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Problem Statement

Per- and polyfluoroalkyl substances (PFAS) comprised of a perfluoroalkyl backbone and a
terminal functional group are a class of man-made chemical compounds known to be resistant to
heat, water, and oils [Fujii et al., 2007]. The C-F chain of typical PFAS is hydrophobic while their
functional groups such as sulfonic group and carboxylic group are hydrophilic. It gives these
chemicals a unique property of repelling both water and oil (i.e., hydro- and oleophobic) [Zaggia
et al., 2016]. Due to the low molecular polarity, strong C-F bond energy (536kJ/mol), strong
biological resistance, and the amphiphilic nature, PFAS have been frequently incorporated into a
variety of industrial and commercial products such as non-stick cookware, stain resistant clothing,
food packaging, and firefighting foams [Rahman et al., 2014; Jian et al., 2018]. These chemicals
are persistent and resist degradation in the environment. They also bioaccumulate, meaning their
concentration increases over time in the blood and organs. Growing health data have indicated that
exposure to PFAS can lead to various adverse health effects, such as low infant birth weight,
thyroid hormone disruption, impairment on the immune system, and even cancers. According to
US Environmental Protection Agency (EPA), certain PFAS have adverse health effects in
laboratory animals due to exposure to these chemicals. PFAS have been frequently detected in the
aquatic ecosystems, particularly near relevant industries or municipal facilities such as landfill,
wastewater treatment plants and firefighter training sites [USEPA, 2017]. PFAS can be categorized
into two groups, namely long-chain PFAS and short chain PFAS. USEPA has placed long chain
PFAS on the contaminant candidate list 3, unregulated contaminant monitoring rule 3 [Post et al.,
2012a], and established provisional health advisories for perfluorooctanesulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA) based on arisk assessment performed by the European Food

Safety Authority [Clarke et al., 2010; Kwok et al., 2010; Zhang et al., 2011; Shaw et al., 2013].



Since year 2006, PFOA and PFOS have been voluntarily phased out by PFAS manufacturers and
end-users and switched to short chain surrogate PFAS (not regulated yet), which has similar
physical properties of long chain ones. While long-chain PFAS have been the center of active
research in the past decades, industrial production, and applications of short chain PFAS continue
to rise. Very few studies have focused on short chain PFAS remediation in the environment
[Conder et al., 2008; Giesy et al., 2010; Houtz et al., 2013]. Short chain PFAS may pose soon
another significant environmental problem, assuming their decomposition is independent of
carbon chain length or functional group. It reveals an urgent need to compare reactivity of PFAS
in water as a function of alkyl chain length and head group and advance our knowledge on the
degradation mechanism. Previously, the efforts to develop effective treatment technologies have
been given to long chain PFAS. While short chain PFAS are increasingly detected in the
environment, there is a need to develop effective in-situ treatment technologies for remediation of

PFAS contaminated groundwater.
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Supervising Professor: Hyeok Choi

Per- and polyfluoroalkyl substances (PFAS) are anthropogenic compounds comprised of a
perfluoroalkyl backbone and a terminal functional group. Their detrimental health effects of in
humans, like other halogenated chemicals, have been well documented and thus the frequent
occurrence of PFAS in the water environment is a recent global concern. After US Environmental
Protection Agency (EPA) released a drinking water health advisory for the two most detected long
chain PFAS (such as perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS)),
industrial production and application of short chain PFAS continues to rise. Feasible and sensible
treatment strategies are in dire need for environmental remediation and water treatment. No studies
so far have demonstrated the reactivity of PFAS as a function of alkyl chain length and functional
group in TiO2 photocatalysis, which is considered as one of the promising advanced oxidation
technologies (AOTs) and the most cost-efficient technologies for PFAS remediation. This research
is presented in two subsections, where decomposition of selected PFAS was evaluated under
various TiO; photocatalytic and photochemical conditions inducing AOTs.

In the first study, we carefully selected 9 PFAS based on chain lengths, functional groups,
and structural properties, namely 4 perfluorocarboxylic acids (PFCAs) including PFOA, 3
perfluorosulfonic acids (PFSAs) including PFOS, hexafluoropropylene oxide dimer (GenX), and
6:2 fluorotelomer sulfonate (6:2 FTS) and investigated dependency of the photocatalytic

decomposition of PFAS on their properties. In addition, various chemical oxidants and reductants



were introduced with titanium dioxide (TiO2) photocatalysis and elucidate the decomposition
mechanism of both carboxylic and sulfonic PFAS. Some notable findings include long chain
PFCAs and 6:2 FTS were removed in the TiO2/UVC system mostly via chemical decomposition
while GenX, PFSAs, and short chain PFCAs were removed mostly via physical adsorption. Sulfate
radicals (SRs, SO4™) generated with PS played an important role in decomposing both long and
short chain PFCAs, while these radicals were ineffective to PFSAs. Hydrated electron produced
from activation of sulfite by UVC defluorinated both PFCAs and PFSAs significantly. Overall
susceptibility of PFAS to the chemical reactions was explained with their properties and the
reactivity of reactive species produced in each system.

In the second study, lead-doped TiO; coated with reduced graphene oxide (TiO2-Pb/rGO)
was developed as a ternary photocatalyst to overcome the limitation of the poor reactivity of neat
Ti0> photocatalysts caused by quick electron-hole recombination. Degradation kinetics of PFOA
using this catalyst was compared to that of bare TiO, TiO-Pb, TiO, /rGO, and TiO2-Pb/rGO under
UVC. High photocatalytic activity of TiO2-Pb/rGO was observed, which is attributable to the
effects of rGO and Pb addition on TiO; bandgap energy, surface interfacial charge transfer
mechanisms and oxygen diffusivity. The role of Pb and rGO in TiO; was investigated, and the
reactive species responsible for the reaction was identified. The radical quenching experiments
implied the main roles of hole and oxygen on the highly efficient photodegradation of PFOA.
Significant byproduct and fluoride release were observed upon decomposition of PFOA. This
system showed great potential for in situ application of polyfluorinated compounds and long chain
PFCAs remediation. The efficacy of these systems for a wider range of PFAS was evaluated. The
reaction mechanism for the system was complex and future studies should identify an appropriate

Ti02-metal/rGO pair capable of decomposing sulfonic PFAS.



Here, first study compared photocatalytic a decomposition of 9 PFAS mainly PFCA and
PFSA but future studies should explore other PFAS and compare reactivity to current study. In
addition, it would be important to understand the effect of organic and inorganic contaminants
present in water in photocatalytic and photochemical decomposition of PFAS. In second study,
only long chain PFCA were successful degraded by TiO>-Pb/rGO under UVC. Follow up studies
investigating various TiO2-Pb/rGO oxidant/reductant combinations could potentially decompose

other PFAS groups.



CHAPTER 1

Introduction and Literature Review

1.1 Chemistry

Per- and polyfluoroalkyl substances (PFAS) are a group of organofluorine compounds that have
alkyl chains but with the hydrogen atoms replaced by fluorine atoms [Rayne and Forest, 2009].
They are part of the larger group of fluorinated alkyl compounds, where at least one hydrogen has
been substituted by a fluorine atom [Lange et al., 2006; Knepper et al., 2011]. The C-F bond is the
strongest bond known in organic chemistry [O'Hagan, 2008] with bond strength of 530 kJ/mol,
which attribute a specific property to these group, that they are chemically and thermally stable;
and for this reason, they are commonly referred to as persistent organic pollutants (POPs) [Teng
et al., 2009; Zhang et al., 2014; Bao et al., 2014; Arvaniti et al., 2015]. Typically, PFAS have the
molecular formula CF3(CF2).R, where R could be any functional group such as hydroxyl,
carboxylic or sulfonic acid among a few other possibilities [Rayne et al., 2009; Knepper et al.,

2011].

PFAS is divided into polymeric and non-polymeric PFAS. Polymeric PFAS include three
sub-groups: fluoropolymers, sidechain fluorinated polymers, and perfluoro polyether; whereas
nonpolymeric PFAS include four sub-families: perfluoroalkyl acids (PFAAs), fluorotelomer (FT),
per- and polyfluoroalkyl ethers (PFPE), and compounds derived from perfluoroalkane sulfonyl

fluoride (PASF) [ Buck et al., 2011].

1.1.1 PFAAs:



PFAAs are some of the most basic PFAS molecules. PFAAs are surfactants with unique physical-
chemical properties such as an extraordinary high surface tension. They consist of a fully
fluorinated carbon chain of typically three to fifteen. They are essentially non-degradable. The
chemical structure of each PFAAs includes a hydrophobic alkyl tail in which all hydrogens are

replaced by fluorine and a hydrophilic acid head group as shown in Figure 1.1.

Hydrophobic
Hydrophilic .

Figure 1.1. Schematic representation of fluorinated surfactants

The PFAAs class is divided into three major groups:

Perfluoroalkyl phosphonic acids (PFCAs): General chemical formula is C,F2,+1COOH,
and it can be categorized into two groups; namely long chain (n >8) and short chain (n<6) PFCAs.
The most frequently studied long chain PFCA is PFOA. The most important short chain PFCA 1is

perfluoro butanoic acid (PFBA), which is an alternative of the most use surfactant PFOA.

Perfluoroalkyl sulfonic acids (PFSAs): General chemical formula of this group is
CnF2n+1SO3H; and typically, long chain PFSAs contain n >6 carbons. The most frequently studied
PFSA is long chain PFOS. PFOS derivatives have been used as surfactants in oil well stimulation
to recover oil trapped in small pores. PFOS has recently been classified as a persistent,
bioaccumulative and toxic substance. The most important short chain PFSA is perfluoro butane

sulfonic acid (PFBS), which is another alternative of the most use surfactant PFOA. Alternatives



fluoro surfactants of PFOS are short chain PFSAs such as PFBS (C4), perfluoro pentane sulfonic

acid (, PFPeS, C5) and perfluoro hexane sulfonic acid (PFHxS, C6).

Among all PFAS compounds, PFOA and PFOS are the most prevalent and most studied

of the PFAS [Wang et al., 2014]. Their properties are listed in the Table 1.1 below:

Table 1.1. Physical and chemical properties of PFOA and PFOS [Kucharzyk et al., 2017].

Property PFOS (potassium salt) PFOA (free acid)
Chemical Abstract Service
2795-39-3 335-67-1
(CAS) Number
Physical description (atroom
White powder White powder
temperature and pressure)
Molecular weight (g/mol) 538 414

550 to 570 (purified)
Water solubility at 25 °C

370 (fresh water) 25 9.5x10° (purified)
(mg/L)
(filtered sea water)
Melting point ("C) 400 45 to 54
Boiling point (°C ) Not measurable 188 to 192
Vapor pressure at 20 °C .
2.48x10° 0.017
(mm Hg)
Octanol-water partition
Not measurable Not measurable

coefficient (log Kow)




Henry’s constant (atm-
3.05x10° Not measurable
m3/mol)

Atmospheric: 114 days Atmospheric: 90 days
Half-life
Water > 41 years (at 25 OC) Water> 92 years (at 25 oC)

Alternatives fluoro surfactants of PFOS are short chain PFSAs such as PFBS (C4),

perfluoro pentane sulfonic acid (, PFPeS, C5) and perfluoro hexane sulfonic acid (PFHxS, C6).

Perfluoroalkyl phosphonic acids (PFPAs): PFPAs are another subgroup of PFAAs that
recently gained scientific interest around the world. The chemical formula of PFPAs is
CnF2n+1POsHa. Perfluoro butane phosphonic acids (PFBPA), Perfluoro hexane phosphonic acids

(PFHxPA) are mostly used Perfluoroalkyl phosphonic acids (PFPAs).

1.1.2 Precursor and raw materials:

6:2 FTS: The most common substitute for PFOS is typically used in hard metal plating. It
is not fully fluorinated, but the C6 perfluorinated tail is persistent, and the chemical is a precursor

of some PFCAs such as PFHxA.

Perfluoroalkane sulfonamides (FASAs): Typically, FASAs are used as raw material to
make perfluoroalkyl sulfonamide substances that are used for surfactants and surface treatments.
Examples include Perfluoro butane sulfonamide (C4F9SO2NH>), Perfluoro hexane sulfonamide
(C6F13SO2NHb») are used as a raw material for surfactant. N-Methyl perfluoro butane sulfonamide
(MeFBSA) and N-Ethyl perfluoro butane sulfonamide (EtFBSA) are intermediate environmental
transformation product [Shahid Ullah, 2013]. Molecular structures of some PFAS (Figure 1.2) are

shown below:



e FRFRFRF FFFEFFEF O

SO,H F
= OH
FFFFF FF F FFF FF FF F
PFOS PFOA
RFRFR F . FF @
SO FWOK&OH
FEFEFE g O F FF FF F
F F
6:2 FTS GenX

Figure 1.2. Molecular structures of some PFAS. PFOS represents PFSAs group such as PFBS and

while PFOA represents PFCAs group such as PFBA. Chain lengths and functional groups vary in

PFSAs and PFCAs. 6:2 FTS represents a polyfluoroalkyl substance with vulnerable 4 C-H bonds

while GenX has a hetero-atom O in the middle of an alkyl chain.

PFAS classification chart (Figure 1.3) is shown below:

PFAS

Nonplastic Plastic
PFAA CF;(CF,),R
Precursor/Raw
Material
PFCA PFSA PFPA
CoFze 1 COOH C,Fope1SOH  CyFyns POSH FT (CF2),(CH2),R FASAs PFPE
CF;(CF,),SO,NH, (CF3)u(CH)LO(CF3)y (CHy)y
Long chain Short Chain
(n=8) (n=8) FTA(m:n) FTS8:(CF,), CH,),S0:H

(CF3)r (CH),OH FTCA:(CF3)u(CH;),COOH

Figure 1.3. PFAS classification chart

10



1.2 Usage

PFAS are a class of man-made chemical compounds known to be resistant to heat, water, and oils.
These compounds are frequently incorporated into a variety of industrial and commercial products
such as non-stick cookware, stain resistant clothing, food packaging and firefighting foams. The
most well-known compounds in this group are PFOA and PFOS. [Fujii et al., 2007] The sodium
or potassium salt form of PFOA is used to produce useful fluoropolymers such as
polytetrafluoroethylene (PTFE, more popularly known as Teflon). [Lindstrom, Strynar, and
Libelo, 2011] PFOS, which is usually used as a potassium or sodium salt, is main ingredient in
Scotchgarde and other similar stain repellents [Ochoa-Herrera et. al., 2008]. It is also used in

hydraulic fluids in commercial airliners [Lau et al. 2007].

1.3 Occurrence

PFAS have been manufactured and used worldwide since 1940s, resulting in massive release to
the environment upon industrial production and applications [Giesy et al., 2001]. PFOA and PFOS
have been detected in every part of the world as well as in all manner of matrices- sediment, soil,
seawater, groundwater and even drinking water [Skutlarek, Exner, and Farber, 2006; Benford et
al., 2008; Vecitis et al., 2009]. This makes it unsurprising that it has been detected in the serum of
many human subjects. In Australia, PFOS (16 ng/L) and PFOA (9.7 ng/L) as well as other shorter
chain PFAS in surface waters are detected [Thompson et al., 2011]. During the period 1960s-
1990s, internal studies at DuPont showed the presence of PFOA in the blood of some of its
workers. This data was however not reported to the authorities, which eventually led the company

to pay a settlement fee to the USEPA in 2005 [Hogue, 2005a].

11



Since year 2006, PFOA and PFOS have been voluntarily phased out by industry. Yet, they
remain persistent in the environment [Wang et al., 2009]. From 2002, 3M company and many
other major global producers of PFAS began to replace long chain PFAS with short chain PFAS
[3M, 2000; Ritter et al., 2010]. Among the most common replacement short chain PFAS are
hexafluoropropylene oxide (HFPO) dimer acid and its ammonium salt (referred to as GenX
chemicals) and PFBS and its potassium salt (K+PFBS). The short chain PFCAs have more recently
been detected in surface water and in precipitate, and their levels are higher than that of PFOA
[Scott et al., 2006]. GenX chemicals have been detected in surface water, groundwater, finished
drinking water, rainwater, and air. PFBS was selected as a replacement for PFOS. PFBS has been
identified in the environment and consumer products including surface water, wastewater, drinking
water, dust, carpeting and carpet cleaners, floor wax, and food packaging. PFBS and GenX
chemicals are persistent in the environment, and mobile in groundwater and surface water [US
EPA, 2018]. As the market demands, these short chain PFAS continue to grow, particularly in the

developing countries. The environmental releases and impacts are expected to rise [Li et al., 2020].

With respect to chemicals, PFBA, PFBS, PFPeA, PFHxA, and PFHpA are the most widely
detected short chain PFAS of which PFBA and PFBS account for >50% of the total concentration
of short-chain PFAS. The concentration of PFBA in the aquatic systems varied widely from 5.26—
144ng/g (dry weight) in sediment/solid waste; and the concentration of PFBS in aquatic systems
ranged from 0.01 to 4520 ng/L (0-114ng/g dry weight) in soil/sediment. In contrast, the
concentration of other short chain PFAS was up to one order of magnitude lower than those of
PFBA and PFBS. Moreover, PFBA and PFBS were also the most frequently detected short chain
PFAS in the atmosphere and ice/snow in the polar area, while PFHxXA and PFHpA were least

detected [ Cai et al., 2012].

12



1.4 Health/Regulatory Aspects of PFASs

Once PFAS released, they are not (or rarely) decomposed in either natural environments or
treatment facilities due to the chemical inertness of the extraordinarily strong, highly polarized
C—F bonds. This significantly contaminate surface and ground waters that serve as sources of
municipal drinking water, and thus threaten the public health. Mounting evidence have revealed
that exposure to PFAS could cause serious health problems. Reduced birth weight and elevated
infertility were observed due to exposure to PFAS [Fei et al. 2007, 2009]. According to a 2012
story in Chemical and Engineering News (C&EN), the C8 science panel (an independent research
team) reports a connection between exposure to PFOA and high cholesterol [Benford et al., 2008].
In addition, exposure to PFOA was associated with thyroid diseases [Melzer et al., 2010]. In 2015,
Chemours (a spin-off from Dupont) was ordered by a Federal U.S. jury to pay an Ohio woman
$1.6 million after she claimed that the PFOA, which was used to make Teflon, was responsible for
her kidney cancer [Reisch, 2015]. Others reported that exposure to long chain PFAS (e.g., PFOA,
PFOS, and PFHxS) resulted in onset of early menopause in women and increased impulsivity and
delayed puberty in children. [knox et al., 2011; Gump et al. 2011.] PFASs have also been linked
to pre-eclampsia [Stein et al., 2009], attention deficit and hyperactivity disorder in children aged

12-14 [Hoffman et al., 2010].

Previously, toxicological studies have been focused on PFOA and PFOS. Little is known
about the toxicity of short-chain PFAS such as PFBA, PFBS, and PFHxA, though it is often
assumed that short chain PFAS can cause similar or lesser effects than PFOA and PFOS. In
laboratory animal studies, it was reported that exposure to high levels of PFBA (up to 100mg/kg)
induced increased thyroid and liver weight and cellular changes in both organs, changes in thyroid

hormones, decreased cholesterol, and delayed development and decreased red blood cells and
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hemoglobin [Chang et al., 2008]. However, another study performed a 90-day toxicological
evaluation of PFHxA in gavage tests with rats, and observed some adverse effects, including
hepatic peroxisomal beta-oxidation, and hepatic and thyroid changes [Kjolholt et al., 2015]. Based
on a study of human autopsy tissues, PFHxA was prevalent in the liver and brain. Others reported
that exposure to PFBS resulted in lower body weight, delayed development and adverse female
reproductive effects on offspring of mothers as well as changes in thyroid hormone levels and

cellular changes in kidneys [Health Risk Assessment Unit, 2017].

It was reported that perfluoroalkyl compounds with shorter carbon chains are less toxic
than PFOA. In humans, the half-life is 3— 4 years for PFOA, 32 days for PFHxA and 3 days for
PFBA [ Cecon et al., 2011]. Another study revealed that C4—C6 PFAS were less hazardous to
daphnia than C7—-C8 perfluoroalkyl substances [Barmentlo et al., 2015]. Overall, toxicity data on
these short chain PFAS are still incomplete and insufficient to assess environmental impact. For
the possible toxicity of treated water, the detailed data is also known to be small. The deep analysis

of mineralization mechanism would contribute to study concerning the toxicity of treated water.

In 2005, an advisory board listed PFOA as a “likely human carcinogen” and during the
same year, a draft risk assessment was set for the entire group of these chemicals [Hogue, 2005b;
Eilperin, 2005]. In 2006, EPA asked eight chemical companies to voluntarily eliminate the
production of PFAS at their facilities although it was unclear at the time how many of those
companies intended to heed such request [Hogue, 2006]. In November 2006, DuPont agreed to
reduce the screening threshold near its West Virginia plant 300-fold, from 150,000 parts-per-

trillion to 500 parts-per-trillion.
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In May of 2016, USEPA released lifetime health advisories for PFOA and PFOS;
recommending that drinking water containing PFOA or PFOS individually or in combination at

concentrations greater than 0.070 pg/L should undergo further testing and efforts to limit exposure

of public to PFAS.

1.5 Current Treatment Methods

The current treatment methods of PFAS could be grouped into two categories: physical adsorption

and redox reaction. (Figure 1.4)
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Figure 1.4. Summary of recent technologies for PFAS remediation

Over the course of the past decade, a lot of studies have been conducted and published on
various techniques that have been developed for the treatment of PFAS in various matrices (Figure

1.5); however, many of such developed methods face varying degrees of challenges.
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Figure 1.5. Schematic presentation of current treatment technologies

1.5.1 Physical Adsorption:

It involves the accumulation of a substance at the surface of another [Ce¢en and Aktas, 2011]. In
this case the target compound (adsorbate) adheres onto the surface of the adsorbent thus removing
it from water. Physical adsorption on solid surfaces has been described in the hypotheses that:
the adsorbate is not modified during adsorption. The adsorbate internal degrees of freedom are not
excited during adsorption, and each adsorbed molecule fills one and only one adsorption

site [Cerofolini et al., 1999].

Activated Carbon (AC), granular activated carbon (GAC) and powder activated carbon
(PAC) have a long history in environmental applications because of their porous structure, large
surface area, diverse surface chemistry [Rozwadowski et al., 1979; Qu et al., 2009]. Adsorption
is an economical method to remove polar organic pollutants from water [Tzabar et al., 2012, Qin
et al., 2014]. An investigation to remove PFOS and PFOA from water using PAC, GAC and anion-
exchange resin (AIX400) showed that the GAC had the lowest sorption capacity for both PFOS
and PFOA among the three adsorbents according to the Langmuir fitting. [ Yu et al., 2009] Despite

of high sorption capacity of AIX400, the high costs become the bottleneck in practical
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applications. The presence of natural organic matter (NOM) affects the removal efficiency due to
the competitive adsorption between NOM and PFAS. [Pramanik et al., 2015] Also, physical
adsorption method merely transfers PFAS from water phase to another phase and cannot
mineralize them. To avoid the secondary pollution, the subsequent destruction process such as

incineration is necessary [Wang et al, 2017].

Another form of physical treatment for PFAS is membrane filtration. Two popular
membrane filtration methods are nano-filtration (NF) with pore sizes of 0.00005-0.002 pm and
reversed osmosis (RO) with pore sizes below 0.00005 pm [Knepper and Lange, 2011]. A study
shows that RO is effective in removing PFOS from semiconductor wastewater [Tang et al., 2006]
.The downside of the membrane filtration is that it cannot decompose PFAS. So, other steps such

as incineration must be taken, which invariably leads to other concerns [Knepper et al. 2011].

1.5.2 Redox Technologies:

Redox technologies including photochemical, sonochemical, electrochemical, radiochemical,
thermochemical, subcritical and plasma treatment processes are becoming promising methods for

PFAS removal [Wang et al., 2015].

Sonochemical: Ultrasonic pressure wave force the quasi-adiabatic collapse of vapor
bubbles formed from existing gas nuclei [Vecitis et al., 2008]. The transient collapse of aqueous
cavitation bubbles raises average internal vapor temperature near 4000 K, whereas bubble-water
interface temperature is in the range of 600 K to 1000 K. These transient high temperature lead to
in situ pyrolytic reactions in the vapor and interfacial regions of each collapsing bubble, which
breaks water producing hydroxyl radicals (HRs, "OH), oxygen atoms (O), and hydrogen atoms

(H"). These transient radicals react readily with compounds at the bubble interface. Previous study
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showed that acoustic cavitation driven by high-frequency ultrasound can significantly degrade
aqueous solutions of PFOA and PFOS, and mineralize completely to CO, CO2, F-, and SO4*. This
occurs due to pyrolytic reactions at the surface of transiently collapsing bubbles. It was proposed
that the degradation occurs at the bubble—water interface and involves the loss of the ionic
functional group leading to the formation of the corresponding perfluoro olefin. The
fluorochemical intermediates undergo a series of pyrolytic reactions in the bubble vapor leading
to Cl1 fluoro-radicals. Secondary vapor-phase bimolecular reaction coupled with hydrolysis
reaction and converts the C1 fluoro-radicals to carbon monoxide, carbon dioxide, and HF [Vecitis
et al., 2008]. Although sonochemical technology is effective for PFAS remediation, applications
are still limited largely due to high operating cost, the lack of understanding about their
design, operational and performance characteristics. Uniform distribution of cavitational activity

in reactor is another challenge in scale up design of sonochemical reactors [Seyedali et al., 2016].

Electrochemical process: Electrochemical oxidation is yet another method of destroying
PFAS, which can either be destroyed by direct electron transfer from the anode (after being
adsorbed) or in solution via strong oxidizing agents produced by electrolysis [Knepper and Lange,
2011; Merino et al., 2016]. The most used material here are boron doped diamond electrodes
(BDDEs), and several researchers have successfully deployed them for the treatment of PFAS with
varying degrees of success [Carter et al., 2008; Liao et al. 2009; Ochiet et al., 2011; Urtiaga et al.

2015].

Direct Photolysis: Direct Photolysis is the process of using light energy to break down
molecules if the photon energy of the light source is greater than the bond energies present in the
target compound [Merino et al., 2016]. Direct UV photolysis is another oxidation technique used

for decomposing PFAS. However, the direct photolysis is ineffective for the degradation of PFAS
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in aqueous solution, especially PFOS, under visible-light irradiation since PFAS does not absorb
much light at wavelength >220nm [Hori et al., 2004; Taniyasu et al., 2012]. However, previous
study showed that, PFOA can be broken down at short wavelengths (<200 nm) UV generated using
a xenon mercury lamp. [Einaga et al., 2004]. Another study showed that defluorination profile of
PFOA achieved with only 254 nm UV was very small compared to combined UV wavelengths of
254 nm and 185 nm [Giri et al., 2011]. Although the degradation efficiency of PFOA is improved
with the irradiation of 185nm UV, the utilization of this is energy-intensive for wastewater

treatment.

Photochemical process: These techniques can be classified into two main mechanisms,

namely, photo-oxidation and photo-reduction degradation.

Photooxidation: The ‘OH is the most used oxidant in water treatment industry. [Knepper

et al., 2011] and this "OH are often produced via advanced oxidation processes (AOPs). The most
used AOP are the Fenton reaction, UV based processes, and ozone-hydrogen peroxide processes
[Brillas et al., 1998; Rosenfeldt et al., 2004; Bautista et al., 2008; Knepper et al., 2011]. It was
reported that PFOA was inert to "OH (oxidantion potential 2.8 eV) since the energy of C-F bonds
(530 kJ mol ') in PFOA was much higher than that of C-C bonds (410 kJ mol !)[Pignatello et al.,

2006; Vecitis et al., 2009].

Oxidative species e.g., carbonyl radicals (CO,™ ) [Thi et al., 2013], sulfate radicals (SRs,

SO4™) [Chen et al., 2014],and Iodate radicals (I03™) [Cao et al. 2010], or specific photocatalyst are
effective in degrading PFAS. Sulfate radicals (SRs, SO47) can be produced by UV
irradiation/reduction mechanism or thermolysis (>40 0C) of persulfate anion (PS, S20s>") or from

the peroxymonosulfate ion (HSOs ) by transition metal [Vecitis et al., 2009; Knepper et al.; 2011].
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PS photolysis is the most common photooxidative technologies used to remove PFAS in last 10-

15 years [Hori et al., 2005; Liang et al., 2008; Vecitis et al., 2009; Lee et al., 2010; Nfodzo et al.,

2011a; Nfodzo et al., 2011b]. Persulfate anion (PS, S20s?) is an attractive candidate to
photochemically decompose of PFCAs because photolysis of PS produces two SRs anions (SO4™
) with quantum efficiency of unity, which can act as a strong oxidant in aqueous systems with
oxidation potentials in the range of 2.5-3.1. SRs tend to react more selectively to transfer electron
compared to HRs [Dogliotti et al., 1967, Bahnemann et al., 1994; Neta et. Al., 1988, Merino et al.
2016, Knepper et al., 2011]. SRs possesses stronger direct electron transfer ability than *OH.
Relative high decomposition ratio of PFOA was achieved by SRs oxidation, and the decomposition
rate would be higher when VUV irradiation replaced UVC irradiation in this process. Photolysis
of PS (50 mM) produced highly oxidative SRs anions (SO4™), (Eq. 1.1), which efficiently
decomposed PFOA and other PFAS bearing C4-C8 perfluoroalkyl groups (Eq 1.2). [Hori et al.,
2005] Previous study reported that PFOS can also be decomposed significantly using PS activated
by microwave heat and zerovalent iron particles [Lee et al., 2010]. Photoreduction and
photooxidation study with six PFAS of various headgroup and perfluorocarbon tail length using
KI and PS showed that PFAS kinetics is dependent on headgroup, chain length and initial PFAS

concentration [Park et al., 2011].

$:05" + hv (<270 nm) — 2804 (1.1)
S04~ + PFOA — S04~ + C7F15CO0" (1.2)
PFOA + hv (<270 nm) — C7F15COO" (1.3)

Previous study also proved photochemical decomposition of PFAS using sodium periodate

(NalOg4) [Cao et al., 2010]. It was showed that highly reactive species, such as iodate radicals
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(I03%), "OH, and O™ generated by photolysis of I04 [Wagner et al.,1982] have accelerated PFOA
decomposition in UV/NalOj4 system. 103" radicals might directly abstract F~ from PFAS to form
PFAS® (C7F14°COOH), (Eq. 1.4) then reacted with "OH to produce CsF13COOH (Eq. 1.5), which

underwent further photodecomposition and formed CsF1COOH. (Eq. 1.6)

C7F15COO™ + 103" — PFOA™ + F- (1.4)
PFOA™ +'OH — C¢F13COOH (1.5)
CsF13COOH — C6F13COOH + F + H" (1.6)

Carbonate radicals (CO3™) formed by reacting carbonate anions with ‘OH under UV
irradiation (Eq. 1.7 )is effective in decomposing PFOA [Thi et al., 2013]. H2O2/NaHCOs3 solution
can also produce COs™ and directly oxidize the C7F15COO™ to form C7F15COQO" radical as shown

in Eq. 1.8 [Josh et al., 2006].

"OH + HCO3 — H,0 + COs™ (1.7)

CO;3" + C7F15CO0— C7F15CO0" +COs* (1.8)

The common feature of PFAS photo-oxidative process is cleaving the C-C or C-S bonds
between alkyl and functional groups in the beginning of the reaction [ Yamase et al., 1983; Hori et
al.; 2003, 2004]. Previous study proposed the common photo-oxidation pathways of PFOA as
shown in Figure 1.6 Wang et al., 2017]. Possible pathway was concluded as follows: (i) an electron
of the carboxylate terminal group was transferred to the oxidant, such as PS, phosphotungstic acid,
Fe’*/Fe?*, forming perfluorinated alkyl radicals (C7Fi1sCOQ"). (ii) Then the C7FisCOO" radical
undergoes a Kolbe decarboxylation reaction that cleavage of C-C bonds between C7F 5" and COO
to produce the perfluoroalkyl radicals (C7Fi5°). (iii) The terminal carbon atom of C-F;s" radicals

have higher electron density, and prone to react with HoO molecule, ‘OH and molecular oxygen,
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yielding an unstable alcohol C7F1sOH. (iv) The consequent C7F1sOH would eliminate HF to form
CsF13COF. (v) The acid fluoride undergoes hydrolysis to generate PFHpA with one less CF; unit

than the original PFOA. (vi)Then, step by step, PFHxA, PFPeA, PFBA, PFPrA, and TFA are

produced.
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Figure 1.6. Common photo-oxidation pathways of PFOA

Two major oxidation reaction pathways of PFOS decomposition in water using alkaline 2-
propanol was prosed previously [ Yamamoto et al., 2007]. As shown in Figure 1.7, photo-oxidative
process of degrading CsH17SO;3™ by cleaving the C-S bonds and forming CsHF7" radicals and
CsF170H, respectively, which resulted in shorter chain perfluoro compounds such as C7HFis and

C7F150H by stepwise losing a CF> unit.

22



()

CF
o )?“ G —
(-I-FI" s Cr

Y~ \Q i — N
59 CeHFy _*'\

CIFHOH . COOH C,HF"
HF
C-F,.COF o :
- |i{-l?‘ CyF<OH COOH
SO -HF \
G,F I ) :!}T )
el lFlfﬂ)b 'C.FUOH
C.FI s I “HF
CeF1;COOH CsF COF
E
I ;0
CsF,COOH

Figure 1.7. Photooxidation pathways of PFOS (Yamanto et al., 2007)

Photoreduction: Reductive dehalogenation is a method that has often been used to treat

sites contaminated with halogenated pollutants [Knepper et al., 2011; Merino et al. 2016]. Such
reductive transformations often occur via attack by highly reactive nucleophiles. Unlike photo-
oxidation process, the C-F bonds are directly cleaved by hydrated electron (eaq ) as nucleophile in
photo-reductive process. The eaq is the key photo-generated reductive species responsible for
PFAS photodegradation. These e.q” could be produced from the photolysis of KI solutions via

charge-transfer-to-solvent (CTTS) states as shown in Eq. 1.9 [Park et al., 2009].

I"+hv—oTcrrs = I +eaq (1.9)

Figure 1.8 depicts the possible photoreductive defluorination Pathways of PFOA. The
fluorine atom is the reaction center of defluorination [Qu et al., 2010, 2014]. Due to the inductive
effect of carboxylate terminal group of PFOA, the C-F bond close COOH is readily attacked by a

nucleophile like e.qs and eliminates fluoride ion, to form successively C7Fi4HCOOH and
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C7F13H2COOH. The CgFi3* radicals, ‘COOH radicals and CH» carbene are generated from
C7F13H2COOH. The reaction between CgF13” radicals and "“COOH radicals perhaps occurs to form
shorter chain intermediate, CsF13COOH, which is further degraded in the same manner.
Meanwhile, CH; carbenes, as the reactive species, are transformed into CH3 radical and
subsequently recombined with “COOH radical to form CH3COOH. Also, CF3H and C,F¢ are found

among the final products, and the former is stable specie that has high global-warming potentials.
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Figure 1.8. Possible photoreductive defluorination Pathways of PFOA

Another reaction of interest here is the UV-photolysis of isopropanol at high pH (> 12).
This reaction results in the formation of a 2-hydroxyprop-2-yl radical, which can led to the
decomposition of PFSAs [Knepper et al., 2011]. Also, titanium citrate can react with the cobalt in
vitamin Bi> to produce Co(I), which is a strong reducing agent [Ochoa-Herrera et al., 2008].
Another method of reductive degradation using UV/sulfite process (Eq. 1.10) under N> atmosphere

[Song et al., 2013].

SO3* +hv — SO3™ + eug (1.10)
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Previously, a study investigated defluorination kinetics with PFAS headgroup by aquated
electrons (eaq ) generated from the UV photolysis (A = 254 nm) of iodide. It was proved that ionic
headgroup (-SO3;™ vs -CO2") has a significant effect on the reduction kinetics, and extent of
defluorination (F index = —[F Jproduced/[PFC]degraded). PFSAs reduction kinetics and F index
increase linearly with increasing chain length. In contrast, PFCAs chain length appears to have a

negligible effect on the observed kinetics and the F index [Park et al., 2011].

Compared with other redox technologies, photochemical degradation offers an easier
operation under mild conditions, and achieves the higher decomposition and defluorination
kinetics [Wang et al., 2017]. However, these technologies suffer from some disadvantages such as
high consumption of chemical reagent, non-environmentally friendly process, high treatment cost
or time-consuming [Dong et al., 2011 and Zhou et al., 2014]. Development of advanced water
treatment technologies with low-cost and high efficiency to treat the PFAS contaminated

wastewater is desirable.

Photocatalysis: Photocatalysis is a method of using light energy to power a reaction with
the aid of a catalyst and has been used for the decomposition of many organic contaminants
[Merino et al., 2016]. Photocatalytic decomposition happens when light exposure produces an
energy difference between the valence band and the conduction band of the catalyst. Many
semiconductors have been explored as photocatalysts for redox processes including CdS, SnO»,
WO;3, Si02, ZnO, Nb2O3, Fe;O3 , but nano TiO2 photocatalyst is well known among the metal
oxides for its high efficiency, low cost, physical and chemical stability, widespread availability,
suitable band position, nontoxicity, biocompatibility, and noncorrosive property [Carp et al., 2004;

Herrmann et al., 2007 ].
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In general, TiO; naturally forms in four main phases: rutile, anatase, brookite, and TiO2(B).
The relative stability of the four titania phases depends on particle size, with rutile being the
thermodynamically stable form in bulk titania but anatase being the most stable phase at sizes
below 14 nm. Brookite and TiO>(B) are metastable forms that are not commonly observed in
minerals and difficult to synthesize in pure form. Anatase and rutile are the most common phases
for TiO,. Typically, the structural difference come from the connectivity of the TiOs>~ octahedral
units, which share edges and corners in different ways depending on the crystal phase. Anatase
forms from octahedra share four edges, while two edges are shared in rutile; and three edges are

shared in brookite as shown in Figure 1.9.

Figure 1.9. Connectivity of TiO¢>~ octahedral units in (a) anatase, (b) rutile, and (c) brookite.

Anatase is the widely studied polymorph, showing superior photochemical performances
due to the high electron mobility, electron affinity, and transmittance for visible light [Lou et al.,

2008; Chen et. al., 2013; Cargnello et al., 2014].
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Properties also vary with the shapes of the nanomaterial change. The movement of
electrons and holes in semiconductor nanomaterial is primarily governed by the well-known
quantum confinement, and the transport properties related to photons, and the size and geometry

of the materials [ Xiaobo et al., 2007].

Commercially available Evonik (formerly Degussa) AEROXIDE® P-25 (denoted as P25),
a benchmark material widely used for photocatalysis study. It is mixed-phaseTiO> containing
anatase (majority) and rutile. Brookite has been rarely studied due to the challenges of obtaining

in pure phase [Chen et al. 2007; Jiang et al. 2018].

Generally, there are five essential key steps in the heterogenous photocatalysis on the
surface of TiO2, namely, the (1) photoexcitation (light absorption and charge carriers generation),
(2) diffusion, (3) trapping, (4) recombination, and (5) oxidation [Gaya et al., 2008; Chong et al.,

2010; Foo et al., 2010].

Upon irradiation of TiO; with light energy equivalent to or greater than its band gap energy
(anatase, ~3.2 eV), the electron is excited from the valence band (VB) to the conduction band
(CB). The photoexcitation induces interband transition with the formation of conduction band
electrons () and valence band holes (h"). The e /h" pairs are photogenerated at a femtosecond
time, however, the charge carriers can easily recombine either in the bulk or at the surface with the
release of energy in form of light or heat. Free charge carriers that migrate to the semiconductor
surfaces escaping recombination may be trapped before the interfacial charge transfer [Hoffmann
et al. 1995; Kohtani et al, 2017]. It was reported that these surface-trapped electrons and holes
recombine much more slowly than they do in the bulk [Furube et al., 2001]. The process is listed

as follows: [Choi et. al., 2014]
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1. Charge carrier generation
TiO, + hv — TiOz (ecs” + hyg") (1.11)

2. Charge carrier trappings

ecs” +> Ti'Y OH — {> Ti""OH} (shallow trapping) (1.12)
ecp” + > Ti'"Y — > Ti'" (deep trapping) (1.13)
hyg" +> Ti"V OH — {> Ti"OH'} (hy") (1.14)

3. Charge carrier recombination

ecs + {Ti"OH"} — Ti'¥ OH (1.15)
he” + {Ti"OH} — Ti Y OH (1.16)
o« + TiM - TilV (1.17)

4. Interfacial charge transfer to the surface adsorbed acceptor (A) or donor (D) molecules:

Ti"OH + A — {> Ti"V OH} + A~ (1.18)

(TiVOH} "+ D — {>Ti'V OH} + D™ (1.19)

Another study also highlighted the important consequences of surface trapped holes (hy)
and electrons (ex) to the photooxidation of organic compounds. [Schneider et al., 2014] In the
absence of electron scavengers, the photoexcited electron recombines with the valence band hole
in nanoseconds with simultaneous dissipation of heat energy. However, the presence of electron
scavengers is vital for prolonging the recombination and successful functioning of photocatalysis.
In most applications, photocatalytic degradation reactions are carried out in presence of water, air,
the target contaminant and the photocatalyst. Generally, the positive hole reacts with the surface
OH" groups on the TiO> particle to produce surface adsorbed hydroxyl radicals (‘OHags). Other
hand, oxygen prevents the recombination of electron hole pair, while allowing the formation of

superoxide radicals anion (O:™). This O™ radical can be further protonated to form the
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hydroperoxyl radicals (HO;") and subsequently H>O». (Eq. 1.20) The HO>' radical formed was also
reported to have scavenging property and thus, the coexistence of these radical species can doubly
prolong the recombination time of the h in the entire photocatalysis reaction. Photogenerated
holes and the formed reactive oxygen species (e.g., HO>") can participate in the degradation of
organic pollutants [Fujishima et al., 2000; Zhao et al., 2003; Banerjee et al., 2014] (Eq. 1.20-1.23).

Since the heterogenous photocatalysis reaction mostly occurs on the photon activated surface of

TiO,
(02) aq + ecs” — O™ + H" — HOy' + ecs” + H' — H,0, (1.20)
Ti*" + Ho0;, — Ti* + HO" + HO- (1.21)
H20: + 05" — Os + HO" + HO" (1.22)
H,0, + hv — 2HO" (1.23)
Os + Hag" + hys" — 2HO," (1.24)

The effect of excess oxygen in the reaction environment was investigated in a study, and
suggested degradation by PFOA oxidation mechanism which is B-scissions routes mediated by
COF; elimination [Sansotera et al., 2015]. The heterogeneous photocatalytic decomposition of
PFOA by TiO; under UVC in presence of oxalic acid as a hole-scavenger showed accelerated
PFOA decomposition under nitrogen atmosphere [Wang et al., 2017]. Figure 1.10 shows the
proposed decomposition mechanism of PFOA by TiO; under UV (a) without oxalic acid and (b)
with oxalic acid The electron paramagnetic resonance (EPR) measurements confirmed the
existence of carbonyl radicals (CO,™) in the photocatalytic process, which was a result of the
reaction between oxalic acid and photogenerated hole. These findings indicated that PFOA

decomposition was primarily induced by CO,™ radicals.
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Figure 1.10. Proposed decomposition mechanism of PFOA by TiO2 under UV (a) without

oxalic acid and (b) with oxalic acid (Wang et al., 2017)

TiO2 has a wide range of application in photocatalytic field. Studies in wastewater
treatment by TiO; are still in the stage of laboratory experiments because of some technical
barriers: 1) wide band gap (anatase, ~3.2 eV), which requires UV irradiation for photocatalytic
activation [Yin et al., 2003; Zaleska, 2008; Chong et al., 2010], 2) low adsorption capacity to
hydrophobic contaminants, 3) high aggregation tendency, and 4) difficulty of separation and

recovery [Bhattacharyya et al., 2004; Gao et al., 2011; Cui et al., 2013]

Generally, the photogenerated holes of TiO; react with the OH- groups to yield surface
adsorbed "OH. Because PFAS is inert to ‘OH, pure TiO> appears to be the less effective in PFAS
degradation [Fujishima et al., 2000 and Dong et al. 2015]. Fluoride anions generated from the
PFAS degradation may modify TiO, surface, limiting the performances of TiO> for degradation

[Sansotera et al. 2014, Gatto et al. 2015].
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To achieve better photoactivity of TiO> under visible light, improvement of photocatalyst
by optimizing catalyst synthesis such as a defined crystal structure, smaller particle sizes, and high
affinity to various organic pollutants, is important [Lightcap et al., 2010; Makarova et al., 2000].
Mass transfer limitation must be minimized as photocatalytic degradation mainly occurs on the
surface of TiO». If there is poor affinity towards organic pollutants (especially the hydrophobic
organic pollutants), it resulted islow photocatalytic degradation rates. Many studies have been
carried out to eliminate the limitations of TiO» photocatalysis of PFAS. Metal doped TiO> can be
explained by a new energy level produced in TiO2 by the dispersion of metal nanoparticles in the
matrix [Dong et al., 2015]. Figure 1.11 shows mechanisms of metal doped TiO> photocatalysis,
where Electrons can be excited from the defect state to the TiO2 conduction band by photons with
at lower energy than without doped metal. An additional benefit of transition metal doping is the
improved trapping of electrons to inhibit electron hole recombination during irradiation. Decrease
of charge carriers recombination results in enhanced photoactivity. Here, the metal nanoparticles
act as a mediator in storing and shuttling photogenerated electrons from the TiO, surface to an
acceptor. Increasing photocatalytical activity was reported with iron and niobium co doped TiO>
prepared in sol-gel process, because of co-doping both on the physico-chemical properties and
surface interfacial charge transfer mechanisms [Estrelan et al., 2010]. A study showed that the
rate constant values of PFOA decomposition for the TiO»>/UV, TiO;-Fe/UV, and TiO»-
Cu/UV systems were 0.0001, 0.0015, and 0.0031 min~!, respectively [Meng et al. 2012].
Photodegradation of PFOA by Pb modified TiO> catalyst (TiO2-Pb/UV) is faster than that of
Ti02/UV system and gives better performance than TiO>-Cu/UV and TiO;-Fe/UV [Chen et al.,
2016]. Decomposition of perfluorooctanoic acid (PFOA) in aqueous solution by using noble

metallic nanoparticles modified TiO; (TiO2-M, M = Pt, Pd, Ag) was investigated [Li et al., 2015].
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The pseudo-first-order rate constant for Pt, Pd, Ag modified TiO, were 12.5, 7.5 and 2.2 times
higher than that for TiO» respectively. Increasing photocatalytic activity was reported with iron
and niobium co doped TiO> because of co-doping improves both physico-chemical properties and

surface interfacial charge transfer mechanism [Estrelan et al., 2010].

Figure 1.11. Mechanisms of metal-doped TiO> photocatalysis: (1)narrowing band gap (hv1: pure
TiO2; hv2: metal-doped TiO»); (2) retarding electron hole recombination; and (3)enhancing

adsorption of contaminants (RH).

A study showed a great improvement of photocatalytic decomposition of PFOA using a
composite TiO2/rGO (95:5) catalyst compared to the TiO2 photocatalysis. [Beatriz et al., 2018]
The photocatalytic enhancement of TiO2/rGO composites can be attributed to three aspects. First,
many n—7n conjugated double bonds are present on the graphene surface, so the organic molecules
in the solution can be well enriched into graphene [Yu et al., 2019]. Therefore, the HRs and
photogenerated holes generated by TiO> on graphene surface have a good degradation effect on
organic matter. Second, the photogenerated electrons and holes generated by TiO; can be
effectively separated, thereby suppressing carrier recombination. Third, introduction of rGO on

Ti0O7 increase UV adsorption of the catalyst .
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1.6 Goal and Objective

As the occurrence of short chain PFAS continues to rise in the environment, there is an urgent
need to develop an effective and cost-efficient treatment technology in ambient condition. The
primary goal of this work is to develop powerful destructive TiO2 photocatalytic and
photochemical treatment approaches toward PFAS in water avoiding future environmental liability

issues to protect public health and ecosystem and elucidate the complex reaction mechanisms.

Objective 1

Ti10> based photocatalytical process is considered as the most promising approach because of its
outstanding physicochemical properties, low cost, suitable band position, nontoxicity, and
biocompatibility. Previously, only long chain PFCAs were center of research. It is completely
unknown how this photocatalytic technology works for other PFAS such as PFSAs and short
chain PFCAs. Short chain PFAS are more hydrophilic and water soluble than long chain one.
This may cause poor adsorptivity of short chain PFAS on TiO,. As decomposition efficiency is
function of PFAS adsorption, it can be hypothesized that short chain PFAS degrade at a lower
rate compared to the long chain one. So, first objective is to identify if there is any correlation of
carbon chain length or functional group or structure to PFAS decomposition in TiO>
photocatalysis method. As overall photocatalytic efficiency is determined by the adsorption of
PFAS on TiO2/H>0O interface, photogenerated charge carrier dynamics and applied photon
energy; it is important to known about the adsorption pattern and reaction mechanism of PFAS.
To understand the underlying mechanism and efficient photocatalysis process design, it is
important to determine the effect of pH and electron/ hole scavenger on photocatalytic reaction

kinetics. Nine PFAS are selected in this study. Tasks of this study are listed below:
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Task 1: Determine and compare PFAS adsorptivity on TiO, surface

Task 2: Determine direct photolytical decomposition and defluorination of PFAS.

Task 3: Determine photocatalytic removal and defluorination of PFAS. Evaluate the effect of

carbon number and functional group on adsorption rate.

Task 4: Compare adsorptive, photolytic, and photocatalytic removal of PFAS and identify

removal mechanism. Determine contribution of TiO; in photocatalytical removal process.

Task 5: Determine reaction intermediate short chain products and their production/decomposition

pattern to predict possible reaction pathways.

Task 6: Investigate TiO»/water interface chemistry and control the homogeneous and

heterogeneous reactions at the TiO» surface using scavenger.

Task 7: Evaluate the effects of various operating parameters e.g., solution pH etc.

Table 1.2. PFASs tested in this study

EFAS Functional group Name of PFASs Structure C# *
P1 Perfluorobutanoic acid (PFBA) |CF5(CF,),COOH C3
Perfluoroheptanoic acid
P2 CF3(CF,)sCOOH C6
Carboxylic acid (CA) |(PFHpA) #(CF2)s
P3 Perfluoroctanoic acid (PFOA) |CF3(CF,)COOH Cc7
P4 Perfluoronanoic acid (PFNA) |CF5(CF,);COOH C8
Perfluorobutane sulfonic acid
P5 (PFBS) CF5(CF,);SOsH Cc4
Perfluorohexane sulfonic acid
P F3(CF H
6 (PFHxS) CF3(CF,)sSOs C6
Sulfonic acid (SA) Pertl . ffortic acid
erfluorooctane sulfonic aci
P7 (PFOS) CF;(CF,);SO;H C8
6:2 Fluorotelomer sulfonic
P8 acid (6:2 FTS) CF; (CF,)s (CH,),SO;H C8
Hexafluoropropylene oxide
P9 Ether . CF;CF,CF,OCFCF;COOHNH3 C5
dimer (GenX)
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Table 1.3. Utilization of short-chain PFAS as alternatives to long-chain PFASs

Name Long-Chain Benchmark and Usage

PFBA Replacing PFOA and 6:2 fluorotelomer-based polymers used in fluorinated finish and
impregnation, and oil, water, and dirt repellents.

PFBS Replacing PFOS in strain repellent.

PFHpA | Selected for comparison purpose. Also, replacing 6:2 fluorotelomer-based polymers
used in fluorinated finish and impregnation, and oil, water, and dirt repellents.

PFHxS | Replacing PFOS in AFFFs.

PFNA Selected for comparison purpose with PFOS for same C#

GenX Replacing PFOA

As calculated C-C and C-F bond dissociation energy (BDE) of long chain PFAS, PFCAs and
polyfluorinated PFAS are lower than their counter part, decomposition trends can be

hypothesized as Table 1.4.

Table 1.4. Comparison matrix among PFASs and expecting decomposition trends

Matrix . Decomposition Kinetics

4 Variables (fixed ones) Targets C# (expecting trends)
Alkyl chain length

Ml | (carboxylic acid: PLP2,P3, 1 3 c6, 07,08 | P47P3>P2>Pl (Longer,

P4 easier to decompose)

perfluoro)

D Alkyl c‘hamilength PS. PG, P7 C4, C6, C8 P7>'P6>P5 (Longer,
(sulfonic acid; perfluoro) easier to decompose)

M3 Functional group (C6; P2, P6 Cé, P2>P6 (CA>SA);
perfluoro)

Ms | Functional group (C8; |, by C8 P4>P7 (CA>SA):;
perfluoro)

M6 GenX vs PFOA P3, P9 C5and C7 Unknown

M7 Eftrrsx)/s poly (PFOS vs 6:2 P7, P8 c8 PR>P7
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Figure 1.12. PFAS removal by TiO2 under UVC

Objective 2

Based on previous research, TiO» photocatalysis process suffers from technical barriers that
impede its commercialization, i.e., photogenerated hydroxyl radicals are inert to cleave C-F
bond, high electron hole recombination, and low adsorption capacity etc. resulting poor
degradation kinetics. To improve TiO2 photocatalysis process, an integrated system is accessed
in this work which were never studied before for PFAS remediation from aqueous media. The
potential of enhancing photodegradation kinetics of PFCAs and PFSAs by coupling
oxidant/reductant with TiO2/UV system is studied expecting synergistic effect, and then
determine contribution of TiO; and oxidant/reductant in overall degradation rate due to the
presence of various reactive species such as SRs other than just HRs. The complex reaction

mechanism was elucidated.
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Figure 1.13. Possible PFAS removal by (a) TiO2/UVC/PS and (b) TiO/UVC/sulfite

Objective 3

Metal doping into TiO2 could enhance the photoactivity by decreasing band gap energies and
increasing oxygen vacancies into catalyst. Meanwhile, rGO modified TiO2 catalyst can offer
enhanced photocatalytic activity due high UV absorption capacity, excellent thermal and electrical
conductivity. The delocalized conjugated = structures in rGO allow charge carriers to achieve high
mobility and relatively slow down charge recombination. In order to overcome limitation of TiO2
and enhance photocatalytic activity to decompose PFAS, we proposed TiO>-Pb/rGO ternary
system to leverage the advantages of doping metal and introducing rGO to TiO». Previous study
reported decomposition efficiency of PFAS as TiO2-Pb> TiO;-Cu > TiO;-Fe > pristine TiOz,
therefore, Pb is selected as doping metal. It is hypothesized that an appreciable improvement of
photocatalytic reactivity of TiO2-Pb/rGO with various PFAS is possible in comparison to TiOz,

TiO2-Pb, TiO2/rGO, and TiOz-Fe/rGO. As, physical adsorption and chemical reaction could be
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achieved in a single process, an effort is given to identify if incorporation of Pb and rGO enhance

PFAS adsorptivity to offer adsorption mediated chemical decomposition.

Figure 1.14. Possible PFAS removal by TiO2-Pb/rGO under UVC
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CHAPTER 2

Analytical Methodology

2.1 Sample Cleanup (Solid Phase Extraction) for LC-MS Analysis

For LC-MS analysis, samples are diluted 10 times prior to solids phase extraction. In addition,
PFAS standard solution of 0.2 to 2.5uM are prepared for external calibration. Potential
interferences from the collected samples were removed by solid phase extraction techniques. First,
the vacuum manifold was loaded with Agilent LMS Bond-Elut cartridges (25mg, 1ml). The
cartridges were conditioned by eluting 1 mL of methanol and then rinsed/equilibrated with 1 mL
Milli-Q water with care taken not to allow the cartridges to dry up (and lose efficiency). Next, 1
mL of the dilued sample (previously collected from the reactor) was injected onto the cartridge
and passed through at a flow rate of about 1 mL/min. This relatively slow flow rate was necessary
to ensure that the target compound was completely adsorbed onto the cartridge. After loading the
sample, the cartridge is rinsed (to remove any impurities that could interfere with analysis) with 1
mL water and then finally, PFAS is eluted from the sample matrix using 1 mL of methanol at a

rate of 1 ml/min. This helps to concentrate the samples and make them easier to analyze.
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Figure 2.1. Solid Phase Extraction Apparatus

2.2 Analytical Techniques

2.2.1 HPLC techniques:

An Agilent 1200 series High Performance Liquid Chromatography (HPLC) system consisting of
quaternary pump, vacuum degasser, autosampler and suppressed conductivity detector was
employed to monitor PFASs concentration reduction with time in water. Typically, the system
involves an HPLC unit and a conductivity detector (CDD-10AVP) from Shimadzu Scientific
manufacturer as Agilent 1200 series was only supported by UV detector. So, the signal from this
CDD-10AVP was transmitted to Agilent’s ChemStation Software using an Agilent 35900E A/D
interface (Agilent Technologies). Chromatographic separation was carried out using Agilent C18
column with a particle size of 3 um, diameter of 4.6 mm and length of 450 mm maintaining room

temperature.
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Figure 2.2. HPLC equipped with conductivity detector and quaternary pump.

Mobile phase use in this method is milli-Q water (A), HPLC grade Acetonitrile (B) and a
solution of 9 mM NaOH and 100 mM H3BOs3 (Boric Acid) (D). Injection volume used in this
method was 100ul. The background conductivity of the bromate buffer was diminished using a
Thermo Scientific AMMS-300 Anion Micromembrane suppressor (DIONEX/Thermo Fisher).
The suppressor was regenerated by running 10 mN sulfuric through its membranes using nitrogen

pressure.

Figure 2.3. Flow diagram of the HPLC process from the ChemStation software
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2.2.2 LC-MS analysis

Concentration of PFAS and possible aqueous phase reaction intermediate decomposition products
were analyzed using a Shimadzu Nexera X2 LC (Nakagyo-ku, Kyoto, Japan) coupled with a
Shimadzu 8040 triple quadrupole MS. MS detection is operated in the negative electrospray
ionization (ESI) mode. Mobile phase was a mixture of LC/MS grade ACN with 0.1% formic acid
and LC/MS grade water with 0.1% formic acid at a flow rate of 0.3 mL/min. Binary gradient was
used where ACN contribution was increased from 30% to 90% over 6 min, held at 90% for 3 min,
and ramped down back to 30% over 3 min. Separation was carried out using an Agilent Zorbax
Eclipse C18 (50 mm x 3 mm x 1.8 pm particle size) column at 30°C. Sample injection volume was
10 pL. Multiple reaction monitoring mode (MRM) was used to identify and quantify PFAS and
targeted byproducts formed during the reaction. The sample was electro sprayed at a flowrate of
0.20 ml/min for mass spectrometric analysis. The electrospray potential was -4.5 kV and cone
voltage were set at 20V. The heated capillary temperature used are set at 150°C. Nitrogen is used

as a collision gas (0.34 MPa). The full scan (m/z =50-500) mass spectra were obtained.

Figure 2.4. LC-MS/MS instrumentation
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For quantification of the target analyte such as PFOS and PFOA and expected byproducts
such as short-chain PFAS, multiple reaction monitoring (MRM) scans were conducted in a
negative electrospray ionization mode. Confirmation of expected reaction intermediates was
undertaken using targeted analysis. Monitored ion transitions of PFOSand other selected PFAS

were conducted as shown in Table 2.1 [Bruton and Sedlak, 2017]

Table 2.1: Monitored transitions of selected PFAS in LC/MS equipment

Compound Precursorlon | Quantifier Productlon Productlon Qualifier
PFOA 413 369 169
PFOS 499 80 99

PFHpA 363 319 169
PFNA 463 419 219
['*C8] PFOA 421 376 N/A
['3C8] PFOS 507 99 N/A
['3C4] PFHpA 367 322 N/A

[*C9] PFNA 472 427 N/A

['3C4] PFBA 217 172 N/A

['3C5] PFPeA 268 223 N/A

['3C5] PFHXA 318 273 N/A
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2.2.3 Fluoride Intellical F121 electrode probe

Aqueous fluoride ions (F-) were measured by an Intellical ISE F121 electrode mounted to a
Hach HQ 440D base (Loveland, CO) as shown in Fig. 14. The Fluoride Electrode is an ion-
selective Sensor based on the potentiometric measuring principle, determines, and monitors
the concentration of the anion Fluoride. Ion-selective electrodes (ISE) consist of an ion-
specific half-cell and a reference half-cell. The ion-specific cell gives a potential against the
reference cell depending on the specific ion concentration. When the specific ion
concentration (the sample or an ion standard) changes, the potential changes as well. The
relationship between the potential measured with the ISE and the ion concentration in the
measured solution is expressed using the Nernst equation. Samples of 0.5 mL were diluted

with 0.5 mL ISA stock solution (one pillow per 5 mL) prior to analysis.

Figure 2-5: Fluoride Intellical F121 electrode probe coupled to a Hach HQ 440D base.

Fluoride electrode was calibrated using six different standards and calibration plot is shown

below:

44



g
o

—_
W

—_
[e)

o
(9

Probe Reading (mg/L)

e
o

0.0 0.5 1.0 1.5 2.0
Actual Concentration (mg/L)
Figure 2-6. Fluoride measurement comparison between standard concentration and measured

concentration

2.2.4 Total organic carbon measurements

The total organic carbon was analyzed using a Shimadzu TOC-Vcsh shown in Figure 2.7 in
combination with a Shimadzu autosampler and nitrogen analyzer. Due to the high volume of
samples required for the analysis, sacrificial batch reactors were kept for the various time
intervals. Samples were placed in 20 mL autosampler vials. Samples from the reactor were
collected and vacuum filtered through a 0.45 pm Whatman filter. All blanks, standards and
unknown samples were acidified with HCI before analysis. Total organic carbon itself was
indirectly measured using the TC - TIC method. In other words, total carbon (TC) and
inorganic carbon (TIC) for each were measured individually and then the difference represents
the TOC given that TOC + TIC = TC. Samples were analyzed by acidifying the samples and
then measuring the resultant carbon dioxide using the instrument’s in-built nondispersive
infrared (NDIR) detector. TC was calibrated using potassium hydrogen phthalate standards

ranging from 0.3 mg/L — 10 mg/L and then was measured by thermal oxidation (at 680°C)
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followed by determination of the resultant carbon dioxide by NDIR. Instrument was operated

in the total carbon mode due to the absence of any inorganic carbon in the samples.

Figure 2.7. Total organic carbon instrument

2.3 Physical characterization of the catalysts

2.3.1 UV Spectrophotometer

Light adsorption of the catalysts was determined using UV-vis spectrophotometer (Shimadzu UV-
2550). Scanning wavelength range was 300 nm to 800 nm, and scanning rate was set at 120

nm/min.
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Figure 2-8: Shimadzu 2550 UV-visible spectrophotometer.
2.3.2 X-ray Diffractometer

Phase identification of the commercial TiO; crystal structure was also carried out using Bruker
D8 X-Ray Diffraction equipped with a monochromator which produced CuKa radiation at
wavelength 1.5 A°. The voltage was set at 40 KV and scanning rate was 2°/min. The scanning
range was from 10 to 80°. The sample was spread on a glass slide specimen holder, then placed
at the center of the instrument and illuminated by the beam of the Xray. The X-ray tube and the
detector move in a synchronized motion and the signal coming from the sample was recorded in

the graph. The peaks observed was related to the atomic structure of the sample.

Figure 2.9. X-ray diffractometer
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2.3.3 Scanning electron microscopic (SEM)

Scanning Electron Microscope (SEM) model Hitachi S-3000N (Hitachi, Tokyo), was used in
combination with an energy dispersive X-ray spectroscopy (EDX) to determine elemental

composition of TiO2-Pb/rGO.

Figure 2.10. Scanning Electron Microscope with EDX

2.3.4 Horiba SZ-100

The size of TiO; and TiO2-Pb/rGO particles in water were measured using a Horiba SZ-100
instrument (Figure 16) using dynamic light scattering (DLS) for particle size and Zeta potential
analysis. DLS is commonly used and has proven to be very effective for measuring the size of
particles, when they are dispersed in suspension. [Wu and Choi, 2016]. The method used in this
study for the particle size analysis was adapted from the one developed by Wu and Choi [Wu and
Choi, 2016] Based on light scattering of the particles, their hydrodynamic diameter is calculated
by using the Stoke-Einstein equation. Particle size was measured at the 173° detection angle for 2

minutes. Particles were dispersed using a sonicator (Misonix S-4000) for 30 min prior to analysis.
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Figure 2.11. Particle size analyzer Horiba SZ100

2.4 Calculations

The TOC removal efficiency was calculated Eq. (2.6) as follows:

TOC removal (%) = C/Co x100 (2.6)

Where Co is the TOC before the reaction and C; is the TOC of the solution at any given time t
(minutes).

The defluorination efficiency for each sample was calculated based on the following equation.

Defluorination (%) =CF— /(0.688%Cy) 2.7)

Co was the initial concentration of PFOA; and CF~ was the concentration of the F~ at any given

time. 0.668 represents the ratio between the molecular weight of all fluorine atoms in PFOA (15

% 19 g/mol = 285 g/mol) and the total molecular weight of PFO
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CHAPTER 3
Dependency of photocatalytic and photochemical decomposition of PFAS on their chain

lengths, functional groups, and structural properties

3.1. Introduction

Per- and polyfluoroalkyl substances (PFAS) with chemically inert C-F bonds have been widely
used in various industries thanks to their many useful properties such as both water and oil
repelling property [Fujii et al., 2007]. PFAS are designed to contain different functional groups
and carbon chain lengths, which imparts unique physicochemical properties and affects their
affinity and reactivity [Buck et Al, 2011]. Historically, two PFAS groups, namely
perfluorocarboxylic acids (PFCAs; CnF2,+1COOH) and perfluorosulfonic acids (PFSAs;
CiF20+1SO3H) are most known. In particular, long chain PFSAs containing >6 carbons such as
perfluorooctanesulfonic acid (PFOS) and PFCAs containing > 8 carbons such as perfluorooctanoic

acid (PFOA) have been popularly used [USEPA, 2017; Trojanowicz et al., 2018].

The occurrence, fate, and transformation of long chain PFAS, mainly PFOA and PFOS,
have been relatively well documented [Rahman et al., 2014]. Unfortunately, but as well expected,
PFAS with extraordinarily stable C-F bonds (dissociation energy of 533 kJ/mol) are rarely
decomposed in the environment, presenting a huge challenge for environmental remediation
[Rayne et al. 2009, Duan et al., 2020]. The challenge becomes serious especially for PFOA and
PFOS as two presenting perfluoroalkyl substances due to their highly oxidized states and complete
substitution of C-H bonds with C-F bonds. United States Environmental Protection Agency
released a drinking water health advisory for PFOA and PFOS and limits their concentration to 70

parts per trillion in drinking water separately or in combination [USEPA, 2017].
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Long chain PFAS have been phased out by manufacturers and end-users and switched to short
chain surrogates which are characterized with the presence of hetero atoms and/or vulnerable C-H
bonds along with short chain length, including perfluorobutane sulfonic acid (PFBS),
hexafluoropropylene oxide dimer acid (HFPO-DA), and 6:2 fluorotelomer sulfonic acid (6:2 FTS)
[Renner et al, 2006; Danish Ministry , 2011; Xiao et al., 2017]. For example, ammonium salt of
HFPO-DA (also known as GenX) with a hetero atom O in the middle of an alkyl chain has replaced
PFOA [DuPont Marketing, 2010]. The most common alternative to PFOS is 6:2 FTS with 4 C-H
bonds as one of polyfluoroalkyl substances [Ritter et al., 2010]. Such alternatives and short chain
PFAS recently started being detected in water [Cai et al., 2012]. Short chain PFAS can spread
faster in the environment due to their high mobility [Hoisaeter et al., 2019]. Although less
information is available regarding their adverse health impact, short chain PFAS are assumed to

be as toxic as long chain PFAS [Wang et al., 2015].

Considering the chemical stability of PFAS, photocatalytic, photochemical, sonochemical,
electrochemical, radiochemical, thermochemical, subcritical, and plasma treatment processes have
been studied for destroying PFAS in water [Chen et al., 2006; Tang et al., 2012; Dong et al., 2015;
Chen et al., 2015; Chen et al., 2016; Wang et al., 2017; Fujishima et al., 2000]. Those advanced
oxidation processes introduce powerful radicals such as hydroxyl (HRs; "OH) and sulfate radicals
(SRs; SO47) to decompose PFAS, along with other decomposition mechanisms [Chen et al., 2006;
Tang et al., 2012]. Especially titanium dioxide (Ti0O2)-based photocatalysis has shown effective
degradation and defluorination of PFAS and other halogenated chemicals under ultraviolet (UV)
irradiation [Fujishima et al., 2000; Dong et al., 2015; Chen et al., 2015; Chen et al., 2016]. Long
chain PFAS, especially PFCAs, have been the centre of the research (but limited information is

still available) while the reactivity of emerging short chain PFAS and their treatability by TiO2
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photocatalysis are less known [Wang et al., 2017]. In general, short chain and polyfluoro ones are
expected to be relatively easier to decompose than counter parts, i.e., long chain and perfluoro
ones, due to the presences of overall less C-F bonds and more C-H bonds. However, previous work
reported that short chain PFAS are as nearly resistant to chemical oxidation as PFOA and PFOS

[Park et al., 2009].

In the context that the photocatalytic decomposition of emerging short chain PFAS should
be revealed and compared with that of conventional long chain PFAS, this present study reports
the reactivity of 9 PFAS, including 4 PFCAs, 3 PFSAs, GenX, and 6:2 FTS and specifically the
dependency of the photocatalytic decomposition of PFAS on their chain lengths, functional
groups, and structural properties. In addition, various chemical oxidants and reductants, such as
hydrogen peroxide, PS, and sulfite, which can also be activated by UV to generate secondary
reactive species, were introduced to induce the photochemical decomposition of PFAS and thus to
combine it with the photocatalytic decomposition of PFAS, expecting a synergistic effect. Reactive
species and reaction byproducts were identified to elucidate the decomposition mechanism of

PFAS.

As a result, this study would provide comprehensive information on the dependency of
photocatalytic and photochemical decomposition of PFAS on their chain lengths, functional
groups, and structural properties and thus help to establish powerful destructive chemical treatment

approaches toward PFAS in water.

3.2. Materials and Methods

3.2.1. Chemicals
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Perfluorooctanoic acid (PFOA; C8F1502H; CAS 335-67-1), Perfluorooctanesulfonic acid (PFOS;
C8F17S03K; CAS 2795-39-3), Perfluorobutanesulfonic acid (PFBS; C4F9SO3K; CAS 2940-49-
3), perfluorononanoic acid (PFNA; CoFi170.H; CAS 375-95-1), and perfluorobutanoic acid
(PFBA; C3F;COOH; CAS 375-22-4) were obtained from Sigma-Aldrich (St. Louis, MO).
Perfluoroheptanoic acid (PFHpA; C-Fi30.H; CAS 375-85-9), 6:2 FTS (1H,1H,2H,2H-
perfluorooctane sulfonic acid; CsHsFi1303S; CAS 27619-97-2), and GenX (undecafluoro-2-
methyl-3-oxahexanoic acid; CsHF1103; CAS 13252-13-6) were purchased from Synquest
Laboratories (Alachua, FL) while perfluorohexane sulfonic acid (PFHxS; CeF13SO3K; CAS 3871-
99-6) was obtained from Frontier Scientific (Logan, UT). Sodium persulfate (PS; Na2S,0s),
sodium sulfite (Na>SO3), sodium periodate (NalOs), sodium bromate (NaBrOs3), and sodium
hydroxide (NaOH) were purchased from Sigma-Aldrich while hydrogen peroxide (H20>), sodium
hypochlorite (NaOCl), potassium iodide (KI), oxalic acid (OA; HO,CCO;H), formic acid
(CH202), acetonitrile (ACN; C2H3N), and methanol (CH40O) were purchased from Thermo Fisher
Scientific (Waltham, MA). TiO> (Degussa Aeroxide P25) was obtained from Degussa Corp
(Parsippany, NJ). Water used for all experiments was Milli-Q water produced by a Millipore Milli-

Q filtration system (Billerica, Massachusetts).

Large molecule separation (LMS) solid phase extraction (SPE) cartridges (25 mg, 1 mL)
were purchased from Agilent Technologies (Santa Clara, CA). Polyether sulfone syringe filters
(0.22 um pore size, 13mm) manufactured by Foxx Life Sciences (Salem, NH) were purchased
through Thermo Fisher Scientific. Isotopically marked standards for parent and byproduct PFAS

were obtained as mixtures in methanol from Wellington Laboratories (Guelph, ON, Canada).

3.2.2. Batch experiments
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All reactions were carried out in a Pyrex glass beaker with effective volume of 21 mL containing
PFAS at 10 mg/L. Concentration of TiO> was 0.66 g/L. A 15 Watt 17-inch length lamp capable of
producing 254 nm (UVC) was used as a UV source. Preliminary experiments showed that longer
wavelengths such as UVA and UVB are not so effective for either photolytic or photocatalytic
decomposition of PFAS. The lamp was placed on the top of the reactor, exhibiting around 6.0

mW/cm? UV intensity which was measured by an Ophir starlite energy meter (P/N7Z01565).

No pH was adjusted. Initial pH at around 4.5 to 7.5 and ended at 2.5-7.0 depending on the

reaction conditions. Temperature was kept at around 25 °C using cooling air flow around the
reactor. A magnetic stirrer was used to agitate the reaction solution. The reactor was sealed using
a clear plastic cover to prevent evaporation of PFAS solution during the experiment. In most cases,
dissolved oxygen (DO) was not controlled at around 3.0 mg/L. Then in order to determine the
effect of DO as electron acceptor, air or nitrogen gas was purged into water to achieve oxygen-
rich and oxygen-poor conditions at above 5.0 mg/L and below 1.0 mg/L, respectively. For
experiments using 4.0 mM of OA as a hole scavenger, reaction solution was purged with nitrogen
gas for 30 min to achieve oxygen-poor condition in advance. Oxidants such as PS, bromate,
hypochlorite, iodate, hydrogen peroxide and reductants such as sulfite and iodide were added at
4.0 mM to investigate their effects on the photochemical decomposition of PFAS. Consequently,
many combinatorial experiments were conducted with/without UV, TiO,, DO, oxidant, reductant,
and scavenger. At each time interval of 2, 6, 10, 24, and 48 h, aqueous sample of 800 uL was

collected and filtered with 0.22 um syringe.
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Figure 3.1. Batch TiO2 photocatalytic experiment using pyrex glass beaker containing reaction

solution sealed with plastic on magnetic stirrer under open UV source.

Some selected experiments especially with PFOA and PFOS were triplicated to notice the

reproducibility of experimental results.

3.3 Results and Discussion

3.3.1. UV selection for photochemical, and photocatalytic study of PFAS

In our preliminary experiments (Figure 3.2), none of UVA, UVB, TiO»/UVA, and TiO,/UVB
systems showed significant decomposition of PFAS (i.e., kinetically too slow) while only UVC
and TiO,/UVC exhibited certain decomposition of some PFAS, especially, long chain PFAS. Use
of UVC is beneficial to electron excitation and spatial charge separation and most importantly it
can cause photolysis of organic chemicals to initiate their decomposition [Furube et al., 2001;
Dong et al., 2015]. This agrees with a previous study concluding that UVA and UVB absorption
by PFOA in water was negligible and thus UVC and vacuum UV were effective [Chen et al.,

2006].
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Figure 3.2. Effect of UV wavelength on (a) photolytic and (b) photocatalytical removal of PFOA

(10 mg/L PFAS, initial pH around 4.5 (no pH control), and temperature 25 °0).

Although TiOz under UVA, UVB, or UVC irradiation can generate various reactive species

such as electrons, holes, and radicals, which might be potentially involved in PFAS decomposition,

only TiO2/UVC system worked. In cases that removal of PFAS was observed, TiO2/UVC generally

showed better performance than UVC alone. We believe that there might have been UVC

photolysis initiated TiO2 photocatalysis to synergistically decompose PFAS.

In addition to photolytical and photocatalytical removal, the effect of UV wavelength in

photochemical decomposition of PFOA using PS is also evaluated as seen in Figure 3.3. It shows

PFOA decomposition rate at around 19%, 46% and 60% with UVA, UVB and UVC respectively.
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Figure 3.3. Effect of UV wavelength on photochemical removal of PFOA (10 mg/L PFAS, 4 mM

PS, initial pH around 4.5 (no pH control), and temperature 25 “C).

In general, PS has strong UV absorption from deep region to visible light, therefore, it is
effectively photolyzed to strong oxidizing SRs in reaction solution under all UV tested. Compared
to direct photolysis and photocatalysis, addition of PS significantly enhanced PFOA degradation
for all UVA, UVB and UVC irradiation. However, degradation kinetics of PFOA followed the
trend as UVC> UVB>UVA, which indicates that concentration of sulfate radical formed from PS

depends on UV wavelength.

As a result, UVC was used for the photolytic and photocatalytic decomposition of PFAS
in this present study. Some selected experiments especially with PFOA and PFOS were triplicated

to notice the reproducibility of experimental results.
3.3.2. TiO: photocatalyst characterization

Since the properties of P25 TiO> have been well documented, we briefly characterized it for

confirmation purpose (Figure 3.4). It was mixture of anatase (note the diffraction peaks at 25.2

and 48.1°) and rutile (27.4, 55.0, 62.6, and 68.8") at around 7:3 ratio.
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Figure 3.4. XRD peaks of TiO> photocatalyst

Mean size of completely segregated TiO» particles was measured at 29.4 nm using Horiba

SZ100 nanosizer (Figure 3.5), while size of agglomerated TiO> particles was well above tens um.

100 -90
% ' £ 5
< g0 L7l  ~
> 1 - a
0 601 | ~50 o
5 40 | -
s | S
2 op = S

E =10

D“ o & 1 ‘I l'“ﬁ"r'l'rl‘l‘i!""'f'“I "I'l1|lf" e < 1 i II!II! i ] i |1|r|r
0.1 1 10 100 1000 10000

Diameter (nm)

Figure 3.5: Particle size distribution of TiO, photocatalyst
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Its UV absorption spectra spanned up to 379 nm as shown in Figure 3.6, which is equivalent

to bandgap energy of 3.27 eV [Yin et al., 2003]. The surface area and pore volume of TiO2 was 50

m?/g and 0.173 cm?/g, respectively.
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Figure 3.6. UV-vis spectra of TiO; photocatalyst

3.3.3. Adsorptive, photolytic, and photocatalytic removal of PFAS

Removal of PFAS via adsorption to TiO2 and photolysis by UVC in comparison is shown in Figure
3.7(a) and Figure 3.7(b), respectively (please also note Figure 3.8 for individual PFAS). Unlike
typical adsorption behavior of organic chemicals onto adsorbents, which is initial significant
removal followed by quick equilibrium within several hr. [Lawal et al., 2018] adsorption of PFAS

onto TiO; proceeded gradually even after 24 hr. (Figure 3.7(a)).
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Figure 3.7. Removal of PFAS by (a) TiO2 and (b) UVC (10 mg/L PFAS, 0.66 g/L TiO», initial pH

varied around 4.5 to 7.5 and final pH 4.0-7.0 (no pH control), and temperature 25 °C). The error

bars are the standard deviation of triplicated results for some selected experiments.

PFAS removal by adsorption ranged at 9-30% for PFCAs, 23-45% for PFSAs, 5 % for 6:2
FTS, and 50% for GenX after 48 h. Adsorption tendency was in order of PFOS > PFHxS > PFBS
> 6:2 FTS within sulfonic group and GenX > PFOA = PFNA > PFHxA > PFBA within carboxylic
group. Within similar alkyl chain length, PFSAs were removed faster than PFCAs [Maimaiti et
al., 2018; Zhao et al., 2014]. In general, adsorption process is driven by hydrophobic interaction
between nonpolar tail of PFAS and hydrophobic site of adsorbents, implying that hydrophobic
PFAS are beneficial to adsorption [Senevirathna et al., 2010]. The finding that long chain PFAS,
except for PFNA, were removed better is supported by the fact that alkyl chain of typical PFAS is
hydrophobic while their functional groups are hydrophilic, which makes long chain PFAS

relatively more hydrophobic and less water-soluble than short chain PFAS [Deng et al., 2012].
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Figure 3.8. Removal of various PFAS by TiO>, UVC, and TiO/UVC: (a) PFBA, (b) PFBS, (¢)
PFHpA, (d) PFHxS, (e) PFOA, (f) PFOS, (g) PFNA, (h) GenX, and (i) 6:2 FTS (10 mg/L PFAS,
0.66 g/L TiOg, initial pH around 4.5-7.5 and final pH 3.0-7.0 (no pH control), and temperature 25
°C). The experiments for (¢) PFOA and (f) PFOS were triplicated, and (g) PFNA and (h) GenX
were duplicated. The error bars are the standard deviation of triplicated results for some selected

experiments.

Meanwhile, PFCAs exhibited photolysis under UVC to a certain extent (Figure 3.7(b)).
For example, decomposition of PFOA and PFNA was achieved at around 15% and 68%,

respectively. However, photolysis of PFSAs was negligible for 48 h. All 6:2 FTS, as a
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representative of polyfluoroalkyl substances, was removed, confirming that polyfluoroalkyl
substances are more susceptible to photolysis than perfluoroalkyl substances (note that 6:2 FTS
also contains sulfonic group). Consequently, photolytic decomposition of PFAS under UVC was

found to rely on their alkyl chain length and functional group and the presence of C-H bonds.

Results of main photocatalytic experiments with TiO2/UVC are shown in Figure 3.9 (a).
The observed removal of PFAS can be ascribed to adsorption, photolysis, and/or photocatalysis.
Removal of PFAS by TiO2/UVC, in particular long chain PFCAs and 6:2 FTS, was much enhanced

compared to their removal by TiO2 or UVC alone.
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Figure 3.9. (a) Removal and (b) defluorination of PFAS by TiO2/UVC (10 mg/L PFAS, 0.66 g/L

TiO2, initial pH around 7.5 to final pH 3.0-6.0 (no pH control), and temperature 25 oC).
Defluorination % is simply calculated, based on observed F~ ion concentration in water in

comparison to maximum F~ ion concentration when all fluorines are detached.

Assuming 1% order removal kinetics, rate constants (k) were calculated and summarized in
Table 3.1. For PFCAs, k ranged at 0.0021-0.144 hr'!; for PFSAs, k at 0.0002-0.0252 hr'!; for Gen

X,k at 0.0105 hr'!; and for 6:2 FTS, k at 2.25 hr'!. Apparently, PFNA and 6:2 FTS removal seemed

not to follow 1% order.
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Tablel 3.1

First order removal rate constant (k) of PFAS by TiO,/UVC*

Group PFCAs PFSAs Others

PFAS | PFBA | PFHpA | PFOA | PFNA | PFBS | PFHxS | PFOS | GenX | 6:2 FTS

k(1/hr) | 0.0027 | 0.0021 | 0.063 | 0.144 | 0.0002 | 0.0045 | 0.0252 | 0.0105 2.25

*C=Coxe™, where Cy is initial concentration (mg/L) at t=0, k is 1% order rate constant (1/hr), and

t is reactoin time (hr).

In general, polyfluoro one, 6:2 FTS was removed much faster than perfluoro ones; longer
chain PFAS were removed faster, e.g., PFNA > PFOA > PFHpA within PFCAs and PFOS >
PFHxS > PFBS within PFSAs [Park et al., 2009; Qu et al., 2016]; and PFOA as C8 was removed
faster than PFOS. Although poor adsorption of 6:2 FTS and PFNA to TiO2 was observed, they
were significantly removed by TiO2/UVC in comparison to UVC only (note Figure 3.8) and
LC/MS analysis proved significant chemical decomposition of those PFAS. Unlike a general
expectation that adsorption-mediated decomposition of PFAS is beneficial to fast removal of
PFAS, removal of GenX and short chain PFSAs by adsorption onto TiO2 was slightly higher than
that by photocatalysis under TiO2/UVC. 6:2 FTS and long chain PFCAs such as PFNA were
removed mostly via chemical decomposition mechanism while GenX and PFSAs were removed
mostly via physical adsorption mechanism. Short chain PFCAs could not be removed by

Ti102/UVC via either chemical decomposition or physical adsorption mechanism.

3.3.4. Effects of chain length and functional group

As shown in Figure 3.9(a), overall removal increased in order of 6:2 FTS > PFNA > PFOA >

PFOS >> GenX > PFHpA~= PFHxS = PFBA > PFBS. In general, PFSAs and short chain PFAS
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were removed much less. Bentel and co-workers explained decomposition tendency of PFAS with
their bond dissociation energy (BDE) calculated using density functional theory, proposing that
the a-position C-F BDE for PFCAs and the primary and secondary C-F BDE for long chain PFAS
are generally lower than their counter parts [Bentel et al., 2019]. Even though both GenX and
PFOA contain the same carboxylic head group, GenX (37% removal) was much more refractory
than PFOA (95% removal) under the experimental conditions most probably due to the presence
of a hetero atom in the middle of the alkyl chain of GenX [Bao et al., 2018]. For similar chain
length of PFNA vs. PFOS or PFOA vs. PFOS, removal rates were different because of the different
functional groups. Carboxylic group was more vulnerable to attack by holes and HRs than sulfonic
group. 6:2 FTS, a non-fully fluorinated one with 4 C-H bonds, was removed much faster than its

homologue PFOS, a fully fluorinated one.

Figure 3.9(b) shows defluorination of PFAS by TiO»/UVC. Defluorination here describes
detachment of fluorines caused by various reactions in a wide concept. Previous studies concluded
that adsorption of fluoride ion onto TiO; surface is not significant. [Park et al., 2004] As expected,
defluorination of PFAS was much slower than their removal. Defluorination ranged at around 3.1-
25.3% for PFCAs, 0-5.4% for PFSAs, 2.8% for GenX, and 10.8% for 6:2 FTS. PFCAs were
defluorinated faster than PFSAs and defluorination increased with increase in their carbon chain

length.

3.3.5. Evolution of reaction byproducts

Only in the cases showing significant defluorination, apparent reaction byproducts were observed.

Figure 3.10 shows evolution of reaction byproducts simply found in the aqueous phase. Shorter
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chain PFAS were formed as identifiable PFAS through the targeted LC/MS analysis. Under the

tested condition, short chain PFCAs with carbon number less than 5 were rarely identified.
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Figure 3.10. Evolution of aqueous short chain byproducts formation during decomposition of

PFAS by TiO2/UVC: (a) PFNA, (b) PFOA, (c) PFOS, and (d) 6:2 FTS (10 mg/L PFAS, 0.66 g/L

Ti0g, initial pH around 7.5 to final pH 3.0-6.0 (no pH control), and temperature 25 oC).

As seen in Figure 3.11, the longest PFNA (C9) was decomposed to PFOA (C8), PFHpA

(C7), PFHxA (C6), and PFPeA (C5), which are all PFCAs.
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Figure 3.11: LC/MS chromatogram based on targeted analysis, showing identifiable aqueous

byproducts formed during decomposition of PFNA by TiO2/UVC: (a) O mins sample (control),

(b) 48 hrs. sample (10 mg/L PFAS, 0.66 g/L TiO», initial pH around 7.5 (no pH control), and

temperature 25 C).

Similarly, decomposition of PFOA led to the formation of subsequent short chain PFCAs.

Meanwhile, PFOS (C8) was decomposed to PFOA (C8) and other shot chain PFCAs such as

PFHpA (C7) (i.e., no short chain PFSAs). The presence of various peaks in the chromatogram is

shown in Figure 3.12.
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Figure 3.12: LC/MS chromatogram based on targeted analysis, showing identifiable aqueous
byproducts formed during decomposition of PFOA by TiO2/UVC: (a) O mins sample (control),

(b) 48 hrs. sample (10 mg/L PFAS, 0.66 g/L TiO», initial pH around 7.5 (no pH control), and

temperature 25 C).

6:2 FTS (another sulfonic PFAS) was also decomposed to short chain PFCAs. Previous
studies also reported the formation of shorter chain PFCAs during decomposition of both PFCAs

and PFSAs [Park et al., 2016; Gu et al., 2017].
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Figure 3.13. LC/MS chromatogram based on targeted analysis, showing identifiable aqueous

byproducts formed during decomposition of 6:2 FTS by TiO2/UVC: (a) O mins sample (control),

(b) 48 hrs. sample (10 mg/L PFAS, 0.66 g/L TiO3, initial pH around 7.5 (no pH control), and

temperature 25 °C).

Primary reactive species such as electrons and holes are generated by TiO>/UVC (Eq. 3.1).
Then photocatalysis of PFAS, in particular PFCAs here, starts with ionization and formation of
perfluoroalkyl anions (Eq. 3.2) which are oxidized to perfluoroperoxy radicals by holes (Eq. 3.3)

[Dillert et al., 2007]. The unstable perfluoroperoxy radicals undergo photo-Kolbe decarboxylation
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to form perfluoroalkyl radicals (Eq. 3.4) which are further oxidized to form one-CF,-shortened
PFCA (Eq. 3.5) [[Kutsuna et al, 2007; Panchangam et al., 2009]. This cycle repeats to from shorter

chain PFCAs, and presumably, radicals generated such as HRs are also involved in the

decomposition of PFCAs.
TiO, +hv — e +h" (3.1)
F(CF2),COOH — F(CF2),COO~+ H" (3.2)
F(CF2),COO" + h* — F(CF,),COO* (3.3)
F(CF2),COO* — F(CF2)n" + CO2 (3.4)
F(CF2)n" + O2 — F(CF2)n1COO" + 2F- (3.5)

In Figure 3.10, the discrepancy between parent PFAS removed from the aqueous phase (10
mg/L of PFASo - PFASy) and total identifiable aqueous byproducts can be explained by various
factors including mainly adsorption of PFAS and byproducts to TiO» surface and partially and
possibly presence of non-identifiable byproducts, complete mineralization, and loss due to
formation of volatile byproducts [Parenky et al., 2020]. Total identifiable byproducts explained
nearly 40-50% of PFNA and 6:2 FTS completely removed for 48 h. Similarly, around 42% (4.2
mg/L) of removed PFOA in 48 h was turned into total identifiable byproducts and around 16%
defluorination was observed. These all results implied significant photocatalytic decomposition of
PFNA, 6:2 FTS, and PFOA. Meanwhile, significant removal of PFOS at 62% (from 10 mg/L to
around 3.8 mg/L) was observed in 48 h while total identifiable aqueous byproducts (i.e., sum of
C7-C8) accounted for only 2.7%. Among several reasons mentioned above, adsorption of PFOS
to TiO> surface was thus proposed to explain the observed PFOS removal, which was also
supported by low defluorination at around 5.4%. Figure 3-14 shows that there is no formation of

reaction by products in photocatalytic removal of PFOS.
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Figure 3.14: LC/MS chromatogram based on targeted analysis, showing identifiable aqueous
byproducts formed during removal of PFOS by TiO/UVC: (a) O mins sample (control), (b) 48

hrs. sample (10 mg/L PFAS, 0.66 g/L TiO», initial pH around 7.5 (no pH control), and temperature

25 °0).

Long chain byproducts were present at higher levels for the tested time frame, which
confirms the stepwise decomposition of PFAS, in particular PFCAs and PFSAs, via the photo-
Kolbe decarboxylation proposed in Egs. 3.1-3.5 while decomposition of 6:2 FTS might have

started at C-H bonds via hydrogen abstraction reaction.

Figure 3.15 shows TOC removal in the aqueous phase containing PFOA and PFOS. If
chemical reactions really occur to decompose organic chemicals, decrease in aqueous TOC is
directly due to mineralization of organic chemicals (i.e., PFOA and, if any, reaction intermediates)
completely into H,O, CO», and many other simple inorganic species. In this case, TOC removal
should be substantially slower than PFOA removal or disappearance in water, as typically

observed [Eskandarian et al., 2016].
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Figure 3.15. TOC removal of PFAS by TiO2/UVC (10 mg/L PFAS, 0.66 g/L TiO», initial pH

around 7.5 to final pH 3.0-6.0 (no pH control), and temperature 25 oC).

In Figure 3.15, TOC removal is compared with PFAS removal, which is extracted from
Figure 3.9 and expressed with empty dots with dashed lines. Meanwhile, if adsorption occurs,
decrease in aqueous TOC is simply due to mass transport of PFAS from water to solid TiO»
materials. In this case, TOC removal in water should be theoretically the same as PFAS removal
in water. In comparison between TOC removal in Figure 3.15 and PFOS removal in Figure 3.9,
TOC removal kinetics were very similar to PFOS removal kinetics, and there was no significant
retardation. The result indicates adsorption was dominant than chemical reaction for PFOS
removal. However, the result is also possible for a case in which both adsorption and reaction
occur at TiO» surface and reaction intermediates stay at the surface as adsorbed. On contrary to
PFOS, PFOA removal on TiO> was significantly faster than TOC removal indicating chemical
reaction dominant for PFOA removal.

3.3.6. Effects of reaction pH
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Reaction conditions were adjusted to accelerate the PFOS removal kinetics and to elucidate the
effects of operational parameters. As a result, PFOS removal by TiO> was examined at different
pH. As shown in Figure 3.16, initial pH (7.5 neutral) was adjusted at 2.5 (acidic) and 10.5 (basic)

using HCI and NaOH without using any buffer species.
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Figure 3.16: PFOS removal by TiO»/UVC at different pH (10 mg/L PFAS, 0.66 g/L TiO», and

temperature 25 C).

Ti0; showed better PFOS removal at acidic pH. PFOS removal was increased from 30%
at neutral pH to 96% at pH 2.5, while basic pH 10.5 is not beneficial for PFOS removal. The same
pH dependence of the removal rate was observed for the photocatalytic degradation by previous
researchers, who explained with a surface complexation model involving increasing
concentrations of PFAS surface complexes with decreasing pH [Qu et al., 2014]. However, it
should be noted that the oxidative power of the valence band holes in TiO is also pH-dependent
and increases as the pH decreases. Consequently, the observed dependence of reaction rates on the
pH can be rationalized in part by the fact that the pH value has an impact on the adsorption

characteristics of the acid on the catalyst surface (electrostatic attraction between the positively
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charged semiconductor particle and the negatively charged perfluorinated), on the formation of

surface complexes, and on the oxidative power of the photocatalyst.
3.3.7. Effects of electron and hole scavengers

In order to study the removal mechanisms of PFAS by TiO2/UVC, DO was controlled and OA
was added as scavengers of photogenerated electrons and holes, respectively, as shown in Figure
3.17. DO levels were measured at above 5.0 mg/L for air purging and below 1.0 mg/L for N>
purging. DO significantly affected decomposition and defluorination of PFOA and PFOS. PFOA
was removed at 99% in DO-rich condition in 48 hr, while it was removed only at around 60% in

DO-poor condition. Similarly, 99% of PFOS removal was decreased to around 27%.
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Figure 3.17. Removal of (a) PFOA and (b) PFOS and defluorination of (c) PFOA and (d) PFOS
by TiO, /UVC in the presence of oxygen (air) as electron scavenger and oxalic acid (OA) as hole
scavenger (10 mg/L PFAS, 0.66 g/L TiO», 1.5 g/l H2O2, 3 mM OA, air: initial DO at above 5

mg/L, Na: initial DO at below 1 mg/L, no DO control for others: initial DO at around 3.0 mg/L,

initial pH around 4.5-7.5 to final pH 3.0-7.0 (no pH control), and temperature 25 °0).

In general, oxygen prevents recombination of photogenerated electrons and holes and
accepts electrons in the conduction band of TiO2 to generate superoxide radical anions (O2"),
which are strong reducing species and can be further protonated to form hydroperoxyl radical
(HO2") and subsequently H>O> (Eq. 3.6) [Sansotera et al., 2015]. However, previous studies
reported that O>™ and "OH are not so effective in decomposing PFAS [Maruthamuthu et al. 1995;
Qiuying et al., 2019]. PFAS generally stay in an anionic form in water. Removal of PFAS via
adsorption and/or decomposition was enhanced in DO rich condition presumably because TiO>
surface becomes more positively charged when electrons are trapped by oxygen. Higher removal
of PFOA and PFOS in DO-rich condition demonstrated greater defluorination. As expected,
defluorination of PFOS was not significant at 5.8% and 2.6% in DO-rich and DO-poor conditions,
respectively, proposing that adsorption of PFOS to TiO2 was main mechanism for its removal
which was significantly influenced by DO level. High electron and hole recombination in DO-
poor condition reduces net positive charge of TiO2 surface, which may substantially reduce PFOS

removal via adsorption mechanism.

02 +e — 02" — HOy” -»HxOn (3.6)
C204* +h* = CO2 + COy™” (3.7)
H>0; + hv — 2°'0OH (3.9)
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Meanwhile, holes in the valance band of TiO, were assumed to be one of the main
oxidizing species. OA was added as a hole scavenger in DO-poor condition. OA significantly
enhanced PFOA removal from 60% to 100% while it did not affect PFOS removal at around 26%.
In general, OA quickly donates electrons to photogenerated holes, resulting in formation of CO»
and carbonyl radical (CO>™) in DO-poor condition (Eq. 3.7). This makes photogenerated electrons
to be readily available for reaction with PFAS via reduction pathways. Previous work also
indicated that carbonyl radicals, along with photogenerated electrons, induce quick PFOA
decomposition [Wang et al., 2011]. However, poor removal of PFOS in Figure 3.17(b) and its low
defluorination in Figure 3.17(d) indicated that carbonyl radicals and conduction band electrons are
not effective in decomposing PFOS. In addition, addition of OA can reduce net positive surface

charge of TiO, resulting in less PFOS adsorption and thus rather less PFOS removal observed.

Holes also react with OH" to yield HRs which are strong oxidizing species. To confirm the
effect of HRs on PFAS removal, HRs were generated by photolysis of HO2 by UVC in the absence
of TiO> (Eq. 3.8) [Liao et al., 1995]. Removal of PFOA and PFOS under the condition was not
different from that under only UVC, indicating HRs alone were ineffective to decompose PFAS.
Even UVC/TiO; was more effective than UVC/H20; (both systems commonly generate HRs),
indicating some photogenerated electrons and holes formed around TiO> surface may be directly
involved in PFAS decomposition and TiO> surface-mediated reaction may exhibit better PFAS
removal. These all results implied that prevention of the recombination of photogenerated
electrons and holes is most important for PFAS removal and the secondary reactive species such

as radicals work together with the primary reactive species such as electrons and holes.

3.3.8. Effects of various oxidants and reductants
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Addition of oxidants can enhance PFAS decomposition by generating reactive species under UV
radiation and later by preventing recombination of electrons and holes in TiO2/UV system. As
shown in Figure 3.18(a), PFOA was chosen as a representative PFAS, and initially NaBrO3, NalOs,
H>0,, NaOCl, and Na;S,0s were selected as oxidants to produce bromate, iodate, hydroxyl,
hypochlorite, and sulfate radicals under UVC, respectively [Ravichandran et al., 2006]. After 4 hr,
PFOA removal was achieved at 0%, 2%, 5%, 14%, and 62% with NaBrOs3, NalO4, H,O,, NaOCl

and NayS»0g, respectively, indicating PS producing SRs was most efficient.
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Figure 3.18. Removal of PFOA by (a) oxidants and (b) reductants under UVC irradiation (10

mg/L PFOA, 4.0 mM oxidant or reductant, initial pH 4.5 to final pH 3.0-5.0 (no pH control), and

temperature 25 “C). Please note the different time scales.

Meanwhile, previous studies on phochemical decomposition of PFAS reported successful
decomposition and defluorination of both PFCAs and PFSAs by using different reductants such as
KI and Na>SO3 [Park et al., 2009; Song et al. ,2013]. As shown in Figure 3.9(b), the presence of

NaxSO;3 under UVC greatly improved PFOA removal, compared to KI.
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Since PS was highly effective to remove PFOA, more detailed experiments were conducted
to remove and defluorinate PFOA and PFOS, as shown in Figure 3.19. PS itself as an oxidant was
not effective. In general, UV photolysis of PS produces highly reactive SRs. It is proposed that
PFCAs are initially decomposed via decarboxylation reaction triggered by SRs, followed by HF
elimination process, which produces one-CF>-shortened perfluoroalkyl carboxylic acids in each

step [Dogliotti et. al., 1967].
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Figure 3.19. Removal of (a) PFOA and (b) PFOS and defluorination of (c) PFOA and (d) PFOS

by TiO2/UVC in the presence of PS as sulfate radical generator (10 mg/L PFAS, 0.66 g/L TiOo,

4.0 mM PS, initial pH 4.5-7.5 to final pH around 2.5 (no pH control), and temperature 25 “C).
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PS/UVC producing mostly SRs was more effective to remove PFOA than TiO>/UVC
mostly producing HRs, and TiO2/UVC/PS showed the best reactivity for PFOA. TiO2/UVC/PS is
assumed to produce various radicals such as HRs and SRs. SRs are better species than HRs for
direct electron transfer reaction to decompose PFAS and reaction byproducts [Liang et al., 2009].
Degree of PFOA defluorination showed a very similar trend to that of PFOA removal. Continuous
pH drops from 4.5 to 2.5 was observed in case of TiO»/UVC/PS, resulting from presumably
formation of acidic byproducts. Meanwhile, PS/UVC was not effective at all for PFOS removal
while TiO2/UVC showed comparable reactivity with PFOS to TiO2/UVC/PS. The result indicated
that SRs are ineffective for PFOS. This finding obtained was not in agreement with a previous
study reporting that PFOS was decomposed faster than PFOA by PS/UV under adjusted pH 6-8

[Park et al., 2009]. The presence of PS did not help PFOS defluorination.

Then, removal of 3 PFCAs and 3 PFSAs with different chain lengths by TiO2/UVC/PS was
compared, as shown in Figure 3.20. Removal of PFSAs was confirmed to be negligible while both
long and short chain PFCAs were successfully removed. Interestingly, short chain PFBA was
removed faster than long chain PFOA and PFHpA in this TiO2/UVC/PS case producing both HRs
and SRs while the opposite result was obtained in the previous experiment with TiO2/UVC
producing mainly HRs. Consequently, SRs generated in this case along with HRs seemed to play

an important role in decomposing PFCAs.

99



Pt
o

= —@— PFBA
U 0.8 —A— PFHpA
S —m— PFOA
=~ 0.6 —(— PFBS
»n —A— PFHxS
§ 04 —— PFOS
(a W

0.2

0.0

0 1 2 3 4

Time (hr)

Figure 3.20. Removal of PFCAs and PFSAs by TiO2/UVC/PS (10 mg/L PFAS, 0.66 g/L TiO», 4

mM PS, initial pH around 7.0 to final pH around 2.5 (no pH control), and temperature 25 oC).

Formation of short chain byproducts during decomposition of PFOA by TiO2/UVC/PS is
shown in Figure 3.21. Decomposition mechanism of PFCAs by TiO2/UVC/PS was speculated to
be very similar to that by TiO2/UVC in Figure 3.9, i.e., gradual removal of CF> moieties and

reformation of a carboxylic functional group [Hori et al., 2004].
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Figure 3.21. Evolution of aqueous short chain byproducts formation during decomposition of

PFOA by TiO2/UVC/PS (10 mg/L PFAS, 0.66 g/L TiO2, 4.0 mM PS, initial pH around 4.5-7.5 to
final pH around 2.5 (no pH control), and temperature 25 °C).
LC/MS chromatogram during removal of PFOA and PFOS by TiO2/UVC/PS are shown in

Figure 3.22. It shows the presence of short chain PFCAs during removal of PFOA, but that there

is no formation of reaction by products during removal of PFOS.
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Figure 3.22: LC/MS chromatogram based on targeted analysis, showing identifiable aqueous

byproducts formed during removal of (a) PFOA, (b) PFOS by TiO2/UVC/PS (10 mg/L PFAS, 0.66

g/L TiOy, initial pH around 7.5 (no pH control), and temperature 25 °C).

In comparison to addition of PS as an oxidant to TiO»/UVC (Figure 3.20), sulfite as a
reductant was introduced to TiO»/UVC, as shown in Figure 3.23. Sulfite itself was not effective
to remove PFOA and PFOS. Sulfite/UVC was most effective, followed by TiO,/UVC/sulfite >
Ti02/UVC for PFOA and Ti02/UVC > TiO2/UVC/sulfite for PFOS. The observed decrease in the
reactivity of sulfite with PFAS in the presence of TiO2 might be explained partially with quenching

of sulfite-mediated hydrated electrons by reactive species generated from TiO2/UVC.
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Interestingly, defluorination of both PFOA and PFOS was much more significant in cases of

UVC/sulfite and TiO2/UVC/sulfite, compared to TiO/UVC.
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Figure 3.23. Removal of (a) PFOA and (b) PFOS and defluorination of (¢) PFOA and (d) PFOS

by TiO2/UVC in the presence of sulfite (10 mg/L PFAS, 0.66 g/L TiO2, 4.0 mM NaSOs3, initial

pH around 4.5-7.5 to final pH around 6.0 (no pH control), and temperature 25 oC).
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Figure 3.24: LC/MS chromatogram based on targeted analysis, showing identifiable aqueous
byproducts formed during removal of (a) PFOA, (b) PFOS by TiO>/UVC/Sulfite (10 mg/L PFAS,
0.66 g/L TiO2, 4.0 mM NaxSOs, initial pH around 4.5-7.5 to final pH around 6.0 (no pH control),

and temperature 25 °C).

Although PFOA was removed faster by UVC/sulfite than PFOS, defluorination of PFOS
was slightly more significant. A previous study confirmed that sulfite radicals and hydrated
electrons are produced (Eq. 3.9) via UV photolysis of sulfite [Fischer et al., 1996]. Considering
the absence of adsorptive removal of PFOA and PFOS in the UVC/sulfite system, hydrated
electrons generated from sulfite activated by UVC should have played a significant role in
decomposing PFOA and PFOS. [Song et al., 2013] Important PFAS removal kinetics by PS system

and sulfite system are extracted and summarized in Figure 3.25.
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Figure 3.25. Removal of (a) PFOA and (b) PFOS via UVC and TiO2/UVC in the presence of PS

and sulfite (10 mg/L PFAS, 0.66 g/L TiOz, 4.0 mM PS, 4.0 mM NaxSO3, initial around pH 4.5-7.5

to final pH 2.5-6.0 (no pH control), and temperature 25 OC).

Sulfite system, either UVC/sulfite or TiO2/UVC/sulfite, was marginally better than PS
system for PFOA removal, while sulfite system, especially UVC/sulfite, was much better than PS

system for PFOS removal.
SO3> +hv — SO3" ~ + eaq (3.9)
3.3.9 Possible Mechanisms and Pathways of PFOA Decomposition:

Based on our observation, Egs. 1-9, and literature, the decomposition mechanisms of PFCAs by

different photocatalytic and photochemical methods are summarized in Figure 3.26.
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Figure 3.26. Proposed mechanisms for the photocatalytic and photochemical decomposition of

PFCA:s.

3.4. Conclusions

In the TiO2/UVC system, overall PFAS removal increased in order of 6:2 FTS > PFNA > PFOA
> PFOS >GenX >> PFHpA = PFHxS = PFBA > PFBS. A polyfluoroalkyl substance 6:2 FTS was
removed faster than perfluoroalkyl ones. Longer chain PFAS were removed faster, e.g., PFNA >
PFOA > PFHpA within PFCAs and PFOS > PFHxS > PFBS within PFSAs. PFOA as C8 was
removed faster than PFOS. PFNA and 6:2 FTS were removed mostly via chemical decomposition
mechanism while GenX and PFSAs were removed mostly via physical adsorption mechanism.
Scavenger tests implied that prevention of recombination of photogenerated electrons and holes is
most important for PFAS removal and the secondary reactive species such as radicals work

together with the primary reactive species such as electrons and holes. SRs generated by PS seemed
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to play a significant role in decomposing PFCAs. Sulfite activated by UVC worked significantly
for defluorination of PFAS including even PFOS. Sulfite system was marginally better than PS
system for PFOA removal while it was much better for PFOS removal. Although it is hard to
explain some of the observed results, overall susceptibility of PFAS to the chemical reactions could
be explained with their properties and the reactivity of reactive species produced in each system.
With a best-working and affordable system, more in-depth chemistry aspects of this study as well
as engineering inquiries such as TiO, property changes should be addressed in near future. This
comprehensive study on the dependency of photocatalytic and photochemical decomposition of
PFAS on their properties would help to establish powerful destructive chemical approaches toward

PFAS in water.
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CHAPTER 4

Photocatalytic Degradation of Perfluorooctanoic Acid on Pb-doped TiO2 Coated with

Reduced Graphene Oxide

4.1. Introduction

Per- and polyfluoroalkyl substances (PFAS) with chemically inert C-F bonds (dissociation energy
of 533 kJ/mol) have been widely used in various industries due to their useful properties such as
both water and oil repelling property [Fujii et al., 2007]. According to toxicological studies,
exposure to PFAS such as perfluorooctanoic acid (PFOA) can lead to liver damage, reproductive
toxicity, and possibly cancer [Hinderliter et al., 2006; Potera et al., 2009]. Unfortunately, but as
well-expected, PFAS are rarely decomposed in the environment, presenting a huge challenge for
environmental remediation [Rayne et al., 2009; Li et al., 2020]. Various advanced oxidation
processes have been studied in the last two decades for PFAS remediation in water such as
photocatalytic, photochemical, sonochemical, electrochemical, radiochemical, thermochemical,
and plasma treatment [Fujishima et al., 2000; Hori et al., 2005; Krusic et al., 2005; Moriwaki et

al., 2005; Liao et al., 2009; Zhang et al., 2014; Obo et al., 2015].

Compared with others, photocatalytic approaches show much higher PFAS decomposition
and defluorination [Wang et al., 2017]. TiOz is widely used as a photocatalyst because it is a readily
available, inexpensive, and nontoxic compound with high chemical stability and photocatalytic
reactivity [Dillert et al., 2007]. However, use of TiO2 for photocatalytic decomposition of organic
pollutants has been limited due to its relatively large band gap at 3.2 eV and fast recombination of
photo-induced electron and hole pairs. Although TiO: photocatalysis produces hydroxyl

radicals ("OH) with high oxidation potential of 2.80 eV as major oxidizing species, some PFAS
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species such as PFOA have been reported to be inert to *OH because dissociation energy of C-F
bonds (530 kJ mol ') in PFOA is much higher than that of C-C bonds (410 kJ mol ') [Dong et al.,
2015]. As a result, TiO photocatalysis has shown slow or negligible kinetics for decomposition of

PFOA and others.

Significant efforts have been given to developing hybrid TiO: photocatalysts that can
improve charge carrier separation, bandgap reduction or narrowing, and thus overall reactivity
[Wang et al., 2017, Oppong et al., 2019]. For the photocatalytic decomposition of PFOA, many
modifications have been reported, including lead (Pb)-doped TiO», copper (Cu)-doped TiO», iron
(Fe)-doped TiO», platinum-doped TiO», TiO2 coated with reduced graphene oxide (rGO), TiO»
coated with multiwall carbon nanotubes, and TiO, immobilized onto activated carbon [Chen et
al., 2016; Chen et al., 2015; Ruiz et al., Song et al., 2012; Swaminathan et al., 2010; Ravichandran
et al., 2009]. Decomposition and defluorination efficiencies were generally reported in order of
TiO2-Pb > Ti0,-Cu > TiO»-Fe > pristine TiO> [Chen et al., 2016]. The enhanced photoactivity of
TiO2-Pb was explained by electron trapping mechanism and oxygen (O2) vacancies [ Li et al.,
2016; Bhattacharyya et al., 2020; Ismail et Al., 2007 ]. Meanwhile, TiO2/rGO exhibited enhanced
photocatalytic activity due to the unique two-dimensional structure of rGO such as large specific
surface area, high ultraviolet (UV) absorption capacity, and excellent thermal and electrical
conductivity [Dastjerdi et.al., 2010].

In order to leverage the advantages of doping TiO2 with Pb and introducing rGO to TiO>
such as excitation UV wavelength extension, electron-hole recombination prevention, and
enhanced oxygen mobility, herein, we synthesized Pb-doped TiO> coated with rGO and evaluated
its reactivity with PFAS. As a result, the objective of this study was to prove the enhanced

photocatalytic reactivity of TiO2-Pb/rGO with various PFAS in particular PFOA in comparison to
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P25 as a bench marking TiO», TiO»-Pb, TiO2/rGO, and TiO»-Fe/rGO. Three perfluorocarboxylic
acids (PFCAs), three perfluorosulfonic acids (PFSAs), and one polyfluoroalkyl substance were
examined. Reactive species, reaction byproducts, and fluoride ions were identified. To the best of
our knowledge, this is the first study combining metal doping and rGO introduction for enhanced
removal of PFAS. We also detailed possible decomposition mechanism of PFAS by the TiO»-

Pb/rGO system under UV at room temperature.

4.2. Materials and Methods

4.2.1. Chemicals

Perfluorooctanoic acid (CsFi5s0.H; CAS 335-67-1), perfluorooctanesulfonic acid (PFOS;
CsF17SO3K; CAS 2795-39-3), perfluorobutanesulfonic acid (PFBS; C4FoSO3K; CAS 2940-49-3),
and perfluorobutanoic acid (PFBA; C3F7COOH; CAS 375-22-4) were obtained from Sigma-
Aldrich (St. Louis, MO). Perfluoroheptanoic acid (PFHpA; C7F130.H; CAS 375-85-9) and 6:2
fluorotelomer sulfonate (6:2 FTS; 1H,1H,2H,2H-perfluorooctane sulfonic acid; CsHsF1303S; CAS
27619-97-2) were purchased from Synquest Laboratories (Alachua, FL) while
perfluorohexanesulfonic acid (PFHxS; C¢F13SO3K; CAS 3871-99-6) was obtained from Frontier
Scientific (Logan, UT). Lead nitrate (Pb(NO3)>) was obtained from Honeywell Fluka (Charlotte,
NC) and rGO powder (Model# 5060512170122) was purchased from graphitene (Scunthorpe,
United Kingdom). Ferric nitrate (Fe(NO3)3-9H>0), sodium azide (NaN3), p-benzoquinone (p-BQ;
CsH402), and tert-butyl alcohol (TBA; (CH3);COH)) were supplied by Sigma-Aldrich. Hydrogen
peroxide (H20,), formic acid (CH20,), acetonitrile (ACN; C2H3N), and methanol (CH3OH) were
purchased from Thermo Fisher Scientific (Waltham, MA). TiO2 (P25) was obtained from Degussa

Corp (Parsippany, NJ). Water used for all experiments was Milli-Q water produced by a Millipore
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Milli-Q system (Billerica, MA). Large molecule separation (LMS) solid phase extraction (SPE)
cartridges (25 mg, 1 mL) were purchased from Agilent Technologies (Santa Clara, CA). Polyether
sulfone syringes (0.22 um pore size, 13mm) manufactured by Foxx Life Sciences (Salem, NH)
were purchased through Thermo Fisher Scientific. Isotopically marked standards for parent and
byproduct PFAS were obtained as mixtures in methanol from Wellington Laboratories (Guelph,

ON, Canada).

4.2.2. Synthesis and characterization of TiO>-Pb/rGO

TiO2-Pb/rGO photocatalyst was prepared by the hydrothermal method following the procedure
reported in literature [Zhou et al., 2011]. Briefly, rGO was dispersed in solution of water and
ethanol (2:1) by ultrasonic treatment for 1 hr. Then, commercial P25 TiO; was added into 30 ml
of the rGO dispersion and stirred for 2 hr. to achieve homogeneous suspension, where content of
rGO was controlled to be 1% weight in TiO2/rGO. The suspension was then placed in 40 mL
Teflon-sealed autoclave and put in an oven maintaining at 120 °C for 3 hr. to deposit TiO, particles
on rGO surface. Finally, the resulting composite was recovered by filtration, rinsed by deionized
water several times, and dried at room temperature for 12 hr. Then, Pb was loaded onto TiO2/rGO
via a chemical bath deposition method. Amounts of TiO2/rGO and Pb (NO3): as a Pb source were
pre-determined to obtain TiO; and Pb ratio at 98:2 in TiO2-Pb/rGO. TiO/rGO was taken into
H>O/ethanol (4:1) solution containing Pb (NO3), and then the mixture was stirred at 70 °C for 3
hr. The suspension was filtered, rinsed with distilled water, dried at room temperature for 12 hr,

and finally annealed by heating at 400 °C for 2 hr. to form crystalline TiO2-Pb/rGO particles.
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Step 1

Cole-Parmer
po =4

rGO in water/ethanol Ultrasonic (1 hr.) Dispersed rGO  TiO2/rGO mixing(2 hr.)

Autoclave Heating (120 0C, 3 hr.) Filtration Air dry (25 0C, 12 hr.)

Step 2
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TiO-Pb/tGO Mixing (70 °C, 3 hr.) Filtration Air dry (25 °C, 12 hr.)

Annealed (400 'C, 2 hr.) Grinding

Figure 4.1. Synthesis of TiO2-Pb/rGO photocatalyst

Then, TiO2-Pb/rGO was briefly characterized to confirm its properties. X-ray diffraction
(XRD) using a Bruker D8 X-Ray Diffractometer (Billerica, MA) with CuKa radiation at 1.5 A
and voltage at 40 KV was used to investigate the crystallographic properties. Scanning rate was
2°/min and scanning range was from 10 to 80°. Hitachi S-3000N (Hitachi, Tokyo) scanning
electron microscope (SEM) was used to investigate the surface morphology, in combination with

an energy dispersive X-ray spectroscopy (EDX) to determine the elemental composition. Light

119



adsorption characteristic was determined using UV-vis spectrophotometer (Shimadzu UV-2550;
Kyoto, Japan). Absorption spectra were scanned from 300 to 800 nm and scanning rate was at 120
nm/min. The surface area was determined using a Tristar 3000 (Micromeritics, Norcross, GA)

porosimetry analyzer employing N> adsorption and desorption isotherms.
4.2.3. Batch experiments

All reactions were carried out in a Pyrex glass beaker with effective volume of 21 mL containing
PFAS at 10 mg/L. Concentration of photocatalysts tested was 0.33 g/L. Control experiments were
conducted using other photocatalysts and materials at the same concentration. A 15 Watt 17-inch
length lamp capable of producing 254 nm (UVC) was used as a UV source. Preliminary
experiments showed that longer wavelengths such as UVA and UVB are ineffective for either
photolytic or TiO> photocatalytic decomposition of PFAS. The lamp was placed on the top of the
reactor, exhibiting 6.2 mW/cm? UV intensity measured by Ophir starlite energy meter
(P/N7Z01565). No pH was adjusted to avoid any chemical and analytical interferences. Initial pH

varied from around 4.5 to around 7.5 and it ended at 3.5-7.0, depending on the reaction conditions.

Temperature was kept at around 25 “C using cool air flow around the reactor. A magnetic stirrer
was used to agitate the reaction solution. The reactor was sealed using a clear plastic cover to
prevent evaporation of PFAS solution during the experiment. Dissolved oxygen (O2) at around 3.0
mg/L was not controlled. Radical scavengers such as TBA, pBQ, and NaN3, and radical producers
such as H,O, were added at concentration of 100 mM, 4.5 mM, 7.5 mM, and 8mM, respectively,
to identify and explain radicals responsible for any observed decomposition of PFAS.
Consequently, many control and reference experiments were also conducted with/without UV,
TiO2, Pb, and rGO. At each time interval of 1, 2, 4, 12, and 24 hr., aqueous sample of 800 puL was

collected and filtered with 0.22 pm syringe.
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4. 3. Results and Discussion

Previous study and our preliminary test concluded that UVA and UVB absorption by PFOA in
water was negligible [Chen et al., 2007]. As a result, UVC was used for the photolytic and
photocatalytic decomposition of PFAS in this present study. Some selected experiments, especially
photocatalytic removal of PFOA using TiO2, TiO2-Pb, TiO2/rGO and TiO2-Pb/rGO, were
triplicated. The standard deviation of triplicated results was small enough, indicating the

reproducibility of the experiments.
4.3.1. Characterization data for the catalysts

Since similar materials to TiO2-Pb/rGO, including TiO», TiO2-Pb, and TiO2/rGO, have been well
characterized, [Chen et al., 2016; Ruiz et al., 2018] the properties of TiO2-Pb/rGO were quickly
checked in comparison to the base TiO, material, P-25. As expected, all XRD peaks of TiO» and
TiO2-Pb/rGO indicated combination of anatase (25.2 and 48.1°) and rutile phases (27.4, 55, 62.6,
and 68.80) according to their standard patterns (JCPDS No. 21-1272 and JCPDS No. 21-1276)
(Figure 4.2). Previous studies showed that TiO>-Pb based photocatalysts contain different Pb
phases (JCPDS 78-0299) such as zero-valent lead (Pb° at 36.2%), lead monoxide (PbO at 28.4°),
and lead dioxide (PbO; at 52.40) [Kong et al., 2007; Murruni et al., 2008; Li et al. 2012]. However,
those peaks were not significant for TiO2-Pb/rGO used in this study, indicating no significant

changes of the initial crystal structure after introduction of Pb most probably due to the small

content of Pb at around 2%.
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Figure 4.2. XRD patterns of TiO> and TiO>-Pb/rGO photocatalysts

EDX results (Figure 4.3) showed that successful incorporation of Pb with weight contents

of Pb and Ti at 1.58% and 74.78%, respectively, in TiO2-Pb/rGO
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Figure 4.3. SEM-EDX elemental composition of (a) TiO2 and (b) TiO2-Pb/rGO photocatalyst

UV-vis absorption spectra of TiO2, TiO2-Pb, TiO»/rGO, and TiO»-Pb/rGO are shown in
Figure 4.4. TiO; and TiO»-Pb showed the very similar trend, absorbing only UV wavelengths less

than 400 nm, while absorption band of both TiO2/rGO and TiO,-Pb/rGO was greatly expanded to
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visible light range. Maximum absorption was shown in 379, 382, 407, and 415 nm for TiO>, TiO>-
Pb, TiO2/rGO, and TiO2-Pb/rGO, respectively, which correspond to 3.27, 3.25, 3.05, and 2.99 eV
according to bandgap energy (eV) = 1239.95/adsorption wavelength max (nm). Pb doping did not
seem to induce significant bandgap reduction unlike other studies [Chen et al., 2016, Wang et al.,

2009, Vijayan et al., 2009], while only 1% addition of rGO to TiO2 greatly improved its visible

light absorption.
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Figure 4.4. UV-vis absorption spectra of TiO2, TiO2-Pb, TiO»/rGO, and TiO2-Pb/rGO

photocatalysts

Mean size of completely segregated TiO» particles was measured at 29.4 nm using Horiba
SZ100 nanosizer (Figure 3.5). After the addition of lead and rGO into TiO; at ratio of 98:2/1 by
weight, mean size of TiO2-Pb/rGO nanoparticles is approximately 34.1 nm (Figure 4.5) Previous
study also shows that Pb doping into TiO> increases particle size, because TiO> and lead formed
the TiO; -Pb nanocomposite [Chen et al. 2016]. The size of agglomerated TiO; particles was well

above tens um.
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Figure 4.5: Particle size distribution of TiO2-Pb/rGO photocatalyst

Specific surface area of TiO2 was 50 m?/g while that of rGO was 500 m?/g. However,
surface area of TiO>-Pb/rGO was not increased significantly at around 53 m?%/g due to the low

content of rGO at 1%.

4.3.2. Removal of PFOA

Figure 4.6 shows the removal and defluorination of PFOA by TiO2-Pb/rGO under UVC. PFOA
removal by TiO» via adsorption route and by Pb as control was negligible and thus there was also
no defluorination. Alkyl chain of typical PFAS is hydrophobic while their functional groups are
hydrophilic, which makes PFOA relatively less hydrophobic and more water-soluble in this
experimental condition [Senevirathna et al., 2010; Deng et al. 2012]. UVC (220=270 nm) used in
this study did not show any significant photolytic decomposition of PFOA and thus only negligible
defluorination was observed, as expected considering PFOA absorbs wavelengths much shorter
than 220 nm [Chen et al., 2007]. Meanwhile, rGO alone with high surface area of 500 m?/g
removed PFOA at around 65% via adsorption mechanism and thus no defluorination was
observed. However, addition of 1% rGO into TiO2-Pb (i.e., TiO2-Pb/rGO) did not improve PFOA

removal via adsorption mechanism. Only TiO2-Pb/rGO under UVC showed highest PFOA

124



removal at 98% and significant defluorination at 34% (note Figure 4.9). As a result, only TiO»-

Pb/rGO under UVC was able to significantly decompose PFOA.
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Figure 4.6. (a) removal and (b) defluorination of PFOA on TiO2-Pb/rGO under UVC in
comparison to controls (10 mg/L PFOA, 0.33 g/L photocatalyst, initial pH varied from around 4.5
to around 7.5 and final pH varied from around 4.5 to around 7.0 (no pH control), and temperature
25 °C). Defluorination % is simply calculated, based on observed F~ ion concentration in

comparison to maximum F~ ion concentration when all fluorines are detached.

Further tests were conducted under UVC, employing TiO», Pb, rGO, TiO;-Pb, TiO2/rGO,
and TiO2-Pb/rGO, as shown in Fig. 4.7. First, significant PFOA removal by rGO/UVC at around
99% was ascribed to PFOA adsorption to rGO with surface area of 500 m?/g because no significant
defluorination was observed at 1.6%. Second, Pb/UVC showed certain PFOA removal and
defluorination at 45% and 10%, respectively. It could be due to the formation of a complex
between PFOA and Pb ion. Then the complex is excited and photolyzed by 254 nm UV light
forming perfluoroalkyl radicals which rapidly reacts with water forming C¢Fi3COOH with less

CF> unit than the original PFOA [ Wang et al., 2008].
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Third, TiO2/UVC under the given experimental conditions did not show either significant
PFOA removal or defluorination. Fourth, interestingly, TiO2/rGO or TiO2-Pb composite under
UVC showed enhanced PFOA removal at 70% and 80% and defluorination at 25% and 8%,
respectively, which is in agreement with results reported elsewhere [Chen et al., 2016; Ruiz et al.,
2018]. Fifth, TiO2-Pb/rGO under UV C showed superior PFOA removal at 98% and defluorination
at 34% to any other systems. Assuming 1% order removal kinetics, rate constants (k) were

calculated and summarized in Table 4.1.
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Figure 4.7. (a) removal and (b) defluorination of PFOA on various photocatalysts under UVC (10

mg/L PFOA, 0.33 g/L photocatalyst, initial pH varied from around 4.5 to around 7.5 and final pH

varied from around 3.8 to around 6.5 (no pH control), and temperature 25 °C). Defluorination %
is simply calculated, based on observed F~ ion concentration in comparison to maximum F~ ion

concentration when all fluorines are detached.

Tablel 4.1

1% order removal rate constant (k) of PFOA*

126



Group Photocatalysis under UVC Adsorption (no Photol
UVvQO) ysis

Photoc | TiO> | Pb rGO TiO2- | TiO2- TiO»- TiO2 | TiO2- -

atalyst Pb rGO Pb/rGO Pb/rGO

k(1/hr) | 0.0068 | 0.0254 | 0.0738 | 0.0571 | 0.0410 | 0.2193 | 0.0001 | 0.0004 | 0.0049

*C=Coxe™, where Cy is initial concentration (mg/L) at t=0, k is 1% order rate constant (1/hr), and

t is reaction time (hr)

Previous studies reported the effect of rGO or Pb doping on the reactivity of TiO»/UV for
decomposition of organic chemicals in water [ Shi et al., 2007; Zhang et al.; 2009, Li et al.; 2013].
Combination of TiO2 with rGO can lead to reduction in its band gap energy and Pb doping can
also refine the crystallinity of TiO2/rGO [ Li et al., 2013; Shi et al., 2007]. The cooperative effects
of Pb and rGO narrowed the band gap energy of TiO» as confirmed in Figure 4.5, activating TiO>
more effectively and generating electrons(e”) and holes (h") at wider wavelengths. The presence
of rGO and Pb might also reduce electron-hole recombination by trapping e, where produced
e migrates into tGO and difference in valence states between Ti*" and Pb?>" may create O
vacancies for charge compensation [Yu et al., 2005; Ismail et al., 2007; Yao et al., 2008]. Oxygen
may be adsorbed on the surface of rGO, which reacts with e~ and produces "OH and other reactive
oxygen species (ROS) such as superoxide radicals (‘O2") and singlet oxygen (102 ), which attack

PFOA. [Chen et al., 2001].
4.3.3. Reaction mechanism

Since some of the systems were able to significantly remove PFOA and fluoride ions were also

detected in Figure 4.8, targeted LC/MS analysis was applied to detect identifiable PFAS
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byproducts if any, particularly shorter chain PFAS. Figure 4.8 shows evolution of aqueous short
chain byproducts formation during decomposition of PFOA under UVC on TiO», Pb, rGO , TiO»-
Pb, TiO2/rGO and TiO2-Pb/rGO (also note Figure 4.9). The difference between parent PFOA
removed from the aqueous phase (PFASo-PFAS;:) and total identifiable aqueous byproducts can be
explained by various factors including adsorption of PFAS and byproducts to the materials used,
presence of other byproducts, and complete mineralization. [Parenky et al., 2020] Decomposition
of PFOA led to the formation of PFHpA (C7), PFHxA (C6), and PFPeA (C5) (note that all are
PFCAs) but shorter chain PFCAs were rarely identified under the tested condition, which agrees
with other studies [Park et al., 2016]. Only the cases showing significant defluorination in Figure
4.7(b), such as TiO>-Pb/rGO/UVC, demonstrated significant reaction byproduct formation. For
example, in case of TiO2-Pb/rGO/UVC, total identifiable byproducts explained 68% of PFOA
removed from the aqueous phase. The byproducts evolution also implied that PFOA is

decomposed into short-chain intermediates through step-by-step removal of CF> units.
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Figure 4.8. Evolution of aqueous short chain byproduct formation during decomposition of PFOA

on (a) TiO2, (b) Pb, (c¢) rGO, (d) TiO2-Pb, (e) TiO2/rGO, and (f) TiO2-Pb/rGO under UVC (10

mg/L PFOA, 0.33 g/L photocatalyst, initial pH around 4.5 and final pH around 7.0 (no pH control),

and temperature 25 C).
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Figure 4.9. LC/MS chromatogram based on targeted analysis, showing identifiable aqueous
byproducts formed during decomposition of PFOA on (a) TiO», (b) TiO2-Pb, (¢) TiO2-rGO, and

(d) TiO2-Pb/rGO under UVC (10 mg/L PFOA, 0.33 g/L photocatalyst, initial pH around 4.5 to

final pH around 7.0 (no pH control), and temperature 25 °C).

In order to find ROS responsible for PFOA decomposition on TiO2-Pb/rGO/UVC, reaction

quenching agents such as TBA, p-BQ, and NaN3 were added to scavenge h*, O, and 'O,
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respectively, as shown in Figure 4.10. [Monteagudo, et al., 2011] In all the cases, PFOA removal
and defluorination was significantly inhibited, indicating that all h*, ‘O,~, and 'Oz in combination

are somehow cooperatively responsible for the PFOA decomposition observed.
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Figure 4.10 (a) removal and (b) defluorination of PFOA on TiO2-Pb/rGO under UVC in the
presence of TBA as a hole scavenger, p-BQ as a peroxy radical scavenger, NaN3 as an oxygen
scavenger, and H>O; as a hydroxyl radical generator (10 mg/L. PFOA, 0.33 g/L photocatalyst, 100
mmol/L TBA, 10 mmol/L pBQ, 75 mmol/L NaNj3, 1.5 g/L H>O> initial pH varied from 7.5 to
around 12.5 and final pH varied from around 5.2 to around 10.3 (no pH control), and temperature

25 °C).

In general, primary reactive species such as e~ and h" are generated on any TiO>-based
photocatalysts used in this study (Eq. 4.1). Stepwise decomposition of PFOA, in general PFCAs,
was proposed previously [ Hori et al., 2005]. Photocatalysis of PFOA starts with ionization and
formation of perfluoroalkyl anions (Eq. 4.2), which are oxidized to perfluoroperoxy radicals by
holes (Eq. 4.3) [Dillert et al., 2007]. Unstable perfluoroperoxy radicals undergo photo-Kolbe

decarboxylation to form perfluoroalkyl radicals (Eq. 4.4). ROS or O, may react with the
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perfluoroalkyl radicals, which are converted into intermediate PFCAs shortened by one CF»-unit,
thus releasing two fluoride ions (Eq. 4.5) [Panchangam et al., 2009]. This cycle repeats to form
shorter chain PFCAs (Eq. 4.6). PFOA itself is inert with "OH, which might be, however, involved

in decomposition of perfluoroalkyl radicals [Zhang et al., 2014].

TiO2+hv — e +h* 4.1
F(CF2):,COOH — F(CF2),COO" + H* (4.2)
F(CF2),COO- + h* — F(CF,),COO* (4.3)
F(CF2)sCOO* — F(CF2)n" + CO» (4.4)
F(CF2)s' + 02/'02 — F(CF2)s.1COF+ 2 F- 4.5)
F(CF2)n.1COF + H20 — F(CF2),.1COOH + HF (4.6)
02 + ¢ — "0y — HOy—H,0, — 2°0OH 4.7

In general, O, present in water accepts photogenerated e~ to transform to ‘O, which can
be further protonated to form hydroperoxyl radicals (HO;") and subsequently H>O> (Eq. 4.7)
[Sansotera et al., 2015]. However, the presence of rGO in the TiO» surface, along with Pb, can
make the overall system complicated and may change the role of O, leading to formation of ROS
which may function as sole reactants exclusively to perfluoroalkyl radicals. In particular, ROS
transform to each other in a TiO2/UV system. Previous studies showed that *O>™ can be converted
to "OH by the Haber—Weiss reaction while ‘OH can also further transform to 'O via
disproportionation reaction [Salgado et al., 2013; Das et al., 2014; Dou et al., 2019 ]. And rGO on
TiO, surface may inhibit ‘OH generation and enhance the transformation of "O> to '02. As an
unstable excited oxygen molecule, 'O, can enhance PFOA decomposition [Macia et al., 2015;

Macia et al., 2019; Qiuying et al., 2019]. The absence of the competition reaction for O2 (as
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electron acceptor) can also support the observed superior reactivity of TiO2-Pb/rGO to others

including bare TiO,. Proposed

Meanwhile, h* also reacts with OH to yield "OH [Nosaka et al., 2016]. As shown in Figure
4.10, 'OH was additionally produced by adding H»O: in the reaction solution of TiO»-
Pb/rGO/UVC. PFOA removal and defluorination was significantly decreased with H>O; at around
28% and 6%, respectively, compared to without H>O» at around 98% and 32%, respectively. The
result indicated that "OH is less effective to decompose PFOA and/or H2O; absorbs UVC quickly
and thus UVC is less available to activate TiO2-Pb/rGO or cleave C-F bonds. Proposed

decomposition mechanism of PFAS by TiO2-Pb/rGO photocatalyst is shown in Figure 4.11.
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Figure 4.11. Proposed mechanism for decomposition of PFAS by TiO2-Pb/rGO photocatalyst.

Since PFOA decomposition was successful in TiO2-Pb/rGO/UVC, other PFAS were also
examined (six perfluoroalkyl substances (3 PFCAs and 3 PFSAs) and one polyfluoroalkyl
substance (6:2 FTS)), as shown in Figure 4.12. Overall removal increased in order of 6:2 FTS >
PFOA >> PFOS > PFHpA =~ PFHxS = PFBA = PFBS. Only 6:2 FTS (polyfluoroalkyl substance)

and long chain PFCAs such as PFOA were significantly removed and defluorinated while PFSAs
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and short chain PFCAs remained much less changed. Decomposition of only PFCAs is in
agreement with their stepwise degradation explained in Eqgs. 4.2-4.6 [ Hori et al., 2005]. Bentel
and co-workers also explained decomposition tendency of various PFAS with their bond
dissociation energy (BDE) calculated using density functional theory, proposing that C-F BDE for

long chain PFCAs are generally lower than those of PFSAs and short chain PFCAs [Bentel et al.,
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Figure 4.12. (a) removal and (b) defluorination of various PFAS on TiO»-Pb/rGO under UVC (10

mg/L PFOA, 0.33 g/L photocatalyst, initial pH around 7.5 and final pH varied from around 4.0 to

around 7.5 (no pH control), and temperature 25 “C).
4.3.4 System optimization

Figures 4.13 and 4.14 demonstrate the effects of rGO and Pb content in TiO2-Pb/rGO under UVC,
respectively. PFOA removal and defluorination was significantly enhanced with introduction of
rGO only up to 1-2% and introduction of Pb only to 2%. There might be trade-off effects between

TiOz content as an essential photocatalyst and rGO or Pb content as a reactivity booster. In general,
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introduction of secondary materials to TiO2 may reduce UV penetration and utilization and they

also occupy active sites on TiO» surface [Ravichandran et al., 2009].
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Figure 4.13. Effect of rGO content (weight %) in TiO2-Pb/rGO on (a) removal and (b)
defluorination of PFOA on TiO2-Pb/rGO under UVC (10 mg/L PFOA, 0.33 g/L photocatalyst,

initial pH around 7.5 and final pH varied from around 6.1 to around 6.6 (no pH control), and

temperature 25 OC).
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Figure 4.14. Effect of Pb content (weight %) in TiO2-Pb/rGO on (a) removal and (b) defluorination

of PFOA using TiO2-Pb/rGO under UVC (10 mg/L PFOA, 0.33 g/L photocatalyst, initial pH
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around 7.5 and final pH varied from around 4.8 to around 6.5 (no pH control), and temperature 25

o

Q).

As shown in Figure 4.15, PFOA removal and defluorination was also significantly
enhanced with increase in TiO2-Pb/rGO dose up to 0.33-0.66 g/L. Lowered PFOA removal and
defluorination at 2.0 g/L of TiO2-Pb/rGO can be ascribed to enhanced light scattering caused by

high concentration of the solid particles [ Aziz et al., 2016].
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Figure 4.15. Effect of TiO2-Pb/rGO dose on (a) removal and (b) defluorination of PFOA under

UVC (10 mg/L PFOA, 0-2 g/L photocatalyst, initial pH around 7.5 and final pH varied from

around 5.2 to around 7.8 (no pH control), and temperature 25 “C).

Lastly, Pb doping was compared with Fe doping as shown in Figure 4.16. The result
showed that Pb doping is superior to Fe doping to enhance PFOA removal. Especially, Pb doping
significantly improved PFOA defluorination at 34% in comparison to 15% by Fe doping. Previous
studies showed the presence of zero-valent metal states in such TiO» photocatalysts, and thus the

high activity of TiO2-Pb/rGO can be explained by the standard reduction potential of Pb>*/Pb’ at -
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0.13V in comparison to that of Fe?"/Fe® at -0.44 V for TiO»-Fe/rGO. [Chen et al., 2015; Chen et

al., 2016]
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Figure 4.16. Comparison of Pb-doped and Fe-doped TiO»/rGO with respect to (a) removal and (b)

defluorination of PFOA under UVC (10 mg/L PFOA, 0.33 g/L photocatalyst, initial pH around

7.5 and final pH varied from around 5.2 to around 6.5 (no pH control), and temperature 25 OC).
4.4 Conclusions

This study evaluated the reactivity of TiO>-Pb/rGO composite photocatalyst under UVC to
decompose PFAS, in particular PFOA. Doping of TiO> with Pb and introduction of rGO to TiO>
greatly influenced the properties of TiO» such as UV-vis absorption characteristic and specific
surface area, and substantially and positively affected PFOA removal and defluorination. All holes,
superoxide radicals, and singlet oxygen in combination were responsible for the observed PFOA
decomposition. PFOA was decomposed into short-chain intermediates through step-by-step
removal of CF; units. Overall removal increased in order of 6:2 FTS > PFOA >> PFOS > PFHpA

~ PFHxS = PFBA = PFBS. Only 6:2 FTS (polyfluoroalkyl substance) and long chain PFCAs such
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as PFOA were significantly removed and defluorinated while PFSAs and short chain PFCAs

remained less changed. Pb doping showed better performance than Fe doping. Although further

studies and modifications to such TiO»-based photocatalysts are needed to tackle decomposition

of even PFSAs, this study overall implies that proper designing of TiO» photocatalytic materials

has high potential to expedite decomposition of PFAS and, more broadly, similar halogenated

organic chemicals in water at a given treatment cost.
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Chapter 5

Recommendations and Others

5.1 Recommendations for Future Studies

This study compared the TiO2 photocatalytic and photochemical decomposition behaviors of 9
short and long chain PFAS, especially PFCAs and PFSAs which are two subgroups of PFAAs and
investigated their removal mechanism. Many other PFAS subgroups are now present. PFPAs is
another subgroup of PFA As that recently gained scientific interest around the world. Future study
should explore photocatalytic and photochemical removal of PFPAs and others and compare
reaction kinetics to the results in this current work. In addition, since the reactions in this study
were conducted in ultrapure water, future studies should explore the role of organic and inorganic
matters present in water by conducting experiments with real field samples.

The successful decomposition of carboxylic long chain PFAS by TiO2-Pb/rGO or TiO»-
Fe/rGO system raised certain questions such as feasibility of decomposing PFAS by doping other
metals into TiO> coated with rGO. It would be important to understand elaborately how
oxidation/reduction potential of doping metal affects decomposition kinetics. Simultaneously, the
catalytic behavior of TiO2-Pb/rGO towards PFAS should be evaluated in the presence of typical
inorganic contaminants present in water. Although long chain PFCAs were successfully degraded
under ambient conditions, short chain PFCAs and sulfonic PFAS still remained a challenge.
Follow up studies investigating various TiO2-Pb/rGO oxidant/reductant combinations could
potentially decompose some PFAS groups and help in developing a comprehensive practical
treatment technology. It is still not clear why all cases of scavenging h*, *O5, and 'O, significantly

inhibited photocatalytic removal of PFOA by TiO2-Pb/rGO. The answer may lie in fast electron-
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hole recombination in the absence of O> and ROS, while hole is primarily responsible for PFOA

degradation. This needs to be thoroughly investigated for confirmation purpose. While this study

was able to postulate some theories as to the interactions between TiO2-Pb/rGO and PFOA, deeper

studies using techniques like transmission electron microscopy and Fourier transform infrared are

still needed to obtain a full understanding of the whole system.
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