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Abstract

Perand polyfluoroalkyl sutances (PFAS) are a group of maade chemicals which most
known representatives are perfluoroctanoic acid (PFOA) and the perfluorooctaneasulfon
(PFOS). These chemicals have been widely used in bdistial processesand consumer
products and they are ubiquitous environmental contaminants. Many PFAS are, toxic
bioaccumulativeandvery persistent in thenvironmentDue to the growing concern about the
potential adverse effects BfFFASon human healththe U.S. Environmental Protection Agency
has established a health advisory limit for drinking water for both PFOA and Eéi@t8nedof

70 ng L. This verylow advisory levetogether with théaigh resistance of PFAS to chemical and
biological degradatimmake the removal of PFAS from aquatic bodies a complicated task, being
the only currentlyfeasible option the use of activated carbon or ionic exchange adsorption
processes. T@seapproacksarevery costlydue to the neetbr frequent bed y@acementthus,

new treatment methods are requireeffaciently removePFASfrom contaminagéd water

PFAS sulfonates and carboxylates contain a hydrophobic fluorocarbon chain and they are
present as anionic species under environmental condiBas®d on thee propertiesthis study
proposed the synthesis and use of cationic hydrophobic polyrasesl on aniline and pyrrodes
ultra-high affinity PFAS sorbentd.hesepolymess were chosebecauseheir positive chargand
hydrophobic carbon backbone is expectéd promote strongelectrostatic and hydrophobic
interactiors with anionic PFASPolypyrrole (PPy) and sipolymers based on aniline with
different functional group substitutions were synthesizednely, polyaniline (PANI), poly-o-
toluidine (POT), polyo-anisidine (POA), polyo-ethylaniline (PEA), polysecbutylaniline (PSB),
and polynaphthylamine (PNA). The impact of the different substitutions on the polymer properties
as well as thie effectiveness as PFA&Isobentswas evaluated.

The use of precurserwith different substitentshad a major impact on the chemical
composition of the polymers as shown by elemental analysis, as well as FTIR and XPS analysis.
Likewise, the chemical structure of the precursors had a large impact on different physico
chemial properties of the polymers such as their specific surface area, zeta potential, isoelectric
point, and aciebase behavior.

From the seven synthesized polymers, PANI, POT, and POA predbetdestPFAS
adsorption characteristics. Individual isotherm experiments showed that®® B Freundlich
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coefficient of 78 (mg g)(mg L™, was the sorbent witthe highestaffinity for PFOA, followed

by PANI and POA, with Freundlich coefficients of 46 andi®@ g*)(mg L™, respectively.The
Freundlich coefficient oPAC, 187 (mg ¢)(mg LH)™ was higher compared to that of POT
Nonetheless, at environmental relevant concentrations tnp lug L), POT showed similar
PFOA affinity and adsorptiocapacity asrushed granular activated carb®AC). Furthermore,
evaluation ofPFOAadsorption under increasing §pH range from 3 to 11) showed that thage

of maximum sorption capacitsaried depending on thgolymers. This behavior suggestattthe
hydrophobic cationic polymers can bastomizd to enhance PFAS adsorption under different
aqueous chemistry conditians

Contaminated groundwater often contains a mixwir®FAS therefore, thadsorption of
the fluorinated compounds listedthe EPA Third Unregulated Contaminant Monitoring Rfile.,
perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PFNA), perfluorobutansulforate (PFBS), perfluorohexansulforate (PFHxS), and PFOSas
well as the fluootelomer F§ 6:2using the most promising sorbemtas evaluatedSingle solute
isotherms as well as isotherms determined using a multicomponent PFAS mixture showed that
both theionic headyroup and chain lengthad a strong impaon the adsorption of the diffare
PFAS.Perfluoroalkyl silfonateswere more effectively adsorbed thidn@ir carboxylic analogues
with the same chain lengtRurthermore, the adsorption of PFAS with g#zame functionahead
group increased with increasing fluorocarbarhain length, suggsting the importance of
hydrophobic interactions between the fluorinated compounds and the adsditierehavior
was observed iexperiments withboth POT and PAC.

Adsorption process aigenerally verysensitive to the agouschemistry(e.g., pH, ionic
strength, ionic compositiorgs well as the presence of -contaminants, such as natural organic
matter(NOM), that compete for active sites on the sorbent surface and decrease the adsorption of
the targeted compounds. PFOA adsorption ciypaf the polymersvas found tadecrease with
increasing NOM concentratiphbut to a much lower extent compared to PAC. At the highest NOM
concentration testg@ mg L?), thePFOAadsorption capacity dfOTandPANI decreased by 40
and 60%, respectivelywhereas PAC lost nearly all its adsorption capacity under the same
conditions.This observatiocould bedue tatheinvolvement of both hydrophobic and electrostatic
interactions on PFA&dsorptionby the polymeic adsorbentswhile PFAS adsorption b?AC

only relies onhydrophobic interactions. On the other hand, increasing ionic strength had an

13



important impact on the PFOA adsorption capacity of PANI and R@v¥ch decreasd by93%

when theionic strengthwasaslow as 5 mM NaClln contrast, POT onlyolst 20% of its initial
PFOA adsorption capacity in the presence of very high NaCl levels (500 mM). The impact of
tionic strength on the adsorption process was highly depended on the ionic dpecoggrast

with NaCl, dvalent saltsat ionic strength 06 meq L (CaCk andNaSQy) caused aubstantial
increasean the affinity of the polymerdor PFOA, up to six times in the case of P@Aa salt
concentration of SneqL ™. Under the same conditiorthe divalent saltslid not alterthe PFOA
adsorptiorcapacity of PAC.

The synthesized polymers hadelativelylow specific surface area-@6 nfgt) compared
to GAC, awidely used PFAS adsorbent (814 gv). The low specific surface ar¢8SA) of the
polymers suggesthat it may be possible to enhancgrsficantly the PFAS adsorption capacity
of these materials by increasing their SBKferent approaches wesxploredto obtain polymers
with high SSA such aghe synthesis bnanoesized and crosslinkd polymersThe synthesis of
nangsized polymers ledo a large increase in the fraction of small size pores (sizenfn),
however this increase was not accompanied by an enhancemeng8&tedPFOA adsorption
capacity of PANI. Crosslinking of PANI with paraformaldehyde led to a very high increase of t
SSA of the polymer (up to 2@ld) as well as an increase in the fraction of small size pores (< 5
nm). However, a proportional increase in the PFOA adsorption capacity of the crosslinked polymer
was not observed, and its Freundlich constant was jusielh. The results obtained also indicated
that the increase in SSA was strongly dependent on the dose of crosslinker utilized.

Due to the morphology of the synthesized polymetsch arefine powders, their use in
packedcolumn adsorption processes wibute complicated due to high pressure losses and
polymer washout. Thus, synthesis of polyngedftedon agranulamaterial was performed, using
GAC and cellulose as supporting materi@lar results confirmed that tls¢udied polymers could
be grafted oifGAC and that thesynthesized composites presented high SSA and high affinity for
PFAS compounds. The adsorption aafy of thecomposite materialeas similar tathat GAC
and even higher whesmall amouns of PANI weregraftedon theGAC surface In contast with
the GAC/polymer composites, PANI grafted on microcrystallsmewed a very low PFAS
adsorption capacity.

Predicting the rate at which adsorption takes place is important for adsorber design.

Therefore, kinetic experiments were performed to characterize the rate of PFOA adsorption by the
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most promising materials. The kinetics of PFOA adsorption by the evaluated polymers were
comparable to that of a leading PAC, except for crosslinked PANh#tha 70% higher second
order adsorption rate than PAC.

Overall, these results indicate that the most effective hydrophobic cationic polymers
(PANI, POT, and POARoffer great promise for the removal of PFAS from contaminated water.
These sorbents displayigh PFAS adsorption affinity and capacity, rapid PFAS adsorption
kinetics, and they can be grafted on a granular material to facilitate their use in contiowous
absorbersThe involvement ofelectrostatic and hydrophobic adsorption mechasism PFAS
adsorption by the new materials provideear advantagefor their application undevariable
aquatic chemistrgonditions (e.g. presence of contaminants, NOM, ionic species)cungoaed

to conventional adsorbents such as granular activated carbon.
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1. Introduction

1.1. What are PFAS?

Perfluoroalkyl and polyfluoroalkyl substances (PFAS) are chemicals developed in the past century
and widely used in industry and commercial products. Commonly these chemicals present a more

or less large aliphatic carbon lkhone (C2C14), where all or the majority of the hydrogen atoms

have been substituted by fluorine atoms, joined to a hydrophilic functional @oaugt al. 2014a,
Xuetal.2015a) The p-inefi-Ap@poghe grade of substitution of the alicytail.

I f the substitution is compl etie tihfe tnhaenmee oafr et
hydrogen atoms in the efih.aiTnh etshee cnoammpeo usntdasr tasr ew
extremely thermal and chemical stable, which expléisr many uses not just in industrial
processes, like the semiconductor industry, but also in common commercial products like
waterproof devices or nestick coatings. Because of the broad use in daily products and presence

in drinking water, soil, air, r@d the whole trophic chain a great part of the population has been
continuously exposed to PFAS for many yg@ekarski et al. 2020)rhese compounds became

a concern fopublic health when their biaccumulative properties and hitgvel concentrations

in human blood were discovered. As consequence, PFAS effect on human health and their removal
from water sources is a main topic in environmental acad@vhomarresiAlam et al. 2015,

Movahedifar and Modarregilam 2016, Xu et al. 2015b)
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1.2. Types of PFAS iad their main characteristics

There are thousands of different PFAS compoyNd®gt and Saez 2006J hese chemicals can

vary in the length offte aliphatic chain, from two to fourteen carbons, in a complete or partial
substitution of the chain, and/or a linear or branched structure. PFAS also present variations in the
functional group attached to the aliphatic chain. These functional groupg candoxylic acids,
sulfonic acids or sulfonamides, among othdi@ble 1 presents some examples of linear PFAS
compounds with different chain lengthsdsfunctional groups.

While a wide variety of different PFAS compounds exist, the main concern is centered in
two compounds, perfluorooctanoic acid (PFOA) and perfluorooctane sulf(iia@S) These
compounds present the same linear eight carbon gulbgtituted aliphatic chain, connected to
different functional groups. Their chemical structure can be seEahie 1.

PFAS compounds that present satbons or more are considered long chain compounds.
The short chain compounds, less than six carbons, show lowacdumulative properties
(Kucharzyk et al. 2017)and present a major interest for PFAS manufacturers since long chain
PFAS production has been banned in the US.

The Ing carbon backbone that all PFAS compound present, gives these chemicals
hydrophobic properties and the fluorine substitution provides them with oleophobic behavior. The
combination of these twpropertiesmakes them perfect for waterproofing fabrics, etspfood
wrapping, among other applications. The hydrophobicity is directly proportional to the &fngth

the chain, thus short length PFAS show lotwgtrophobic interactionRayneand Forest 2009)
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Tablel: PFAS compounds exampl&oogt and Saez 2006)

Compound Abbreviation CAS No. Mol weight Structural formula Structure
Perfluorobutyl sulfonate PFBS 29420-49-3 29921 CyFeSOyy
Perfluorohexyl sulfonate PFHxS Nao CAS 399,22 CeFy3507
Perfluorooctyl sulfonate PFOS 2795-39-3 499.23 CyFy7S07
1763-23-1 {acid)
6:2 fluorotelomer sulfonate 6:2 FTS 29420-49-3 428.16 CyH4F3505
6:2 fluorotelomer alcohol 6:2 FTOH 647-42-7 364.11 CaHsF ;O
8:2 fluorotelomer alcohol 8:2 FTOH 865-86-1 464,12 CioHsF -0
Perfluorooctane sulfonamide PFOSA 754-91-6 499.14 CgH3F750:N
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Tablel (Cortinued): PFAS compounds examp(e€sogt and Saez 2006)

Compound Abbreviation  CAS No. Mol weight  Structural formula  Structure

Perfluorooctanoic acid PFOA 335-67-1 414.07 CyHF, 50,

Perfluorononanoic acid PFNA 375-95-1 464.08 CoHF,;0,
Perfluorodecanoic acid PFDA 335-76-2 514.09 CioHF160:
Perfluoroundecanoic acid PFUnA 2058-94-8 564.09 Cy11HF, 0,
Perfluorododecanoic acid PFDoA 307-55-1 614.10 Cy2HF;50,
Perfluorotetradecanoic acid PFTeDA 376-06-7 714.12 Cy4HF,;0,
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The functional group, in many cases a strong acid, dissociates in aqueous solutions, making
PFAS to show high solubility, and present low pKa values. This solubility is highly dependent on
the functional group, and the size of the tail. $hdespite presenting the same carbon tail, the
solubility of PFOA in pure water (9500 mg‘Lat 25°C) is much higher than the aqueous solubility
of PFOS (680 mg t, at 25°C) (EPA, 2017)

The carborfluorine bond adds very high chemical, thermal bindogical stability as it is
one of the strongest bonds in organic chemistry. Because of this, PFAS are considered inert and
persistent as there is no conditions in the environment that would degrade thgsRids
(Rahman et al. 2014)

PFAS compounds also present worrying-@ccumulative properties, which increase with
a longer chain legth (Sanchez Garcia et al. 201&)s a consequence these chemicals have been
detected in living organisms in higher concentratiban the intake sourd&hisi et al. 2019,
Kannan et al. 2004) For these reasonsanufacturer companies, like 3M and DuPont, are focused
on producing shoithain PFAS which are considered less-&toumulative, as it is explained in

the EPA Action Plan for PFAGEPA 2019)

1.3. Uses of PFAS

It is estimated that by the year 2010 the historical production of PFAS compounds was about
96,000 tones and that production has generated 26,500 tons of@iesteet al. 2013)The uses

of PFAS, first introduced by DuPont in 1949, implicate many different industries, figimtdxch

like semiconductors production to textile and fast food wrapping p@pBC 2017)Table 2
provides a general timeline of developing and commercial production of RFRE 2017)
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Table2: PFAS development and productigfRC 2017)

PFAS'

Development Time Period

Non-Stick
Coatings

Invented

Initial Stain &

Production Water
Resistant
Products

foam

Waterproof
Fabrics

Firefighting

U.S. Reduction
of PFOS, PFOA,
PFNA (and other
select PFAS?)

PFOA Initial Protective
Production Coatings
PFNA Initial Architectural Resins
Production
Fluoro- Initial Firefighting Foams Predominant form
telomers Production of firefighting foam
Dominant Electrochemical Fluorination (ECF) Fluoro-
Process® telomerization
(shorter chain ECF)

Commercial Products Introduced
and Used

Pre-Invention of Chemistry / Initial Chemical Synthesis /

Production

Since the early 1970s, PFAS have been used as surfactant agents in aqueous film forming
foams (AFFF), applied for fighting hitemperature fuel fires (Sunderland et al. 2019). The unique
combination of hydrophobicity with oleophobic behavior introduced by the fluorine substitution
allows PFAS to lower the surface tension of aqueous solutions. When dissolved in \8&tan 3
volume usually, a thermally stable foam is obtained, this foam is used to extinguish hydrocarbon
fuel fires and it is specially used by the militddoody and keld 2000)

PFAS compounds have an extended use in industrial process, such as microchips
production where they are used in processes like photoresists,guigeneration, and etchants.
Another common use is in chrome plating processes where the uses have extended from corrosion
prevention to asthetic enhanceme(Bunderland et al. 2019)n clothing and leather industries
PFAS are used as water, oils, and stain repellents. Among others, they appear in outwear,

umbrellas, and carpets tents(Sunderland et al. 201L9PFAS compounds have also found their
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use in the paper industry, where they are used as surface coatings to repeal grease and water in
products like pizza boxepppcorn bags, or baking papé8chaider et al. 2017)

Another important use of PFAS, based on the exceptional thermal stability of these
chemicals conferred by thefEbond, is in the nasticking coating in cookware like paftdansen
et al. 2001) Recent studies showed this kind of product contained chemicals like PFOA, PFOS,
and PFHxS, reachingoveralloncent r at i o n'§Herakp ettl.®2012)39 eg kg

PFAS have been discovered also in personal care products where they are used as
emulsifiers, surfactants, solvent, and viscosity regulators, reachin p  t olpoduccoBseveng g
eightor nine carbon tail compoun@Schultes et al. 2018)

Table3 presents some typical industrial processes and consumer products in which PFAS
compounds are used.

Table3: Common PFAS us¢®ECD 2013)

Industry branch Polymers

raw materials for components
1. Automotive such as low-friction bearings \ubricants

& seals

2. Aviation, aerospace & insulators; “solder

defense sleeves”;
coating for weathering, flame surface-treatment nt for
3. Cable & wiring g A e . ages
and soil resistance conserving landmarks
coating of architectural
materials (fabrics, metals,
4 Consyucecn stone, tiles, etc.); additives in
paints
5. Electronics Insulators; solder sleeves ; vapor-phase soldering media
film to cover solar collectors
6. Energy 50
due to weatherability
- fuel repellents for FP & foam
raw materials for fire-fighting ¢y 47ers in AR-AFFF and
7. Fire-fighting equipment, including

FFFP, coating for fire-

otective clothi
PO i fighting equipment
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1.4. Health impacts of PFAS

Because of the many uses of PFAS, shown in the last section, there are multiple pathways for
human contact with these chemicals. a result of this exposure, a taocunulation occurs in
human bodieg¢Sanchez Garcia et. 2018)This bio-accumulation is due to the binding of PFAS
compounds to the prates of the blood serum and amassing into the ortjem$iver, kidney, and
lungs(Sunderland et al. 201%alf-life time of compounds like PFOS in human bodies is over
five years(EPA 2019) and 3.5 years for PFO@Isen et al. 2007)

In high-exposure scenarios adults have been found to uptake 30'rmpkly weight/day
of PFOS and PFOA, while children present higher \&@lu®1 219 and 65128 ng kg' body
weight/day for PFOS and PFOA respectively, due to greatertoamduth contact with treated
carpeting, mouthing activities of clothes, and greater dust ingd#{id®DR 2018)

Numerous studies dedicated to evaluate the effect of PFAS in humam$dund many
adverse effecttATSDR 2018)

Hepatic effectsThe results of epidemiology studies of PFOA, PFOS, and PFNA a link

between PFAS exposure and increases in serum lipid levels, @atyicatal cholesterol and LDL
cholesterol. Even though there wasnodét find a
humans, just in animals, a clear impact in the serum lipid levels was found.

Cardiovascular effectsThere is suggestive epidestogical evidence of highly exposed

residents for an association between serum PFOA and PFOS and preigdaney hypertension
and/or preeclampsia.

Endocrine effectsEpidemiology studies provide suggestive evidence of a link between

serum PFOA and PFQ&hd an increased risk of thyroid disease.

23



Immune effects Evidence is suggestive of a link between serum PFOA, PFOS,

perfluorohexansulfonicacid (PFHxS), and perfluorodecanoic acid (PFDeA) levels and decreased
antibody responses to vaccines, which m#ue National Toxicology Program (NTP, 2016b)
conclude PFOA and PFAS to be an immune hazard to humans. Some evidences were found
relating the serum PFOA levels with asthma diagnosis in children and adults.

Reproductive effectsA suggestive link between rsen PFOA and PFOS levels and an

increased risk of decreased fertility has been found. In the Danish National Birth Cohort study of
pregnant women, a decrease in fertility and an increase in infertility were observed in women with
serum PFOA Imvels O 3.9 ng

Developmental effectsSome epidemiology studies have found associations between

maternal PFOA or PFOS exposure and decreases in birth weight. Laboratory animal studies
provide strong evidence of the developmental toxicity of a number of perfliugkcaimpounds.
Prenatal losses and decreases in pup survival were observed following exposure to PFOA, PFOS,
perfluorononanoate (PFNA), and PFDeA.

DiabetesIn a general population study, an increased risk of diabetes was noted, as well as
associations beieen serum PFOS levels and fasting blood glucose, response to glucose tolerance
test, and glycated hemoglobin levels.

Cancer The International Agency for Research on Carft®RC) and EPA have both
corcluded that PFAS are potentially carcinogenic in hum@ARC 2016) and listed PFAS
compound in the Group 2B: probably carcinogenic to humans. Occupational and community
exposure studies have found increasesenrigk of testicular and kidney cancer associated with
PFOA. No increases in breast cancer risisabserved for PFHxS or PFNA; an increased breast
cancer risk was observed for perfluorooctankonamide (PFOSA). Three studies have examined

the communityliving near the Washington Works facilities; some of these studies also included
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workers at the facility. When the participants were grouped by the water district, an increased risk
of testicular cancer was observed in the district with the highest PF@s len the water.
Increased risks of kidney cancer among participants with high or very high exposure to PFOA also
was demonstrate@TSDR 2018)

As consequence die bellow health effects and the increased public concern, long chain
PFAS production was banned in the US in the early 2000s. In 2016 the EPA established a health
advisory limit for drinking water of 70 ng'1, for combined PFOA and PFOS. Finally, in 2QRe
EPA has issued preliminary determinations for PFOA and PFOS regulation, and updated the Toxic

Release Inventor(Boone et al. 2019)ith a list of 172 PFAS chemicals (EPA, 2020).

1.5. Pollution problems

It is consideredhat there are four main sources of environmental pollution of PFAS, this list
includes manufacturing companies, fire training sites/ airports, wastewater treatment plants, and
landfills (ITRC 2018)

Manufacturing companies, which include PFAS producer and manufacturer facilities, are
responsible for surface water, soil, groundwater and air pollution. The emission compounds and
concentrations vary in function ofétacilities production. Concentrations 190 times higher than
the EPA health advisory limit were found in drinking water near a fluoropolymer production
facility in Washington(Hoffman et al. 2011)Becawse of the high mobility of these compounds
they end up in the soil anarsequently in the groundwat@iepburn et b 2019)Despite their
low acid dissociation constari{a < 3) which makes them show high aqueous solubility PFAS

are also detectable in the gBarber et al. 2007)In this way, paper and carpet processing
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companies have been linked to the detection of diverse type of iF&® North American
atmospheréStock et al. 2004)

Fire training sites include firefighting facilities, airports and military facilities. These are
the sites where since 1970s, AFFs based on PFAS have segom almost weeklyainings
(Xiao et al. 2017which has impacted surrounding soil and groundwater. The use of PFAS is
justified by the high thermal stability and by the presence in these facilities of hydrocarbon fuels,
which are easily extinguisbdeusing PFAS foaming products @hey prevent from reignition
(Moody and FIELD 2000)In these cases, the most predominant PFAS compounds detected in
ground water are PFOS, followed by PFHxS. PFOA is detected in the majority of thebchses
much lower quantitiefAnderson et al. 2016)

Wastewater treatment plants are serious source of contamination because they concentrate
PFAS from commercial products, particularly household products that end up insteeweder
stream. When PFAS reach the wastewater treatment plant there is no efficient removal, what leads
these chemicals to engb in the surface wate(&allen et al. 2018)it has been observed that the
average mass flow of some chemicals like PFOS can be as much as 2.5 times higher after leaving
the WWTP. The reason of this increase is suspected to be the degradgtrecursors in the
activatedprocesses of the planfSchultz et al. 2006)Recent studies from Australia have shown
that 100% of the groundwater impacted by recycled water from wastewater treatment plants
(WWTP) iscontaminated with PFAS, reaching concentrations in the groundwater up to 74 ng L
(Szabo et al. 20187 he bio solids geerated in WWTP also show detda&aPFAS concentrations
(Schultz et al. 2006hus their application as fertilizers can be a source for direct contamination
of soils.

Landfills are the final destination of the commatgroducts containing PFAS, and where

these chemicals get concentrated in the landfill leachate contaminating soil, close surface water
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bodies and groundwater. Different studies of US landfill leachate have reported concentrations of
up to 8900 ng i of carboxylic compounds and up to 3200 ngdf sulfonic compounds (Waeit

al. 2019). Even in landfills where the leachate is treated PFAS still present a problem as their
removal is challenging and cost ineffectiWei et al. 2019)

Due to extreme stability of PFAS, once they reach the environment unavoidable
accumulation is seen in all b8ystems making these contaminants ubiquitous in the environment,
including water bodies, air, soils, and living organig@eesy and Kannan 2001)

Analysis of drinking water samples collected from different locations within the USA have
shown concentrations of PFOS rangiram 40 to 1800 ng £, with lower concentrations of other
PFAS, ranging from 20 to 349 ng'l(Vedagiri et al. 2018)Figure 1 shows the location of sites
contaminated by PFAS leading to elevated concentrations in drinking water across the US.

Even though PFAS are generally highly water soluble, they can also be found in impacted
soil samplegGhisi et al. 2019)PFAS compounds stick to the soil interacting with the organic
material and the clay as shownigure?2 (Li et al. 2018)

Ground samples collected in 21 states of the US presented quantifiable values of
contamination Figure3). The range of the contaminants varied from 0.02 to 2.55 figokgoil
(Vedagiri et al. 2018)

Studies conducted since 2009 where specially conditioned soil with a range from 0 to 50
mg kg of PFAS was used to grow plants have shown that these contaminants are absorbed by
plant rootgGhisi et al. 2019, Muller et al. 2016)

The occurrence of PFAS in water bodies and soils leads to their intake by living organisms.
Because of the continuous intake, a-tnagnification process can be seen where higher
concentration DPFAS is observed in the highest positions of the trophic chain because of the

bioaccumulation of PFAS irne tissues of the organisifiéao et al. 2020)Predatory animals such
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as mink and bald eagles present concentrations of PFOS greater than the concenttagans in
diets(Giesy and Kannan 2001)

PFAS accumulation in living organism is directly related to the more or less contaminated
environment. In this way, concentrations of PFOS in animals from relatively more industrialized
regions, are several times greatesin thos from remote marine locatior{&iesy and Kannan
2001) Findings of PFAS in blood of animals located far away fromiadystrialized zone, like
North Pacific Ocean albatrosses that presented concentrations between 3 and'26 bipad
plasma(Giesy and Kannan 2001denotes the high mobility of PFAS compounds and highlights
that this is not a local pollution problem linked to cities or highly industrializetlg i on s , [

global problem.

Contamination Sources: Affected Community Size:
» Indust 500K le

« Air Forrge,Base / Airport 25%?(0p

» Fire Training

« Landfill

» Unknown

1999

Figure 1. Sources of PFAS icontaminated drinking water and size of the communities
impacted by this contamination in the USA as recorded in the years 1999, 2010, 2016 and 2017
(Sunderland et al. 2019)
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Figure 3. Concentratim of PFOS in contaminated soils and sediments in the(M&8dagiri et
al. 2018)
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Studies comparing human general population blood from different countries have shown
that the highst concentratios of PFOSwerefound in the United States and Poland with values
higher than 30 ng mt.(Kannan et al. 2004Figure4 presents values for PFAS concetitna in

human blood in the USA.

Northern Canada
@ E PFOS D PFOS blood serum
<tongML [ ]
>10-20ng/ML [ O PFOS human whole blood
>20-30 ng/ML  [5555E
9 B O PFOS human plasma
>30-40 ng/ML
Edmondton,
Alberta, Canada >40-50 ng/ML  REEEER @ PFOS umbilical cord blood
>50-60 ng/ML
9 - ¥ More than one (1) result exists for this location.
Vancouver, The average result interval is showr
@D British Columbia, Canada >60 ng/ML - e T
Seattle,
Washington
Portland, Ottawa,
Oregon Ontario, Canada E
Mii lis/
Slng::lpo o o 3 Boston,
Minnesota %N-mmon, Massachusetts
Mkhlmﬁ Ontario. Canaca | e New York,
' New York
California Baltimore,
Teachers Hagerstown, D "
. Maryland E© Maryland
Midwest, @ Washington County,
Multiple Cities Maryland
Los Angeles, 1
California ‘K-mucl\y
a Charlotte,
North Carolina
1
California
Atlanta,
Pregnant Georgia

Mothers

Figure 4: PFAS inhuman blood samples the USAVedagiri et al. 2018)

1.6. Methods to treat PFA8ontaminated water

The removal of PFAS from drinking sources has become a main concern for water utilities,
regulatory agencies and academia. Their persistence and high stability added to the extremely low
concentrations recommended by EPA for drinking water makes PFASiatimed complicated

task(Crone et al. 2019)'he difficulty increases in the case of many states that delcided even
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lower level of PFAS in drinking sources. For example, the state of Vermont has established a
health advisory level of 20 pg™Lin drinking water for the combination of five different PFAS
chemicals: PFOA, PFOS, PFHXS, PFHpA, and PER&rdner et al. 2019)

PFAS removal by conventional methods applied in-$alile drinking water treatment
plants (e.g., sedimentation, flocculation, coagulation, filtration, oxidpis practically inexistent
(Appleman et al. 2014Figure5 presents results of PFAS removal in different water treatment
plants. Processes grouped in the orange zones are not effective for PFAS removal, while the blue
zone presents processes that can be used.

Typical physical separation processes common to alamystreatment plant (coagulation,
sedimentation, flocculation, etc.) have shown to be inefficient for PFAS rer(Orate et al.

2019) More specific and complicated processes like advanced oxidation process (AOP) or
disinfection, neither present any removal capacity for PFAS, due to the higlitystat these
compoundgCrone et al. 2019)

Currently, sorptive approaches based on the use of granular activated carbon (GAC) or
ionic exchange resins and membrane technaagie the only two methods that have shown high
affinity for PFAS remova(Appleman et al. 2014)Water treatmet plants that do not use either of
these pocesses or do not change GAC beds frequently enough have reported same PFAS

concentrations in the treated water as the souater streaniBoone et al. 2019)
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Figure 5: Efficiency of PFAS removaking different process in water treatment plants. AIX:

Anion Exchange, APT: Aeration Packed Tower, ARR: Aquifer Recharge and Recovery, CLM:
Chloramination, Cl: Hypocholorous/Hypocholorite, CKDChlorine Dioxide, COAG:
Coagulation, DAF: Dissolved Air Btation, DI: Direct Injection, O3: Ozone, FLOC:

Flocculation, GAC: Granular Activated Carbon Filtration-EL: Granular Filtration, GW:

Ground Water, MF: Microfiltration, MnO4: Permanganate, RBF: River Bank Filtration, RO:

Reverse Osmosis, SCC: Solids tachClarifier, SED: Sedimentation, SOFT: Softening, UF:

Ultrafiltration, UV: UV Photolysis, UVAOP: UV Photolysis with Advanced Oxidation (Hydrogen
Peroxide)(Appleman et al. 2014)

The methods entioned present as well remarkably low affinity for the short chain PFAS
compounds due to a much faster saturation of the sorbets which leads to higher frequencies in the
change oregeneration of the sorber{izark et al. 2020)

Granular activated carbd@®AC) is a high specific surface aenaterial and it is the most
popular sorbent used for PFAS removal because of its high adsorption cQpaeihd Wu 202Q)

Despite removing high percentages of PFAS (> 90%), based on hydrophobic interactions, this
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process presents senmportant disadvantagé8ppleman et al. 2014 he regeneration of GAC
is not economically feasible as temperatures over 800°C are required to destidyed PFAS.
Also, the adsorption kinetics are fast for lecigpin PFAS, while the removal of short chain
compainds is small or insignificarfDu et al. 2014hb)

lon exchange resins present very good removal results, up to almost 100% removal of long
chain PFAS like PFOA and PF{Bu et al. 2014h)and many of them rely on a double sorption
mechanism based on ionic excganand hydrophobic interactiofZaggia et al. 2016)lon
exchange resins are engineered materials and prelesated cost what makes it necessary to
recover used resins. This process is not always economically feasible or even effective, especially
with PFOS(Appleman et al. 2014ps its necessary to use organic solvents which are expensive
and toxic, which also generated higoncentrated brines that need to be further procéBaeet
al. 2014b) Same as in the case of GAC, ion exchange resimodshow great sption of short
chain compoundgGagliano et al. 2020although generally the resins do show higher affinity for
shortchain PFAS compounds than GAQu and Wu 2020Q)

Nanofiltration membrane treatmsrhave shown high PFAS rejection up to 99% with no
substantial adsorption of the chemical on the surfatteeanembranéEke et al. 2021)This kind
of systems could present removal efficiencies comparable o RD-scale plant¢Appleman et
al. 2014) Apart of the cost, these systems have more disadvantages like the flux lose because of
the accumulation aofolloidal and organic matter on the membrane surface and the genefati
high concentrated bring$ang 2007)

New materials such as crelisked chitosan beads, present increased adsorption
performance, and possibly low cost treatimean least at laboratory conditio(Bu et al. 2014h)
But for a high removal percentage, the pH values are supposed teahesaf 3, far from the

regular ambient condition of the water.
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The application of sonochemical processes for the destruction of PFAS, reaching 73% of
removal of PFOS after 12fnin of ultrasonic irradiationGole et al. 2018)However, the
application of this process is limited by scalability issues.

To date, microbial biodegradation has not yielded any documented successes although
several fungi have been shown to degrade a numbe”FAS (Du et al. 2014a)Under
environmental conditions, the fluorksaturated carbon chain provides resistainom oxidation
or utilization by microorganisms as carbon and energy source. For the organisms to make the first
attack to the compound they need at least one hydrogen on the carbon tail, something impossible
for many compounds. Another complication islense hydrophobic layer surrounding carbon

carbon bonds, difficulting the oxidative degradation.

1.7. Conclusions

The family of compounds known as PFAS encompasses thousands of different chemicals that due
to their environmental persistence, resistancentmical and microbial attack, toxicity, and bio
accumulation present a risk for public health. Existing methods do note remove these contaminants
effectively and/or are very expensive. Thus there is an urgent need for effective and more
economical processdo remove these compounds from PFad&taminated water.

The sorptive removal method developed in this project exploits the unique properties of
PFAS, making use of their electrostatic and hydrophobic proprieties to facilitate their adsorption
onto the srface of new highaffinity polymers specially designed to take advantage of those

properties in order to achieve an efficient removal of PFAS from contaminated water.
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1.8. Objectives

The aim of this project wat® investigate the effectiveness of ultrigh affinity sorptive
adsorbents that make use of multiple complementary bonding modes, i.e., electrostatic and
hydrophobic interaction, for the remediation of groundwater contaminated with PFAS. The studied
adsabents are cationic polymers based on polyaniline (PANI) and polypyrrole (PPy). Due to their
structure, these polymers contain cationic functional groups that are expected to interact with the
negatively charged head functional group in many PFAS compotihdshydrophobic structure
of the adsorbents is expected to promote hydrophobic interactions with the fluorinated tail of
PFAS. Both of these properties can be tuned and changed by the use of different precursors and
monomers. Based on these two inte@withese sorbents are expected to present a wider range
of adsorbent contaminant than ion exchange resins and be more selective than granulated activated
carbon.

The first objective of this studyasto synthesize polymers with different electrostatic and
hydrophobic properties, and ukhagh affinity for PFAS.

The seconabjective wago perform a detailed characterization of key physitemical
properties of the synthesized polymers. Their surface area, zeta potential, afixhsacid
dissociation conants,wasstudied as these properties respond directly for the interaction with the
contaminants

The third objective was to determine PFOA adsorption equilibrium isotherms on the
synthesized materials. PFOA adsorption was evaluated under differenthamnistry conditions,
which included different pH values, presence etoataminants, and different levels and sources

of ionic strength.
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The forth objective was to evaluate the competition of PFAS for adsorption sites on the
polymeric adsorbents . Fothis purpose, both single soluteand multicomponent PFAS
equilibrium adsorption isotherms on selected sorbents were determined. The compounds
considered in this study included the PFAS compounds included in the Third Unregulated
Contaminant Monitoring Re (i.e., perfluoroheptanoic acid (PFHpA), perfluorooctanoic acid
(PFOA), perfluorononanoic acid (PFNA), perfluorobutasndforate (PFBS), perfluorohexane
sulforate(PFHxS), and PFOSs well as the fluotelomer FtS 6:2

The fifth and final objective tgeted the feasibility of using the synthesized materials in
continuous flow experiments, evaluating the kinetics of the sorption of PFOA onto the polymers,
as well their synthesis onto the surface of granular support materials used in packed bed adsorption

columns.
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2. Materials & Methods

2.1. Synthesis
2.1.1Used chemicals
The names, purity and suppliers of the chemicals uséusistudy are listed ohable4.

2.1.2Cationic polymers synthesis
Seven different polymers were synthesized for further investigation. Six of them, polyaniline
(PANI), poly-o-anisidine (POA), poho-toluidine (POT) polyethylaniline(Schaider et al. 2017)
poly-secbutylaniline (PSB), and polynaphthylamine (PNA), are aromatic arilass polymers
with different substitutions. The last one, polypyrrole (PPy), is based on pyrrole, a five carbon
heterocyclic aromatic compound. The corresponding precursors and synthesigedrpaire
summarized inTable 5. Each polymer was synthesized by chemical oxidation using the
corresponding monomef &ble5 andammonium persulfate (NjS,Og as oxidant.

The method used for the polymer synthesis has been described previously by several
authors(ModarresiAlam et al. 2015, Movahedifar and Modarrdéam 2016, Zaidi etla2004)
The reactions consist of dissolving 10 mmol of monomer, which is the precursor in these reactions,
in 50 mL of 1 M HCI solution and cooling it down using an ice bath for 30 min with constant
stirring. At the same time, 12.5 mmol of ammonium persulfatep#idant, were dissolved in 25
mL of 1 M HCI and the solution was cooled down in similar conditions. After 30 minutes, the
ammonium persulfate solution was added dropwise to the precursor solution, and the mixture was
cooled and stirred for another 3 meélresulting suspension was removed from the &tk and

kept at 25°C overnight
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Table4: Chemicals used and their origin.

Chemicals Purity CAS Company Location
HPLC grade water NA 7732185 Sigma- Aldrich St. Louis, MO, USA
HPLC grade methanol NA 67-56-1 Sigma- Aldrich St. Louis, MO, USA
Ethanol NA 64-17-5 Decon Laboratories Inc. King of Prussia, PA, USA
PFHpA >98% 375859 TCI Portland, OR, USA
PFOA >95% 33567-1  Alfa Aesar Tewksbury, MA, USA
PFNA >95% 375951 TCI Portland, OR, USA
PFBS >97% 375735 Sigma- Aldrich St. Louis, MO, USA
PFHxXS NA 3871996 SantaCruBiotech Dallas, Texas, USA
PFOS 98 2795393 Sigma- Aldrich St. Louis, MO, USA
FtS 6:2 NA 2761997-2 Synquest Laboratories  Alachua, FL, USA
Ammonium persulfate NA 7727540 Sigma- Aldrich St. Louis, MO, USA
1-methyt2-pyrrolidinone NA 872404  Sigma- Aldrich

St. Louis, MO, USA
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Table 4(Continued) Chemicals used and their origin

Chemicals Purity CAS Company Location
Parabrmaldehyde NA 30525894 Sigma- Aldrich St. Louis, MO, USA

KOH >85% 1310583 EMD Chemicals Inc. Port Wentworth, GA, USA
NaOH NA 1316732 Fisher Chemicals Lenexa, KS, USA

HCI 34%-37% 764701-0 EMD Millipore Corp. Hayward, CA, USA
Humic acid (NOM) NA NA IHSS Denver, Colorado, USA

Table5: Used precursors and their molecular structure.

Precursor Aniline O-Toluidine O-Anisidine Pyrrole 2-Ethylaniine  2-lsopropylaniine 1-Naphtylamine

H.C e H,C CH,
NH, CH, o H
N H.N
Precursor HoN HN g HN
strucutre \ /]
NH,
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Table6: Precursors used in the synthesis, structures, chemical purity, CAS number, and synthesis yield of the final product.

Abbrebiation PANI POT POA Ppy PEA PSB PNA
Polymer Polyaniline Poly-0-toluidine Poly-0-anisidine Polypyrrole Poly-o-ethylaniine Poly-sec-butilanine Polynaphtylamin
Precursor Aniline O-Toluidine O-Anisidine Pyrrole 2-Ethylaniline 2-lsopropylaniine  1-Naphtylaming

NH, CH,

H H,C H.C CH,
N
N H,N HN HN
Precursor strucutr \ /

NH,

Precursor CAS 62-53-3 95-53-4 104-94-9 109-97-7 578-54-1 55751-54-7 134-32-7
Company Thermo  Thermo Fisher  Fronter - SIOMa- — giya Adrich Inc— Millpore Sigma~ >'9ma-Aneh
Fisher Scientific Scientific Aldrich Inc Inc
Synthesis yield % 103 99 110 85 80 50 76
Purity % 100 100 99 98 98 96 99
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The suspended patrticles, i.e., the polymer, were collected in a glass fiber filter and washed
three times with 0.5 M HCI and three times with acetoneffagwni dried in a vacuum oven (VWR
Sheldon MFG 143@Cornelius, Oregon, USAobtaining the polymers aely for experimentation.

One of the precursorsraphthylamine had to be dissolved first in 0.075 L of ethyl alcohol and
then in 0.075 L of HCI, due to its low water solubility. In addition, the synthesis of PNA and PSB

took place over nigh in an ice bathbt just 3 hours like the rest of the polymers (Riaz et al. 2008).

2.1.3Synthesis of high specific surface area polymers: crosslinking

A postsynthesis crosslinking method deabed by Germain and coworkgiGermain et al. 2007)

was used to prepare polymers crosslinked with terephthald€miaf) and paraformaldehyde
(PFA). This method was tested on POT, POA, and PANI. The polymers were swelled in an organic
solvent to enable the penetration of crtisker between polymer chains. Two solventsmethyl
sulfoxide (DMSO) and Nnethytpyrrolidone (NMP)- were testedDMSO did not efficiently

swell the polymer; therefore, NMP was selected for the dnokmg reaction.The reaction
consisted of drynixing 1 g of polymeland the appropriate amount créisgker (different ratios

were syntlsized) in 25 mL solution of NMP in EasyPrep Plus vessels (CEM Corporation,
Charlotte, NC, USA). The molar ratio between the TPA and polymer N equivalent content was
2.4. For example, 1 g of PANI has 6.83 equivalent mmol N, therefore, 16.40 mmol of TPA was
mixed with that amount. In the experiments using PFA, the molar ratio between PFA and the
polymer N equivalent ranged from 1 to 4. Subsequently, 25 mL of NMP were added to the vessel
and stirred under N(g) environment. The vessels were sealed and transferred to aXMars
microwave (CEM Corp Matthews, NC, USA The reaction carried out at 120°C for 2 h, followed

by 250°C for 4 h. Products were then transferred to a Soxhlet apparatus and the reahies res
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were extracted with methanol for 24 h. The c#asised polymer was collected on a filter paper
and washed with 0.5 M HCI followed by 0.3 Lethanoland 1L of water, and allowed to dry at
ambient condition.

The ammonium persulfate (CAS :7734-0) used as oxidant for the polymeric reactions
was purchased Sigma Aldrich Inc. Terephtaldehyde (CAS2623, isophtaldehyde (CAS: 626
19-7), N,N-dimethylformamide (CAS: 642-2), N-methyl pyrrolidone (NMP) (CAS: 8730-4)
were also obtained from Sma Aldrich Inc.Dimethyl sulfoxide (DMSO) (CAS: 668-5) was

boughtfrom Santa CruBiotechnology (Dallas, Texas, USA).

2.1.4Synthesis of ampositematerials Granular activated carb@GAC)/

Cellulose

Polymer composites with granular activated carbon (GAC), activated carbon felt (ACF), and
cellulose were prepared with different ratios of PANI and POT. The procedure followed for the
composites synthesis is similar to the polymer synthesis and it is tratieel same reactigAyad

and Zaghlol 2012a)Kuznetsov et al. 2019 he polymer precursor (i.e., aniline otauidine)

was dissolved in 150 mL of a 0.2 M HCI aqueous solution to provide a concentration of 18.63 g
L1, GAC, ACF or cellulose was added to the solution. In the case of PANI and GAC (Filtrasorb
400, provided by Calgon Carbonhe GAC/aniline ratios used ranged from 0.82 to 99.8.Om

the other hand with POT and GAC, the GAGluidine ratios used randdrom 13.3 to 99.0 g'g

1. The suspension of GAC in the precursor solution was equilibrated for 30 min at 25°C. Then, the
mixture was cooled in an ice bath for additional 30 min. APS solution (0.05 mole in 50 mL 0.2 M
HCIl agueous solution), was added dregento the mixture. The mixture was stirred vigorously in

an ice bath for 3 h, and then kept at room temperature for 24 h. The GAC polymer composites
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were collected on filter paper, and washed with ultrapure water and ethanol. The composites were
dried ina vacuum oven at 65 °C for 24 h, and stored at room temperature in a dark container.

The cellulose composites were also synthesized just with PANI. Again, the procedure was
thesame and the cellulose/aniline ratios used were 100 and 142 Theycellubse (CAS: 9004

34-6) with a particle size between 60 and 200 um was obtained from Sigma Aldrich Inc.

2.2. Characterization

2.2.1pH titration

A suspension of 100 mgLof each polymer was prepared in 100 mL of 50 mM NaCl. Each
suspension then was titrated bythdadt i on of 25 €L of 10 mM KOH u
pH was measured 2 minutes after each addition in order to allow the suspension to equilibrate

using a B40PCID pH meter (VWR Symphony, Tempe, AZ, USA).

2.2.2Zeta potential and isoelectric point

The zetgotential was determined using a Zetasizer Nano instrument, connected 1 tiiaior
(Malvern, Worcestershire, UK). Suspensions of each polymer (100 hgére prepared in a 5

mM NaCl background, and were stirred with moderate intensity-fbh8ursto ensure small size
particle in the suspension. The analyzed sample volume was 14.5 mL and the titrants used for pH
adjustment were 5 mM NaOH and 5 mM HCI. The zeta potential was determined as a function of
pH in the pH range of 3.5 to 8.0. The poinizefo charge was obtained at the pH where the zeta

potential of the suspension is zero.
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2.2.3Specific surface arg&SA)andpore size distributionSD)

Isotherms pertaining to adsorption of (¢) to polymer surfaces were measured using a Gemini

VII (Micrometrics, Norcross, GA, USA) specific surface analyzer. Both methods, the BET
analysis for specific surface area and the pore size distribution followed a method that consisted
in a degas condition and a heating phase. The degas condition consisted of amneaevateaf

5.0 mmHg & until a vacuum level of I8mmHg using a temperature ramp rate of 1 °Caind

a target temperature of 30 °C. The heating phase presented a temperature ramp rate of10 °C min

with a final temperature of 300 °C during 60 min.

2.2.4Fourier Transformed Infrared Spectroscopy (FTIR)

The FTIR spectra of polymers diluted with KBr and pressed in pellets were collected in
transmission mode (600 to 4000 ¢rat a resolution of 4 c) using a Nicolet 6700 FIR
instrument (Fisher ScientifiValtham, MA). The sample pellets were prepared by mixing 200
mg of KBr with 1 mg of polymer. The mixture was powdered using a mortar and pressed in
vacuum using a Bench Press 3628 (SPEX SamplePrep Inc, Metuchen, NJ, USA). Before
compression, air was eagted from the sample for 1.5 min, then, 3 tons of pressure were applied
and immediately released, and 7 tons of pressure were applied for 0.5 min again. Again, air was
extracted from the sample for another minute, and finally, 9 tons of pressure weee &up2

min.
2.2.5Elemental analysis

Elemental analysis targeting carbon, nitrogen, and sulfur, was performed at Arizona Laboratory

for Emerging Contaminant®onnert and Saleckerpolid samples of the polymers, between 1
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and 5 mg, were grounded, and oven dried at 60° C for at least 1 hour, and then analyzed using a
ECS 4010, CNS Unit, Costech Awiacal Technologies, Valencia, CA, USA). The system uses
flash combustion, GC separation, and a thermal conductivity detector (TCD) to effectively detect
all three. The instrument working temperature was 980°C, with a flow rateasfdHe of 37 and

100 mL min? respectively, and 90 °C in the gas chromatografhg. standard used was 2 mg

sample of LECO Corn Gluten (LECO Corporation, St. Joseph, MI, USA)

2.3. Adsorption

2.3.1pH edges

The purpose of this experiment was to investigate the pH effect onténaction of PFAS and
the polymers. Prior sample preparation, stocks of 80 tgf bolymeric suspension were prepared
at pH 6 and 5 mM NaCcCl backgr otat the same pR BNOA s o |
background conditions was prepared as well aduico of 5 mM NacCl also at pH 6. Then, 29
samples were prepared in 40 mL polypropylene tubes by mixing 5 mL of the polymeric suspension,
1.2 mL of PFOA solution, the required amount of titrant and filled up to 40 mL final volume with
the required 5 mM NalGolution. The polymer and PFOA final concentration was kept constant
in each sample and at concentrations of 10 @ In d 6 ®, respectively. Every sample was
added a different amount of 5 mM NaOH or 5 mM HCI in order to change the pH in a ramge fr
3 to 10.

Once all the ingredients were mixed, every adsorption sample followed the same treatment.
The reaction suspension (in 40 mL tubes) was mixed in an Orbital Shaker 4628Bn@_ab

instruments, Melrose Park, IL, USA) at 27€1 for 48 h. Subsequtwy the tubes were centrifuged
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for 40 min at 45,00Q to separate the polymer from solution using an Evolution RC centrifuge
(Kendro Laboratory Products, Reems Creek, CN, USA). Once centrifuged, 30 mL of supernatant
were removed, filtered with 0.25 m ypwpylenefilter (EZFlow, Salem, NH, USA) and stored

in 50-mL polypropylene tubes. The filters were washed with 5 mL of sample each time.

2.3.2lsotherms

Sorption isotherms with PFOA were prepdred fo
Prior samplepreparation, stocks of 80 mgtlof polymeric suspension were prepared at pH 6 and

5 mM NaCl background at the same pdlue A PFOA s ol u ttatdhe samd pH2 0 0 0
and background conditions was prepared as well as a solution of 5 mM NaCl &is6.@t phen

samples were prepared in-Af polypropylene tubes by mixing 5 mL of polymeric sorbent, the
required amount of PFOA solution for the desired PFOA concentration and filled up with 5 mM

NacCl till final volume of 40 mL. Once the ingredients wergead the samples followed the same

process in the pH edges section.

2.3.3Kinetic experiments

Kinetic experiments were performed to study the speed of the sorption of PFOA on the polymers
surface. PFOA was dissolved in 5 mM NaCl (950 mL) solution and the plddyasted to 6.0At

the same time a polymer stock (200 m§) was prepared in 5 mM NaCl and the pH was also
adjusted to 6.0. Next, 50 mL of the polymer suspension was added to the PFOA solution while
stirring vigorously using a polytetrafluoroethylene (EEJFree stir bar (V&P Scientific Inc., San
Diego, CA, USA). In this way, the initial concentrations of polymer and PFOA were respectively

10mgLtand 56 Susgensibn aliquots were collected after 0.5, 1, 1.5, 2, 3, 5, 7.5, 10, 15,
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30, 60, 120, 300600, 900, and 1500 min. At each time, a triplicate samplds r(®.) were

extracted from the stirred solution, filtered and stored imL5PPtubes.

2.3.4Natural organic mattempact

Adsorption of PFOA by different polymers was tested in the presenaenarhee river natural

organic matter (NOM). This NOM standard was obtained from the International Humic Substance
Society(Denver, Colorado, USA). Samples with polymer suspension of 10 wgeke prepared

in 5 mM NaCl. Thenitial concentration of PFO&v a s 5 ®in &5gnMINaCl background@he

NOM concentrations r &mgepHd of the eectrolgte, PFOA, pddydés £ g L
suspensions and NOM was adjusted to 6.0 using a 5 mM NaOH or HCI solution. The reaction
suspension (40 mL) was prepd in 40mL polypropylene centrifuge tubes. Once the ingredients

were mixed the samples followed the same process in the pH edges section.

2.3.5lonic strength

Adsorption of PFOA by different cationic hydrophobic polymers developed in this project,
commercially available ion exchange (IX) resin (CalRes 2304 obtained from Calgon Carbon,
Pittsburg, PA), and granular activated carbon, Filtrasorb 400 (Calgon, Moon Township, PA, USA)
was tested in the presence of increasing concentrations of NaCl solliéactivated carbon was
crushed to a fine powder to form powdered activated carbon (PAC). Samples with polymer
suspension of 10 mgiwere prepared in water. Two different set of experiments were prepared
where the initial concentration of PFOA was®® d 5 0'OThecconcehtration of NaCl ranged
from O to 500 mM. The volume of each sample was 40 m. The pH of the electrolyte, PFOA,
polymers suspensions and NaCl solutions were adjusted to 6.0 using a 5 mM NaOH or HCI
solution, as needed. Once the edjents were mixed in the desired proportions the samples

followed the same process in the pH edges section.
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2.3.6Divalent salt impact

The effect of cationic species (i.e.,ZCand N&) and anionic species (i.e.,'Gls. SQ? ) in the
background electrolyten PFOA adsorption to the selected sorbent was studied as described in the
above experiment. In the first case, the electrolyte solution was a mixture of NaCl andT@aCl

ratio of CaCj} to NaCl ranged from 0 to 100%, and the ionic strei@jwas maimained constant

(5 meqgL™) in all replicates. In the second case, the electrolyte was a mixture®@Na Nacl.

The NaCINa:SQ; ratio ranged from 0 to 100%, and tiewas maintained constant (5 med).

Once the ingredients were mixed the samfidélswed the same process in the pH edges section.

2.4. PFAS analysis

2.4 1HPLC-QTof-MS/MS

Aliquot of the filtered samples (1.5 mL) was spiked with 1.5 pL of 400 Bgnjection internal
standard analyte (IISA) in a 2L micro centrifuge tube obtaining a firancentration of 11ISA
of 4 pg L for every analyzed sample. In order to obtain a homogeneous distribution of 1ISA the
mixture was vortexed using a Magnestir system (Curtin Matheson Scientific, Inc, Morris Plains,
NJ, USA). Then, a subsample (0.15 mL) weensferred to a HPL®P vial (Thomas Scj
Swedesboro, NJ, USA) and analyzed. When more than one native analyte was targeted, the
samples were spiked wittm #SA mixturewhere the concentration of each IISA was 400 [ig L

For each native compodnPFAS chemicals that were used in the adsorption experiments
and were acquired in bulk, seection2.1.1, an IISA compound was purchased from Wellington
Laboratories (Ontario, Canada). ISA compounds are the same chemicals as the native compounds
but with one or more (G labeled carbons. Native compounds and their respec®A dppear

summarized imable7?.
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Table7: Standards used in the analysis.

Perfluoroalkyl sulfonates CAS [ISA EISA
Potassium, perfluorobutane sulfonate (PFBS) 29420493 13Cs-PFBS 13C4-PFOS
Potassiumperfluorohexane sulfonate (PFHxS) 3871-99-6 13Cs-PFHXS  13C4-PFOS
Potassium, perfluorooctane sulfongite) 2795393 13Cs-PFOS 13C4-PFOS
Perfluoroalkyl carboxylates

Perfluoroheptanoate (PFHpA) 375859 13C4-PFHpA  13C,-PFHXA
Perfluorooctanoate (PFOA) 33567-1 13C,-PFOA 13C,-PFHXA
Perfluorononanoate (PFNA) 375951 13Cs-PFNA 13C,-PFHXA
Fluorotelomer sulfonates

Fluorotelomer sulfonate 6:2 (FtS 6:2) 2761997-2 13C,6:2 FTS  13C;8:2 FTS
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Calibration curve for each targeted chemical was built with analytical standards bought
from Wellington Laboratories as well. For each chemical a calibration evaseduilt in a range
from 0.02 to 50 pg ! in a 50% MeOH/Water (w/w) matrix. Every calibration point was spiked
as well with the corresponding 400 ug LSA, or a mixture of 1ISA if more than one compound
was present in the samples.

An analytical methodvas set up for the quantification of PFAS. The method was based on
EPA method 537%vith required modification as stipulated by TablelB in the DoD Quality
Systems Manual Version 5.1.The analysis was performed using an Agilent 1200 Infinity HPLC
conneted to a tandem mass spectrometer (MS/MS) from ABSciex (TripleTOF 5600,
Framingham, MA, USA). A PTHEee sample introduction system (59B863EN, Agilent,
Greenville, DE, USA) was installed in our HPLC system to minimize background contamination
during the analysis of PFAS. Chromatographic separation was conducted, using a Raptor C18
column (50 x 2.1 mm, particle size= 5 um, Restek, Bellefonte, PA, USA), connected to a guard
column (Raptor C18, 5 x 2.1 mm, particle size= 5 um, Restek, Bellefonte, PAndihke phase
composition was 20 mM ammonium acetate in HPLC grade water (A), and HPLC grade methanol
(B). The injection volume was 10 pL, and the temperature in the column was set at 40 °C. A
constant flow of 0.4 mL mih was maintained. The gradient prag was 40% of eluent A for 2.5
min, followed by 5% of eluent A for 1 sec, then back to 40% of eluent A for up to total time of 8
min. The HPLEMS/MS system was interfaced with an electrospray ionization source. Initial tests
were performed with PFOA, whicwas detected in ESI negative mode. Mass spectrometer
parameters were as follows: a capillary potentiat4800 V; and a source and desolvation

temperature of 600°C. Precursor and product iong (vere 312.97 and 268.98, respectively.
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Every run consigtd of the calibration curve, followed by an instrument blank (I1B), which
is a vial with just HPLC grade water, and then the samples. Every ten injected samples, a quality
control (QC) was injected which contained a concentration of 0.5 h@fLeach analycal
standard. Instrument blanks were injected every time it was suspected that a lower concentration
sample was following a sample with higher concentration. When processing the data, if the [ISA
area of a sample was off from the average IISA area bg than 30 %, the sample had to be re
injected. When building the calibration curve, if a calibrant calculated concentration was off by
more than 30 % from the theoretical concentration, the calibrant was excluded from the calibration

curve.

2.4.2So0lid Phase Hxaction

Solid phase extraction was used in two cases. First, when the concentration of the target chemical
was too small for being analyzed with the current instrumentation. Second, when the matrix in the
samples was too different. The last case was speciallyedpfar the experiments where the
electrolytic background was not constant as the mass spectrometry instrumentation is sensible to
these changes.

SPE was performed using 250 mg SuperclédaNVI™-Chrom P SPE tube cartridges
purchased from Millipore Sigmgst. Louis, MO, USA). Each cartridge was washed first with 18
mL of MeOH, and then then with 15 mL of HPLC grade water. Then the corresponding sample,
previously spiked with the extraction internal standard anabg loaded into the cartridge and
then t was dried under vacuum for 30 min. Finally, the cartridge was eluted with 8 mL of 100%
MeOH which was collected in #L centrifuge tubes. EISA as well as IISA are labeled PFAS

compounds that are used for calculating the recovery of the SPE cartrithge&ISA stock
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solution was 400 pg t for each compound in 100 % MeOH, and the spiked volume was the
necessary to obtain a concentration of 4 figri.the sample before the SPE process. The EISA
compounds also were purchased from Wellington Laboratofegaio, Canada)and are
summarized imable?.

In the first case, when the chemical concentration was too low, as much as 25 mL of PFAS
solution was concentrated in the SPE cartridges and recovered in 8 mL of methanol. After this, the
recovered solution was dried in a TurboVap LV dryer (Biotage LLC, Charlotte, NC, USA) under
N2. Then, the samples were reconstituted with 1.5 mL of 50% MeOH (w/w), and spiked with 15
uL of 400 pg L2 of IISA, vortexed, transferred to vials and analyzetthwie HPLGQtof-MS/MS.

In the second case, when sample concentration is not needed, the purpose of the SPE was
to obtain the same background for each sample. For this, 8 mL of sample were added to the
cartridge and later the sample was eluted using ®hil00% MeOH. Then part of the collected
sample was transferred to a centrifuge vial where it was mixed with necessary HPLC grade water
to obtain a final volume of 1.5 mL of 50% MeOH/Water (w/w), spiked with 15 pL of IISA,
vortexed, transferred to a viah@injected into the HPLQTof-MS/MS.

SPE recovery was calculated for each sample as the ratio between the calculated EISA

concentration in the sample and the expected coratiem from the mass balance.
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3.Resultsand discussion

Quaternized cotton, amated polyacrylonitrile fibers or aminated rise husk, which contain
guaternary ammonium, amine and amino grougspectively, have shown outstating adsorption
capacity for PFAS removal, up to 1240 gagh g* (Ateia et al. 2019)Aniline-based polymers

such as polyaniline (PANIight alsooffer potential for the removal of PFAS due to their high
content in aminayroups Based on the presence of the mentioned cationic N groups and the
hydrophobic backbone of the discussed polymers, it is expected to see a dual adsorption
mechansm of PFAS compounds that will exploit PFAS negative charge in aqueous solution and

highly hydrophobic carbefuorine tal (Figure®6).
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Figure 6: Polyaniline structure and sorption mechanisms of PFOA.

In order to evaluate the potential PFAS sorption capacity of atblised polymers, seven

different polymeric sorbents were synthesized whbeeprecursors presented variations in the
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functional group attached to the aromatic group in the aniline molddtugeapproach allowed to
evaluate changes in PFAS adsorption affinity due to the different substipdgtternin the

polymer, ando identify the functional groups that would provide the highest adsorption capacity.

3.1. Polymer synthesis archaracterization

3.1.1Cationic polymers

Synthesis.The seven synthesized polymers were: polyaniline (PANbly-o-toluidine
(POT), poly-o-anisidine (POA)poly-o-ethylaniline(Schaider et al. 2017poly-secbutylaniline
(PSB), polynaphthylamine (PNA), and pofypole (PPy)(Table8).

The procedure followed for the synthesis of the cationic polymers was based on a widely
used method for polyaniline synthesignsisting of oxidizing the precursor with ammonium
persulfate (APS) under low temperature and vigorous sti(NfaglarresiAlam et al. 2015, Zaidi
et al. 2004) Data related to the names, abbreviatisapplier,reaction yield, elemental analysis,
and BET analysis are summarizedTable9.

Overall the synthesis yield was high {800%) despite two of the polymers presenting
relatively low values50 and 76% for PNA and PSB, respectively. Values higher than 100% could
be due to experimental errors or residual moisture in the polymers.

Elemental analysis of selected polymers showed similar presence of carbon, between
48.3% and 59.5%. The polymer witie lowest reported carbon content was PANI, 4886ause
its precursor, aniline, has the least number of carbons in its composition. While presenting the
same number of carbons per molecule of precursor, POT showed higher carbon percentage
(59.5%) than PA (48.3%) because of the oxygen atom presented ioréimésidine molecule that

decreases the proportion of carbon.
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Table8: Synthesized polymers with the corresponding precurearsges, structures, and origin.

Abbrebiation PANI POT POA Ppy PEA PSB PNA
Polymer Polyaniline Poly-o -toluidine Poly-o-anisidine Polypyrrole Poly-o-ethylaniline Poly-sec-butilanine Polynaphtylamine
Precursor Aniline O-Toluidine O-Anisidine Pyrrole 2-Ethylaniline 2-Isopropylaniline  1-Naphtylamine
H,C
NH, cH, Hzc\o H HLC CH,
HN < n 7 HH HN
Ll HN. 2
Precursor strucutre ’ \ /
NH,

Precursor CAS 62-53-3 95-53-4 104-94-9 109-97-7 578-54-1 55751-54-7 134-32-7

Thermo

Fisher Thermo Fisher Frontier Siema
Company Scientific Scientific s & Sigma-Aldrich Inc  Millipore Sigma  Sigma-Aldrich Inc

: : Scientific Aldrich Inc
Chemicals, Chemicals, Inc
Inc
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Table9: Polymer abbreviations, reaction yield and product purity, elemental analysis, and BET analysis, compared to PAC

Polymer PANI POT POA Ppy PEA PSB PNA PAC
Synthesis yield % 103 99 110 85 80 50 76 NA
Purity % 100 100 99 98 98 96 99 NA

Elemental analysis:

Carbon (wt%) 47.99 59.51 48.29 NA NA NA NA 90.26
Nitrogen (wt%) 9.57 9.02 7.09 NA NA NA NA 0.34
Sulfur (wt%%) 35 0.21 0.26 NA NA NA NA 0.68
BET analysis:

(Srﬁzeg_'gc suface ared 5 5 11.21 1.36 11.27 4.33 NA NA 814.01
Pore volume 0.14 0.06 0.004 NA NA NA NA 0.14
(cm*g™)

Average size BJH 25.66 25.41 13.81 NA NA NA NA 4.40

56



High nitrogen content is an importafgatureof these polymers as it is expected for the
amine groups to be an important part of the PFAS adsorption prétesstrogencontentin the
polymerswas positively correlatedith themassof the precursqras every precursor had different
molar mass but just one nitrogen groughe hghest nitrogencontentwas observed in PANI
(9.6%9. POT showedslightly lower nitrogencontent (9.0%)due tothe methyl group in the
precursor that makes it heavier than aniline. The last polyntieithe highest mlecular veight
and thus the lowest nitrogeontentwas POA(7.1%).

Other research groups haveoeed similar values of carbon and nitrogen percentages
PANI, 54.3 and 10.5%respectively(Karim et al. 2005)POT polymers have been refed D
present 64.6% carbon and @&éitrogen(Kulkarni and Viswanath 2004¥similar to the values
presented in this studplso similar data to the values presented in this stueleveported for
POA with 51.6% carbon and 8.18firogen(Cattarin et al. 1988)

BET analysis An important property asorptivematerials is the available specific surface
area (SSA) that theswaterials providdéor contaminanuptake Commonly the highethe SSA,
the higher is the adsorption capacity of a matefiae SSA of thgolymerssyrthesizedn this
study arepresentedn Figure?.

The lowest SSA was observed in the case of POA, with just Agt nwhile the highest
value, 25.6 rhg?, was determined for PANI. Different authors have reported relatively similar
SSA valuesfor these polymersFor example, the SSA d?PANI synthesizd by Ayad and
coworkers(Ayad and Zaghlol 2012lgnd Parveen antbworkers(Parveen et al. 2016Yas 20.0
and 29.7 rhg?, respectivelyThe SSA of the synthesized polymers are extremely low when
compared with granular agtited carbon (GAC) F400, a sorbent commonly used to treat PFAS

contaminated water, which presented a SSA of 814ymLater on in this chapter, different
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approaches will be discussed that were taken in order to increase the SSA of the synthesized

polymess.
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Figure 7: Comparison of specific surface area of the synthesized polymers.

The pore size distribution of selected polymers was evaluated and compéahed ¢
GAC, the results of this comparison are presente&igure 8. The profile ofthe pore size
distribution over porediametershowedsimilar shapes for the synthesized polymers, mostly
differing in the amounof availablevolume per gram.n this way, PANIwas the polymer with

most pore volumé0.14 cni g1), and theaverage pore width w&5.6 nm.
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Figure 8: Pore size distribution of synthesized polymers compared to crgsaedlar activated
carbon (PAC).

POT presented a pore volume of 0.06 gy significantly less than PANI, but at similar
averagepore width of 25.4 nmPOA hadthe lowest pore volum@.04cn?® gt) and the lowest
pore average widtlil4 nn. In contrastwith the SSA the pore volume otrushed granular
activated carborAC) is very similar tathat of PANI (0.14 cni g, but the main differencthe
average pore width in PAC was much lower, 4 nm, compared to that of RBNXNj.

The pore siz@listribution should have a normal distrilmurt shape maxing on the average
pore width, something that is not happenamg-igure8. The reason for this the sensitivity of

the instrument, whicltannotdetect very low nitrogen pressure changes when adsorption at the
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lowestpore sizes occurs. Because of this, any distribution information below 2 nm is not available
anda normal distributing cannot be setar none of the adsorben(Bigure 8). GAC F400, the
activated carbon used in this study, was also evaluated by other researchigepsrted SSA
values of 790 rhg? (Chingombe et al. 20053 valuevery similar to theSSA determined in this
study 814 nt g1). The pore volume reportdaly the Chingombe and coworkepsesented two
major peaks, one for pores wilverage widthtof 2 nm, similar to this repgrand the otheat an
averageporewidth of 0.8 nm. These resultsorroborate the hypothedisat the instrument does

not have enough sensitivity for analyzipgres with a width < 2 nm

Based on the BET results discussed in this section, it was conc¢hateugher specific
surface area would be necessary in order to match other sorbents like activated carbon, which
commonly presents SSA values between 300 and 16@f*fZhang et al. 2019)These values
are one to two orders of magnitude higher compared to the SSA of the synthesizedrpoly
(Figure7). In order to obtain polymers with higher SSA different approaches were explored in
further research including: synthesis of nanostructured polynssrghesis of crosslinked
materials, and solvent anldermic postreaction treatment.

Potentiometric titations. In order to evaluate thdissociationconstants pKa, of the
synthesizegholymersall of them were subjeetito a pH titration. The results and comparison of
each polymer are presentedRigure 9, where the pH of a 100 mg?lpolymeric suspension is
evaluated as a function of the added amount of ti{fshinM KOH). Thepointsmarked in each
curve represent the pKa values for each polympKa values were calculated as the midpoint

between the end point and the beginning of each titration.
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Figure 9: Potentiometric curves representing pH as a function of the added titrant KOH. The
marked points stand for the pKa valdeseach polymer.

All polymers presented similar values for pKeanging from3.9 and 4.6Likewise, the
pKa value of the differentpolymers were also pretty close, between 7.3 and 7&eTésults
indicate that the polymer backbone presentsremeffect on the energetics of imine dissociation.
On the other hand, twlumeof titrantneededn order to reach pkand pKa were very different
for each polymerswhich is a direct indication of theharge on the polymer surfackhe pKa
values degrmined and theittant volume added to reach the correspondpip values are

summarize ifmable10.
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Table10: pKa values and the necessary titrant volume necessary to reach the pKa.

PANI POT POA Ppy PEA PSB PNA

pKa 3.91 4.11 4.25 4.16 4.09 4.6 4.1
V1 (mL) 3.0 1.9 1.3 1.8 2.2 0.5 1.4
pKasz 7.26 7.66 7.58 7.47 7.24 7.68 7.53
Va (mL) 9.8 9.4 5.5 6.4 6.2 3.5 453

Zeta potentiaknalysis Surface charge is amportantpolymer property that it is expected
to impact PFA&dsorptionIn order to evaluate the surface chasfihe new adsorbenénd study
its dependencyn the solutionpH, zeta potentiditrations were conducted by increasing the pH
gradually from approximately 3.5 to@B The resulting zeta potential profddor all polymers are
presentedn FigurelO.

All polymers, but PSB, presented positive values of zeta potential in the lowest pH region.
In this pH rage, the imine groups in the polymers are expected to be fully protonated and provide
positive surface charge. PSB, on the other hand, had negative values through the entire range of
evaluated pH, starting with a surface chargel6fmV at pH 3.6, and enady with-25 mV at pH
7.8. The rest of the polymers showed a clear dependency of the zeta potential with pH, and a
decrease in the surface charge with increasing pH values, until reaching the pH of zero charge, or
the isoelectric point. Once the isoelecpa@nt was achieved the surface charge of some polymers,
e.g. POA and POT, remained closed to zero. On the other hand, the surface charge of polymers
like PANI, PPy, PEA, and PNA, became increasingly negative with increasing pH, which could
indicate thathe surface charge is likely to be controlled by other functional groups beside imine.

Thepoint of zero chargept,:o) valuefor each polymeis reported inTable11.

62



30 -
] 0—¢ o POA
20 | Qb\9/ B

o _ %8 O\ & PPy
| <
-10 - g \8\@\©/%/

Zeta potential (mV)
o
g
»

| {

— y
] o
20 o —
1 3 VY —§——yp
'30 J I ' | v I | L I
3 4 5 6 7 8
B pH o PNA
— 30 - ——m— o o POT
Z 0] & f 0@9\69 A PEA
= O5—8 g & PANI
.© 10 \Q\Q»\ 5 .
& 0-f------ [_%&%<___ SR . S LTS S
g 10 o , O\Ob\w
Q. ~a = . y,
8 -20 . 5\@,\@\@ o
N -30 - - Beny
I I I I I
3 4 5 6 7 8

Figure 10: Zeta potential of different polymer dispersions as function of pH.

Table11: pH of zero charge (isoelectric point) for each synthesized polymer.

Polymer | PANI POT POA Ppy PEA PSB PNA

PHpzc 6.3 6.5 6.7 4.8 5.1 NA 3.8

FTIR analysis In order to further characterize and confirm that the polymers were
correctly synthesizedrTIR was usedo characterizéhechemical bondsh the differenpolymers.
A detailed analysis waserformedby Yaniv Olshanskya postdoctoral researchavho waspart
of the team that conducted this study. The summary of this analysis is prestoved3 IR data

of the synthesized polymease compared orfrigurell.
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All polymers exhibited a broad adsorption band at a wavenumber higher than 1650 cm
which is attributed to intrahain excitation (free chargerrier adsorption), indicating eleicil
conductivity of the polymers. All spectra exhibited ad N stretching band at ~3430 ¢m
Unexpected peaks at 2918 and 2850cmorresponding to CHasymmetric and symmetric
stretching vibration, were observed in the spectra of POT, POA, and PA&Ee peaks may be
attributed to a red shift of peaks at 3133 and 3108, ciue tothe conductivity of the polymer
(Kato et al., 1991)PEA and PSB demonstrated large signal at wavens29é3, 2929, and 2872

cmi?, corresponding to asymmetric and symmetric stretching af @ttl CH groups.

The spectra of PNA, and PSB exhibited absorbances at 1658 and 1§40hiah can be
assigned to the imine C=N stretch. For PANI, A quin@thted lend was also observed at 1575
cmil. This peak shifted to higher wavenumber for POT, POA, PEA, PSB, and PNA. The vibrations
of the aromatic (benzenoid) ring resulted in peaks at 1498fomall aniline derived polymers.

Cd N vibration bands appeared at7#3cm! (Cd N deformation), 1298 crh (electron

delocalization), and 1241 ch(i NH='=), at the PANI, and PNA spectra. The peak at 1374, cm

was absent from the spectrum of POA. The peaks observed at 1140 and’8®2thdme assigned
to i NH*= and toout-of-plane @& H bending, respectively. The peak at 1020'dmthe POA

spectra can be assigned t6 O of the methoxy group.

The PPY spectrum exhibited a pronounced peak at 1700Tms peak is corresponds to
a carbonyl group potentially formed by newophilic attack by wate(Blinova et al., 2007)
Stretching vibrations of the pyrrole ringdGC bond were observed at 1550tr@d N stretching
in the ring observed at 1477 &mA broad peak at 1300 (140@50) cm! and peak at 1040 cin

were assigned to&H, and @ N in plare deformation mode. Maxima at 1180 tean be
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assigned to iplane N0 H and @ H stretches. kplane deformation of 8l H* was observed at

1100 cmt. Out of plane @ H deformation was observed at 930 and 796¢.cm

Overall, FTIR data confirm the expected pomstructure. No evidence for the presence
of carboxylic groups in polymers (which could have explained the presence of net negative surface

charge observed at higher pH) was observed.
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Figure 11: FTIR spectra of the synthesizealymers
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3.1.2.Nanostructured polymers: PANI nanotubes

Nanostructured polymergere synthesized in an attempt to obtain polymers with hig&ér Due
to their very small size, nanomaterials generally have much higher SSA compared to their bulk,
micron-sizedmaterials(Yakoyama 2018)

SynthesisFollowing the process proposed by Zhang and Wang (Zhang and W2y, 20
where camphorsulfonic acid,-DSA was used as dopathree aniline basegolymers with
different D-CSA ratios(10, 3.3, and 2 g of aniline/g of-DSA) were synthesized he codes used
for each of thesenaterials are listed ohable 12. Elementalanalysis of these polymevgs not
performed

BET analysis The influence of the dopant presence on the specific surface area of the
synthesized polymerss compared to PANI orFigure 12 and Table 122 The SSA of the
nanostructured polymers did not show an important increase as it was expected, resulting in SSA
values similar to the pure PAN18-33 n? g1). No trend between the SSA and the presence of D
SCA was observed, and the small differences in the SSA values determined could be due to
unavoidable variations in the experiment preparation. The SSA of nanostructured polyaniline
synthesizd using DCSA as dopant in a previous study was reported to range frord 4B 2r?

g?! (Huang and Kaner, 2003), which is aboutfetal higher than the values obtained in this study
but not high enough to be comparable to that of GAC.

Although the SSA ofnanesized PANI and regular PANI was very similar, the
nanostructured PANI materials presented a marked increase in the fraction of micropores with a
width less than 5 nn(Figure 13). In agreement with these plots, the average pore size in the
nanostructure PAND_CSA 0.1 was about one order of magnitude lower (2.75 nm) compared to

that of PANI (25 nm).
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Table12 Names, aniline teaamphorsulfonic acid (ECSA) ratio, elemental analysis, and BET

analysis of the nanostructured polymers compared to misizad PANI.

Sorbent name PANID CSA PANI
0.1 0.3 0.5
Aniline : Camphorsulfonic acid (g:9) 1:0.1 1:03 1:05
BET analysis:
Specific surface area &rg?) 24.24 18.48 33.18 25.56
Pore volume (crig?) 0.01 0.07 0.01 0.14
Average e BJH 2.75 16.85 0.83 25.66
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Figure 12 Comparison of the SSA of nasized PANI andnicron-sized PANI
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Figure 13: Pore size distribution comparison between nanostructured PANI polymers and
micron-sized PANI.

FTIR analysis PANI spectra presented the characteristic C=N stretching of the quinoid
ring at wavenumber 1575 chf{Ayad and Zaghlol 2012bjand a sharp peak at 1488 tdue to
the benzenoid structure of PARelil Arasi et al. 2009)Out of plane stretching was observed at
peaks 1300 crhcorresponding to @l and at out of plane bending at wavenumber@as(Ayad
and Zaghlol 2012hxlso in plane bending band was registered at wavenumber 114
H.

While thespectra of the nanostructured polymers was very similar to RAkdsenting
basically the same peaks, there was obseavezlv peak at wavenumber 1041 ¢melated to the

-SOsH group, that indicates the-OSA doping(Zhang and Wan 2002)
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Figure 14: FTIR absorbance spectra of the nasiaed polymers comparednacronsized
PANI.
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3.1.3Crosslinked polymers
Another approacfor obtaining sorbentwaith high SSAwas to useo prepare crosslinked cationic
polymers.Crosslinkedmaterials,where polymers are synthesized on a way that high porosity
materials are obtaingdave shown great efficiency as solid phase extraction materials of organic
contaminantdrom both aqueous and air medibsyurupa and Davankov 200&jurthermore,
different resarch group have synthesized crosslinked polymers baseBAINI and obtained a
considerable increase in t&SA of the resulting crosslinked polyngecompared to pure PANI
A previous study reported thatosslinkedPANI had aSSA of 349n? g (Ayad and Zaghlol
2012b) which surpasses tI&SA of thePANI synthesized in this study by more than 10 times.

SynthesisA methodpreviouslydescribed by Germain and coworkers was followest
was reported to in hyparosslinked polgners with a permanent porosii@ermain et al. 2007)
Briefly, cationicpolymers were dissolved in tiseganicsolventN-methyl pyrrolidongNMP) and
reacted with the crosslinked material, paraformalde{(fafA) in this case Four PANIbased
crosslinked polymers were synthesized usiiifgieent polymer to PFA ratios: 1:1, 1:1.5, 1:2.4,
and 1:4 (g:g), respectiveland onecrosslinkedPOT polymer was synthesizagsinga POT to
PFA ratio of 1:1.24 (g:g)The elemental composition aBET analysidor PANI and POTbased
crosslinked polymerare compared to theon-crosslinked polymexin Table 13

Elemental analysis showed a notable increase in the percentage of carbon in the synthesized
crosslinked PANI polymers, from 48.0 in the case of pure PANI to as much as 74.2% for
PANI_PFA 4. The increase of elemental carbon followed the trend of increasisglinker
presence, but it was not proportional to the amount of PFA added. In this way, the use of four times
more of crosslinker for PANI_PFA_4 did not change significantly the carbon content compared to

PANI_PFA 1, increasing the elemental carbon eohfrom 71.7 to 74.2%. These results suggest
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that the available active sites on the polymers where the crosslinker molecule could bind are

limited and that there is probably an optimum proportion between PANI and PFA.

Table13: Crosslinked polymers abbreviations, polymer crosslinker ratios, elemental analysis,
and BET analysis compared to pure PANI and POT.

Sorbent name PANI_PFA PANI POT POT_PFA
1 15 2.4 4 124

Polymer . Crosslinker | 4.4 .95 1:.24 1:4 1:24

(9:9)

Elemental analysis:

Carbon (wt%) 7173 7249 7234 7424 | 47.99 | 5951 | 75.46

Nitrogen (wt%) 1261 1210 1076 10.95| 957 | 9.02 9.35

Sulfur (wt96) 145 145 1155 BLD | 35 | 021 BLD

BET analysis:

(Snﬁ’f;_'gc suface areq 19555 31921 224.69 487.89| 2556 | 11.21 | 443.29

Pore volume (cni g?) 0.19 0.1837 0.15 0.20 0.14 0.06 NA

Average size BJH 867 6522 7.9 627 | 2566 | 2541 NA

DespitePFA does not present nitrogen in its molecular structure, the elemental analysis
results showed igher presence of this elemeniy to 3% more inthe case of PANIPFA 1
compared turePANI. This increase in nitrogarontent could bassociated to renrang organic
solvent,N-methyl pyrrolidongNMP), used in therosslinkingprocessThis pointsoutthat either
part ofused solventvasadsorbed on the surface of the polymer and the post reaction cleaning
process is unadb to remove the solvent or that pafthe solvent remains in thplymer because
the cleaning process of the crosslinked polymers, which inval\&8gschletprocess is not 100%
effective

BET analysis.TheSSAof PANI and POT is compared with the SSAlw¢ corresponding

crosslinked polyrars inFigure15.

71



500 488

N

o

o
|

300

200 H

Specific surface area (m°g™)

i

o

o
|

A D

Q A
o™ $\?(,?*
da QP*$

A A < M
o< NG g .

>
of
\ Q\*ﬁ\ Q

w

Figure 15: Specific surface of the polymers PANI and POT and the respective crosslinked
polymers.

Results indicate that the presence of crosslinker had an impartpact in the SSA of
synthesized polymer$he SSA of thecrosslinked materigireparedvith the lowesPFA fraction
(PANI_PFA_1)was eightfold higher compared to that ptire PANI. This trend was followed by
the rest of the crosslinked polymers, shayincreasing SSA with highd?FA content reaching
SSAvalues of 488 rhg™. CrosslinkedPOT alsgpresentec major increase in SSA, froii.2 to
443 m? gt. A comparableincrease in the SSA ¢tANI was also reported by different authors
when usingPFA as crosslinker349 m? gt (Ayad and Zaghlol 2012band up to 48am? g*

(Germain et al. 2007)
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Figurel6 compareshe effect of crosslinking on the pore size @ode volume distribution

is presented ahcompared tehose ofpure PANI
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Figure 16: Pore size distribution of crosslinked polymers compared to PANI.

The crosslinked polymergresentedrders of magnitude difference in the pe@ume
distribution (Table 13, Figure 16). The increase in overall pore volume was as much as 43%,
comparing pure PANI and the crosslinked material with higher pore volunfeg@nFigure 16
shows thaafter crosslinkinghe pore width shifted from 2%m, in the case of pure PANI, to pore

diameters< 5 nm Due to the limitations of thBET analyzerthe width of the very small pes in
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the crosslinked PANI materiatould not be quantifiedccurately as any changes in the partial
pressure of nitrogen could not be quantified while the smallest pores where adsorbing the nitrogen.
Ayad and coworkergAyad and ZaghloR012b)evaluated their crosslinked PANI polymer using
an instrument with higher sensibility and obtained the characteristic normal distributi@for
the crosslinked polynteat an averagepore width of 0.6 nm which satisfies thgpothesighat the
instrument used was not sensible enough.

Zetapotentialanalysis The impact of the added crosslinker on the surface chaRR&NF
was evaluatedFigure 17). The crosslinked PANI polymers showed similar behavior to PANI,
presenting a positive surface charge at low pH values and negative charge at pH values exceeding
their isoelectric point. The pivalue experimented a shift to lower pH values frén3 in the
case of PANI to 5.8 and 5.4 for PANI_PFA_2.4 and PANI PFA_1, respectively. Some differences
were observed in the positive pH range values, where the crosslinked materials had lower zeta
potential than PANI. For the same pH value, PANI_PFA_2cdRANI_PFA_1 showed lower
zeta potential compared to PANI, abott@ mV.

Because the crosslinking process requires some of the available positively charged groups
on the polymer for the bonding process, it is not surprising that for the same pH ceabslink
polymer show lower surface charge, as part of the charge available on the pure polymer is no

longer free.
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Figure 17: Zeta potential of selected crosslinked materials compared to PANI. Inset table
summarizes the correspondiisgelectric points.

FTIR analysis In order to evaluate the impact of the crosslinker on the spectra of
synthesized polymers, infrared specivare collected for the crosslinkeBANI polymers and
compared tohe spectrunof PANI (Figurel8). The spectrum of PANI presented the characteristic
C=N stretching of the quinoid ring at wavenumber 1575 ¢Ayad and Zaghlol 2012bjand a
sharp peak at 1488 chuue to the benzenoid structureRANI (Yelil Arasi et al. 2009)Out of
plane stretching was observed at peaks 130boomresponding to @ and at out of plane bending
at wavenumber 825 ch(Ayad and Zaghlol 2012bjlso in plane bending band was registered at

wavenumler 1140 crit for C-H.
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Figure 18 FTIR spectra of crosslinked polymers and PANI.

The spectra of therasslinked polymers, while similar between each other, presented major
differences with pure PANI. The peak at 1488'ctdue to the benzenoid structure in PANI was

shifted to 1500 crhin the crosslinked polymers. The C=N stretching observed at PANI spectra at
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wavenumber 1575 ctpresented a shift to 1602 cmiThis shift was also observed by Ayaad
coworkers(Ayad and Zaghlol 2012bpand was explained as an opening of quinone rings due to

the crosslinker presence. A major suppression of the peaks between bands 140@Dama'10

was observed in the crosslinked polymers compared to pure PANI. Thpeahsapce of the out

of plane CiI N stretching was probably due to a
A peak with increasingntensity at wavenumber 1670 chwas observed in the crosslinked
polymers but was missing in the spectrum of PAis band is associated to the formation of a

secondary amide group during the reaction withctiosslinker(Ayad and Zaghlol 2012b)

3.1.4Activated carbon composites

When considering real application for water treatment the marghadf the studied polymers

arises as a problenthese materials were synthesized as fine powders with a relatively small
particle size, which means that their use in packed bed adsorption processes is limited by excessive
pressure loss and wash out of thaterial from the packed bed. In order to overcome these issues

it was decided to design and prepare composite materials where the studied polymers would be
bound to the surfacef other materials such as granular activated carbon (G&«&fting PANI

on the surface of GAQould potentially not just solve the two technical issues discussed above
but alsolead toa material withimproved physical and chemicptoperties Composites are
expected t@wombineproperties of the combined materials in order to obtain a final material with
enhanced properties. In the case of G&E,GAC/polymer composite would kgpected tdhave

high SSA which would be provided blye high porosityof GAC, as well as potentiallgnhance
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the mechanical, thermal and physicochemical properties comiuatieel pure polymerévisoon

and Seok 2012, Zengin and Kalaycé 2010)

Synthesis.In order to evaluate the impact of different ratios of PANI to GAC on the
properties of the final composite material, six composites with different PANI and GAC quantities
were synthesized. The ratios of polymeric precursor, aniline, to GAC as well as tientalem
analysis and results of the characterizations procedures are presented and compared t@the origin
materials inTable14. The canpositenameprovidesthe PANIcontent (in %) irthe synthesized
material (e.g. PANI/GAC1.2% refers to the composite containing 1.2% of PANIhese
percentagewerecalculated based on the nitrogeantent 60) in the compositematerial.

Elemental analysis showed higarbon content in the synthesized materials ranging from
70.4% in the composite with the highest PANI loading to 97.3% in PANI/GAC_12.2%. The
nitrogen varied from 0.5% t@.0%, while the sulfur content ranged from rawtectable
concentrations to 2.7%.eRults obtained from elemental analysis of GAC were compared to those
from other authors who reported similar elemental carbon and nitrogen contents, 89.5 and 0.45%
(Chingombe et al. 2005)

The lowest carbon content, as expected, alzserved in the material with the highest
aniline to GAC ratio. The carbon content in PANI by itself was about half of that in GAC which
in the combined materials led to the reduced carbon content in the composite materials. Some of
the materials showeddher carbon content than GA@hich could be due to the instrument errors.

The nitrogen content in the composites increased with increased aniline loading, as pure PANI

presented about 28.2 times more nitrogen than GAC.
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Table14: PANI/GAC composite nomenclature, ratio of precursor to GAC used in the synthesis, elemental analysis results, and BET
analysis results, compared to GAC and PANI results.

Sorbent name GAC PANI/GAC PANI
12 % 2.9 % 5.0 % 7.5 % 12.2 % 48.8 %

Aniline : GAC (gg) 1:955 1:24.4 1:13.0 1:10.7 1:4.0 1:0.8

Elemental analysis:

Carbon (wt %) 90.26 | 82.96 93.30 84.15 89.64 97.30 70.39 47.99

Nitrogen (wt %) 0.34 0.50 0.87 111 152 2.63 6.95 9.57

Sulfur (wt %) 0.68 1.45 0.92 0.73 BDL BDL 2.72 35

BET analysis:

(Srﬁzeg_'gc suface area| g1, 51|  NA 683.65  523.05 NA 111.47 18.49 25.56

Pore volume 0.14 NA 0.15 0.13 NA 0.07 0.00 0.14

(cm®g?)

Average size BJH 4.40 NA 4.06 4.87 NA 6.06 0.91 25.66
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The calculated percentages of PANI on the composites, based on the nitrogen content,
revealed that not all of the available precursor, aniline, was incorporated in the composites
following the oxidative synthesis process. This result is neergent with a previous report that
used the same method to prepare GAC/PANI composites and reported a decrease in the polymer
content of the final product compared to the amount of precussat in the synthesis process
(Kuznetsov et al. 20197 his variation was related to the formation of substantial amounts ef low
weight pdymeric products that did not bind to the GAC surface and were removed during the

washing step.

BET analysis The SSA pore size angbore volume ofthe GAC-based composiseare
presented and compared te thriginal materials offable 14. The SSA of most synthesized
composite materials increased o to threeorders of magnitude compared to tB8A of the
original polymer(Figure19). The highest SS£683.6m? g ) occurred for the composite with the
lowest PANI loading, PANI/GAC 2.9%. The lowest SSA value was obtainethéocomposite
with the highest PANI loading, presenting a lower SSA value than PANI itself, 18.49 vs. 25.56 m
gl respectively.

While achieving a considerable increase in the SSA of several composites, i.e., up to 27
fold more SSA than PANI in the caseé PANI/GAC _2.9%, the BET results indicate a clear
decrease of the SSA with increasing PANI loading compared to GAC, especially for loadings of
7.5% or higher. Authors working with GAC/PANI composite materials have also reported similar
trends and thewttributed the decline in SSA resulting from polymer incorporation on the GAC
surface mainly due to decrease of the amo@imicroporeqYan et al. 2014)This behavior was

expected as the grafting process implies synthesis inside of GAC ptegolymer chains
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formed during the synthesis process obviously would occupy a fraction of the available area and
also completely cover some pores with the increasing precursors availability. The lowest SSA
value could be the result of the excessive amadingynthesized polymer than did not just

completely cover some of the available pores but also merged together GAC particles, leading to

the loss of the majority of the available SSA.
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Figure 19: Specific surface area (SSA)syhthesized composite materials compared to GAC
and PANI.

Figure 20 provides acloser lookat the pore volume distribution of the synthesized
composiesand compares it wit AC andpure PANI.GAC was he sorbent with thieighestpore
volume distribution at a pore width close to the limit of detecfitve pore size distribution of the

composite materials PANI/GAQR.9% and PANI/GAC 7.5 showed very sintar trends tahat
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of GAC. The composite with the highest PANI content presented a substantial decrease in the pore
volume distribution at around the same pore width.

Due to the limitation of the BET analyzer used, the data is only available from agstarti
pore width of 2 nm, as the adsorption equilibrium nitrogen pressure was too low to be detected for
smaller pores. By the shape of the curve, it can be anticipated that there would be a peak value
around the 2 nm pore width. More detailed explanatiorutabee shape of the pore volume

distribution curves and the low sensitivity of the instrument is provided in Section 3.1.
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Figure 20: Pore volume distribution of selected\NI/GACcomposite materials compared to
PANI and GACNumbers in legend represent the percentage of PANI in a specific composite
material.
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Similar to theSSA trenddiscussed in the previous paragrable volumeof pores less than
15 nmalso decreaskwith increasingPANI contentin the composite materialparticularly for
the composite with the highest PANI loading (12.2%g previously explainedhts decrease is
likely due to blockage of the porous structure of the activated carbBARi,

Zeta potential analysisin order to evaluate the impactANI presence oGAC surface
on the surface charge of the composite materidta potentiatitrations were conluded for
severaPANI/GAC composites with the highest SSA.

PANI presented a positivesharged surface with a decreasing trend witneasing pH,
reaching the isoelectric point at pH value of 6.3. Isoelectric point or pH of zero charge is the pH
value at which the zeta potential is zeddter reaching the point of zero charge, surface charge
became increasingly negative with highét yalues.

While presenting some variation in the lowest pH range, GAC showed almost a constant
zeta potential value for the entire evaluated range, betvi®eand-20 mV, thus not presenting
an isoelectric pointin spite of the presence of PANI of théG surface, andimilarly to GAC,
the composite materiashowednegative values of zeta potential over the entire range of pH
(Figure 21). PANI/GAC_2.9% and PANI/GAC7.5% composites presentdde same zeta
potential as GAC;10 mV on average.

Previous studies have reported somewhat different zeta potential values for activated
carbon F400 with changing pH. For example, Chingombe and coworkers depoateF400
presented positive surface charge with afatdlose to pH 6, and with a posterior decrease of the
surface chage up to-30 mV at a pH of 12Chingombe et al. 2005) he reasons for thidifference
could be a different GAC conceation. Chingombe reported to use 3000 mgwhile in this

study 100 mg I was used as well as different ionic strength in the background of the evaluated
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samples, 5 meqgtin this study vs. 4000 meq L* in Chingombe case, as it is known that the
ionic strength is one oof the key parameters affecting the zeta potential evalu@iameireda

Cunha et al. 2011)

= PANI

30 - & GAC
1 PANI/GAC:

20 . o 7.5%

X 2.9%

Zeta potential (mV)

Figure 21. Zeta potential results of several PANI/GAC composites, at 5 mM NaCl background,
compared to PANI and GAC. Numbers in legend represent the percentage of PANédaifia
composite material.

The mmposie materialglid notshow the same dependency of the zeta potential with pH
as pure PANIlikely due to the relativellow PANI contentin the compositesompared to GAC
A less obvious reason could be #wperimentalmethodologyused aszeta potential values for
thecomposite materiaksre lackingor pH valueselow pH5.5.In theseexperiments, alinaterials
weresuspended in ,M NacCl, without initial addition of titrants to correct the pH, thus every
sorbenthad adifferent starting pH. The reason for that was to try to avoid the possible hysteresis
effect in the zeta potential trends (eagding HCI to the composite suspension to achieve similar

pH as PANI suspension, and then running zeta measuremerddibyg &laOH).
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Overall, the zeta potential results indicate that PANI did not alter significantly the surface
of the modified activated carbon, except in the case of PANI/AAT% in which the surface
became more negatively charged in acidic solution. iftqéies that the latter modified activated
carbon might have a lower affinity for anions, such as PFOA, due to electrostatic repulsive
interaction.

FTIR analysis.Infrared spectra @are obtainedn order to analyze the impagst PANI in
the compositesnintra-molecular bonding. GAC showed notable peaks at wavenumbers of 1150
and 1570 cmt (Figure 22) The peak at 1150 cincan be attributg to epioxide and phenolic
structures or N stretching vibratiofiChingombe et al. 2005 he peak at 157€m™, on the other
hand can be a result of quinone structu(stherland et al. 1996)

PANI spectra presented the characteristic C=N stretching of the quinoid ring at
wavenumber 1575 ci(Ayad and Zaghlol 2012b)and a sharp peak at 1488 tumue to the
benzenoid structure of PANYelil Arasi et al. 2009)Out of plane stretching was observed at
peaks 1300 crhcorrespondingo C-N and at out of plane bending at wavenumber 825 @yad
and Zaghlol 2012hjlso in plane bending band was registered at waveauid0 crit for Ci H.

The compositeswith low PANI loading showed similar peakso GAC at the same
wavelength. These peaks gradually disappeavitd increagg PANI content, especially the peak
at 1570 crit, before the characteristic PANI peaks statedake importance in the spectra.
PANI/GAC 48.8% presert the samepeaks as pure PANI with some shifts in intensity and
wavenumberThepeak at 1018n7! was shifted td032cm! andpresentednuch lessbsorbance
Peaks at 1124 1290, and 157@n shiftedto 1140, 1297, and 15@6n?, while the peakat 1491
cmt did not show any important chang8imilar changes in the wavenumbers of the peaks were

also observeh a related study in whidRANI was synthesizednthe GAC surfaceand they were
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attributed to the presence of PANI in activated car@atil et al. 2014)Iin conclusionthe FTIR
results obtained in this study confirm timeorporation of PANI on the GAC surfatieroughin

situ chemical oxidative polymerization and tbemation of GAC/PANI composites.
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Figure 22 FTIR results of three selected PANI/GAC composite materials compaspddva
of GAC and PANI.

86



3.1.5Cellulose composites

Following the reasoning fagraftingthe studied polymers onto support matermlsvidedin the
section above, cellulose was proposed as a candidate for this role. Celllddsedegradable
polymeric materialcheap, extremelgbundantand it has beesuccessfully used as adsorbent of
toxic organic compounds such as benzene, polycyclic aromatic hydrocarbons or pgstiaties
Dutraet al. 2017)The presence of hydroxyl groups in this material can help the binding with the
adsorbent, PANI in this case, by creating covalent bonds with functional groups of the polymer
(AlzateSanchez et al. 2019Moreover it has been reported that cellulose microcrystals
poly(ethykenimine}functionalizedused as adsorbent material fqrerfluorinated compound
showed fast sorption kinetichigh removal capacity, and can be easily regenefAted et al.
2018) Studesalso have shown thatllulose based materials present high PFOA affinity while
showing less impact from NOM presence in the solufiiao et al. 2017)

SynthesisTwo composites with different PANI to cellulose ratio were synthesized so the
impact of thaencreasing?ANI presence in the compositeuldbe evaliated. The ratios d?ANI
and cellulose as well as the ekl analysisand BETmeasurementsre presented and compared
to pure PANI and celluke on Table 15. The nomenclatureselecteds based on the amount of
PANI synthesized on the cellulose calculated as the increase of nitrogen % in the elemental
analysis.

Elemental analysis showed similar carbon percentage, ranging from 44.3% for
PANI/Cellulose_4.7% to 45.6% in the case of PANI/Cellulose_9%. Other authors have reported
similar carbon percentage in cellulose, 4232% (Gao et al. 2012, Sun et al. 20Iifrogen
presented an increasing trend with the growing PANI content, with values of 0.31% for the

cellulose and 1.2% for the composite with thghest PANI content, PANI/Cellullose_9%. This
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increase is related to the introduction of PANI,-adwtaining material, in the composite material.
The nitrogen content determined in our study for pure cellulose (0.31%) is relatively high, as
nitrogen corgnt should be minimal in a glucebased polymer. Gao and coworkdiGao et al.
2012)reported much lower values for nitrogen 0.004%, than the data provided in this study, 0.31%.

The high presence of nitrogen could be due to an instrument error.

Table15: Cellulose basd composites names, aniline cellulose ratios, elemental analysis, and
BET analysis compared to cellulose PANI.

Sorbent name Cellulose PANI/Cellulose PANI
4. 7% 9.0%
Anline : Cellulose (g) 1:101.5 1:13.6

Eleimental analysis:

Carbon(wt%o) 44.98 44.26 45.59 47.99
Nitrogen (wt%) 0.31 0.76 1.17 9.57
Sulfur (Wt%) BDL* BDL BDL 3.5
BET analysis:

Specific surface area frg?) 1.05 8.62 11.69 25.56
Pore volume (crhg?) 0.004 0.035 0.054 0.14
Average size BJH 18.66 16.319 19.004 25.66

*BDL= Below limit of detection
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BET analysis. The gnthesizedcomposites were evaluated for SSA and pore volume
changes with the increasing PANI presence. The resultesédivaluations are presentedd
compared tahose ofPANI and cellulosen Table15.

Cellulose resulted to be the material with the lowest SSA (justdin The presence of
PANI had a positive impact ahe SSA of the composites, reaching a value of 1£.ghin the
composite with highest PANI loading of 9%igure 23). Following the same trend as AS3he
pore volume also has increased from 0.004 to 0.054gdmFigure 24 compares pore volume
distribution of the composites with pure PANI and cellulose. The introduction of PANI in the
cellulose caused an important increase in the pore volume of the composdé¢dugevelopment

of pores with an average width of 7.5 nm.
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Figure 23: SSA of cellulose composites compared to SSA of cellulose and PANI. Percentages
represent amount of PANI in the corresponding composite material.
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In other sudies where cellulose was oxidized with poly(ethyleneimine), a similar trend of

SSA was observed when poly(ethyleneimine) was grafted onto the cellulose, increasing the SSA

from 3.3 to 7.8 rhg! (Ateia et al. 2018)Similarly to this study, Ateia and coworkers have shown

an increase in the pore volume when poly(ethylenemine) was bound to the cellulose.
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Figure 24: Pore size distribution afellulosebased composites, compared to cellulose and
PANI. Numbers in legend represent the percentage of PANI in the corresponding composite

material.

FTIR analysis Changes in the infrared spectrum of cellulose were evaluated with

increased PANI presea.Figure25 compares spectra of composite materials, cellulose, and pure

PANI. The spectrum of PANI was discussed before (Se@i@m). The spectrum ofeallulose

presented a characteristid @ stretching peak at wavenumber of 1590'crand a COi C

pyranose ring skeletal vibration at 1056 t(Ateia et al. 2018)Both of the composite materials

shown similar behavior to the matrix material. Asidesbdwinghigher intensity for each peak
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compared to celluke, composites presented what could b& ld Nending peak at 1645 chthat

was not seen in the cellulose spectra (Technical documents, SigmaAl@hehhain reason for

such similar spectra is the low PANI loading on the cellul@®emthesized cellulosbased
composites presented very low PANI contémisno closer resemblance between composites and
pure PANI can be established aside of the amino group detected in the composites as there is no

other sairce for that group that PANI.
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Figure 25: FTIR spectra comparing PAMellulose composites with PANI and cellulose.
Numbers in legend represent the percentage of PANI in the corresponding composite material.
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3.2. PFAS asorption

3.2.1lsotherm method development
Equilibrium adsorptionsotherms are empirical equations that can be used to explain and predict
the adsorption of a specific contaminant on a $pesrbentGautam and Chattopadhyaya 2Q16)
Commonly an isotherm experiment considta number osamplesn which a knowramount of
sorbentis contacted with a solution containingvariable quantity of pollutanat a constant
temperature until equilibrium is reachélthe concentrationf pollutant adsorbedn the surface
of the sorbenat equilibrium is evaluated and compared to the equilibrium concentration reached
in the aqueous phase for each of the samples. This data is used to calculate an empirical equation
known as the equilibrium adsorption isotherm.

The two most common equations used fibinfg the empiricalsothermdata just explained,
and the ones used in this study treFreundlich and Langmuir isothenmodels The Freundlich
isotherm is based on the assumption that the adsorption happens on an heterogeneous surface and
at active site with varying energy of adsorption. Freundlich adsorption follegsation 1

0 U D Equationl
Where:

Qe= Chemical concentration on the sorbent (Y g

Ke = Freundlich constant (mg®yL g4)"

Ce= Equilibrium concentration in agueous phase (Y L

n = Isotherm curvature

TheLangmuir isotherm assumes that the adsorption occurs as a monolayer on a surface containing
a finite amount of active sites with no transmigration of adsorbate in the plahe efirface

(Gautam and Chattopadhyaya 2Q1&ngmuir adsorption isotherm follows Equation 2
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C

Equation2

Where:

Qe= Chemicéconcentration on the sorbent (mg)g

Qmax= Model parameter fit to maximal adsorbate concentrations (hg g
Ce= Equilibrium concentration in aqueous phase (riy L

K.= Langmuir affinity constant (L°§

When designing equilibrium adsorption experiments, several parameters must be evaluated
and characterized as any change in these variables will impact the resulting equation. As it can be
inferred form the name, temperature is one of the key parameteatasdo be constant through
the entire set of samples that will compose the isotherm adsorption experiment. In the case of this
study all performed isotherms were evaluated at a temperatRréf

The proper amount odsorbent used in the isotmerexperiment is also essential for
obtaining meaningful results, as a too high sorbent concentration will adsorb too much of the
contaminant and W not allow to evaluate properly the smiption behavior of the pollutant. On
the same waya small concenation of sorbent Wit not provide useful information as the sorbent
will be saturated at any pollutant concentration.

An equilibrium adsorption isotherm implies that the adsorption is evaluated once the
equilibrium between the aqueous phase and the astbpHase has been reached. Thus, the contact
time is another key variable in the design of such experiment. Commonly an excessive contact
time is allowed to happen to ensure equilibrium has been reached.

The last variable with great impact on the adsorption is the pH of the solution, thus the

entire set of samples that conform the experiment must be at the same pH in order to be evaluated.
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Polymer concentrationAd s or pt i o n™PFOA oftdd PANI gvasstudied at different

polymer concentrations ranging from 10 to 100 migria 5 mM NaCl backgrounsblution The

results showed that after a contact time ofh48he lowest polymer concentration (10 md) L

attained a PFOA removal of 89.5% while the legihconcentration achieved 99.5% PFOA

removal Figure26) . The adsorbed concentration moa the p

mgeanit when comparing the lowest and the highest polymer concentration.
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Figure 26: PFOA removed from aqueous solution (expressed as percentage) as a function of the
used polymer concentration on the left vertical axis, and PFOA caatienton the polymer
surface on the right vertical axis, after 48 hcohtact

The decrease of the surface concentration was expected, as for the same amount of PFOA
in the solution, more polymer is available. It was decided to select 10-vag ltte sorbent
concentration that would be used in the isotherm experiments. It was concluded that a higher
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sorbent concentration would result in too low PFOA equilibrium concentrations when evaluating
samples with | ower i ni%t Tha toultlend to analyticaladifficutties t h a n

and would not provide enough information about the adsorption mechanism.

Preliminary adsorption kineticsin order to establish the time it takes for reaching the
equilibrium between aqueous and solid phase aikiegperiment was performed. Following the
results from the section bellow 10 mgaf PANI suspensi on 'ofBOAr eact e
in a 5 mM NaCl background. The times of contact varied from 0.5 td1#Be experimentvas
conducted in triplicatand itwas designed in a way that all samples were collected at the same

time. The resulting kinetic dataepresented ofigure27.
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Figure 27: Percentage of PFOA removed as a function of the contact time with 16 ofig L
PANIwhen initi al concentltation of PFOA

95



The results shoed that 90% of the initially available PFOA was adsorbed in the first 30 h
of the experiment, while it took another 110 h to reach a 95% removal. Because of the major
decrease of the adsorption speed after the 90 % removal, it was concluded that fdilntenss
experiments, 48 h contact time would be enough for achieving a psqudibrium state.

pH edgesAs previously mentioned, it was expected for the pH to be a key variable in the
adsorption process. Based on the different charge availability on the surface of each of the
synthesized polymers, see potentiometric titration resultSegtion 2.2.1, it was decided to
evaluate the adsorption of every polymer at differenvaldes From the results provided above,
the contact time was sett 48 h anda sorbent concerttion of10 mg L* was choseriThe hitial
concentrati on o'inaBVONACI baakgroud)and tile pH for each experiment

ranged from 3 to 11. pH edges thepolymers are compared tiee pH edgef PACin Figure28.
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Figure 28 PFOA adsorption capacity of the synthesized polymers and PAC as a function of pH.

Thevarious adsorbenfwesented differerdffinity for PFOAdepending of the pH{gure
28). Two of the polymers, PANI and POA, exhibited a growing adsorption capacity with
increasing pH until anaximum was reached at pHOGor both of the polymers. At higher pH
values, the adsorption capacity of both sorbents decreased. A group of pplymehnsincluded
PEA, PPy, PNA, and PSBresented a strong response to pH and followed a rapid decreasing
trend in the adsorbed concentration with increasing pH values. The adsorption capacity of POT

showed low dependency with pH for values under pH 6. At values higher than 6, the PFOA
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adsorbed concentratiadecreaseabruptly. PAC sorption capacijtyn the otler handdid not show

any dependency with changing pitlvalues ranging from 3 to 10

In general termsboth hydrophobic andtlectrostatic interactionappear to play an
important role on the adsorption of PFOA by the different polyrasrg was predictkin the
Objectives section The lowest the pHralue, the highest thd?FOA adsorption due to the
protonation of the amino groups, which at low pH valesnore deprotonated and present more
positive charge that could interact with the negifiehargedPFAS ions. PEA, PPy, PSBA, and
PNA followed this assumptiorverthe entire range of pH valuggesenting a notorious decrease
in the adsorption capacity when the pH increased from 3 to 4. POT, PANI and POA presented
some deviation from thisendas the decrease RFOAadsorption was not seen until a certain pH
value In the case of POT, the decrease in the adsorption capacity happened rapidly and in the
region of the isoelectripoint, pH 6.5 where no charge is expected on the surface qidtyener.

This behavior could be explained by adsorption mechanism purely based on electrostatic
interactiors, thus when no charge is available no adsorption can happehe other hand?ANI

and POA presented almost identical behavior between ehehhnit quite different to what was

seen in the case of POT. The low adsorption capacity at low pH values contradicted the
electrostatic interactionypothesis in spite of the fatttatin the characterization secti¢g8ection

2.2.2 it was demonstrated that these polymers do present surface oh#ngdow pH rangeat

values lower than their respectiaelectricpoints, pH 6.3 for PANI and pH 6.7 for PQA his
unexpected behavior could be explained by a pH dependent morphology of these polymers, which
at low pHvaluescould present a more crystalline structwljch would not allow full access to

the positively charged active sitest pH values exceeding tee corresponding tihe observed

adsorption optimum, the adsorption capacity neither decreased abruptly as it happened in the case
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of POT but followed a more gradual adsorption capacity decrease. The expldpattors
phenomenon could be thatlsorptionof PFAS byPANI and POAalso involveshydrophobic
interactiors, aside of the electrostatic, which despite of the negative charge on the polymer surface

still allow to adsorb part of the available PFOA.

Based on the obtained results, it was concludedtititer PEA, PNA, PPy, nor PSB were
good sorbents for PFAS compounds. Whileddsorption capacity of these polymers was higher
than that of FANI and POA at low pH values it rapidly decreased to almogtero at
environmentally relevant pH values, andithmotential use at low pMaluesis neitherof interest
as POT presented much higlalsorptioncapacity in that range. Because of this conclusion, no

further evaluation fothese four polymers was conducted.

On the other hand, PANI, POA, and POT presehigdd PFOA adsorption capacities in
some of the pH regions, reaching values close todag soment Thus it was decided tmnduct
isotherm experiment at a pH of 83 asin this range POT, PANI and POA presented their
maximum adsorption capacity-his optimum adsorption capacity was very close to the one
presented by PAC, which means that these polymers can potentially be highly effective PFAS

sorbents.

3.2.2PFOA single component isotherms

Based on the results obtained in section above, all equititadsorption isotherms were evaluated
at pH values between 5.5 an@,@t a temperature of &5, with a sorbent concentration of 10 mg
L1, and at a contact time of 48TFhe concentration of pollutant, in this section just PFOA, ranged

from 1 tLd 1000 ¢g
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Cationic polymers The isotherms of the three synthesized polymers that passed the
screening of the pH edges experimgm., PANI, POT and POA)ere evaluated with PFOA as
single pollutant and compared to the mmn isotherm of PAC Kigure 29). For the same
equilibrium aqueousPFOA concentration of 0.2 mg, the results obtained showed a clear
superiority of POT among the synthesized polymers achi@ffgOA adsorbed concentrati of

49¢eg mg?, compared to PANI and POA with just 21 andstPmg?, respectively Figure30).
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Table16: Freundlichand Langmuir isotherm fitting parameters for the adsorption of PFOA by
selected synthesized polymers 84,

Langmuir fitting Freundlich fitting
Sorbent KL Qmax R2 Kk n R?
Lg™h (mg g*) (mg g*) x (mg L™
PANI 7.17£1.29 249+0.96 0.97 4551 £1.23 0.48 +0.02 0.99
POT 254.36 £ 69.26 2.34+0.92 0.92 77.90+2.33 0.29+0.01 0.98
POA 42.41+453 0.61+0.98 0.98 29.78 £ 1.04 0.29 +0.02 0.97
PAC 192.38 +15.08 1.82+0.99 0.99 186.85 + 19.34 0.33+£0.03 0.91
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Figure 30: Equilibrium adsorbed PFOA concentration values determined in experiments with
different sorbents for an equilibrium aqueous PFOA concentration of 0.2'mg L

101



On the entire range of equilibrium concentrations, PANI and POA presented very similar
behavior, with a POA showinglightly higher affinity at the lowest PFOA equilibrium
concentrationsWhile PACwas the most effective adsorberggaching an adsorbed @amtration
of 110eg PFOAmg?! at the same equilibriuraqueousoncentration, the adsorption affinity of
POT at environmentally relevant concentrations {ggptlow ppb rangeyvas very similar tahat
of PAC.

All experimental data was fitted to both Frellioh and Langmuir isotherms. The fitting
paraneters are presentedTiable16. While Langmuir fitting showed higher’Regression values,
Freundlich fitting coefficients presented less standard deviation for the calculated fitting
parameters and was considered a bétterg for the obtained experimental data.

Different authors have evaluated PFOA sorptioto PAC and reported their results. Yu
and coworkers evaluated PFOA adsorption on both PAC and GAC, experimenting with 100 mg
L of sorbent in a PFOA range fron® 20 250 mg [ reporting Freundlich coefficients of 107.3
and 374 (mg gY)(L gH)", respectively(Yu et al. 2009)

Other authors though have presented smaller Freundlich coefficients for PFOA adsorption.
OchoaHerrera and coworkers ussdme type of activated carbon, F400, and reported Freundlich
parameters of 11.8ng g*)(L g)" (OchoaHerrera and Sierralvarez 2008) the difference with
this study could be due to much higher concentration of PFOAhys#te authorsbetween 15
and 150 mg L. FAtting parameters at different equilibriuconcentration can differ a laQu and
coworkers experimented with 2500 mg bf PAC in contact with PFOA concentration ranging
from 5 to 40 mg [, and reported Freundlich coefficients of 24n®) g*)(L g™)"(Qu et al. 2009)

Similar to the study presented above, a different carbon was used as well as much higher PFOA
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concentrationsOther authors expamenting with PFOAconcentrations ranginfjom 10 to 300

¢ g tdnd PAC between 2 and 20 mg bave reported much higher valuetbé Freundlich

coefficient 332(mg gh(L g1)" (Yu et al. 2012)a value57% higheicompared to that determined

in this study Again the differences in the results couldéated to the usef a different sorbent.

Nano-sizedPANI. PFOAisotherms were determinéal nanasized PAN$ and compared

to those of microrsizedPANI (Figure31). Theadsorption capacity of th@lymerpreparedvith

the lowest amount of added camphorsulfonic acid, PAKISA 0.3, wasvery similarly to tfat of

PANI, about20 mg g* atanequilibriumaqueousoncentration of 0.2 mgFOAL™.
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While the nanostructured polymers presented similar &8éesto the original PANI, a
significant shift to smaller pore with was observed in the pore volume distril{Ggation3.1.3,
suggesting that higher adsorption affinity could hawenlebtained. From the data obtained it was
concluded that in the case of the nanostructured polymers a shift into smaller pore widih did
substantially incease the adsorption of PFOA.

The nanostructured polymer with the highest camphorsulfoomtent showea small
increase in the adsorption capacity, 25PR@Ag?, compared to PANI with just 20 nigFOAQ

1 (Figure32). Freundlich and Langmuir fitting parameters are summariz&alie17.
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Figure 32 Equilibrium adsorbed PFOA concentration values determined in experiments with
PANI and nanostructured polymers PANI_D_CSA 0.3 and PANI_D _CSA 0.5 for an
equilibrium aqueous PFOA concentration of 0.2 mig L
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Crosslinked polymers PFOA adsorption sotherms using crosslinked PANI and
crosslinkedPOT were evaluated:he eperimental data erefitted to the Freundlich isotherm
equation and compared taose of tle aiginal polymers and PACHgure33 andFigure35).

A markedincrease in thé?FOA adsorption capacity oPANI after crosslinkng was
observedAt the same equilibrium concentration of 0.2 mgRANI_PFA 2.4showed the highest
PFOAadsorbed concentration of 42 mg @mong the synthesized crosslinked polyn{Eigure

34). Freundlich and Langmuir fitting parameters are summariz&ele 18.
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Figure 33: PANI-based crosslinked polymer adsorption isotherms compared to PANI and PAC
and fitted to Freundlich isotherequation The symbols represent the experimental data and the
linesthe data fitting to the Freundlich isotherm equation.
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Table17: Freundlich and Langmuir isotherms fittipgrameterdor the adsorption of PFOA by micresized PANI and nansized
polymers PANI_D_CSA 0.3 and PANI @C5A 0.5.

Langmuir fitting Freundlich fitting
2 2
Sorbent KL Qmax R Kr n R
(Lagh (mg g%) (mg g¥) x (mg L™
PANI 7.17 £1.29 41.08 + 2.49 0.97 4551 + 1.23 0.48 +0.02 0.99
PANID CSA 0.3 7.72+1.19 36.890+ 1.70 0.98 38.70+ 0.70 0.41+0.01 0.99
PANI D CSA 0.5 11.23 £ 2.13 41.82+234  0.95 50.99 + 1.28 0.44+0.02 0.97
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Table18: Freundlich and Langmuir isotherms fittipgarameterdor the adsorption of PFOA by PAC, micrsized PANI and PANI
base crosslinked polymers (PANI_PFA_1, PANI_PFA_1.5, PANI_PFA 2.4, and PANI_PFA_4).

Langmuir fitting Freundlich fitting
Sorbent KL Qmax R? KF n R?
(Lg?) (mg g*) (mg g x (mg L™
PAC 192.38 + 15.09 86.69 + 1.82 0.99 186.85 + 19.34 0.33+0.03 0.91
PANI 7.17 +£1.29 41.08 £ 2.49 0.97 4551 +1.23 0.48 £ 0.02 0.99
PANI PFA 1 3.25+0.99 81.69+11.64 0.99 77.18 £ 0.83 0.58 +0.01 1.00
PANI PFA 1.5 NA NA NA 85.45 + 3.94 0.51 +0.03 0.99
PANI PFA 2.4 15.75+2.19 98.42 + 5.02 0.99 174.33 £+ 6.06 0.50+0.02 1.00
PANI PFA 4 289+1.21 96.6 + 20.54 0.98 88.21+1.9 0.59 + 0.02 1.00
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In contrastwitt he crosslinking of PANI, same pr oce
adsorption capacity showing less affinity for PF@#an POT 35 mg g! against 45 mg §
respectivelyat an equilibriumaqueous PFO&oncentration of 0.2 mgt. At the lowest PFOA
concentrationsPOT_PFA_24 showedsignificantly less affinity than POT and PA@hich
presengdalmost identicafesults Freundlich and Langmuir fitting parameters are summarized in
Tablel9.

Overall, the increased adsorbed concentration could be explained as the result of the
increased SSA and porosity of the crosslinked materials, which could promote PFOA adsorption
by providingmore active sitesThelower affinity of the crosslinkedPOT for PFOA compared to

POT could be related to the loss of active amino sites that have been reacted with the crosslinker

in order to achieve the nebrk-like structure of the crosslinked polymer.
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PANI-GAC compoies Adsorption of PFOA by the PANIGAC composite materials, which
synthesis and characterization was presented in the previous se@®also evaluatedThe
isotherm data obtained are compared with those determin@aforand PACn Figure36, and
the Freundlichifting paraneters are summarized Trable 20.

The adsorption capayg of the resulting compositeshoweda clear dependence with the
amount of PANI present in the material. This way, composites with the lowest amount of PANI
showed the best adsorption results, reporting even higlerptidn than PAC for PANI GAC
1.2% and PANI GAC 2.9% with 90 and 80 nRRFOAg* respectively, while PFOA concentration
on PAC was 75 m@FOA g for the equilibriumagqueousconcentration of 0.1 m§FOAL?
(Figure 37).
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Table19: Freundlich and Langmuir isotherms fittimgarameterdor the adsorption of PFOA by PAC, POT, and POT based
crosslinked polymer POT_PFA _2.4.

Langmuir fitting

Freundlich fitting

2 2
Sorbent KL Qmax R Kr n R
(Lg? (mg g% (mg g*) x (mg L'H™"
PAC 192.38 + 15.09 86.69 +1.82 0.99 186.85 + 19.34 0.33+£0.03 0.91
POT 254.36 + 69.26 2.34 +0.92 0.92 77.90 £ 2.33 0.29 +0.01 0.98
POT PFA 2.4 13.21+ 1.35 94.55 + 3.59 1.00 153,55 +5.25 0.50 £ 0.02 1.00
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Despitesome of the compositgsesentinghigher adsorbed concentratigifsgure36) the
resultingPFOAadsorption capacity represented by the Freundlich fitting is loweirtithe case
of PAC. This isbecause at lower equilibriuooncentrationsthe concentration on tleemposites
was lower than PACPANI/GAC composite materials witthe highest PANI contentshowed a
considerable adsorption capacity decree@@mpared to GACshowing results similar tthose
PANI and even lower for the smallest PFOA concentrations. Therréaseuch decrease in the
adsorption capacitynight bethe disappearance of a major part of the available SSA due to the

complete fill of the pores with the synthesized polymer on the top of the surface.
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Figure 36: PFOAadsorption isotherms determined for different PANI/GAC composites
compared to those of PANI and GAC. The percentages correspond to the proportion of PANI in
the composite material. The symbols represent the experimental data and the lines the data

fitting to the Freundlich isotherm equation.
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As a consequence, neither PAC can adsorb due to the obstructed pores, as well as the
synthesized polymer is not available for adsorption because the potential activeesiteglarof
the blocked pores. Adsorbed contrations on the surface of PAC, PANI, and the composite

material at an aqueous equilibrium concentration of 0.2 tare compared ifigure 37.
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Figure 37: Equilibrium concentration of PFOA adsorbed by GAC, PANI, and PANI/GAC based
composite materials in equilibrium with an aqueous PFOA concentration of 0.2 riigpé:
percentages correspond to the proportion of PANhacomposite material.

Overall it can be concluded that GAC is suitable to be used as supporting material in pack

adsorption processes when the right amount of PANI is synthesized on its surface.
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Table20: Freundlich and Langmuir isotherms fittigarameterdor the adsorption of PFOA by PAC, PANI, and PANI/GAC based
composites. The percentages correspond to the proportion of PANI in the composite material.

Langmuir fitting

Freundlich fitting

Sorbent KL Qmax R? KF n R?
(Lgh (mg g!) (mg g") x (mg LH)™"

PAC 192.38 + 15.09 86.69 +1.82 0.99 186.85 + 19.34 0.33+0.03 0.91
PANI 7.17+£1.29 41.08 £2.49 0.97 4551 +£1.23 0.48 £ 0.02 0.99
PANI/ GAC 1.2 % 185.79 + 24.27 91.87 +2.82 1 174.67 £ 29.23 0.30 £ 0.05 0.95
PANI/ GAC 2.9 % 51.85+12.47 97.45+6.34 0.99 181.13 +15.84 0.37 £0.03 0.99
PANI/ GAC 5.0 % 24.40£7.75 94.00 + 8.78 0.98 146.39 £ 7.72 0.38 £ 0.02 1
PANI/ GAC 7.5 % 27.69 £10.48 80.03 +7.55 0.98 114.10 £ 8.80 0.35+0.04 0.99
PANI/ GAC 12.2 % 0.42 £ 0.59 226.30 + 265.75 0.98 65.39 £+ 5.56 0.75+£0.09 0.99
PANI / GAC 48.8 % 4.61 +3.15 53.52 + 13.04 0.95 50.04 +1.29 0.44 +0.02 1
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Cellulosebased composites PFOA alsorption isothermsusing cellulosebased
composites were evaluated as well. Results of this analysis are presented and compared to
adsorption by cellulose iRigure38, no isotherm equation fitting was performed.

Cellulose by itself did not present any adsorption of PFOA. Composite materials, in which
the PANI content was calculated as 1.2% and 5%, showed very small PFOA affinitylomvach
than pure PANI, about 100 times lesaa¢quilibriumagqueousoncentration of 0.2 mgt. Based
on thesedata, it was concluded that neither cellulose nor cellth@sed composites are good

sorbents for PFOA. Thus, cellulose cis not an effective supporting material for the synthesized

polymers.
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Figure 38 PFOA adsorption resultsybcellulose (red crossedPANI/Cellulosel.2(triangles)
and PANI/Cellulose_5 (circles). Inset compares adsorption of the cellulose based composites
with PANI.
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3.2.3PFAS multicomponent isotherms
In addition to PFOA, dsorption ofdifferent PFAS compounds on leeted sorbents was also
evaluated. This evaluation included a total of seven different PFAS chemicals, three carboxylic
acids: PFHpA, PFOA, PFNA, three sultdas PFBS, PFHXS, PFOS, and one fluorotelor¢®
6:2. First six selected chemicals form pafttbe EPA UCMRS3 table (The Third Unregulated
Contaminant Monitoring Rule) which encompasses 30 unregulated contaminants that the EPA
requires to be monitored by public water systems, in order to assess their occurrence in drinking
water sources. The monitdl chemicals included in EPA UCMR3 do not have headited
standards established by the Safe Drinking Water Act (SDWA), but are emerging contaminants
and a concern for publicealthexposure (EPA, UCMRS, 2016). The fluorotelomer FtS 6:2 was
added to thanalyte lists due to the high presence in soil and water impacted by AFFF Tdasns.
selection(Schultz et al. 2004)This approach allows to evaluate the impact of different functional
groups on the adsorptiomqeess, as well as the length of the fluorinated chain, and its full or
partial fluorine substitutiorAdsorption isotherms followed the same design as previous section.
When working wih a set of different compounds, problems with low and reliable lwhits
detection were encountered, as developing a method that would quantify seven different chemicals
resulted in challenges in the optimizatmirthe instrument. This issue led to the development of a
whole new method based on a large volume injectior)(Lthis method, which requires specific
instrumentabn, allowed to injected up to0b €L of sample instead of just 1€l used in the
previous methodn this way, the limits of detections for all targetednpmunds were lowered up
to 10 ng L, while previously the LOD were in théaundredof ng L for some compounds like

PFOS or FtS 6:2.
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Single solutePFAS isothermsusing POT as adsorbenOur results onfirmed that thgolymer
POThadthe highest PFOA affinity amgrthe synthesized polymers, thus falllividual isotherms
for the rest of the targetddFASs were evaluated. Following the same desiged to determine
the PFOA isotherrs, the initial PFAS concentration ranged between 1 and@@ L. The
resulting experimental dataanefitted tothe Freundlich isotherm equation and comparefigure

39. Fitting paraneters are summarized in
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by the polymeric adsorbent POT. The inset represents adsorption results at low equilibrium
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Freundlich isotherm equation.
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The highest adsorption capacity was observed in the case of PFO®, adsiorbed
concentration wag3.5mg PFOSg™ for an equilibriumaqueous concentration Bfeg L. The
lowest adsorption capacityas reported for PFHpAyith 1.5 mg ¢! for the same equilibrium

concentratior{Figure40).
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Figure 40: Individual PFAS adsorbed concentration valeesPOT for equilibrium
concentratlion of 5 &g L

Generally, perfluoroalkyl sulfonates presented higher adsorption capacity than
perfluoralkylcarboxyhteswith same or larger carbon cha8imilar results have been reported in
the literaturewhere PFOS rad PFOA adsorption was evaluated on boehmite, showing higher

PFOS adsorption capacity compared to the same chain length (&fdAand Wang 2013)n
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Figure40 it can be observed thBFOS,an eightcarbon sulfoate presented higher adsorption
capacity than its anald@8 carboxylic acigPFOA, and even higher than PFNA with niceerbon
or that the sixcarbon sulfonate PFHXS is more readily adsorbed thanighéaarbon PFOA.
Similar results have been reported by Deng and cowowarsilso observed that both PFOS and
PFHxS have higher affinity for the sorbent than PF@#&ng et al. 2012)It is clear that the
functional group of a specific PFAS compound has importapact on the adsorption affinity of
such a compound and that sulfonic compounds present higher adsorption capacity. The reasons for
this trend have beeattributed to higher hydrophobicity of sulfonic groyeng et al. 2012)as
well as the bigger sizes of the sulfonate moiety which makes it to be more readily aqSbihed
and Wang 2013)

AmongPFAS withthesame functional group, the same removal trend was observed, where
chemicals with longer chain length presented higher affinity for the sofmrexamplethe nine
carbon PFNA was better adsorbed than the a@ghion PFOA, which was better adsorlbieahn
the severcarbon PFHpA. The same trend was observed with the PFAS sulfoRiaiebehavior
was not surprising as it is expected for compounds with larger carbon tails to be more hydrophobic,
which directly correlates to stronger interactions witkdophobic sorbents such as PAC or the
synthesized polymers. Similar behavior was ob:
the chain length impact on the adsorption process of 14 different PFAS compounds, reporting
increase of 1412% of adsorptiorcapacity with one carbon addition in the ch@cCleaf et al.
2017) In this study, the increase observed in the adsorption capacity when incrementing the length
of the carbon tail was higher and the adsorption increased more when comparing larger
compounds. This way, PFOA {& adsorbs 66 %nore than PFHpA (&), while PFNA (G9)

adsorbs 100% more than PFOASE This comparison depends on the equilibrium concentration
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at which it is evaluated as isotherms are not linear. The reason for obtaining much higher
adsorption increments could beedto contact time between chemicals and sorbents as McCleaf
and coworkers performed column test with a EBCT of 6.1 min) meanwhile this study reports
equilibrium data obtained after 48h of contact.

The fluorotelomer, presentegh interesting behavior wheadsorbed by POT, showing
lower affinity at low equilibrium concentratiofrigure40) where the adsorbed concentration was

lower than PFOA, and increasatfinity at much higher equilibrium concentratiofisgure 39).

PFAS isotherms in multicomponent solutions using POT as adsorbéntorder to
evaluate competition mechanisms, a mixture of the seven talgee8( A PFAS cwas kt ai | ¢
prepared and the adsorption using POT as sorbent was evaluateBFR&abncentration ranged
from 1 to 1000 pg 1, and the individual concentratiéor aPFASwas the seventh of the total for
each sample, thus from 0.145 to 142 p§ The resulting experimental data were fitted to the
Freundlich mode{Figure41l), and the fitting paraeters are summarized Trable21.
Results obtained from th@aulticomponentisotherms pointed at similar behavior tbe
chemicals in thenixture andin single solutasotherms in terms of the adsorption affinitry.all
the experimentsPFOSwas the compound most effectively adsorbed by POT, and PFHpA the

least.Fifure 40
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Figure 41: PFASadsorption isotherms determined for the polymeric sorbent POT using a
multicomponent PFAS solution. The symbols represent the experimental data and the lines the
data fitting to the Freundlich isotherm equation.

As expectedthe adsorbed concentratiortrmined for a given PFAS (PFA&t a fixed
equilibrium aqueous PFASconcentrationmuch lower in the multicomponent isotherm
experiments compared to the single solute isothefims main reason for the observed behavior
is the adsorption competition ftre active sites when more chemicals are available in the aqueous
solution.An interesting observation is that FtS 6:2 was out of trend compared to the rest of the
chemicals showing mucbweradsorption affinity in thenulticomponentcompared to the sgte

componentisotherms This behavior suggestthat thereis competition with other PFAS
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compounds with much higher adsorption affinity such as PFOS, which occupy active sites that in
single adsorbent isotherwere not used
A closer comparison to each thfe chemicals in individual and cocktall the same equilibrium

concentration of fig L tisotherms is presented Figure42.
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Figure 42 Adsorbed PFAS concentration on POT determined in experiments using single solute
solution (blue), and multicomponent mixéyorange) at aquilibrium concentration of 5ugt
for each compound
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Table21: Freundlich and Langmuir fitting parameters for the adsorption of individual PFAS, supplied as single solute, by the
polymeric adsorbent POT.

Langmuir fitting Freundlich fitting
PFAS Ki Qmax R? Ke n R?
(Lg?h (mg g (mg g% x (mg LH™"

Carboxylates

27.28 £ 16.95 36.75+4.17 0.89 45.68 + 3.45 0.33+0.04 0.95
PFHpA
PFOA 254.36 + 69.2 4954 + 2.34 0.92 77.90+2.33 0.29+0.01 0.98
PENA 6.79 £ 4.45 138.64 +47.08 0.94 175.66 + 26.35 0.5+0.07 0.97
Sulfonates
PFBS 24.58 + 8.36 45.88 + 3.36 0.96 56.56 + 3.52 0.32 £ 0.03 0.97
PFHxS 62.06 + 36.33 68.74 + 7.57 0.89 101.D+1.27 0.28 £+0.01 1.00
PFOS 168.36 + 97.9 113.23 +16.04 0.94 295.79+ 945 0.33+0.09 0.97
Fluorotelomer
FtS 6:2 8.70+ 5.56 102.36 + 24.87 0.92 126.D+ 10 0.43+0.04 0.98
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Table22 Freundlich and_angmuir fitting parameters determined for different PFAS, supplied as mixture, using the polymeric

adsorbent POT.

Langmuir fitting

Freundlich fitting

Chemical 0 Qmax R? Kr n R?
(Lg™ (mg gh) (mg g") x (mg LH)™"
PFHpA 3314.01 £1847.98 2.20+0.28 0.69 2.83+0.91 0.12 £ 0.06 0.34
PFOA 219.9 + 96.06 8.78 £ 0.77 0.95 23.48 +2.14 0.34 £0.02 0.99
PFENA 202.95 + 540.66 15.18 + 5.57 0.62 39.28 +11.54 0.30+£0.06 0.93
PFBS 87.06 £ 65.75 7.28 £1.38 0.85 1594 +2.24 0.34+£0.04 0.97
PFHxS 90.34 + 70.49 18.07 £+ 5.46 0.9 50.34 + 10.04 0.38 £0.05 0.98
PFOS 1189.71+0 22.86+0 1 200.33+0 0.40+£0 1
FtS 6:2 1225.49 +1559.85 2.33+0.25 0.88 2.48 +0.83 0.03+0.08 0.85
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PFAS isotherms in multicomponent solutions using PACadsorbentPFAS cocktail isotherms
with PAC were also evaluateahd compared with those obtained usk@T as the adsorbent
Similar tothe previous experiment, thitial concentration of each PFA&ngeal from 0.145 to
142 pg L't The experimental resultare shown irFigure43. The adsorption date wefitted to the
Freundlich isotherm equati@nd thefitting parameteraresummarized imable23.

Similarly to what was observed in thaulticomponenexperiments with POT, PFOS was
the chemicalthat was most effectively adsorbed by PA#&hile in this case, PFBS was the
chemicalkhowing thdowest affinity, instead fdPFHpA. FtS 6:20n the other handhowednuch
higher affinity for PAC than for PO&nd it was the PFA®ith the third highest affinity for the
sorbentFinding in the literature isothernfigr multicomponent PFAS solutions is not as common
as isothermsdr individual compoundsbut many experiments using column test have been
performed ugg PFAS mixtures. While numeric data cannot be compared, similar trends can be
seen in the breakthrough times of selected chemicals and their respective Freundlieiepsram
as the retention of a chemical in a column is proportional to its adsorption affinity. McCleaf and
coworkersevaluated the removal efficiency of a mixture of 14 linear PFAS by a GAC column
where the concentration of each compounds was close to ¢00*nThe reported10%
breakthrough times were as follows: 16 d for PFBS, 1& dPFHpA, 23 d for PFOA, 27 d for
PFNA, 43 d for PFHXS, and 45 d for PFQ8cCleaf et al. 2017)which is propaional to the
adsorption affinity that can be seen in the multicomponent isothierrRggure 43. The only
deviationwas observed fdPFHxSthat preseted a loweradsorption affinityin our studiesThis
could bedue to the different amountof chemicals in the mixturewhich would create more

competition mechanisms theannotbe ®en with just seven analyzetiemicals
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Adsorbed concentratiorof each of thePFAS considered in the multicomponent
experiments areompared for POT and PA& the same equilibrium concentration ofi¢ L™
(Figure 44), and at much lower equilibrium concentration of 70 nig(Eigure 45). The results

showthat generally the evaluated chemicals have higher affinity for PAC than POT.
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Figure 43: PAC multicomponent adsorption isotherms, fitted to Freundlich isotherm equation.
The symbols represent the experimental data and thetheatata fitting to the Freundlich
isotherm equation
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It is interesting to observe that at the lowest equilibrium concentrdinsedin Figure43),
the adsorptioraffinity shows similarresults.A closer look can be taken KFigure44, where are
represented the adsorbed concentrations for each adeahis uglL ™ equilibrium concentration
and compared to POT multicomponent results at the same concenffai®ibehavior could be
explained due to the low concentration of the chemicals in the solution and plenty of available
active sites orthe sorbent surfacehus, making the competition mechanssyet tooweakand

allowing the chemicals to adsorbthéir maximum capacity.

D
o
J

[ PAC
[ POT

N w Ei o
o o o o
| | | |

Adsorbed concentration (mgPFASg:orbent)
o
|

PFHpA PFOA PFNA PFBS PFHxS PFOS FtS6:2

Figure 44: Adsorbed concentrations of PFAS multicomponent mixtures on PAC and POT at
equilibrium concentration of 5 ugL
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Table23: PAC cocktail adsorptiorsotherms Freundlich and Langmuir fitting parameters

Langmuir fitting

Freundlich fitting

2 2
Chemical Ke Qmax R Ke n R
(Lgh (mg g% (mg g*) x (mg L™

Carboxylates

233.41 + 54.67 11.85+0.77 0.98 4259 +6.76 0.39+0.04 0.97
PFHpA
PFOA 598.12 + 112.38 14.18+ 0.9 0.99 77.75+17.85 0.40+0.04 0.96
PFNA 1757.91 + 168.41 16.21 + 0.53 1 167.85 + 51.47 0.43+0.05 0.95
Sulfonates
PFBS 73.74 + 31.55 11.99+1.99 0.93 39.82+12.47 0.46 +0.08 0.91
PFHXxS 489.04 + 149.91 15.25+1.46 0.97 84.42 + 15.89 0.41+£0.04 0.98
PFOS 4744.11 + 1379.52 20.29+2.74 0.95 1190.66 + 897.22 0.58 £ 0.09 0.88
Fluorotelomer
FtS 62 1282.48 + 297.01 16.39+1.26 0.98 169.03+44.8 0.44 +0.04 0.97
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Adsorption competition evaluatiarAdsorption competition between each chemical inRRAS
multicomponent adsorptioaxperimentwas evaluated and compared. Adsorption was evaluated
as thepercentage of each PFA®mM the total PFAS adsorbed on the sorbent surface wiokp

Equation 3

Equation3

Where
PFAS : Specific PFAS compound concentration on sorbent surface fing g

PFASr ol : Total PFAS concentration on sorbent surface [MHg ¢

Results presentad Figure46 contan the same data as the POT multicompoisotherm,
just looked from another angle. In this case, thaxi represents the fraction of a chemical
adsorbed on the surfafrem the totaldsorbed concentration on the surface of POT, for different
initial aqueous concentration of PFAS8Ising this approach allows to evaluate how the
concentration of a specific compound changes on the surface of the sorbent as a function of the
initial concettration as well as the presence of other compawdkicomponent sorptioon POT
showed that for low initial concentrations, all chemicals represented similar distribution
percentage from the total adsorbed mass, between 13.6 % and 15.1%. This bepawivakable
up to the total PFAS concentration of 50 pg dfter which changes on the dibtrtion of the
concentration started to be observed. Three chemicals, PFOS, PFNA, and PFHXS presented an
increasing trend where the proportion of these chemmalsorbent surface was higher with
greater initial PFAS aqueous concentratiFrom the three chemicals, @& showed thhigher

increase in the concentration proportion from initial 15 % to 28% at the highest aqueous PFAS
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concentrationThe remaining fouchemicals, presented a decrease on their presence on the POT
surface, showing FtS 6:2 the higher decrease on the surface presence, frormit&tly%o 4.1%

at the highest aqueous PFAS concentration.
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Figure 46: Individualand cumulative percentage of each PFAS chemical from the total PFAS
adsorbed at the POT surface for different total initial concentration.

The behavior explained before was something expected as compounds with higher
adsorption affinity are expected tompete for active sites more efficiently than chemical with
lower sorption affinity, such as the short chain PFBS and PFHgifilar  evaluation  was

carried out with PAC multicomponent experiment, the result@arergarized orFigure47.
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Figure 47: Individual and cumulative percentage of each PFAS chemical from the total PFAS
adsorbed at the PAC surface for different totdtial concentration.

For the case of PAC much less variation was observed on the distributioradstreed
concentrations, maintaining the individual concentration for each chemical almost constant for the
entire set of initial agueous concentrations. Some variation was seen at the highest values though,
following a similarobserved inthe POT data, wére PFOS and PFHXS presented increased
presence on the adsorbed concentration. FtS 6:2 and BROQwed increased tendencies too,

contrary to the results on the POT adsorption.
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3.2.4PFOA adsorption kinetics

In order to better evaluate tREASsorption kingics of the studied sorbents, more dethkinetic
experiments weregoformed. Kinetic dataareimportant for better understanding the adsorption
mechanism and the time it takes for a chemical to be adsorbed, as one of the main apglication o
such sorbestis in packed bed towers, where the contact time usgaiych lowerthan the 4&
used in the isotherms experimentsor these experiments, a shorter range of time was selected,
up to 25 h, while the fist measurement was performed 30 s after thefgtetexperiment. This
approach allowed to get a better idea of theigudion kinetics in the first moment of the contact
time between sorbent and contaminaFtte ®rbent concentration was 10 mgtLthe initial
concentration of PFOA was 50 pgtLpH was equilibrated to.6, and the ionic strength was 5
mM NacCl. All experimental data was fitted topseudesecond kinetic order rate modilat
assumes that the sorption rate is controlled by chemical sorption and that the sorption capacity is
proportional to the number of active sites available on the surface of the sorbent

0 @ATp @AQOD

Equation4

Where:
Q:= PFOA amount adsorbed at a given contact time (t) (Mg ¢
Qe = Equilibrium adsorption capacity (mgty

k2 = Pseudesecondorder rate constant (g mdn™)

Cationic polymersThe rate of PFOA adsorption by thesh promising polymeréPOT
and PAN) wasevaluated and comparedtt@at of GAC (Figure48). For this, GAC was suspended
in a small amount of water an@x on high stirring mode tearing apart the granules of GAC and
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obtaining a homogeneous suspension and adding enough water to obtaining the final 30 mg L
suspensionAll sorbents presented extremely fast kinetics in the first hour of the experiment
reaching about 70% of the equilibrium adsorption with a small advantage of PAC. The effective
equilibrium was reached after 5 indPFOA adsorption after that time was much slower. The
highest adsorbed concentration wiaserminedor PAC (5.30 mg g%), followed by POT(4.93 mg

gl and PANI(4.68 mg ¢). All kinetic data verefitted to a pseudesecond kinetic order rate

modeland summarized imable24.
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Figure 48 Adsorption of PFOA by PAC, POT, and PANI as a function of time. The symbols
represent the experimental data and the lines the data fitting to a pseraad order kinetic
model.
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Table24: Pseudesecond kinetic order fitting to GAC, PANI and POT.

Sorbent Qe k2
(mgPFOA g'lsorbent) (gsorbent mg'lPFOAh'l)
GAC 530 3.23
PANI 4.68 2.89
POT 4.93 2.43

Despitemany studies report sorption kinetics of PFOA using GAC as sorbent, the wide
difference in the concentration of both contaminant and sorbent in each study as well as different
contact times, makes it complicated to compare resdltile Zhang and coworke reported
values of equilibrium adsorption capacity of 12.6 migagd kinetic constant of 4.72 g rhiy*!
evaluating the adsorption kinetics of 200 mg b&f GAC with 10 mg ! PFOA initial
concentration during 168 @hang et al. 2016)Yao and research group presented values of 22.7
mgg?and 0.032 g mg h'l, respectively, evaluatingd®0mg L* with 50 mg L of PFOA initial
concentration during 120 (f¥ao et al. 2014)On the other hand values of equilibrium adsorption
capacity of 124 mg-§and a kindt constant of 28.98 g migh* when evaluation 100 mgiLof
GAC with PFOA initial concentration of 50 mglwas reported by Yu and coworkefgu et al.
2009)

Crosslinked polymersPANI_PFA 2.4 and POT_PFA&.4 were the crosslinked polymers
selected to perform the adsorption kinetics evaluatidme experimental data obtained for
PANI_PFA 2.4and PANI are compareid Figure49. The kineticdatawerefitted the pseudo
second kinetic ordanodeland the fitting parameteesesummarized iTable25. In this casgthe
crosslinkedPANI shovwedfaster kinetics reaching a concentration of 4 mgfier 10 min contact
time, while PANI adsorbed just 3 mg'gluringthe same time. Similar to gvious results, the
effectiveequilibrium was reached before ®hcontact time.
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Figure 49: Adsorption of PFOA by PANI and crosslinked PANI (PANI PFA 2.4) as a function of
time. The symbols represent the experimental datatenlines the data fitting to a pseudo
second order kinetic model.

On the other hand, the kinetic results obtained for the adsorption of PFOA by crosslinked
POT (POT PFA 2.4) showed significantly slower sorption &tits compared to POTFigure50).
For the same contact time of 10 min, POT adsorbed concentration of 3.2 mg PF@Hilg the
crosslinked polymer only adsorbed 1.8 mg PR§AThe effectiveequilibriumwasnot achieved

as fast as in the case of POT, and was not reached in the entire timeline of the experiment, 25 h.
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Figure 50: Adsorption of PFOA by POT and crosslinked POT (POT PFA 2.4¥ascéion of
time. The symbols represent the experimental data and the lines the data fitting to a pseudo
second order kinetic model.

Table25: Pseudesecond kinetic order fitting to PANI, POT, and the crosslinked polymers
PANI_PFA 2.4 and POT_PFA 2.4

Sorbent Qe k2
(mgrroa g lsorbent)  (Gsorbent Mg tpFoah™)
PANI 4.68 2.89
POT 4.93 2.43
PANI PFA 2.4 4.75 5.6
POT PFA 2.4 4.89 0.66

136



While no data isavailableon these specific polymers, different authors have reported
results with enhanced adsorptikimetics of crosslinked polymers when compared to the-non
crosslinked version. This way, enhancement of aromatic sulfonates has been reported when using
hypercrosslinked polystyrene compared to just polystyrdifan et al. 2005) Similarly,
adsorption of phenol has been reported to be enhdnctdee crosslinked version styreneco-
divinylbenzenecopolymer. Bothauthorsconcluded that that enhanced adsorption was related to

the increase in the specific surface areaordsitydue to the crosslinking process.

PANI GAC compositeThe rate of PFOA adsptionwas alsaevaluated on one of GAC
PANI composite materials, M_GAC_5%. The composite as well as GAC was suspended in a
small amount of water and kept on high stirring mode tearing apart the granules of GAC and
obtaining a homogeneous suspension and adding enough water to obtaining the final10 mg L
suspensionFigure 51 compares the experimentatlataand the fitted results obtained for the
composite with those determined B8AC and PANI. On thearly stages of the experiment the
composite material showed similar behavior to PANI but as the experiment progressed the
adsorbed concentration in the composite materialamastermediate value between Rikand
GA, about 4.95 m@PFOAg™. The effectie-equilibrium was reached after 5 h of contact time,
similarly to PANI and GACThe kineticdatawerefittedthe pseudeecond kinetic ordenodel

and the fitting parameteesesummarized i able26.
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Figure 51: Adsorption of PFOA by the PAMBAC compositeRANI GAC 5%), PANI and GAC.
The symbols represent the experimental data and the lines the data fitting to a-peseold

order kinetic model.

Table26: Pseudesecond kinetic order fitting parameters to PANI, GAC, and the composite
material PANI_GAC 5%.

Sorbent

Qe

(mgpFoa g'lsorbent)

&

(Q9sorbent mg'lPFOAh'l)

PANI
GAC

PANI GAC 5%

4.68
5.3

4.95

2.89
3.23

1.95
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While no studies are available for comparison of specifically these materials, similar
approaches have been taken to combine materials with GAC in order to obtain a material with
enhanced PFAS sorptiodu and coworkers experimented with iron oxide depasion GAC in
order to enhance the adsorption of PFOA in agueous solution, @ortraryto this study, the
combinationof the two materials increased the kinetics of PFOA into the composite material
compared tgust GAC (Xu et al. 2020)

While all sorbent presented very similar equilibrit?fROA adsorption capacitynder the
conditions of the kinetic experimentsa. 5.5 mg ¢ for GAC and 4.68 g m¢ for PANI, the
pseudesecond order kinetics constardeterminedhowed some major variationshe fastest
kinetics wereobservedor the crosslinked PANI PFA 2.4 withk. value of5.6 gm™ h'X. On the
other sidethe crosslinkel polymer POT PFA 2.4 presented much sloREOA uptake ratéhan
POT and was the polymevith the poorest adsorption kinetids is suspectethat the reaction
with the crosslinkemight haves decreased the amount of amino growgsch would be directly
responsible for the sorptive interaction with PFOA.

POT presented higher equilibrium adsorption capacity than PANI, but despite this fact, the
adsorptiomrof PFOAon PANIwasfaster.Similar to the equilibrium adsorption capacity, thek
the composite material PANI_GAC_5.0%omposite materigbresented an intermediate value
between PANI and GAC.

Overall,thesynthesized sorbents presented similar equilibrium adsorption cayalcits
similar to GAC While the kinetics rate constamresented much more variation, all values were

in the same order as GAExcept for th&k2 rateconstanbf PANI PFA 2.4that wag3% higher.
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3.2.5Water chemistry impact daFOAadsorption

As previously described in the isotherm design secti@ection3.2.], the effectiveness of a
specific adsorption process relies significantlytioacharacteristics athe treated water, such as
temperature, pHand the presence of -@ontaminantsin this section, the impact of NQNbnic
strength, and different ionic spec@sthe adsorptionf PFOA by the new sorbentsasevaluatel.

Impact of NOM on PFOA adsorption Natural organic mattgiNOM) is present in the
majority of the aqueous bodies and constitutes a major problem for adsorption process because of
direct competition and also blockage of active sildge effect of NOM (Suwanne River natural
organicmatterp n t he adsor pt i'hyseveral cRiBN® Aolyh&VandePAC was
investigatedFigure 52 shows the relativéistribution coefficient(relative Kd) determined for
PFOA adsorption bthe various sorbents at different NOM concentrations (rang®@10 0 ~ ¢ g L
1. Kdis the ratio between the adsorbed concentration and the aqueous@iwsgratiorunder
equilibrium conditionsand it is cé&ulated using the Equation 5 The relative Kd is the ratio
between the Kd obtained for samples where NOM was present and tle¢gfishined foa NOM-

free sampleEquation .

0Q Equation5
YQa GO Qu-o—-i- Equation6

As expectegthe presence of NOM had a major impact on the adsorption of RFQuére
52). PAC was he most affected sorbewith an 80% decrease in the adsorption capacity in the
interval from 1 to 500 ug t and a relative Kd value close to zerat the maximum NOM

concentratiorof 2000 pg L.
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The impact of NOM on the adsorption processaofivated carborhas been widely
Appleman and coworkers reported the negative impact of organic matter on the adsorption
processes of three different activated carbons using-scal# colmn test, hypothesizing that the
organic matter fully occupied the active sites on GAC surface whaaterthem unable to adsorb
PFAS(Appleman et al. 2013Yu and coworkers havevaluated and demonstrdtthe impact of
NOM on the adsorption process of PFOA and PFOS at environmentally relevant concentrations
as well as the impact of the size of the organic matter on the adsorption process, resulting in higher

adsorption competition with smaller NOM moleesi(Yu et al. 2012)

The presence oNOM also had a markedimpact on the adsorption capacity of the
synthesized cationic polymers, but ovetht relativeKd values didnot decrease as much as in
the case of PAC, presenting decrease values between 40% for PANI, and 75% fat ROIOM
concentration of 2000 pgY(Figure52). It is also worth to mention théte relative Kd of PAC
decreased with increasiDM concentrations the range .00 pg L%, while the PFOA capacity

of POT and POAat low NOM concentratizss wasnot as impacted.

The lower impact of NOMon PFOA adsorption observed filve synthesized polymers
could be due to the difference in the adsorption mechar@®ntaminant adsorption ByAC
generallyrelies on hydrophobimteractiors (Du et al. 2014bjand consequentlyadsorption of
important amounts of hydrophobic NOd&n lead to competitive reactions and decrease PFOA
adsorption. In contrastthe polymeric sorbestrely on both hydrophobic and electrostatic
interaction due tohe positive surface chargehich could allowselectively interact witiPFAS

ions despite of the NOM presence
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Figure 52 Impact of NOM concentration on the relative PFOA distribution coefficient (Kd)
determined in experiments with the adsorbents PANI, POT, POA, and PAC.

lonic strength The effect of ionic strength on tHeFOA adsorption capacity of the cationic
polymersand PACwasalsocompared Figure 53). Samples with initiabn NaClconcentration
ranging from0 to 500 mMwere evaluatedRelative Kd values were calculated as the ratio of the

Kd at each concentration divided by the d#&termined fothe slt-free sample (Equation).7

YQoa 0o QU-Q—— Equation7

All sorbents showed a marked decrease in the PFOA adsorption capacity with increased
salt concentration. For IdaCl concentration of 5 mM, PANI and POA were the most impacted
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