIN USE RATES

4.1 Introduction

PFAS are a large class of anthropogenic chemicals. PFAS are present in many drinking
water sources across the globe at levels associated with potential adverse human health effects
(ITRC, 2020) A substantial of human exposure to PFAS is through ingestieordgaminated
drinking water, especially for those living PFASimpacted areagSunderland et al., 2019)
Traditional drinking wate treatment processes, including coagulation, flocculation, and
sedimentation, are ineffectiver PFAS remova(Hopkins et al., 2018; Sun et al., 2018mong
the effective processeA]X is one readily implementable PFAS treatment method. Mamnjies
have found effective PFAS removal by AIX resins, even for PFAS that are difficult to remove
from water, such ashortchain PFAS, such &FEAs with 2 to 5 fluorinated carbatoms(Dixit
et al., 2020; Liu and Sun, 2021)

Factors that determine Xlresin use rates can be grouped into PFAS structure and water
matrix effects. PFAS structure, such as the fluorinated alkyl chain length, head group, and presence
of ether oxygen linkages, affects AlX resin use rates. Many studies have investigatedA®w PF
chain length and functional groups afféd¢X resin sorption. For example, PFSAs have a higher
affinity for AlX resins than PFCAs with the same number of perfluorinated carbon oy
etal., 2015; Liu and Sun, 202And within the PFCA and PFSA subclasses, PFAS uptake capacity
increases with increasing PFAS chain len@ang etal., 2021; Maimaiti et al., 2018However,
the information for more recently introduced PFAS chemistries, such as PFEAs and fluorotelomer
sulfonates (FTS)is limited. Furthermore, data from many previous ssdare not directly
applicable to drinking water treatment because the initial PFAS concentrations were orders of

magnitude higher than the levels typically found in drinking water sources. Thus, research is
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needed to understand and quantify the effed®fAS structure, including structures of newer
PFAS chemistries, on the uptake capacity of AIX resins at environmentally relevant concentrations
and background water matrices.

The water matrix effect can be categorized into organic matter and inorgaeifaots.
Organic matter affects PFAS removal through pore blockage and direct competition for exchange
sites.Dixit et al. (2019)studied the PFOA and PFOS removal by Purolite A860 (a macroporous
polyacrylic strong AlX resin with quaternary ammonium functional group) in the presence of four
Suwannee River humic substances with different molecular hivelgstributions and charge
densities. They found that the organic matter with high molecular weight distribution caused pore
blockage on the AIX resin during PFAS removal and decreased the removal efficiency of both
PFAS and the organic matter. Under gresence of low molecular weight organic matter with
similar or lower sizes as the AIX resin pore size, the impact of organic matter increased with
increasing charge density. The charge is the prerequisite of organic matter impact on AlX resins.
Maimaiti et al. (2018)compared PFAS sorption on a macroporous polystyrene resin in the
presence of neionic and ionic organic matter. They found that the-iworic organic matter (ti
chloroethylene (TCE), methylbenzene (MB)) does not aRE&S removal. Moreover, the impact
of organic matter was found to be related to PFAS chain length and functional Qrmligy et
al. (2015)compared the removal &FCAs with 3 to 9 fluorinated carbons and PFSAs with 4, 6,
and 8 fluorinated carbons in surface water and deionized water with matched anion composition.
They found that organic matter only decreased the removal ofdtart PFCAs with 3 to 5
fluorinated carbons by about 10%, while a negligible impact was seen on the removal of PFCAs

with longer chains and PFSAs.
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The inorganic ion effects on PFAS removal were investigated by a limited number of
studies. Liu (2017) reported a significant negative impacthe removal of shodhain PFCAs
(Perfluorobutanoic acid (PFBA) and Perfluorohexanoic acid (PFHxA)) on typetymeland
macroporous resins with 0.21 meqg/L and 0.63 meq/L of sulfate addition and only a small negative
impact with 0.1 meg/L nitrate addin. They concluded that the effect of sulfate is stronger than
nitrate on shorthain PFAS removal by AIX resins. This comparison is unfamitagteaddition
was more than six times lower than the sulfate addition in their experirDeniigy et al. (2015)
compared the removal of 7 PFCAs and 3 PFSAs under the presence of 0.001 N to 0.2 N of
bicarbonate, chloride, sulfate, and nitrate on a polyacrylic macroporous resin. They found that the
four tested anions negatively impacted PFAS removal, especialljhdoshorichain PFCAs.
Among the four anions, nitrate had the most significant impact on PFAS removal, followed by
sulfate, chloride, and bicarbonate.

The published water matrix effect studies mostly focus on a limited number of PFCAs and
PFSAs, whereas ¢himpact of the water matrix on PFEAs has not been comprehensively studied.
Moreover, most previous studies were conducted with batch experiments which cannot directly
reflect the PFAS uptake in water utilities, where AIX resins are generally implemenfigdd
bed vessels. In this research, the removal of 23 PFAS, including 7 PFCAs, 3 PFSAs, 1 FTS, and
12 PFEAs with 3 to 9 fluorinated carbon atoms, in water matrices with different TOC levels and
four inorganic ions were investigated using rapid sisede column tests (RSSCTs) to (1)
quantify the effects of PFAS structure on the PFAS removalilyresins, (2) investigate the
effect of background water matrix on the PFAS uptake capacityofresins. Using structural
features of the studied PFAS, a qti@tive structureproperty relationship (QSPRWwere

developedo obtain anormalized PFAS chain length (NGLyom which PFAS breakthrough in
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AIX resin column can be predicted for a given AIX resin in a given water. Moreopsewale
single solutemodelthat combines the QSPR and water matrix effect was developed to predict

PFAS removals on AlX resin with various TOC and nitrate concentrations.
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4.2 Materials and Methods
4.2.1Waters

There are four different water sources used in this research. One surfacgowaterand
three groundwater sources. Water collected from the surface water source was either settled
coagulated surface watérOC = 221 mg/L) (SW1J) or settled coagulated and ozonated surface
water (TOC = 1.9 mg/L) (SW3 from a water utility in NortiCarolina. The three groundwater
sources are located in North Carolia/\3), Colorado GW4), and Florida GWS5), respectively,
with TOC of <0.® mg/L, 1.35 mg/L, and 46Bmg/L. The water characteristics of the water
collected are summarized in Taléle

Table 6. Water characteristics of the surface water and groundwater

Groundwater from Groundwater Groundwater

Water sources Surface water North Carolina  from Colorado from Florida

Name SW1 SWw3 GW3 GW4 GWS5
TOC (mg/L) 221 191 <0.30 1.35 4.60
UV254 (abs/cm) 0.039 0.020 0.003 0.026 0.082

Conductvity 74 5 1485 164.7 018.1 240.9
(nB/cm)
Chloride (mg/L) 8.4 10.7 28.4 89.9 4.9
Nitrate (mg/L) 2.7 3.0 10.7 17.0 <05
Sulfate (mg/L) 50.8 36.0 <0.5 190.0 7.5

After collection, waterwas t or e d a tse.Before starting R3ISCTs, subsamples

of water were filtered through arim polypropylene cartridge filter.

4.2.2Per-and polyfluoroalkyl substances

Twentythree PFAS in four classes, including PFCR§SAs, FTS, and PFEAs, were
studied (Table S1). When spiking, methanol from the PFAS dosing solution was evaporated in a

15-mL conical polypropylene centrifuge tub€drning using a TurboVap (TurboVap LV
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Evaporator, Caliper) to avoid introducing orgaracton into the influent water. The PFAS residue
was vortexed and dissolved in 10 mL of influent water and added tgadidh highdensity
polyethylene influent container (Dynalon Labware). The centrifuge tube containing the residue
was rinsed another Sries with influent water to ensure PFAS were completely transferred to the

influent container.

4.2.3Anion exchange resins

Two singleuse AlX resins (Resin A and Resin B) were tested in this study (TakX
resins were crushed using a mortar and pestletlzam sizefractionated by wet sieving with
deionized water to capture 20@30 U.S. mesh fraction [mean pal# diameter0.07 mm).

Crushed AlX resins were dried in a vacuum desiccator at room temperatur@ (20 and stored

in a dry state until use. Prito packing RSSCT columns, the desired mass oAtXyresin was
soaked in deionized water and placedaivacuum desiccator for at least 24 hours to ensure
hydration and elimination of air from void spaces.

Table7. AIX resins.

Parameters Resin A Resin B
AIX resin type Gel Macroporous
Polymer matrix Polysty.re.ne crosslinked with Polysty.re.ne crosslinked with
divinylbenzene divinylbenzene
Functional group Complex Amino N-Tri-Butyl Amine

4.2.4Rapid smalscale column test

RSSCTs were designed based on the CD design approach wijperiect similitude to
simulate 1.5 min EBCT pilot tests for the tests with groundw&ev3, GW4, andGWS5) and 1.7
min EBCT pilot tests for the tests with surface wa@wW(@ and SWB The bed deth of the

RSSCTs with 1.5 min simulated EBCT is about 10% less than the RSSCTs with 1.7 min simulated
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EBCT. Howeverthe effect on PFAS breakthrough is negligiblevéifue> 0.05) (see Appendix
A.8). The RSSCT specifications can be found in T&ble

Table8. RSSCT specifications.

Simulated EBCT 1.5 min 1.7 min
Resin Resin B Resin A Resin B

Particle size mm 0.07 0.07 0.07
Flowrate mL/min 2.23 2.23 2.23
V) m/hr 16.9 16.9 16.9
EBCT S 0.905 1.060 1.026
Column Diameter cm 3.175 3.175 3.175
Bed Length cm 0.425 0.498 0.482

RSSCTs were built in upflomode using polypropylene tubing and Swagelok stainless steel
tube fittings. Glass wool was packed below and above the AlX resin bed to prevent bed migration.
Influent water was pumped into the column using an HPLC pump (L.AT2Ghimadzu,
Columbia, MD) The RSSCT saip is shown in Figure 3 The AIX resin bed was packed
carefully to prevent the introduction of air bubbles into the column. Before pumping the influent
water into the column, the column was flushed with deionized water at the desigmatéoferr
one d¥ to stabilize the AIX resin bed. Two effluent samples, one for PFAS analysis and one for
TOC and UV254 analysis, were collected periodically using an autosampler designed dnd built
the author Samples were stored at 4until analysis

Two control RSSCTs with no AIX resins were conducted to ensure that PFAS leaching
and PFASuptakein the absence of AlX resins was negligible. The influent water used in the two
control RSSCTs was ultrapure water without spiked PFAS, and ultrapure wiaest gith 100
ng/L of each of the 23 PFAS. Based on the control RSSCTs, PFAS removal or leaching from the

columns without AIX resins was negligible (see Figuréa®d S).
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4.2 5Water matrix effect

4.2.5.1TOCeffect

TOC effects were investigated by conducting RSSQGT surface water and groundwater
at different TOC levels. Low TOC surface water was obtained by dil8Wdey(TOC =221 mg/L)
to two low TOC water (TOC = 1.18 mg/L and 0.71 mg/L) with deionized water. After dilution,
salts were spiked into the diluted wato keep major ions (chloride, nitrate, sulfate, bicarbonate,
magnesium, calcium, potassium, sodium) at the same level as the undiluted water to control the
inorganic ion effects. The water characteristics of diluted and undiieédl are presented in
Table 10. For groundwater tests, since the three groundwater were in different TOC levels
originally, they were used asceived. In the diluted and undilut8tV1, a mixture of the 23 PFAS
(Table S1) was spiked to reach a target concentration of ~100 nmgéadh PFAS. In the three
groundwater, a mixture of PFBA, PFPeA, PFHXA, PFHpA, PFOA, PFNA, PFDA, PFBS, PFHXS,
PFOS, HFPEDA, 6:2 FTS was spiked to reach a target concentration of 0.2 nM for each
compound. The experiment design for the TOC effect is presémiTableo.

Table9. experiment design for the TOC effect

RSSCT Simulatec

Water AIX Resin EBCT (min) TOC (mg/L)
SW1 Resin A, Resin B 1.7 2.21
SW1(dilution 1) Resin A, Resin B 1.7 1.18
SW1 (dilution 2) Resin A, Resin B 1.7 0.71
GW3 Resin B 1.5 <0.3
Gw4 Resin B 1.5 1.35
GW5 Resin B 1.5 4.60
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Table10. Water characteristics of the diluted and undilus&d1.

Parameters Unit . . S.W 1 ——
Undiluted Dilution 1 Dilution 2
pH - 6.92 7.01 6.84
TOC mg/L 2.21 1.2 0.7
uv254 abs/cm 0.039 0.020 0.010
Conductivity ns/cm 170.5 175.0 173.7
Alkalinity mg/L as CaCO3 7.5 8.5 7.8
Na* mg/L 23.0 23.8 24.3
Mg?* mg/L 1.7 1.7 1.6
ca* mg/L 4.5 4.7 4.6
K* mg/L 2.8 2.7 2.8
NOs mg/L 2.7 2.8 2.8
SO# mg/L 50.8 52.4 51.2
Cr mg/L 8.4 8.5 8.4
HCOs mg/L 7.0 8.2 7.4

4.2.5.2Inorganic ion effect

The inorganic ion effect was investigated by conducting RSSCT S8W3 and GW3
spiked with different inorganic ions. The inorganic ions spiked include chloride, sulfate,
bicarbonate, nitrate, and a mixture of all four ions. All ions were added in sodium Torm.
investigate cation effects, one more matrix was prepared by adding/B afgotassium sulfate
in SW3. Two matrices without additional ions were prepared with SW3 and GW3 for control tests.
The experimental design is summarized in Tddleln the tests wittBW3 a mixture of the 23
PFAS (Table S1) was spiked into the 8 ntaf to reach a target concentration of ~100 ng/L for
each PFAS. In the tests wi@W3, a mixture of PFBA, PFPeA, PFHxA, PFHpA, PFOA, PENA,
PFDA, PFBS, PFHxS, PFOS, HFHTA, 6:2 FTS was spiked to reach a target concentration of

0.2 nM for each compound.
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Table11. Experiment design for inorganic ion effect

RSSCT
. Simulated , Concentration

Water AIX Resin EBCT lon spiked (meg/L)

(min)
SW3 Resin A, Resin B 1.7 Control -
SW3 Resin A, Resin B 1.7 Chloride 3.0
SW3 Resin A, Resin B 1.7 Sulfate 3.0
SW3 Resin A, Resin B 1.7 Sulfate (potassium form) 3.0
SW3 Resin A, Resin B 1.7 Bicarbonate 3.0
SW3 Resin A, Resin B 1.7 Nitrate 15
SW3 Resin A, Resin B 1.7 Nitrate 3.0
SW3 Resin A, Resin B 1.7 Mix 3.0 for each
GW3 Resin B 1.5 Control -
GW3 Resin B 1.5 Nitrate 3.0
GW3 Resin B 1.5 Mix 3.0 for each

4.2.6Mathematical model to describe PFAS breakthrough curves

PFAS breakthrough curves from RSSCT were described using the pore and surface
diffusion Model (PSDM) in AdDesign8 (Mertz et al., 1999; USEPA, 202® obtain the

Freundlich adsorption capacity K, (mg/g)(L/nmg)*" and 10% breakthrough bed volume (BV10).

In the model, the Kix and surfacego-porediffusion flux ratio (SPDFR) were adjustedtil the

simulated breakthrough curves matched the experimental RSSCT data. Increasing SPDFR

increases the steepness of the simulated breakthrough curves. However, when SPDFR reaches over

30,

the experimental RSSCT data, the film diffusion coefficient was manually adjusted from the
correlated value to further increase the steepness of the simulated breakthrough curves. Changing
the SPDFR value and film diffusion gnthanges the kinetic of the test and does not affect the
determination of Kix. The number of axial elements, axial direction, and radial direction had no
impact on the simulation results in this study and were set at 6, 8, and 3, respectively. Mass trans

parameters, including film diffusion coefficient, surface diffusion coefficient, and pore diffusion

t

he simul ated

breakt hr o uS§DFR of 30 canact desciaba 0 t
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coefficient, were estimated in AdDesigifSusing the Gnielinski correlatiaiiRoberts et al., 1985)
Sontheimer correlatiorfSontheimer et al., 1988andO | 1, respectively, where the liquid
diffusion coefficient QO ) was obtained from Hayduk & Laudi{@974) and the tortuositytj was

i nput by the wuser. Adsor bent t or t was assumgd wa s
maxi mi zed. The Freundlich exponent (1/ n) was
found to be independent of the influent PFAS concentration, as described in the results section.
PFAS breakthrough curves with <30% breakthrough at thi@®a column test were not simulated

to avoid introducing uncertainty ind& determinations.

4.2.7PFAS and water quality analyses

PFAS concentrations were quantified using liquid chromatography and tandem mass
spectrometry (LEMS/MS) (1260 LCi Ultivo MS, Agilent Technologies, Santa Clara, CA)
equipped with a 4.6 x 50 mm higlerformance liquid chromatography (HPLC) column
(ZORBAX Eclipse Plus C18, 3.5 em, Agilent Tec
injected twice at hi gsourcedsBeath gas tampdraturecovmaxindize 0 )
responses for the targeted PFAMeng et al., 2022; Pétré et al., 202Detailed PFAS
guantification methods are providedAppendix A.2

TOC was measured using a TOC analyzer (TVISH/CSN, Shimadzu, Kyoto, Japan),
and UV254 was measured by a spectrophotometer (Hach DR 5000) wi ajBartz cuvette.
Sodium, calcium, magesium, and potassium were measured by cation chromatography (DIONEX
ICS-2000, Thermo Fisher Scientific, Waltham, MA). Chloride, nitrate, and sulfate were measured

by anion chromatography (DIONEX IG&®00+, Thermo Fisher Scientific, Waltham, MA).
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Bicarbonde concentrations were calculated from alkalinity values determined by titration with

0.02 N or 0.002 N sulfuric acid.
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4.3 Results and Discussion

4.3.1PFAS structure effect

The RSSCT breakthrough curves of the 23 studied PFAS in four classes with 3 to 9
fluorinated carbons (Table S1) were compared to investigate the PFAS structure effect on PFAS
removal by AIX resins. Figur#6 and Figurel7 show the scaled RSSCT breakthrowginves of
the 23 PFAS with resins A and B. The breakthraugtPFAS were separated because the PFAS
migrated through the column at different speeds, indicatiagthe 23 PFAS have different
affinities to the AIX resins. The compounds with lower affinio AIX resins would reach
breakthroughs earlier in the AIX resin bed. Moreover, the compounds that broke through earlier
had steeper breakthrough curves than the later breakthroughed compounds, implying that the early
breakthroughed compounds had fastemption kinetics. This phenomenon is exhibited because
the compounds with lower affinity to AlX resins had a shorter mass transfeflzamel SenGupta,

2000)

Additionally, a chromatographic effect was observed as the breakthrough for early
breakthroughed PFAS increased to >100% before slowly decreasing to around 100%, indicating
competition between PFAS and other cdostits in the water. This phenomenon occurred
because more removable constituents in the water took over the exchange sites occupied by the
less removable compounds, causing desorption of the less removable comgdendsame
chromatographic effect wassal seen in the previous PFAS sorption studies on AIX (€3iow

et al., 2022; Maimaiti et al., 201,8pAC (Appleman et al., 2013and soil(Gellrich et al., 2012)
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PFAS chain length had a strong impact on PFAS uptalkdXmesins. For a given PFAS
subclass, Kix increased exponentially with the PFAS chain lengifined here athe sum of
carbon (including branched), ether oxygen, and sulfur atoms (FitgAg This loglinear
relationship between PFAS chain length @i uptake capacity was also discovereddhow
et al. (2022)n pilot studiesFurthermore, PFAS with the sulfonic acid groups were found to have
a higher kux than PFAS with the carboxylic groups with the same PFAS chain length, consistent
with previous stuigs (Applemanet al., 2014; Liu and Sun, 2021; McCleaf et al., 2017; Murray et
al., 2021) For example, PFBS with four perfluorinated carbon atoms and a sulfonic acid head
group had a higher A&« than PFPeA with the same number of perfluorinated carbon atoms and a
carboxylic acid head group. Moreover, fully flucated PFASvere found tdhave higher uptake
capacities than partially fluorinated PFAS. 6:2 FTS is a polyfluorinated compound with two
hydrogenated carbons and a sulfonic acid group. Considering the sulfonic acid head group, 6:2
FTS should have a highenk than PENA, which has the same chain length and a carboxylic acid
group. However, the kx for 6:2 FTS (Kux=29.1L/g) is 38.6% of that for PFNA (kx=766.5
L/g) (Table S2), implying that replacing fluorine atoms with hydrogen atoms decreaged K

Comparing different PFAS subclasses, the insertion of ether oxygersdecreased Kx
for a given chain length,e., Kax valuesof PFECAs were lower thatmose ofPFCAs with the
same chain length (FigurBA). For examplePFAS with a chain length of 6PFO2HXA and
PEPA with ether oxygen atoms had lowetixKvaluesthanPFHxA without ether oxygens (see
Figure 18A). However, the effect of ether oxygen can be viewed differently if the number of
fluorinated carbons is used as the reference framework §48Bj). While ether oxygen showed
a negative effect with a given PFAS chain length (Figug#), the effect became positive for a

given number of fluorinated carbons (Figur@). Our findings regarding the effect of ether
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oxygen on PFAS affinity for ionxehange resinsas determined from RSSCTs consistent with
those ofLiu and Sun (2021)who conducted batch studieShey found that ether oxygen

increased PFAS=moval capacity when using the number of fluorinated carbons as the reference

framework.
A - PFNA B -
1000 B o 1000 + g o
:_ (o] 4.”’ A ,“’. :— o] ,'. l—”
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183 (/(A\A,x) = -0.0467 + 1.15)(;;'?2 =0.98 18°- U,(I:A'X) =-446+ 3.2?x, Rz =098
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Figure 18. Effects of (A) PFAS chain length (the sum of carbon (including branched), ether
oxygen, and sulfur atoms); (B) the number of fluorinated carbons; (C) and@D)on Kaix;
Resin: resin A (black) and resin B (turquoise); Water: (A)(B)(C) SW1, (D) G3V&4, andGWS5.

See discussion for labeled compourtéets. panel C and D, y axis is nonlinear and ranges from 27
to 5832.

74



4.3.2Quantitative structurgroperty relationship

To explore how different structural features affegixkquantitatively, a QSPR that can be
used to predt Kax based on PFAS structural featuneas developedin this QSPR.the
normalized chain lengifNCL) for each PFASvas calculated. The NGk linearly correlated with
the cube root of Kx. The QSPR works well in different treatment scenariés (®9), including
resin A and B irSW1(Figure18C) and resin B itcW3, GW4, andGWS5 (Figure18D).

The equatioffior determiningNCL was developed based on a graagmtribution approach.
PFAS were divided into seven structural fragments (TaBjeeach with acontribution factor.
The contribution factors were obtained from the regression coefficients of multilinear regressions
built between the cube root ofalk and the number of each PFAS structural fragmg&quftion
(4.2)]. A multilinear regression based the log10 transformation of A& was also tested but did
not meet the assumption of homoscedasticity. The multilinear regressions were developed based
on the Kux obtained from the RSSCT conducted with resin A and BWiL The adjusted R
valuesof the rgressionmodek are 0.984 and 0.987 for resins A andré&spectively,and the
residuals of the regressions are normally distributed with constant variamati¢p>0.05 for
ShapireWilk normality test and studentized Breudehgan test). The diagnostitots for the
multilinear regressions are presented in Figure3 &id S#. For ease of comparison, the
coefficient for each structural fragmeht ) was transformed by dividinity by the coefficient for
the-CF- group [ ) (Table12). Thistransformation makes the coefficient for th€F2- group
Al. 00o0. I n t he muduésiassaociatedavith the eogfiicieitr thhe-@OOHB and p
-CHF groups were larger than 0.05 for both resins A and B. Therefore, the imp&@Qifi and
-CHF on Kax were insignificant, and the transformed coefficients of these two structural

fragments were set to A0.000. The t reahibisedl or med
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negligible differences suggesting that these transformed coeffieientsot restricted to a single

type of AIX resin, and each structural fragment has a fixed impact compared-@Ftheroup.

The transformed coefficients of resin A and resin B were averaged to obtain the contribution
factors of each structural fragmefiiable 12). Finally, The NCL for a given PFAS is calculated
from the sum of the products of the contribution factors and the number of structural fragments in
the PFAS Equation(4.2)].

The number of structural fragments and NCL for each PFAS were surechami Table

S13.

0 f T(')" T 0 T 0 T 0 T 0 T 0 1)

T 0
0 d
€0 & QIGIiol 0 OED WA QWA QQL DO Y

I dQe (‘J'Q‘lécfinﬁ"@‘l Qi i Q¢ ¢
Td QQi Q iOE QERQUIEMAE @ OO HRAWE O
000 O ™ U & 0 ") P& U (4.2)
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Table12. Group contribution of PFAS structural fragments on NCL.

Resin A Resin B
Structural fragment Transformed regression coefficients Contribution factor
(estimated + standard error)

-CR- 1.00 1.00 1.00

-O- 0.33+0.04 0.37+0.04 0.35

-SG;H 4.13+0.21 4.51+0.20 4.32
-COOH 0.00 0.00 0.00
-CHy- -2.16+0.17 -2.43+0.16 -2.29
-CHF 0.00 0.00 0.00
>CRCH 1.63+0.16 1.65+0.15 1.64

i The carbon inRCF>- can be connected to either two carbon atoms, one carbon and one fluorine atom, or

one fluorine/carbon and one oxygen atom (e.g., PMPA, PEPA).

I, The two atoms connect t o0>0CRin"eCFE€R"canmoybgen and a
counted as-CF-".

* -CF>- does not have standard error because its coefficient was obtained by dividingd@&lfH and

CHF- do not have standard errors because the impact from these two structural features is negligible an
was manually set to be 0.

The contribution factors give us a quantitative understanding of the impact of each
structural fragment on PFAS affinifgr AlX resinsrelative tothe impact fromadding a-CF-
group. For example, adding one ether oxygen atom is equivalent to addiraf 8-83- group,
while adding oneSQOsH group is equivalent to adding 4.32F2- groups, and adding one branch
structure (>CFCRs) equals adding 1.64CF2- groups. In contrast, adding-&€H- group was
comparable to removing 2.28F-groups Our contritution factors fothe-SO:H group and >CF
CRs are consistent with the findings Ghow et al. (2022)who conducted pilot scale studies to
investigaé PFASuptake bytwo AIX resins. They found that the PFSAs reached breakthroughs
after the PFCAs with-% more fluorinated carbons. For example, perfluoropropane sulfonic acid
(PFEtS) (number of fluorinated carbons = Bgached breakthrough after PFHgAumber of
fluorinated carbons = 6)Additionally, they found that PFAS branched isomers broke through
between their linear isomers and the homologs with one less fluorinated carbon, consistent with

the contribution factor of >GER obtained in this study. e >CFCR fragmentadds two
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fluorinated carbons into the PFARucturebut only increased PFAS affinifpr AIX resins by
1.64 times of aCF- group

The QSPR is useful when information is needed for compounds that reach breakthrough
late in AIX resin columns and for which data may be lacking. In this case, the regression can be
established with a few compounds that break through early, and uptakéieapac other
compounds can then be predicted based on their NCL. For example, the &&taA$othat break
throughearly, such as PMPA, PFBA, PFPeA, and HAPA) can be more quickly obtained than
the data for compoundbat break through latesuch as?FOA. To predicKax for PFOA,one
can develop a simple linear regression between NCL apdf&r PMPA, PFBA, PFPeA, and
HFPODA, thenpredictthe Kaix for PFOA based on the NCL of PFOA (Figur®. This method
works for any PFAS of interest (unlabeled points in Fidi)eas long as their structural feature

can be described with the structural fragments listdabie12.

3
12°1 .~
(Kax) =0.0798 + 1.1 x, R?=0.98
A .
103+ Training data o 8
o QObserved 39'
S L e PFOA
o g34 e Predicted o5
= 8 O M. PFOA
% 3
g 6"
4%
23_

2 4 6 8 10
Normalized PFAS Chain Length

Figurel9. Applicationof the develope@SPR o predict Kux. Shaded area: 25% variance inK

See discussion for labeled compountfater: SW1. Resin: Resin A.
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For water utilities, Kix aloneis generallynot sufficientfor decisioamaking because this
parameter only r e tapaeity bus nottsbrgionrkireticdpiaéekineticparea k e
important because the changat of theAlX resin is normally determinechearthe onset of
breakthrougHhor a criterion PFASPFAS with higher Kix tend to exhibislower uptakekinetics
and, thus an early onset of the breakthrough. Therefore, the most useful prediction for water
utilities would be the prediction @ntirebreakthrough curves. We found that BV10 has a linear
relationship with ki for the evaluated PFAG-igure 98). Thus, BV10 can be predicted using
the predicted Kix. For example, the kx and BV10 ofPMPA, PFBA, PFPeA, and HFRDA
were usedo predict the Kix and BV10 of the other studied PFAS in the RSSCT conducted in
SWlwith resins A and BFigure S19)This prediction is very accurate as the majority (over 83%)
of the predictions fall within th£25% variance. With the predicted K and BV10, we capredict
the entire breakthrough curve from the PSDM simulation AdDesignS™ by entering the
predicted Kix and adjusting the SPDFR and film diffusionefficient until the breakthrough
curve passes the (BV10, 0.1) point. Using PFOA as an example, E@sinews the comparison

between predicted and observed breakthrough curves.
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Figure20. Comparison between the observed and predicted PFOA breakthrough curves. Water:
SWL1 Resin: Resin A. Shaded area: +20% variance.

It needs to be noticed that the intercept and the coefficient of the simple linear regression

for predicting Kaix and BV10 are not the same for different resind water matrices (FiguisC,

18D, and Figure ). This difference is because water matrices can affect PFAS removal on AIX

resins. Details about the water matrix impact on PFAS removal are discussedaxtisection.

Moreover pseudesingle solutenodels that can be used to predict PFAS removal in different water

matricesfor the two tested resinvgere developed.
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4.3.3TOC effect

TOC has a negative impact on the PFAS uptake of AIX resins. FajushowsPFHpA
breakthrough curves under three TOC levels. With increasing TOC levels in the influent water,
PFHpA reached the breakthrough much earlier. Moreover, the TOC effect on PFAS removal
efficiency is nonlinear. As TOC increased by 0.47 mg/L from 0.71 nmg/L 18 mg/L, the bed
volume at 10% breakthrough (BV10) for PFHpA decreased by around 30% (21.2 kBVs) for resin
A and B. However, when TOC increased by 1.03 mg/L from 1.18 mg/L to 2.21 mg/L, BV10 for

PFHpA decreased by only approximately 24% (17.1 kBVS).

PFHpA
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e o
)
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Figure 21. PFHXA breakthrough curves under different TOC levels. Dashed line: PSDM
simulation. WaterSW1

This negative nonlinear effect from TOC on PFAS uptake was consistent among the tested
PFAS but to different extentsFRS that reached breakthrough later was more affected by TOC
than those that broke through earlier (Figz@e For example, increasing TOC from 0.71 mg/L to
2.21 mg/L only decreased the BV10 of PFBA by 13% but reduced the BV10 of PFHpA by 53%

for resin A.The varying extent of the TOC effect is likely attributed to the continuous fouling of
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AIX resin. The fouling of AIX resin slowly built up through the operation period. Therefore, the
compounds that broke through later are more affected by AIX resindahian those that reached
breakthrough earlier. Furthermore, when the fouling increased to a certain extent, the hindrance of
PFAS removal efficiency from TOC was slowed down. As shown in Fig@revith increasing

TOC levels, the BV10 decreased rapidly the early breakthroughed compound (the compounds
that reached BV10 before 100,000 at TOC of 0.71 mg/L). Then the decreasing trend became less
drastic for the PFAS reached the breakthrough I&tigure 23 shows the TOC breakthrough
curves from these R€3's. As can be seetine TOC breakthrougturvesreached dlat region at

around 100,000 BVs, indicating the TOC loading is closed to saturate, and the fouling speed started
to decrease. Thus, the PFAS that broke through after 100,000 BVs was influerecathiar

extent of TOC impact and exhibited similar reductions in BV10 with increased TOC. Additionally,
the TOC effect wastound to beindependent of the AlX resin type-(Rlue > 0.01) (Figur@2).

In Figure 23 we can sedhat the TOC breakthrougin resin A (gel type) and B (macroporous)
overlapped for a given TOC level, indicating that the fouling rate of resin A and B were identical.
Thus, resin A and B displayed the same reduction in BV10 with increasing influent TOC levels.

Increasing TOC from 0.71 mg/L

to 1.18 mg/L to 2.21 mg/L
A A ResinA
0%- ______________________________ . -
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Figure22. Percent change in BV10 of increasing TOC from 0.71 mg/L to 1.18 mg/L and from

0.71 mg/L to 2.21 mg/L. Water: SW1.

Bed Volumes (x1000)

Figure23. TOC breakthrough curve®ater:diluted and undilute@&W1.
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The same TOC effect was found in the RSSCTs conductedGMtB, GW4, andGW5

(Figure24). PFASwere most effectivelyemoved in the RSSCT conducted wakv3, which hal

the lowest TOC, followed bsW4 andGWS5. However, PFBA and PFPeA were better removed

from GW5 (TOC = 4.6 mg/L) thafrom GW4 (TOC = 1.35 mg/L) with a lower TOC level. &ke

exceptions are likely due to the presence of nitra@Wy (Nitrate = 17 mg/L). Details about the

nitrate effect are discussed in the next section.
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4.3.4inorganic ion effects

Among the four ions, nitrate hindered PFAS removal by AIX reswvelBe < 0.01 for both
resin A and resin B), while chloride, sulfate, and bicarbonate showed a negligible effatigP
> 0.01) (Figure25). This finding is consistent between surface watel groundwater (Figus).
The inorganic ion effect on the breakthrough curves of the other PFAS can be féymebndix
B.1

The impact of nitrate on PFAS removadas nonlinear with respect tthe nitrate
concentration in the water matrix. Increagmtrate concentration from 0.0 meg/L to 1.5 meg/L
had a moresubstantiaimpact on PFAS removal than that from 1.5 meg/L to 3.0 meg/L. For
example, the BV10 of PFOA on Resin A decreased by 55% (35.8 kBVs) when increasing nitrate
concentration from 0.0 ngél to 1.5 meqg/L. However, increasing nitrate concentration from 1.5

meq/L to 3.0 meg/L only decreased the BV1GhyadditionaR4% (15.5 kBVS).
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Figure 25. Effect of inorganic ions on PFAS removal by AIX resins. Dashed lir&DN®
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Figure26. Nitrate effect on PFAS removal by resin BGW3. Dashed line: PSDM sinfation.

Becausenitrate was the only inorganic ion that affect PFAS removal among the four
ions, the breakthrough curves were grouped based on nitrate addition and fitted with PSDM
simulation to obtain BV10 for each PFAS. By comparing the relative changes of iB\48
presence of 1.5 meg/L or 3.0 meqg/L of nitrate,can seehat the effect of nitraterasdepended
on the NCL (Pvalue < 0.01) (se€igure 27). PFAS with shorter NCL were more affected by
nitrate addition. The chain lengtlependent nitrate effect might be due to the different dominant
sorption mechanms between the short and long chain PFAS. AIX resin removes PFAS by
electrostatic and hydrophobic interacsorsince the hydrophobic interact®imcrease with
increasing PFAS chain length, the sorption of longer chain PFAS is attributed more to hywrophob
interactiors, while the sorption of shorter chain PFAS relies more on electrostatic intesatction
and Sun (2021yused 10% brine solution to regenerate PHa®#®N AIX resin and found that
shorter chain PFAS had higher regeneration recovery than longer chaingRigg&stinghat the

sorption of shorter chain PFAS is attributed more to electrostatic interm@®an inorganic ion,
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nitrate can only affect PFASption through electrostatic interact®rmherefore, PFAS with

shorter NCL were more affected by nitrate.

Increasing nitrate from 0.0 meqg/L

to 1.5 meq/L to 3.0 meqg/L
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Figure27. Percent change in BV10 of increasing nitrate from 0.0 meg/L to 1.5 meg/L and from
0.0 meg/L to 3.0 meg/L. Wat: SW3

The two tested resins were affected by nitrate, but not sulfate, indicating that these resins
are similar tonitrateselective resins. Nitratgelective resins have more hydrophobic and bulkier
functional groups and longer distances between neighboring exchange sites than common AIX
resins targeted for chloride and arsenic removal. These features createsteeatezsistance to
more hydrated divalent sulfate than monovalent nitrate on the AIX r&am&Gupta, 2017)t is
not coincidental that these two tested resins have ngedetive properties. Nitratelective
resins and the PFAfargeted AlX resins have shared key properties: the hydrophobicmasin
and functional group. For nitratelective resinSoldabv and Bychkova (198&}tudied the effects
of resin matrix and functional groups on sulfate/nitrate selectivity and founa pgaystyrene

resin matrix, which is more hydrophobic, offers higher selectivity for nitrate dtotyacrylic
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AIX resin. Guter (1984)studied the selectivity of nitrate over sulfate on resirhwitmethyl,
triethyl, tripropyl, and tributyl quaternary amine functional groups and found that nitrate selectivity
increased with increasing functional group hydrophobicity. For Pta#geted resin, Zaggia et al.
(2016) compared PFAS exchange capacdfabree AlX resins with different functional groups
and found that the PFAS affinity to AlX resin increased with increasing AlX resin functional group
hydrophobicity. Liu and Sun (2021found that polystyrene AIX resins had higher uptake
capacities than polyacrylic AlX resins in PFAS removal. Therefore, it is likely that the AlX resins
with good performance in PFAS uptake are sensitive to the presence of nitratevatehmatrix.
Moreover, since nitratselective resins generally have good selectivity to peratlgoerchloate
could also affect PFAS uptake by AIX resin

As nitrate negatively affects PFAS removal the AIX resins evaluated herewvater
treatmentplants should reduce the nitrate concentration in the influent water to reach the best
performance of AlX resin. When treating nitraiteh water, AlX resins need to be replaced more

frequently than water with low nitrate content.

4.3.5Comparison between thermtrolling factors

Sectiongl.3.1 t04.3.4 show that the resin use rate is controlled by PFAS properties, nitrate,
and TOC. Howevethe relative impact of eadhctoris unclearBy comparing the Kix of PFAS
in different treatment scenarios in a heatn(l@gure 28), we can sedhat the effects on PFAS
uptake capacities follow the sequence of PFAS properties >>Nitrate concentration>TOC. In Figure
28, the color of the heatmap represents the valueagf. s the Kux increases, the color of the
heatmap cedl gradually changes from blue to red. Thaxis of the heatmap is the PFAS, sorted
by NCL from smallest to largest. The color of the heatmap changed gradually from blue to red

from left to right as the NCL increased. Thaxis is the water matrix condins and resins. The
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color change from top to bottom reveals the TOC and nitrate effects on the two tested resins. For
example, the color of PFHXA changed gradually from red to blue when TOC increased from 0.7
mg/L to 2.2 mg/L, and nitrate concentrationrg@sed from 0 meg/L to 3 meg/L, implying TOC

and nitrate hindered PFAS removal on resin A and B. From the overall color chengan see

that the color change in the horizontal direction is much more drastic than in the vertical direction.
Thus, PFAS prperties had the most significant impact opxK followed by nitrate and TOC

concentration.
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4.3.6Predicting PFAS removal in different water matrices

Pseudesingle solutenodek were developetbr resins A and Bo predict Kax and BV10
for PFAS fromPFAS structurateatures and water matrcharacteristics. This model predicts the
Kaix and BV10 of PFAS on resins A and B in water matrices witle ranges of OC and nitrate
concentrationsEquatiors (4.3) to (4.6)). The four models meet the regression assumptions of
linearity and have a normally distributed residual with constant variance. The diagnostic plots are
presented in Figure2B. The models were crosslidated using the Leav@neOut Cross
Validation (LOOCV) method. The results of LOOCV are summarized inréig@ Overall, the
models give a accurate prediction as over 83% of the predictions fall within the 50% variance
from the observed valuglsing the predicted kx and BV10 values, researchers can predict the
entire PFAS breakthrough curve with the PSDM using AdDé¥igas demonstrated in section
4.3.2. These models are developed for column tests with Sh of 79.2. To apply the models at other

fixed bed conditions, e can calculate the Sh of the targeted colump &k and scale up the

Kaix and BV10 by multiplying the Kx and BV10 by a factor of "YQ Tx @. Details about

the scaleup approach were discussed in Chapter 3.

Resin A Adj-R?
0 Tocp@XxEFd ORGP TAFd Ry
mxd Fd A kr

MBom xBpcpBpkrd vBowg. iofod rd 4 FF |0 (44
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0 PR rd B o i wd Fd R 1oy
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Figure29. LOOCYV for water with different TOC and nitrate concentrations. A and B: Resin A; C
and D: Resin B. Labels: Percage of predictions that fall within + 50% variance from the
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4.4 Conclusion

The factors determining AIX resin use rate in PFAS treatment include PFAS structure,
TOC, and nitrate concentrations. The other tested major anions, including chloride, sulfate, and
bicarbonate, had an insignificant impact on PFAS removal at a concenwétiup to 3 meq/L.
Among the three determining factors, the PFAS structure has the most significant impact.

For the PFAS structure effect, different PFAS structures affect PFAS uptake on AlX resins
differently. In a given PFAS subclass, the affinity 885 on AlX resins increased with increasing
PFAS chain length. With a given PFAS chain length, PFAS with sulfonic acid head groups had a
higher affinity to AIX resins than PFAS with carboxylic acid head groups. Moreover, for a given
PFAS chain length, theFAS with ether oxygern(e.g., PFMOAA)or hydrogenated carbons (e.qg.,

6:2 FTS) had lower PFAS uptake capacities. Based on the structure effect, a QSPR which
guantifies the impact of 7 PFAS structural featuireduding-CF2, -O-, -SO:H, -COOH,-CH>-,

-CHF- and >CFCF3, on PFAS uptake by AIX resingere developedThe contribution ratio
between these PFAS structural fragments.@€:10.35: 4.32: @0 -2.29: Q00: 1.64.Using the
QSPR, water utilities and researchers can predict the breakthrough cuheBBAS that reaches
breakthrough late with the breakthrough information of the early breakthroughed compounds. This
prediction can help cut the time needed for the preliminary tests and the cost of purchasing
expensive PFAS standards.

Both TOC and nitite decreased the PFABtake capacitiesf AlX resins. Moreover, due
to the accumulation of fouling through the operation, PFAS that reached breakthroughs late were
more affected by TOC than PFAS that broke through early. For the nitrate #ffecesarch
showed thathe compounds with shorter NCL were more affected by nitrate citain length

dependent nitrate impact is because the sorption of the PFAS with shorter NCL relies more on
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electrostatic interactions, which are more affected by nitrateedBas the water matrix impact,
pseudesingle solutemodek for the two tested AIX resinthat can be used to predict PFAS
removal on AIX resin in water matrices walwide range of OC and nitrate concentrationgre
developedThe QSPR was embeddadthis pseudesingle solutemodel, so the PFAS structure
effect is also considered.

The two models developed in this chapter help design future AIX treatment processes in
the context of PFAS remediation and drinking water treatment. The QSPR focuses on $he PFA
structure effect. It can predict PFAS breakthrough curves in a given water matrix with a given AlX
resin based on the breakthrough information of the other PFAS in the same water matrix and on
the same AlIX resin. The QSPR is not restricted by the waiennand AlX resins. It is applicable
as long as the breakthroughs to be predicted are in the same water matrix and AIX resins as the
training datasets. Furthermore, psesdgle solute models were developed by adding water
matrix effect information tohte QSPR. It is more straightforward than the QSPR. The pseudo
single solute models can predict PFAS breakthroughs based on only three parameters, the NCL of
the PFAS, TOC, and nitrate concentration. However, the psgndt® solute models only apply
to the two AIX resins studied in this research and have a lower accuracy (within 50%) than the
QSPR model (within 25%). Nevertheless, considering how little information is needed to apply
the prediction, the pseudiingle solute models are useful to provide@iniation for the design of
bench or pilot-scale column experiments and to obtain a first estimate for assessing the feasibility

of AIX processes for PFAS removal.

95



CHAPTER 5 THE SORPTION MECHANISMS OF PFAS UPTAKE ON AIX RESINS

5.1 Introduction

Many studies have found effective PFAS removal by AlX rednsit et al., 2020; Liu
and Sun, 2021; Zaggia et alQ15) However, the sorption mechanisms of PFAS uptake on AlX
resins have not been comprehensively studied.

AIX is a process in which the ions in sban are exchanged with loosely associated ions
with the same type of charge on the external or internal surface of ion exchange materials. The
exchange is based on the electrostatic force between the functional groups and free ions in the
solution. Thereadre, electrostatic interactions are always involved in the ion exchange process.
Depending on the type of sorbates and sorbents, sorption mechanisms other than electrostatic
interactiors canalso contribute to sorbate uptékéor example, hydrophobic intezions in the
sorption of hydrophobic ionizable organic compasi(idlOC) (Li and Sengupta, 1998) ewis
acid-base interetions in the sorption of transition metal cations, and ligand exchange with metal
oxides (SenGupta, 2017). PFAS meet the definition of HIOC as these compounds have ionized
head groups and hydrophobic moieties. However, whether hydrophobic intesacgovolved
in theuptakeof PFASby AlX resinsis debatedh the literatureThe evidence supportirigat both
electrostatic and hydrophobic interacti@re importaninclude (1) the affinity of PFAS to AIX
resirsincreass with increasing PFAS hydropholitie (Maimaiti et al., 2018; Zaggia et al., 2016)

(2) in the regeneration of PFAS laden AIX resin, both brine and organic salreeméeded to
reach a high PFAS recoveflyiu and Sun, 2021; Maimaiti et al., 2018; Zaggia et al., 2041&]
(3) PFASuptake exceeded the release of counterions in batch experimemsi@sgichiometric
exchange between the sorbed PFAS and released AlX resin count@iemg et al., 2010; Zaggia

et al., 2016)
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It is worth noting thathe stoichiometic exchange between PFAS and the counteri®ns
inconsistent betwen studies, as summarized in Tad& Researchers who found the
stoichiometric exchange between PFAS anddfdted that ion exchange is the onigtake
mechanismé.g.,Dixit et al., 2019, 2020 Some studies found PFAS uptakeeededl release
which likely resuledfrom highinitial PFAS concentrations. PFAS have surfactant properties and
can form micelles or henmicelles when they exceed thtical micelle concentratiorc(ng). For
the studies with nostoichiometric reactions, the initial PFASno@ntrations were very high.
Although the aqueous concentrations were below the cmc, they likely exceeded timeertaken
up by theAlX resin. Zaggia et al. (2016) found aggregates on spent AlX resin through transmission
electron microscopy (TEM) analgs which were likely PFOA micelles. Furthermore, Zaggia et
al. (2016) and Maimaiti et al. (2018) found ret@ichiometric reactions in the sorption of leng
chain PFCAs and PFSAs but not in the sorption of PFBA, suggesting that tsermatmometric
resuts could come from the formation of micelles becausertieaf PFBA is much higher than
that of the longchain PFCAs and PFSASs. In the author's opinion, the stoichienesithange
between PFAS and the AIX counterican only prove the existence of ionceange but cannot
reject the existence of hydrophobic interactidn@nd Sengupta (199&)vestigated th sorption
mechanisms of pentachlorophenol (PC®hich isa HIOC, on two AIX resins with different
hydrophobicity. Both AIX resins showed stoichionetexchange between PCé&nd Ci from
batch equilibrium tests. However, the more hydrophobic AlX resin had a higher uptake capacity
in fixed bed column tests, indicating the existence of hydrophobic interactions. Moreover, they
also found that a nefunctionalized AlX resin had little upke capacity for PCPindicating that,
in the uptake of PCPelectrostatic and hydrophobic interactions contribute concurrently, but

electrostatic interactions are a prerequisiteH@P uptake PFAS also fall into the category of
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HIOCs; therefore PFAS are expected to behave similarly to P@#nevirathna et al. (2011)
studied the sorption of four PFCAs on rAmmctionalized ion exchange polymers. They found
effective removafor PFOA and PFDAwith nonfunctionalized ion exchange polymers, proving
the presence of hydropbig interactios. This finding differs from thadf Li and Sengupta (1998)
for PCP, which s likely a resilt of structural differences betwe®&CP and longchainPFCAs.
PFOA and PFDAave lineaalkyl chainghat are likelymore hydrophobithan the aromati®CP
moiety.

Recent studies applied quantum chemical computational approaches to investigate the
electrostatic interactiosof PFAS on AlX resinsPark et al. (20@) investigated PFAS removal by
magnetic ion exchange (MIEX) inar testeland found a strong correlation between total negative
atomic charge of PFASand apparergquilibriumconstantslerived from kinetic modelJ he total
negative atomic charges were obtained by summing the atomic charges of oxygen and fluorine
atoms in PFASThey concluded that the interaction betwd#ennonpolar tail ofPFAS and MIEX
is charge interactiainstead ohydrophobic interacticsbecause theorrelation betweeapparent
equilibriumconstantdor PFASand total negative chargé PFASwasstrongeithanwith the pH-
dependentctanolwater partition coefficient (log &). However,Dudley et al. (2015jound that
organic solvenwvasneededn addition to saltso regenerate PFABden MIEX, suggesting that
hydrophobic interactianplayed an important role in PFAS sorpti®arker et al. (2022%olated
electrostatic interactianfrom hydrophobic interactianby conducting aniomxchange liquid
chromatographynass spectrometry (L-®1S) with an aminopropyl guard column in a pure
methanol system, where the hydrophobicraxtgors wereminimized PFAS weresluted with 20
mM ammonium acetate in methan8ly compaing the retention times of PFRAwith various

structures Parker et al. (2022pund that the PFAS affinitjor the AIX phase resultinfrom
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electrostatic interacti@wasinverselyrelated to PFAS chain length atiek average electrostatic
potential (ESPdf each PFASESPIs the interaction energy of a positive point charge at a location,
usually the van der Waals surface, with the nuclei @edtrons of a moleculéHehre, 2003;
Murray and Politzer, 2011)The average ESP in this paper was dated by averaging the
minimum and maximum ESP of a given PFA®is method of using the pumrganicsolvent
system to isolate electrostatic interact@innovative. Useful data can be obtained with the same
concept to investigate electrostatic intéi@ts in packed bed reactors containiAgX resins that
showed promising PFAS removal.

Understanding theole of hydrophobic interactionn PFAS sorption by AIX resins
important because dtetermines what isotherm equations should be used in predicinkels For
example,Haupert et al. (2021argued that an ion exchange isotherm (Equation 5.1) instead of
empirical singlesolute isotherms, such as the Freundlich and Langmuir isotherm models, should
be used to describe PFAS uptake in the AIX resin because AIX is a competitive process that the
counterions and deprotonated PFAS compete for exchange Kdaegver, f hydrophobic
interactiors play a dominant role, the ion exchange isotherm would not describe the dominant

PFAS uptake mechanism by AlX resins.

o) (5.1)

g: solid phase concentration

C: liquid phase concentration

| : separation factor

A and B: two ion species that compete for exchange sites
T: total ions in liquid or solid phase
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The objectivs of this researchvereto (1) determinePFAS uptakenechanisms by AIX
resins, (2) quantify electrostatic interacsdretween PFAS and AIX resins using DHillices
and (3) investigatenpacts ofPFAS structure on hydrophobic interacstetween PFAS and AlX
resins.To achieve the objectiveid removabf 23 PFAS, including 7 PFCAs, 3 PFSAs, 1 FTS,
and 12 PFEAs with 3 to 9 fluorinated carbon atoms, on-#ygeland a macroporous AlX resin
in ultrapure water (UPW)methanol,and coagulatedsurface watewere conductedsing rapid
smaltscale column tesfiRSSCTs)PFAS partition coefficientsn UPW (Kaix,upw) areassumed
to becontrolled by botlelectrostatic and hydrophobic interactioREAS partition coefficients in
methanol(Kaix,meoH) are assumed to be controlled by electrostatic interactions atnaide
hydrophobic interactions between PFAS and AIX resin should be minimized or eliminated in
organic solvent. As in UPW, PFAS uptake in coagulated surface waters(# should be
controlled by both electrostatic and hydrophobic interactions. Addilyonidax,sw is also
affected by background water matrix constituents, as discussed in Chaptervérify these
hypotheses, PFAS breakthrough curves in methanol and UPW were comijafIgAS
breakthrough curves in methanol RSSCTs m#itoseobtainedin UPW RSSCTSs, theiptakeof
PFASDby AIX resins is controlledby electrostatic interactian If PFAS break through earlier in
methanol RSSCTs than WPW RSSCTstheuptakeof PFASby AIX is due to a combination of
electrostatic and hydrophobictémactions.If negligible PFAS uptake is observed in methanol
RSSCTs, the uptake of PFAfy AIX resinsis governed byhydrophobic interactian To study
the contribution of electrostatic interacteio PFAS uptakeESP anchatural bond orbitalNBO)
atomc charges of theargetedPFAS were calculatedusing the DFT softwareGaussianl6
(Gaussian, Inc, CTUSA) and a multilinear regression equatiaras developed taescribe

Kaix,meon from theseDFT indices To study the contribution of hydrophobic interacsdo PFAS
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uptake the difference between A& from aqueous solutions @& upw Or Kaix,sw), where both
electrostatic and hydrophobic interactions are present, atdwdén, where electrostatic
interactions dominateyere calculated. For UPW, gk upwi Kaixmeon) produced ideal data for
studying hydrophobic interactions. However, only three PFAS reached over 30% breakthrough
before the end of the UPW RSSCT because of high PFAS removal efficiency in UPW. Therefore,
(Kaix,sw 1 Kaix,meon) values weralso used with awareness of water matrix effects to investigate
the correlation between PFAS uptake from hydrophobic interactma PFAS structural
characteristicssuch as chain length and functional groujdditionally, PFAS removal bythe

two AIX redns, one getype and one macroporous,methanol and water was compared
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Table13. lon exchange stoichiometry from published articles

AIX resin resin Matrix Functional Compounds Initial PFAS PFAS sorbed/ Citation
group exchanged concentration | chloride release(
Polyacrylic GenX/Ct 0.5~ 10 mg/L 1 (Dixit et al
Purolite AB6O | Y35V 5 . PFMOBA/CF | 0.5-10 mg/L 1 2020)
P PFMOPrA/CF | 0.5~10 mg/L 1
, Polyacrylic, ] PFOA/CI 0.5~10 mg/L 1 (Dixit et al.,
Purolite AB60 macroporous PFOS/Ci 0.5~10 mg/L 1 2019)
Trimethyl PFBA/CI 1000 mg/L 1.2
Purolite AGOOE DFi;)éystxéﬁnee quaternary J
Polystyrene Triethyl PFBA/CI 1000 mg/L 1.1 i
Purolite A520E DVB, quaternary (Zagz%lf(;t al.,
Bifunctional PFBA/CI 1000 mg/L 0.8
Purolite A5S32E Polystyrene guaternary
DVB, gettype - PFOA/CL 1000 mg/L 4.2
amine
IRAG7 Polyacrylic, | oy amine PFOS/CI | 200~400mg/L|  1~1.28
gettype (Deng et al.,
IRA958 Polyacrylic, | Quaternary PFOS/CI | 200~400 mg/L 1~1.28 2010)
macroporous ammonium
PFBA/CI 50~400 mg/L 1
Polystyrene Dimethyl PEHXS/CI 50-400 mg/L
RA910 E/)vé ethang’l PFOS/CI 50~400 mg/L (Maimaiti et al.,
Macro c;rous ammonium PFBS/CI 50~400 mg/L 1.08~1.31 2018)
P PFHxXA/CT 50~400 mg/L
PFOA/CI 50~400 mg/L
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5.2 Materials and Methods
5.2.1Water

RSSCTs were conducted UPW, methanol, andoagulatedsurface water to investigate
PFAS sorption mechanisms on AlX resins. Thagulated surface watetas SW1(TOC = 2.19
mg/L) from a drinking water utility in US EPA Region 4. The characteristicS\Wfl are

summarized in Table S5.

5.2.2Anion exchange resins

Two singleuse AlX resins (Resin A and Resin B) weraluatedn this study (Tabld 4).
To conduct RSSCT#|IX resins were crushed using a mortar and pestle and thefraizi®nated
by wet sieving witHJPW to capturehe200 230 U.S. mesh fractiondg mean partile diameter

0.07 mm]. Crushed AlX resins were dried in a vacuum desiccator at room temperaturg (20

and stored in a dry state until ugefore packing RSSCT columns, the desired masisyofIX

resin was soaked idPW and placed in a vacuum desiccator for at least 24 hours to ensure the
resinwasfully swelled and aiwas displaceffom void spaces. The total anion exchange capacities
of resins A and B were characterized using the mettestribed in Appendix A.4 and were
determined to be 0.86 eg/L and 0.67 eq/L, respectively.

Tablel4. AIX resins.

Parameters Resin A Resin B
AlIX resin type Gel Macroporous
. Polystyrene crosslinked with Polystyrene crosslinked
Polymer matrix divi R
ivinylbenzene with divinylbenzene
Functional group Complex Amino N-Tri-Butyl Amine
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5.2.3Per-and polyfluoroalkyl substances

Twentythree PFAS in four classes, including PFCAs, PFSAs, FTS, and PFEAs, were
studied (Table S1). When spiking PFAS itd®W and SW1, methanol from the PFAS dosing
solution was evaporated in a-fifi. conical polypropylene centrifuge tubiéa{con Branylunder
nitrogen(TurboVap LV Evaporator, Caliper) to avoid introducing organic carbon into the influent
water. The PFAS residue was dissolved in 10 mL of influent watetexed,and added to a-5
gallon highdensity polyethylene influent container (Dynaloabware). The centrifuge tube
containing the residue was rinsed another 5 times with influent water to ensure PFAS were
completely transferred to the influent container. When spiking PFAS into methanol, the PFAS
standards were spiked directly because thedstirds were stored in methanol.

The normalized PFAS chain length (NCL) of each targeted PFAScualculated to
investigate the effect of PFAS structure on the sorption mechanisms of PFAS uptake by AlX resins.
TheNCL is a parameter that combines differsmtictural features of PFAS, which was developed

and discussed in Chaptér

5.2.4Rapid smalscale column test

RSSCTs were designed based on the CD design approach wigieriect similitude to
simulateapilot testwith an EBCT of 1.7 mifor resins A and. A design approach with a reduced
U was selected because it allows rapid completion of RSSCTs with a small volume of water, and
it can effectively predict pilescale performance using the seafeapproach presented in Chapter
3. The RSSCT specifications can be found in TaleThe designapproach can be found in

section 2.3.1.
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Table15. RSSCT specificationis simulated fullscale EBCT: 1.7 min.

Resin Unit Resin A Resin B
Particle size mm 0.07 0.07
Flowrate mL/min 2.23 2.23
V) m/hr 16.9 16.9
EBCT S 1.06 1.03
Column Diameter cm 3.175 3.175
Bed Length cm 0.498 0.482

RSSCTs were built in upflomode using polypropylene tubing and Swagelok stainless steel
tube fittings. Glass wool was packed below and above the AlX resin bed to prevent bed migration.
Influent water was pumped into the column using an HPLC pump (LBT20Shimadzu,
Columbia, MD).The RSSCT setup is shown in Figute $he AlX resin bed was packed carefully
under saturated conditiorie prevent the introduction of air bubbles into the column. Before
pumping the influent water into the column, the AlX resin bed was flushed)R#lat the design
flow rate for one dgto stabilize the AIX resin bed.

For the RSSC3conducted irUPW andSW1, after stabilizing witHJPW for one day, the
PFAS spiked influent water was pumped through the columnhaneffluentvaterwascollected
periodially for PFAS analysis-or the RSSCT conducted in the methanol, after stabilizing with
UPWfor one day, pure methanol was pumped through the column for twodtdlesdesignated
flow rate to purge th&PW from the AIX resin bedefore the feed was swited to the PFAS
spiked methanolTwo identical methanol RSSCTgere conductedor eachAIX resin. The first
RSSCT was operated for 8.8 hours (30,000 BVs), and the second RSSCT was operated for 55.4
hours (188,000 BVSs). In the first RSSCT, effluent samplese collected every 17.7 min (1,000
BVs) for the first 12 samples and every 53 min (3,000 BVs) for the following 6 samples. In the

second RSSCT, the effluent samples were collected every 176.7 min (10,000 BVs) after operating
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for 9 hours (31,000 BVs) fothe first 8 samples and every 512.4 min (29,000 BVs) for the
following 3 samplesResults from these two methanol RSSCTs were combined.

Samples were stored at 4prior to PFAS analysis

Two control RSSCTs with no AIX resins were conducted to ensure that PFAS leaching
and PFASuptakein the absence of AlX resins was negligible. The influent water used in the two
control RSSCTs was ultrapure water without spiked PFAS, and ultrapure wiltst gfith 100
ng/L of each of the 23 PFAS. Based on the control RSSCTs, PFAS removal or leaching from the

columns without AIX resins was negligible (see Figurésa®d S).

5.2.5DFT calculation

ESP and the atomic charge of the atoms in deprotonated PFAShianoleind water were
calculated using DFT calculation with Gaussian 16 (revision Au@Bp North Carolina State
Universityés high performance computing (HPC)
generated from Avogadr@ianwell et al, 2012) where the deprotonated PFAS struciwere
drawn and the geometries were initially optimized whihAutoOptimization tool under the force
Field of MMFF94. In Gaussian 16, the geometry optimizations and frequency calculations were
performedat the M062X/631+G(d,p) level of theory with SM{gasmodel(Lian et al., 2018)The
solvent was set to be water and methanol. The optimizations were successful, and no imaginary
frequencies were found. Afterward, the calculationultesvere loaded to Multiwfn to calculate
the minimum, maximum, and overall E$Ran Lu, 2012; Zhang and Lu, 202Natural bond
orbital (NBO) analysis was performed to calculate the atomic charges of each atom in degrotonate

PFASusng Gaussian.
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5.2.6Mathematical model to describe PFAS breakthrough curves

PFAS breakthrough curves from RSSCWere describedvith the pore and surface
diffusion Model (PSDM)using AdDesignSM (Mertz et al., 1999; USEPA, 2026) obtain the
Freundlich adsorption capacifyarametefKaix, (mg/g)(L/ng)X™. In the model, Kix and the
surfaceto-porediffusion flux ratio (SPDFR) were adjusted until the simulated breakthrough
curves matched the experimental RSSCT data. Increasing SPDFR idd¢heasteepness of the
simulated breakthroumgcurves. If SPDFR of 3€ould notdescribe the experimental RSSCT data,
the film diffusion coefficient was manually adjusted from the valo&ined from the Gnielinski
relationshipto further increase the steepness of the simulated breakthrough curaeging the
SPDFR value and film diffusiocoefficientonly changd theshape of the breakthrough curve but
did not affect the determination ofak. The number of axial elements, axial direction, and radial
direction had no impact on simulation resultthis study and were set at 6, 8, and 3, respectively.
Mass transfer parameters, includitig film diffusion coefficient, surface diffusion coefficient,
and pore diffusion coefficient, were estimated in AdDesI§nSsing the Gnielinski correlation
(Roberts et al., 198550ntheimer correlatioSontheimer et al., 1988andO | T, respectively,
where the liquid diffusion coefficient) was obtained from Hayduk & Laud{&974) and the
tortuosity () was input by th user ta value ofi 1sdich thapore diffusion was maximized. The
Freundlich exponent (1/n) was setatwalueofi 1 6 because the uptake of
independent of the influent PFAS concentration, as described in Chapter 3. PFAS breakthrough
curves with <30% breakthrough at the end of a column test were not simulated to avoid introducing

uncertainty in Kix determinations.
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5.3 Results and Discussion

5.3.1Sorption mechanisms

To assess PFAS uptake mechanisms, RSSCT results obtained in methanol and UPW were
compared (Figur&0). Only three compounds were compared in Figdddecause only these
compounds reached breakthroughs inUR& RSSCT befor¢he end of the tests 360,000 BVs.
Comparing the methanol RSSCTW&W RSSCT, the sorption of PFAS on AIX resindasind
to becontrolled by both hydrophobic and electrostatieiactions. As shown in FiguB®, PFAS
reached breakthroughs much faster in the methanol thanuiP¥é indicating the importance of
hydrophobic interactions in the uptake of PFAS on AIX resins. Moreover, although greatly
reduced, the PFAS uptake in tim@nol did not decrease to zero, implying that electrostatic

interactiors werealso present in the PFAS sorption on AlX resins.
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Figure30. Comparison between PFAS breakthrough curves in methand/@wd A: Resin A;

B: Resin B.
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5.3.2Electrostatic interaction

To assess the affinity of PFAS for AIX resins under conditions dominated by electrostatic
interactions, PFAS breakthrough curves obtained from the methanol RSSCTs were compared
(Figures31 and 32). Interestingly,the chain lengtleffect on PFASuptakefrom methanolwas
reverseccompared to thah water. Figure83 shows the Kix of each PFAS against theédiCL. In
RSSCTs conductesith UPW and SW]i.e., RSSCTs in whichoth hydrophobic and electrostatic
interactions werémportant Kax,upw and Kaix,sw waspositively related toNCL. In contrast, in
methanol RSSCTsn which electrostatic interacti@were dominantKaix meon Was negatively
associated witiNCL, consistehwith a previous stug conductedwith a weak AIX LC guard
column(Parker et al., 2022 his chain length effect in methanol RSSCTs implies that compounds
with shorterNCLs exhibit strongerelectrostatic interactions with AlX resins. Moxer, PFAS
with sulfonic functional groups, excepting 6:2 FTS, had much highsrMor than those with
carboxylic functional groups, as shown by the empty turquoise points in Bguraplying that
PFSAsexhibitstrongetelectrostatic interactiawith AIX resins tharPFCAs and polyfluorinated
compounds Nevertheless, chain length effebts PFSAs matched those for PFCAg., Kaix
decreased with increasitNCL. 6:2 FTS is a special case as it has a sulfonic functional group but
has a Kix close to tle carboxylated PFAS ithe methanol RSSCT. This difference is likely due
to the two hydrogenated carbons in 6:2 FTS. The functional group and hydrogenated carbon impact
on electrostatic interactignn this study are inconsistent wikarker et al. (2022)ikely due to
differencesin theAlX resin backbone antunctional groupsParker et al. (2023)sed a weak AIX

LC guard column, whilstrong AIX resinsvere usedere.
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Figure31. RSSCT breakthrough curves, A. PFCAs, PFSAs, and FTS. B. PFEAS; Resin: Resin A;
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ForPFASwith NCL < 4, Kaix swwere lower thaiK aix meon due to the water matrix effect.
In the surface water RSSCT, the bgidund water matrix, such as TOC and inorganic ions,
negatively impacted PFA&ptake and, therefore, the Ak sw valuesof the compoundbreaking
through earliestvere lower that aix,meon. Comparing aix swand Kaix,upw valuesorange points

in Figure33), it is apparent that enuch higher Kix is obtainedn UPW without water matrix

effects
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Figure33. Effect of NCL on PFAS uptake capacities in differdquid phasesBased on the point
color, Kaix represents Kix,upw, Kaix,sw, or Kaix,veoH. A: Resin A; B: Resin B. Only three points
are shown fotJPW RSSCT because only these compounds reached over 30% breakthrough and

couldtherefore be fitted witthe PSDMto obtain Kax.

To study thempact of PFAStructure on eleobstatic interactiombetweerPFASandAIX
resins, the ESP (minimum, maximum, and overall) and NBO atomic charges of each targeted

PFASwere calculated. Calculations were madettierdeprotonated forsnn methanol and water

112



using Gaussian 16Appendix Q because deprotonated PFAS are the units involved in the ion
exchange proces3he obtainedesultsfor the deprotonated formese consistent with previous
studies, with mean absolutifferences of 49.0, 13.9, and 37&/mol for minimum, maximum,

and oveall ESP fromParker et al. (2022)vhere the data was calculated from Spartan, and the
percent differences of less than 2% for the atomic charge of the oxygen in PFAS functional group
from Park et al. (2020)where the data was calculated from ORCA. FigGBdesnd35 exhibit the
ESPand atomic charge of deprotonated PFHxA in methanol. As shown in Bjuhe maximum

ESP point is close to the hydrocarbon tail of PFHxA, and the minimum ESP point is close to the
PFHXA functional group. The overall ESP was calculated from the aveir&gPoover the entire

molecular surface.

Figure 34. ESP colored molecular van der Waals surface of deprotonated PFHXA in methanol.

Bond order not shown.

113















































































































































































































































































































