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Abstract

The overarching goal of this research is to develop and test a new class of carbon-
photocatalyst composites for enhanced adsorption and destruction of per- and polyfluoroalky!l
substances (PFAS) in water and field water. PFAS are ubiquitous in water, due to their widespread
applications in various industrial and consumer products, and health concerns. Yet, a cost-effective
technology has been lacking for the degradation of PFAS due to their resistance to conventional
treatment. Thus, we developed a novel ‘Concentrate-&-Destroy’ technology, using adsorptive
photocatalysts for enhanced removal of PFAS from water.

Metal-doped AC-supported titanate nanotubes (M/TNTs@AC) were synthesized based on
commercial activated carbon (ACs) and titanium oxide (TiO3), through a one-step facial alkaline
hydrothermal process followed by proper metal doping and calcination. The material synthesis
was optimized at varying AC mass contents, under different hydrothermal conditions, by doping
various metals ions, and by varying calcination temperatures. Based on the experimental results,
the highest photocatalytic mineralization efficiency of pre-sorbed perfluorooctane sulfonic acid
(PFOS) was up to 66.2% using the 2 wt.% Ga/TNTs@PFiltrosorb-400® granular activated carbon
composite photocatalyst synthesized under the optimum parameters, 50 wt.% of Filtrosorb-400®
granular activated carbon, 130 °C of hydrothermal temperature, 72 h of hydrothermal duration,
and 550 °C of calcination temperature. The superior photoactivity of Ga/TNTsS@AC is attributed
to the oxygen vacancies, which not only suppressed recombination of the e/h™ pairs, but also
facilitated O generation. Both h* and O>™ played critical roles in the PFOS degradation, which
starts with cleavage of the sulfonate group and converts it into perfluorooctanoate (PFOA) that is

then decarboxylated and defluorinated following the stepwise defluorination mechanism.



In addition, we used Ga/TNTs@AC for enhanced removal of PFAS from field water. Seven
PFAS were detected in the field water, with the most predominant PFAS being PFOS.
Ga/TNTs@AC (3 g/L) was able to remove ~98% of PFOS (spiked at 100 pg/L) from filed water
within 10 min and offered large adsorption capacity. Subsequently, 35.5% of pre-concentrated
PFOS (100 pg/L) on Ga/TNTs@AC (3 g/L) was degraded, with the defluorination rate of 25.8%.
However, addition Fe3* added in the system increased PFOS degradation to 80.4%, corresponding
with the mineralization of 70.0%. The superior photoactivity is attributed to the concurrent
complexes, including the Fe*" complex with DOM and the complex between Fe3* and PFOS.
Additionally, acidic condition is favorable for not only PFOS adsorption in field water onto
Ga/TNTs@AC, but also PFOS degradation in the presence of Fe®".

GenX, the ammonium salt of hexafluoropropylene oxide dimer acid, has been used as a
replacement for perfluorooctanoic acid. Due to its widespread uses, GenX has been detected in
waters around the world amid growing concerns about its persistence and adverse health effects.
Thus, we developed an adsorptive photocatalyst by depositing a small amount (3 wt.%) of bismuth
(Bi) onto TNTs@AC (Bi/TNTs@AC), and tested the material for adsorption and subsequent solid-
phase photodegradation of GenX. Bi/TNTs@AC at 1 g/L was able to adsorb GenX (100 pg/L, pH
7.0) within 1 h, and then degrade 70.0% and mineralize 42.7% of pre-sorbed GenX under UV (254
nm) in 4 h. The efficient degradation also regenerated the material, allowing for repeated uses
without chemical regeneration.

Overall, the adsorptive photocatalysts and the ‘Concentrate-&-Destroy’ strategy represent a
significant advancement in the treatment of PFAS. The new materials hold the promise to treat

some of the most challenging contaminants in water in a more cost-effective manner.
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Figure 5-17. Proposed photodegradation pathways of GenX by 3%BiI/TNTs@AC under UV
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Chapter 1. General Introduction

1.1. Background

Per- and polyfluoroalkyl substances (PFAS) have emerged as a major contamination concern
worldwide. For nearly 80 years, PFAS have been widely used in every-day consumer products
such as food packaging, pesticides, waterproof fabrics, carpets, non-stick cookware, masking tape,
and firefighting foams (Rahman et al. 2014). A latest study reported that PFAS were detected in
43 out of 44 tap water samples from 31 states in the US, with total PFAS concentrations ranging
from <1 to 186 ng/L (Sydney Evans 2020). Human exposure to PFAS has been linked to cancer,
elevated cholesterol, immune suppression, and endocrine disruption (Li et al. 2019). Health
concerns in the early 2000s prompted manufacturers in Europe and North America to phase out
perfluorooctanoic acid (PFOA) and (PFOS) (Land 2015). However, the past widespread uses and
the high persistency of these chemicals have left a legacy of persisting water contamination. In
addition, these legacy PFAS are still being used in other countries. A recent survey revealed that
drinking water supplies for 6 million U.S. residents exceeded the United States Environmental
Protection Agency’s (EPA) lifetime health advisory (70 ng/L) for the sum of PFOA and PFOS
(Hu et al. 2016).

Multiple actions have been taken since 2000 to limit the production and environmental release
of long-chain PFAS, including the replacement of the long-chain PFAS with shorter-chain
analogues, such as perfluorohexanedulfonic acid (PFHxS) and perfluoroether carboxylic acids
(PFECAs) (Bao et al. 2018; Wang et al. 2013). Hexafluoropropylene oxide dimer acid
(HFPO—DA), also known as perfluoro-2-propoxypropanoic acid (PFPrOPrA) belongs to the class

of PFECASs. Its ammonium salt is a substitute chemical for PFOA with a trade name GenX used
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as a processing aid in the production of fluoropolymers. However, the detection of HFPO-DA
poses a new challenge to the scientific community because of the potential adverse effects to
human health. GenX has been detected in river water downstream of fluorochemical plants in The
Netherlands, Germany, China, and United States with the highest concentration of 812, 86.1, 3100,
and 4500 ng/L, respectively (Gebbink et al. 2017; Heydebreck et al. 2015; Sun et al. 2016) .
Conventional biological wastewater treatment processes, such as activated sludge, anaerobic
digestion, and trickling filtration, are not effective in degrading PFAS owing to their strong and
stable carbon-fluorine bonds. Other treatment technologies have been investigated to remove
and/or degrade PFAS in contaminated water, including adsorption by activated carbon (AC) or ion
exchange resins, membrane filtration, chemical, and electrochemical oxidation/reduction,
photochemical decomposition, sonolysis, and incineration (Hori et al. 2005; Ross et al. 2018;
Vecitis et al. 2008). However, conventional adsorbents (AC and ion exchange resins) are much
less effective for treating short-chain PFAS. Moreover, the regeneration of the spent adsorbents
requires costly and toxic chemical solvents such as methanol, which also generates large amounts
of regenerant waste residual. In recent years, photocatalytic degradation has attracted growing
attention due to its relatively high transformation efficiency of PFAS and easier operation (Cambié
etal. 2016; Schneider et al. 2014; Wang et al. 2017). However, the current photocatalytic treatment
has been limited to directly treating a large volume of water using energy-intensive photo-
irradiation, resulting in high energy cost and generation of harmful byproducts in the treated water.
Therefore, our group proposed and tested a novel ‘Concentrate-&-Destroy’ strategy using a new
class of adsorptive photocatalysts for potentially more cost-effective degradation and
mineralization of PFAS in water (Xu et al. 2020; Zhu et al. 2021). First, PFAS are concentrated

from large volumes of contaminated water onto a much smaller volume of an adsorptive
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photocatalyst, a composite composed of a carbonaceous material and a photocatalyst.
Subsequently, the pre-concentrated PFAS are efficiently degraded or defluorinated under solar or
UV irradiation, which also regenerates the material without invoking a chemical solvent and salts.
This strategy utilizes low-cost adsorption approach to treat low-concentration PFAS in large
volumes of water, which not only facilitates the subsequent photodegradation efficiency, but also
reduces the energy input for the photodegradation and prevents the secondary contamination issues

compared to the conventional approach of treating the bulk water.

1.2. Objectives

The overarching goal of this research is to develop and test a new class of carbon-
photocatalyst composites for enhanced adsorption and destruction of PFAS in water. The specific
objectives are to:

1) Synthesize and test gallium-doped carbon-modified titanate nanotubes (Ga/TNTs@AC)
and test the material for adsorption and destruction of PFOS,

2) Prepare and optimize Ga/TNTs@AC by using various commercial ACs and photocatalysts
and by optimizing the synthesis conditions, and elucidate how material characteristics
relate to PFOS photodegradation,

3) Test the AC-photocatalyst composites for selective adsorption of target PFAS under field
water conditions and subsequently degrade the PFAS under UV irradiation,

4) Examine the effect of water matrix on PFAS adsorption and photodegradation, and explore
engineered means to enhance the photocatalytic mineralization of pre-sorbed PFAS,

5) Prepare and test bismuth-doped carbon-modified titanate nanotubes (Bi/TNTs@AC) for

adsorption and photocatalytic degradation of GenX,
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6) Elucidate the adsorption and photocatalytic mechanisms.
1.3. Organization

This dissertation includes six chapters. Except for Chapter 1 (General Introduction) and
Chapter 6 (Conclusions and Suggestions for Future Research), each chapter of this dissertation is
formatted in the journal style of Water Research.

Chapter 1 gives a general introduction of the background and the overall objectives of this
dissertation. Chapter 2 describes the synthesis, optimization, and testing of M/TNTs@AC under
various synthesis conditions toward PFOS mineralization under UV irradiation, including the type
and amount of doping metals on TNTs@AC, type and amount of ACs, hydrothermal reaction
temperatures and duration, and calcination temperature. Chapter 3 illustrates the effectiveness of
Ga/TNTs@AC toward PFOS adsorption and solid-phase photodegradation rate. Based on the
characterizations, the reaction mechanisms are explored. This chapter is based on the information
that has been published in Chemical Engineering Journal (Zhu et al. 2021). Chapter 4 presents a
‘Concentrate-&-Destroy’ strategy using a photo-regenerable adsorbent (Ga/TNTs@AC) for
enhanced adsorption and photocatalytic degradation of PFAS in field water. Chapter 5
investigates the GenX removal and photodegradation rate using Bi/TNTs@AC. This chapter is
based on the information that has been published in Water Research (Zhu et al. 2022). Chapter 6

gives some recommendations for future work.
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Chapter 2. Metal-Doped Carbon-Supported/Modified Titanate Nanotubes for
Perfluorooctane Sulfonate Degradation in Water: Effects of Preparation Conditions and

Parameter Optimization

Metal-doped AC-supported titanate nanotubes (M/TNTs@AC) have been shown promising
for photocatalytic degradation of per- and polyfluoroalkyl substances (PFAS). However, the
preparation recipe of these adsorptive photocatalysts have not yet been optimized in terms of type
and portion of precursor materials and the metal dopants as well as synthesizing conditions. To
address this knowledge gap, we prepared TNTs@AC based on a commercial TiO» and different
activated carbons (ACs) at varying TiO2:AC ratios and under different hydrothermal conditions.
In addition, a suite of dopant metals ions, including Fe3*, Bi**, Ga*', In®*, Co?*, Cu?", and Mn?*,
were compared to gauge their effect on the material photoactivity. Moreover, the effect of the
calcination temperature was also tested. The photocatalytic performance of M/TNTS@AC was
evaluated based on their effectiveness in the defluorination of the PFOS under 4-h UV irradiation
with gallium doped TNTS@AC (Ga/TNTs@AC) showing the highest degradation efficiency.
Subsequently, the preparation parameters were optimized by means of pre-sorbed PFOS
defluorination. Five synthesis parameters, including carbon source, carbon mass content,
hydrothermal treatment temperature and duration, and calcination were selected to investigate their
effects on the photocatalytic activity of the resultant composites. Based on the experimental results,
the highest photocatalytic mineralization efficiency of PFOS was up to 66.2% using the 2 wt.%
Ga/TNTs@ Filtrosorb-400® granular activated carbon composite photocatalyst synthesized under
the optimum parameters, 50 wt.% of Filtrosorb-400® granular activated carbon, 130 °C of

hydrothermal temperature, 72 h of hydrothermal duration, and 550 °C of calcination temperature.
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The catalysts were analyzed by X-ray diffraction, N> Brunauer-Emmett-Teller, UV-vis diffuse
reflectance spectrometry, and photoluminescence. Material characterizations revealed that the
superior photoactivity of 2%Ga/TNTs@AC prepared under the optimized conditions is attributed
to the smaller pore size, pure crystallized anatase phase formed during the calcination, high UV
light absorption, and oxygen defects induced by Ga*'. The toxicity of the intermediates was
predicted by the ecotoxicity analysis using ECOSAR software where the shorter-chain PFAS were
less toxic than parent PFOS.

2.1. Introduction

There have been over 4000 PFAS listed in The Organization for Economic Co-operation and
Development (OECD) Report, with around 256 PFAS or roughly 5.5% being considered
commercially relevant (Buck et al. 2021; OECD 2018). Among the most widely used and detected
PFAS are PFOS and PFOA. Due to their persistency, bioaccumulation, and ubiquitously
distribution in aquatic environments, they were phased out in early 2000s in Europe and north
America (Roth et al. 2021). Yet, these legacy chemicals remain being widely detected in aquatic
systems and drinking water, which prompted EPA to have established a lifetime health advisory
level at 70 ng/L for the sum of PFOA and PFOS.

Titanate nanotubes (TNTS), derived from TiO2, offer some unique advantages such as high
specific surface area (SSA), ion-exchange capability, and photocatalytic activity. However, the
negative and hydrophilic surface of TNTs is unfavorable for adsorption and photocatalytic
degradation of anionic PFAS such as PFOA and PFOS. To overcome this, we prepared an activated
carbon (AC) supported/modified TNTs, namely TNTs@AC, through an alkaline hydrothermal
method (Liu et al. 2016). To further enhance the specific interactions with PFOA and PFOS and

the photocatalytic activity, we doped TNTs@AC with various photoactive metal oxides.
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However, while such metal-doped TNTS@AC (or M/TNTs@AC) composites have
demonstrated great potential for adsorption and photocatalytic degradation of anionic PFAS, the
material preparation has not been systematically optimized. Information is lacking on the effects
of precursor materials (TiO2 and ACs), their relative contents, the type and amount of the dopant
metals, the hydrothermal treatment conditions (temperature and duration), and calcination
temperature. Understanding the effects of these factors will facilitate tuning and optimizing the
material preparation to achieve best treatment performances according to the characteristics of the
target PFAS.

As such, the overall goal of this study was to optimize M/TNTs@AC by using different
dopant metals and various commercial ACs and by tuning the synthesis conditions. The material
performance was evaluated based on defluorination (i.e., conversion of fluorine in PFAS into
fluoride) of PFOS pre-sorbed on the materials under 4-h UV irradiation. The specific objectives
were to evaluate the effects of (1) the type and amount of doping metals on TNTS@AC, (2) type
and amount of ACs, (3) hydrothermal reaction temperature and duration, (4) calcination
temperature. In addition, we also evaluated the acute and chronic toxicity of the photodegradation
byproducts.

2.2. Materials and methods
2.2.1. Chemicals

All chemicals were of analytical grade or higher. Nano-TiO, Degussa P-25 (80% anatase and
20% rutile) was purchased from Evonik Industries (Worms, Germany). Filtrosorb-400® granular
activated carbon (GAC) (F400) was acquired from Calgon Carbon Corporation (PA, USA).
Darco® granular activated charcoals with a mesh size of 4-12 (D4-12) and 20-40 (D20-40), and a

Darco® G-60 (D60) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Norit 1240 EN®
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GAC (NAC1240) and HydroDarco® 820 (HD820) were purchased from Cabot Corporation
(Boston, USA). Table 2-1 provides salient properties of these materials. All materials were used
as received. PFQOS, anhydrous gallium(lI1) chloride, iron(lll) chloride hexahydrate, copper(ll)
chloride anhydrous, cobalt(Il) chloride hexahydrate, manganese(ll) chloride tetrahydrate,
bismuth(111) chloride, anhydrous indium(l11) chloride, and sodium hydroxide were obtained from
VWR International (Radnor, PA, USA). All solutions were prepared using deionized (DI) water
(18.2 MQ cm).

Table 2-1. Key physicochemical properties of various parent carbons.

Particle size Pore volume (cm®/g)
Sample BET surface area (m?/g)
(mm)
F400 1012.0 (Morlay et al. 2012) 0.25-0.5 0.570 (Morlay et al. 2012)
D4-12 293.98+6.26 1.68-4.76 0.157
D20-40 483.15+6.62 0.420-0.841 0.261
NAC1240 828.23+20.42 0.420-1.68 0.429
HD820 557.04+8.80 0.841-2.38 0.298
D60 717.54+15.56 <0.15 0.393

2.2.2. Preparation of M/ITNTs@AC

M/TNTs@AC was synthesized based on our prior work (Zhu et al. 2021). First, TNTs@AC
was prepared through a modified one-step hydrothermal method (Liu et al. 2016). Typically, 0.6,
0.8,1.2,1.8, 0r 2.4 g of F400 and 1.2 g of TiO2 were mixed in 66.7 mL of a 10 M NaOH solution.
According to the different F400 mass contents in the composite (mass of F400/total mass of TiO>

and F400), the resulting materials were denoted as 33%, 40%, 50%, 60%, and 67% F400,
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respectively. After magnetic stirring for 12 h, the mixture was transferred into a 100 mL Teflon
reactor with a stainless-steel cover and heated at a controlled temperature in the range of 130-200
°C (to gauge the temperature effect) for 24-72 h (to test the reaction time effect). Upon cooling,
the resulting solids (TNTs@AC) were separated upon gravity settling and washed with DI water
until neutral pH, and then oven-dried at 105 °C. No fluoride was detected in the resulting material.

Subsequently, 1 g of dried TNTs@AC was dispersed in 80 mL DI water under continuous
stirring, and then 4 mL of a metal solution (5 g/L as M) was added dropwise into the TNTS@AC
suspension over a pH range of 4.0-6.0 (M = Fe®*, Bi®*, Ga*', In®, Co?*, Cu?*, or Mn?*). After
stirring for 3 h, which was sufficient for complete adsorption of the metals onto the TNTs, the
particles were separated by removing the supernatant, and then oven-dried at 105 °C. Based on the
initial and final concentrations of metal ions in the aqueous phase, >99.9% of M was taken up by
TNTs/AC. In addition, <0.01 wt.% of Ti was dissolved in the supernatant during the M-doping.
Finally, the solid particles were subjected to calcination at 350 °C-650 °C (to evaluate calcination
temperature effect) with a temperature ramp of 10 °C/min and under a nitrogen flow of 100
mL/min. Based on the percentage mass content of M, the resulting composites were denoted as
wt.%M/TNTs@AC.

The following synthesis conditions were varied: carbon source (D20-40, D4-12, NAC1240,
HD820, D60, and F400), carbon mass contents as wt.% (33%, 40%, 50%, 60%, and 67% AC),
hydrothermal treatment temperature (130, 150, 165, 180, and 200 °C); hydrothermal treatment
time (24 , 48, and 72 h), and calcination temperature (350, 450, 550, and 650 °C).

2.2.3. Characterization
Most promising materials were characterized to understand the relationship between material

characteristics and the photocatalytic activity. The surface morphologies and microstructures were
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characterized by scanning electron microscopy (SEM S-4800, Hitachi, Japan). The crystal phases
of the materials were identified through X-ray diffraction (XRD) analysis using a Rigaku Ultima
IV powder diffractometer (Tokyo, Japan) with Cu Ka radiation (A = 1.5418 A). XRD spectra
were collected between 5° to 80° two-theta angles with a 2 °/min scan speed. The N2 Brunauer-
Emmett-Teller (BET) SSA and pore volume of the materials were analyzed by nitrogen
adsorption-desorption (Micromeritics ASAP 2460, USA). The photoluminescence (PL) spectra
were obtained on an FLS1000 photoluminescence spectrometer (Edinburgh Instruments, UK)
equipped with a xenon source at an excitation wavelength of 254 nm. The UV-vis diffuse
reflectance spectrometry (UV-DRS) analysis was performed on a Shimadzu UV-3600i Plus
spectrophotometer.

2.2.4. Adsorption and subsequent solid-phase photodegradation of PFOS

Adsorption test was performed in the dark using 40 mL high-density polypropylene (HDPE)
vials. The reaction was initiated by mixing 40 mL of a PFOS solution (100 pg/L) and 0.12 g of a
M/TNTs@AC, with the pH adjusted to 7.0 + 0.1. The vials were then placed on a rotator (100
rpm) located in an incubator at 25 °C.

Upon PFOS adsorption equilibrium, nearly all PFOS (100 pg/L) in the solution was
transferred and pre-concentrated on the solid materials. Upon removal of the solution, the PFOS-
laden particles were transferred to a quartz-dish along with 10 mL of DI water, and then placed
into a quartz tray (ODxH = 6x1.5 cm) with a quartz cover. The photoreactor was then placed in a
Rayonet chamber UV-reactor (Southern New England Ultraviolet CO., Branford, CT, USA)
equipped with 16 RPR-2537 A lamps. The light intensity was 210 W/m?at the edge (1.5 in or 3.81
cm to the nearest lamp) of the quartz tray and 128 W/m? at the center. The solids in the quartz

photo-reactor were manually shaken intermittently to facilitate the UV exposure (for large reactors,
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the solid-liquid slurry can be stirred continuously as commonly practiced in photocatalytic
processes). After 4-h UV irradiation, the mixtures were sacrificially filtered through a 0.22 pm
polyether sulfone (PES) membrane (>99% PFOS recovery). Then, the liquid was collected for
fluoride analysis. Duplicate experiments were carried out for each time point. Defluorination of
PFOS was quantified based on the fluoride concentration in the aqueous phase. Fluoride adsorption
on the solid phase sample during the photodegradation process was negligible. To confirm, the
solid sample after the photodegradation was extracted using 20 mL of a 1 M NaOH solution. The
extractant was then neutralized by a 2 M HCI solution to 7.0 + 0.5 and then filtered with a 0.22
pm PES membrane. No fluoride was detected in the filtrate.
2.2.5. Chemical analysis

Aqueous F~ was analyzed by ion chromatography (Dionex, CA, USA) equipped with an anion
exchange column (Dionex lonpac AS22) and an anion dynamically regenerated suppressor (ADRS
600, 4mm). The detection limit was 10.00 + 0.01 pg/L. Dissolved metals in aqueous phase were
determined on an inductively coupled plasma-optical emission spectroscopy (ICP-OES, 710-ES,
Varian, USA).
2.3. Results and discussion
2.3.1. Effect of metal dopants on PFOS photodegradation

Based on our prior work, the photocatalytic activity of TNTs@AC can be strongly affected
by the metal dopant. To optimize the type and amount of the metals, a suite of commonly used
metal dopants was screened at an identical concentration of 2 wt.%, including Mn?*, Cu?*, In®*,
Co%*, Fe®*, Bi**, and Ga®'. In all cases, the metal ions were first adsorbed onto TNTsS@AC, and
upon oven-drying, the composites were calcined at 550 °C under N». Figure 2-1(a) shows the

XRD patterns of the synthesized samples doped with the different metals. The XRD patterns for
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2%In/TNTsS@AC, 2%BI/TNTS@AC, 2%Fe/TNTs@AC, and 2%Ga/TNTs@AC nearly resembled
one other, where the peaks at 25.3°, 37.8°, 48.0°, 53.9°, 55.0°, and 62.7° are indexed to the (101),
(004), (200), (105), (211), and (204) planes of tetragonal anatase, respectively (JCPDS-ICDD No.
21-1272). Moreover, no typical diffraction peaks belonging to Ga were observed for
2%Ga/TNTs@AC, which agrees with the prior report that the presence of Ga altered the titanate
lattice after the calcination and no evident diffraction for Ga,Oz was observed owing to the
substitution of Ti** by Ga®*" (Zhu et al. 2021). However, a weak peak at 24.4° corresponding to
Na>TizO7 (JCPDS-ICDD No. 31-1392) was observed for 2%In/TNTs@AC and 2%Bi/TNTs@AC.
Referring to 2%In/TNTs@AC, the anatase peaks significantly weakened compared to those for
the others. For 2%Bi/TNTS@AC, two additional peaks emerged at 27.2° and 39.6° in
2%BI/TNTs@AC sample, which are consistent with the JCPDS-ICDD No. 44-1246 representing
metallic Bi. Notably, XRD patterns for the samples doped with divalent metal ions (Mn?*, Cu?",
and Co?*) displayed more evident and new characteristic peaks at 24.4°, 31.7°, 32.7°, 43.9°, 45.5°,
47.6°, and 56.5° compared to those doped by trivalent metal ions (In®, Fe**, Bi®*, and Ga®"). The
peaks at 24.4°, 31.7° and 43.9° are ascribed to sodium tri-titanate (NazTisO7), whereas those at
32.7°, 45.5°, 47.6°, and 56.5° correspond to NaosTi4Og (JCPDS-ICDD No. 73-1400), suggesting
the coexistence of NazTisO7 and NagsTizOs in 2%Mn/TNTS@AC, 2%Cu/TNTs@AC, and
2%Co/TNTs@AC (Chen et al. 2012). The formation of NaosTisOs might be owing to the
dehydration of interlayered —OH from the titanate nanostructure, while Na® ions remain
chemically bonded to [TiOe¢] octahedral layers (Dostani¢ et al. 2019). As a consequence, the crystal
anatase phase was formed when the samples were doped by the trivalent metals, while the anatase
peak intensities decreased in the sequence of 2%Ga/TNTS@AC > 2%Fe/TNTs@AC >

2%BI/TNTS@AC > 2%In/TNTs@AC. On the other hand, the divalent metal ions deposited on
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TNTs@AC (Mn?*, Cu?*, and Co?) facilitated the formation of the tri-titanate phase, where
Na>TisO7and NaosTisOg were the dominant crystal structures. Generally, the tri-titanate phase was
transformed into the anatase phase upon the calcination, leading to a greater photocatalytic activity
due to the improved separation of photo-generated charge carriers (sodium tri-titanate has much
lower photocatalytic activity than anatase owing to the sodium content in titanate and the higher
bandgap value (3.7 eV for Na>TizO7 and 3.2 eV for anatase)) (Haque et al. 2017; Vithal et al. 2013;
Zhang et al. 2015). Besides, the anatase phase could facilitate light absorption (Wang et al. 2012b)
(Figure 2-1b).

Figure 2-1b shows the UV-vis DRS spectra for the metal-doped TNTs@AC. All samples
exhibited high light absorption in the UV range of 200-320 nm, where a slightly higher absorption
intensity was observed for the materials doped with trivalent metals. Overall, the light absorption
followed the order of In® > Ga®* > Co?" > Fe®* > Bi** > Mn?* > Cu?*. Notably, all composites
(except for Co/TNTs@AC) showed a sharp absorption edge at ~320-360 nm (Xu et al. 2014),
where the introduction of Fe®* and Mn?* resulted in much lowest light absorbance. Thus,
2%Ga/TNTs@AC, the only one with a pure anatase phase as confirmed by XRD, exhibited the
greatest light absorption throughout the UV and visible range (200-800 nm).

Figure 2-2a depicts the PL spectra of the various M/TNTs@AC composites. A prominent
peak at ~358 nm was observed in the composites deposited with Bi**, Fe3*, and In®*, which can be
ascribed to the emission of band gap transition related to the anatase structure of TiO (Taieb et al.
2016). This result is in agreement with the XRD analysis confirming the anatase phase in the
samples. A new PL peak was observed for CU/TNTsS@AC at 348 nm, which was from band edge
emissions resulting from the electron-hole recombination of the free excitations in CW/TNTs@AC

(Jamila et al. 2020). In addition, the PL spectra for Ga/TNTs@AC exhibited a wide blue emission
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PL peak at about 434 nm, which originated from the recombination of excited electrons trapped in
the oxygen vacancies with the holes created above the valence band (Kim and Shim 2007; Vasanthi
et al. 2019). The observation is in accord with the results reported by Zhu et al. (2021), though the
peak associated with the Ga-induced oxygen vacancies occurred at ~550 nm. Nevertheless, this
prominent peak at 434 nm was not observed for other materials, indicating that only
Ga/TNTs@AC generated the oxygen vacancies due to the embedded Ga®*. The oxygen vacancies
facilitate the adsorption of molecular Oz, which reacts with the photo-induced electrons and free
electrons on the oxygen vacancies to generate O>" and free up holes that are responsible for the
enhanced solid-phase photocatalytic degradation of PFOS by 2%Ga/TNTs@F400 (Zhu et al.
2021).

Figure 2-2b compares the photocatalytic activities of the M/ITNTS@AC composites doped
with various metal when used for defluorination of pre-sorbed PFOS. After 4 h of UV-light
irradiation, 2%Ga/TNTs@F400 and 2%Bi/TNTs@F400 clearly outperformed the other
counterparts, with a PFOS mineralization of 66.2% and 60.3%, respectively. 2%Mn/TNTs@F400
was least effective with only 11.2% of PFOS defluorinated. Based on the defluorination rates, the
photocatalytic activity for the materials followed the rank of 2%Ga/TNTs@F400 (66.2%) >
2%Bi/TNTs@F400 (60.3%) > ; > 2%Fe/TNTs@F400 (36.4%) > 2%Co/TNTs@F400 (33.1%) >
2%In/TNTs@F400 (30.3%) > 2%Cu/TNTs@F400 (18.4%) > 2%Mn/TNTs@F400 (11.2%).
Taken together the observations from XRD analysis, PL, and UV-vis diffuse reflectance spectra,
the superior photoactivity of Ga/TNTs@AC toward PFOS is attributed to: 1) the nearly 100% pure
anatase phase in 2%Ga/TNTs@AC after the calcination, which is generally regarded as the more
photochemically active phase of titania owing to the combined effect of lower rates of e/h*

recombination and higher surface adsorptive capacity (Hurum et al. 2003); 2) the enhanced UV
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light absorption; and 3) the generation of oxygen vacancies induced by the substitution of Ti*" by

Ga®*, facilitating the separation of the e/h* pairs and generation of O,
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Figure 2-1. (a) XRD pattens and (b) UV-DRS spectra of TNTs@AC doped by various metals (2

wt.%). Experimental conditions for material synthesis: F400 mass content =

50%, NaOH

concentration = 10 M, hydrothermal treatment temperature = 130 °C, duration = 72 h, calcination
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Figure 2-2. (a) PL spectra (b) Defluorination of PFOS under 4-h UV irradiation by TNTs@AC
doped by various metal ions (2 wt.%) following the conditions in Figure 2-1. Conditions for
adsorption: initial PFOS concentration = 100 pg/L, material dosage = 3 g/L, pH =7 = 0.1, and
adsorption time = 4 h; Conditions for photodegradation: initial PFOS concentration = 100 pg/L,
material dosage = 3 g/L, pH = 7 + 0.1, UV intensity = 210 W/m?, reaction time = 4 h. Data are

plotted as mean of duplicates with error bars indicating deviation from the mean.

2.3.2. Effect of type of AC on PFOS photodegradation

To investigate the effects of the parent carbon type, a suite of commonly used ACs were
employed in the preparation of the Ga/TNTs@AC composites, including F400, GAC D4-12, D20-
40, NAC 1240, D60, and HD 820. In all cases, 2 wt.% Ga was doped. Table 2-1 gives the BET
SSAs and particle sizes of these parent carbons. Notably, F400 gives the largest SSA and pore
volume of 1012.0 m?/g and 0.570 cm®/g, respectively. In addition, the particle size for F400 (0.25-
0.5 mm) was also smaller than most of the other ACs except for D60 (<0.15 mm).

However, 2%Ga/TNTs@F400, 2%Ga/TNTs@NAC1240, 2% Ga/TNTs@HD820, and
2%Ga/TNTs@D60 showed a much decreased SSA of 341.03, 415.95, 407.72, and 366.41 m?/g,
respectively, while Ga/TNTs@D4-12 and Ga/TNTs@D20-40 exhibited a similar SSA to that of
the parent carbons (Table 2-2). The results indicate that the alkaline hydrothermal treatment, the
subsequent Ga decomposition, and calcination has negligible effect on SSA of the Darco® carbon
(D4-12 and D20-40) and TiO., whereas these modifications resulted in notable alteration of the
pores and SSA for the other ACs. It can be deduced that the reduction of SSA is attributed to the
blockage of the interior sites inside the parent ACs due to the hydrothermal treatment and the

conversion of larger pores of TNTs into smaller micropores in composite (Li et al. 2020a; Liu et
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al. 2016). As illustrated in Figure 2-3, due to the surface phase blending, a layer of mixed AC-
TNTs-Ga phases is attached to the exterior of AC, resulting in partial blockage of the core sites
inside the AC particle. Consequently, the major adsorption sites are shifted from the pure AC phase
to the photoactive mixed phases, with the deep core AC sites largely unused. From a photocatalysis
viewpoint, the accumulation of PFAS on the photoactive shell sites is conducive to the subsequent
photocatalytic degradation reaction due to easily photon access and facilitated mass/electron

transfer.

Table 2-2. BET-based specific surface areas and pore volumes of 2%Ga/TNTs@AC with various

carbon sources.

BET surface area

Carbon Pore size (hm)
(m?/g)
2%Ga/TNTs@F400 341.03+3.71 5.87
2%Ga/TNTs@D4-12 293.21+4.58 7.02
2%Ga/TNTs@D20-40 434.78+3.77 6.63
2%Ga/TNTs@NAC1240 415.95+10.41 541
2%Ga/TNTs@HD820 407.72+6.12 6.37
2%Ga/TNTs@D60 366.41+7.05 7.12

Figure 2-4a shows that all of the composite materials were able to adsorb >99% of PFOS
within 4 h. Figure 2-4b shows how the various carbon precursors affected the PFOS

mineralization. Evidently, 2%Ga/TNTS@AC prepared with F400 displayed the highest
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defluorination of 66.2% after 4 h of the UV irradiation. Overall, the defluorination rates by
2%Ga/TNTs@AC prepared with the different carbonaceous materials follow the sequence of:
F400 (66.2%) > D60 (47.2%) > D20-40 (34.9%) > NAC1240 (33.6%) > HD820 (23.9%) > D4-12
(22.6%).

F400 has been known to offer higher adsorption rates for long-chain PFAS than other
common ACs (Gagliano et al. 2020). The smaller pore size of 2%Ga/TNTs@F400 can be
attributed to the formation of AC-Ga-TNTs mixed phases. Such microscale mixed phases can
facilitate a corporative adsorption mode through hydrophobic interactions between the tail of
PFOS and carbon particles and electrostatic/complexation interactions between the metal
(hydr)oxides and the head group of PFOS (Li et al. 2002; Yuan et al. 2005). Moreover, the smaller
particle size of F400 is also beneficial for UV exposure because of elevated absorption and back
scattering of the light (Pefia et al. 2001). Besides, Smaller particle size gives shorter mass transfer
paths for the degradation products to reach the surface, facilitating the subsequent photocatalytic
degradation. Moreover, the sharp drop in SSA from parent F400 to 2%Ga/TNTs@F400 indicates
the blockage of the interior sites upon the hydrothermal alkaline treatment (Figure 2-3) and a
major conversion of the adsorption sites from intraparticle pores for the parent AC to the shell of
the composite materials, which are not only accessible for PFOS, but also reachable by photons as
well as the photo-generated charge carries and reactive oxygen species. Consequently, F400 was
considered the most suitable AC, and 2%Ga/TNTs@F400 was employed for further optimization

in the subsequent experiments.
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Figure 2-3. Conceptualized representation of adsorption sites for AC and Ga/TNTs@AC.
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Figure 2-4. (a) Adsorption and (b) defluorination of PFOS under 4-h UV irradiation by
2%Ga/TNTs@AC prepared with various carbons. Experimental conditions for material synthesis:
carbon mass content = 50%, hydrothermal treatment time = 72 h, hydrothermal reaction
temperature = 130 °C, NaOH concentration = 10 M, calcination temperature = 550 °C, and
calcination duration = 3.5 h; Conditions for adsorption: initial PFOS concentration = 100 pg/L,
material dosage = 3 g/L, pH = 7 £ 0.1, and adsorption time = 4 h. Data are plotted as mean of

duplicates with error bars indicating deviation from the mean.
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2.3.3. Effect of F400 mass content on PFOS adsorption and photoactivity of
2%Ga/TNTs@F400

To examine the effect of the mass content of F400, the composite materials were prepared
with five different mass contents of F400Ga/TNTs@33%F400, Ga/TNTs@40%F400,
Ga/TNTs@50%F400, Ga/TNTs@60%F400, and Ga/TNTs@67%F400, where the percentiles
indicate the mass contents of F400 based on the total mass of F400 and TiOz. Table 2-3 lists the
SSAs of the resulting composites. The SSA increased from 130.91 m?g for
2%Ga/TNTs@33%F400 to 349.42 m?/g for 2%Ga/TNTs@67%F400, respectively, with
increasing F400 content. This suggests that more AC sites were added to the composite materials
when more F400 was present.

Figure 2-5a compares the XRD patterns of the composite materials prepared by varying the
parent F400 mass contents. For Ga/TNTs@50%AC, the peaks observed at 25.3°, 37.8°, 48.0°,
53.9°, 55.0°, 62.7°, 68.8°, 70.3°, and 75.0° are indexed to (101), (004), (200), (105), (211), (204),
(116), (220), and (215) planes of tetragonal anatase. However, no apparent anatase peaks emerged
in the XRD patterns of Ga/TNTs@60%AC and Ga/TNTs@40%AC, while new peaks appeared at
9.9°, 24,4°, 28.6°, and 48.3°. These new peaks are all ascribed to sodium tri-titanate Na,TisOy,
suggesting that NaxTisO7 in TNTs was not effectively transformed into anatase in
Ga/TNTs@60%AC and Ga/TNTs@40%AC. The XRD patterns for Ga/TNTs@33%AC and
Ga/TNTs@67%AC nearly resemble that of Ga/TNTs@60%AC, though six distinctive peaks were
observed at 27.3°, 31.7°, 45.4°, 56.4°, 66.2°, and 75.3° corresponding to the characteristic peaks
of NaCl (JCPDS-ICDD No. 05-0628) (Chen et al. 2012). The observations insinuate that the
crystallite growth of anatase was highly dependent on the initial AC content, and the formation of

the photoactive anatase phase during the material calcination was suppressed when the F400 mass
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content deviates from the optimal 50 wt.%. The poorly crystallized phase of anatase predicts a
poor photocatalytic activity.
Table 2-3. BET-based specific surface areas of 2%Ga/TNTs@F400 prepared with various F400

mass contents.

Material BET surface area (m?/g)
2%Ga/TNTs@33%F400 130.91+1.20
2%Ga/TNTs@40%F400 264.01+2.33
2%Ga/TNTs@50% F400 341.03+3.71
2%Ga/TNTs@60% F400 347.29+3.89
2%Ga/TNTs@67% F400 349.42+3.64
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Figure 2-5. (a) XRD patterns and (b) PL spectra of 2%Ga/TNTs@AC prepared with various AC
(F400) mass contents. Experimental conditions for material synthesis: AC = F400, hydrothermal
treatment time = 72 h, hydrothermal reaction temperature = 130 °C, NaOH concentration = 10 M,

calcination duration = 3.5 h, and calcination temperature = 550 °C.
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PL emission spectra were obtained to investigate the separation efficiency of the photoexcited
e/h* pairs for Ga/TNTs@AC prepared with various contents of F400 at room temperature under
a xenon lamp at 254 nm (Figure 2-5b). Generally, a low PL intensity is indicative of a high
separation efficiency of e/h™ pairs. Notably, all samples exhibited a similar broad peak centered
at approximately 434 nm, which can be ascribed to the oxygen vacancies owning to the substitution
of Ti** by Ga*" (Kim and Shim 2007; Lu et al. 2018). The highest emission peak intensity was
observed for Ga/TNTs@67%AC, and it decreased sharply when the AC content was decreased
t060 wt.%, and further decreased to the lowest level when the AC content was decreased to 50
wt.%. Further decreasing the carbon content to 40 wt.% and 33 wt.% resulted in a slight rebound
of the peak intensity. The results indicate that Ga/TNTs@50%AC offered the highest level of
oxygen vacancies, which played a critical role in the separation of the e/h* pairs, resulting
extended lifetime of the charge carriers (Zhu et al. 2021).

Figure 2-6 shows the defluorination rates of PFOS pre-sorbed on Ga/TNTs@AC prepared at
different F400 mass contents after 4-h UV irradiation. In accord with the levels of the oxygen
vacancies, the heist PFOS defluorination (66.2%) was attained at a TiO2/F400 ratio of 1/1.
Increasing the AC content to 60 wt.% and 67 wt.% resulted in a sharp drop of the defluorination
to 43.3% and 36.0%, respectively. In addition to oxygen vacancy effect of the recombination rate
of the e/h™ pairs, excessive AC patched on the photocatalysts may partially block the UV light
(Ali et al. 2019), and elevated fraction of the pure carbon phase is not photoactive although the
SSA of the composite increased with increasing F400 content. Moreover, the observed
defluorination rates are also in line with the XRD spectra, which predicted the highest

photoactivity for Ga/TNTs@50%F400 based on the content of the pure anatase phase.
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Figure 2-6. Photocatalytic defluorination of PFOS pre-sorbed on using 2%Ga/TNTs@AC
prepared with various AC (F400) mass contents following the conditions in Figure 2-5. Conditions
for adsorption: initial PFOS concentration = 100 pg/L, material dosage =3 ¢g/L, pH=7 £0.1, and
adsorption time = 4 h; Conditions for photodegradation: pH = 7 + 0.1, UV intensity = 210 W/m?,
reaction time = 4 h. Data are plotted as mean of duplicates with error bars indicating deviation

from the mean.

2.3.4. Effects of hydrothermal treatment time and temperature

To explore the effects of hydrothermal treatment time and temperature, Ga/TNTS@AC was
prepared by varying the hydrothermal treatment time (24, 48, and 72 h) and temperature (130, 150,
165, 180, and 200 °C), and then characterized the material morphologies and crystalline structures
and tested the photoactivities for PFOS defluorination. In all cases, F400 was used at a TiO2/AC
ratio of 1/1, and Ga was doped at 2 wt.%. Figure 2-7 shows the SEM images of Ga/TNTs@AC
prepared with various hydrothermal treatment durations and temperatures. Figure 2-7a shows that
at 130 °C for 24 h, the bulk precursor materials (TiO2) remained nearly intact, and no TNTs and

AC nano/microparticles formed. At 150 °C for 24 h (Figure 2-7b), a fraction of the TiO, particles
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was apparently transformed into broken rods with some AC petals grafted. When the hydrothermal
temperature was increased to 165 °C and 180 °C for 24 h, rod-like structures grew longer, with
some nano- or microscale AC particles attached (Figures 2-7c and 2-7d). Moreover, more
intensive rod-like tubular structures were formed when the temperature was elevated to 200 °C
(Figure 2-8). The results indicate that elevating the hydrothermal treatment temperature facilitated
the conversion of TiO; into the rod-like structures and particle breakage of AC into flower-like
nano- or microparticles.

Comparing the samples prepared at 130 °C but with various hydrothermal treatment times
(Figures 2-7a, 2-7e, and 2-7i) reveals that much finer, wool-like nanotubes were developed with
prolonged treatment times. Specifically, bundle- or clustered structures were obtained with 48 h
treatment, though the AC and TNTs phases appeared largely separate. Increasing the treatment
time to 72 h resulted in the nanowire-like nanotubes grafted onto the surface of AC. Meanwhile,
some carbon particles are attached on TNTs, forming the TNTs-AC mixed micro-phases. This
observation is in accord with the report by Hu et al. (2011) that increasing hydrothermal treatment
reaction time may increase the length of the TNTs. The results also agree with the measured change
in SSAs and the postulated core-shell structure (Figure 2-3).

Figures 2-7d, 2-7h, and 2-7i show the SEM images of the samples prepared at 180 °C and
with different hydrothermal treatment times (24, 48 h, and 72 h). By increasing the treatment
duration to from 24 h to 48 h, interwoven nanotubes were observed mixed with decomposed AC
particles; yet, further increasing the treatment time to 72 h converted the fine nanotubes into larger
slabs as separate phases. Similar morphology was also observed in the samples treated at 165 °C
for 48 h and 72 h (Figures 2-7g and 2-7k), while the mixed-phases of carbona and interwoven

TNTs were observed at the lower hydrothermal treatment temperatures (150 °C and 130 °C)
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(Figures 2-7j and 2-7i). These results suggest that the transformation from TiO2 to TNTs and
further to slabs is dependent on the hydrothermal treatment duration and temperature, which is

also related a critical phase-transformation pressure (Elsanousi et al. 2007).

165.°C 72 h|

Figure 2-7. SEM images of 2%Ga/TNTs@AC under various hydrothermal reaction times and
temperatures but otherwise identical conditions. Experimental conditions for material synthesis:
mass content of F400 = 50 wt.%, NaOH concentration = 10 M, Ga = 2 wt.%, calcination

temperature = 550 °C, and calcination duration = 3.5 h.
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Figure 2-8. SEM images of 2%Ga/TNTs@AC under hydrothermal treatment condition at 200 °C

for 24 h following the conditions in Figure 2-7.

Figure. 2-9a shows the XRD patterns of the composites prepared at various hydrothermal
treatment temperatures but for fixed a time of 24 h. At 130 °C, the diffraction peaks at 26 of 27.3°,
31.7°, 45.4°,56.4°, 66.2°, and 75.3° belong to crystal NaCl, with only a small XRD peak emerged
at 48.6° attributed to Na>TizOy. This result is in agreement with the observation from SEM image
(Figure 2-7a), where no obvious TNTs observed after 24 h hydrothermal treatment at 130 °C.
Notably, the peaks of NaCl vanished completely when the temperature was raised to 150 °C, while
the peaks for Na TisO7 emerged at 9.8°, 24.4°, 28.3°, 48.6°, and 62.9°. Further elevating the
temperature to 165 °C led to the similar XRD patterns, though the diffraction peak intensity
decreased slightly. At 180 °C, the diffraction peaks at 25.3°, 37.8°, and 48.1° are indexed to the
crystalline anatase phase. However, when the hydrothermal treatment temperature was elevated to
200 °C, the anatase peak intensity decreased and a new peak emerged at 12.8° corresponding to
(101) plane of Na>TizO7besides a minor shift in 20 values (Reddy et al. 2016), indicating excessive

temperature could transfer the anatase phase back to Na,TizO.
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Figure 2-9b compares the XRD patterns of the samples prepared under various hydrothermal
treatment temperatures but at a fixed time of 48 h. At 130 °C, while the characteristic diffraction
peaks due to NaCl still occurred, a new XRD diffraction peak at 53.9° for anatase emerged. The
observation is consistent with the SEM images, indicating conversion of TiO: into TNTSs.
Moreover, at elevated temperatures (150 °C-180 °C), the NaCl peaks disappeared completely and
Na>TisO7 peaks emerged .

Figure 2-9c compares the XRD patterns of samples prepared at temperatures from 130 °C to
180 °C and with a treatment time of 72 h, the diffraction pattern at 130 °C was nearly identical to
that of pure anatase phase. In contrast, at the higher temperatures, the diffraction peaks for the
anatase phase diminished, whereas the tri-titanate phase emerged. This is attributed to the
suppression of anatase transformation by the excessive tri-titanate formed during the hydrothermal
treatment, due to the low loading of Ga (2 wt.%) (Zhu et al. 2021). Zhu et al. (2021) investigated
that the presence of Ga altered the titanate lattice after the calcination, facilitating the

transformation of anatase.
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Figure 2-9. XRD patterns of 2%Ga/TNTs@F400 under hydrothermal treatment conditions (a) for

24 h at various temperature, (b) for 48 h at various temperature, and (c) for 72 h at various
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temperature. Experimental conditions for material synthesis: F400 mass content = 50%, NaOH
concentration = 10 M, calcination duration = 3.5 h, and calcination temperature = 550 °C. Data are

plotted as mean of duplicates with error bars indicating deviation from the mean.

Figure 2-10. Defluorination of PFOS under 4-h UV irradiation by 2%Ga/TNTs@AC prepared
with various hydrothermal reaction temperature and duration following the conditions in Figure
2-9. Conditions for adsorption: initial PFOS concentration = 100 pg/L, material dosage = 3 g/L,
pH = 7 £ 0.1, and adsorption time = 4 h; Conditions for photodegradation: initial PFOS
concentration = 100 pg/L, material dosage = 3 g/L, pH = 7 + 0.1, UV intensity = 210 W/m?, and
reaction time = 4 h. Data are plotted as mean of duplicates with error bars indicating deviation

from the mean.
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Figure 2-10 compares the 4-h difluorination rates of PFOS pre-sorbed on Ga/TNTs@AC
prepared under the various hydrothermal alkaline conditions. For the materials prepared with a
hydrothermal treatment duration of 24 h at various temperatures, the photocatalytic performances
followed the order of: 130 °C sample (10.8%) < 150 °C sample (24.2%) < 165 °C sample (38.8%)
< 180 °C sample (55.5%)> 200 °C (38.1%). Namely, the highest defluorination was observed at
180 °C. However, the defluorination was decreased from 55.5% to 48.4% and 31.8% when the
hydrothermal treatment time was increased from 24 h to 48 h and 72 h at 180 °C, respectively. In
addition, the defluorination was also lowered when the temperature was decreased to 165 °C and
150 °C regardless of the hydrothermal treatment time (24 h to 72 h). Conversely, extending the
hydrothermal treatment duration from 24 h to 48 h and 72 h at 130 °C led to highest PFOS
mineralization (10.8% for 24 h, 25.1% for 48 h, and 66.2% for 72 h). Overall, the most photoactive
Ga/TNTs@AC was obtained under the hydrothermal conditions of 130 °C for 72 h.

This is in accord with the above characterizations (SEM and XRD) as the composite prepared
at 130 °C for 72 h (Figure 2-7i) resulted in the most reactive mixed phases of micro-AC particles
and flowerlike fine TNTs microstructures. Such micro- or nanoscale carbon-TNTs mixed phases
can facilitate cooperative adsorption and boost the subsequent solid-phase photocatalytic
degradation of PFOS. Moreover, the higher content of the pure anatase phase (Figure 2-9c) further
boosts photocatalytic activity.

2.3.5. Effect of calcination temperature

Calcination temperature can affect the photoactivity because it may induce phase
transformation and alter the material crystallinity and SSA. The anatase phase is more photoactive
than the Na Ti3O7 and rutile phases due to the larger band gap or relatively shallower band of the

latter (Schulte et al. 2010). The transformation of titania has been known to be temperature-
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dependent (Hanaor and Sorrell 2011). Sauvet et al. (2004) reporeted that pure Na>TisO7; was
obtained at 937 K (664 °C), whereas partial Na>TizO7decomposed into NazTisO13 upon sintering
at 1373 K (1100 °C). Liu et al. (2005) prepared the Zn?**-doped TiO, nanoparticles through a sol-
gel method found that the most photoactive catalyst was obtained with the material calcined at 500
°C and higher calcination temperature resulted in lower photocatalytic activity, which was
attributed to the transformation of anatase to rutile at the higher temperature 500 °C. (Huang et al.
2007) reported that the photocatalytic activity of N-doped TiO- increased when the calcination
temperature was elevated from 300 to 500 °C, but decreased when further increased 700 °C, owing
to the formation of a mixture of anatase and rutile phases at 600 °C and above.

To test the effect to calcination temperature, Ga/TNTsS@AC was prepared at four different
calcination temperatures (350 °C, 450 °C, 550 °C, and 650 °C), and upon proper characterization,
then tested for the photocatalytic defluorination of PFOS under 4-h UV irradiation.

Figure 2-11 the N, adsorption-desorption isotherms by Ga/TNTs@AC prepared at different
calcination temperatures. According to the IUPAC classification, all isotherms conform to the
Type IV isotherm, typical of mesoporous materials (2-50 nm), with an H3 hysteresis loop. Figure
2-11b shows the pore size distribution determined via the BJH method. The predominant pore size
for all samples was 4 nm. The pore size distribution displayed a bimodal profile with another minor
peak at 7 nm for the samples calcined at 350 °C and 10 nm at 450 °C. However, Ga/TNTs@AC
calcined at 550 °C displayed a tri-modal pore-size distribution with three types of mesopores with
sizes centered at 4 nm, 5 nm, and 6.5 nm, and the composite showed the highest pore volume at 4
nm among all the photocatalysts (Table 2-4). The pore volume for the catalyst calcined at 550 °C
(0.50 cm®/g) was 108% and 14% larger than that at 350 °C (0.24 cm3/g) and 450 °C (0.44 cm®/g),

respectively, whereas the pore volume at 650 °C (0.43 cm®/g) was similar to that at 450 °C.
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Moreover, Ga/TNTs@AC prepared at 550 °C not only exhibited the highest SSA (341.03 m?%/g),

but also showed the smallest pore size (5.87 nm) that at 350, 450, and 650 °C, resulting in the more

adsorption sites and hybrid phases.
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Figure 2-11. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of

2%Ga/TNTs@AC calcined at various temperatures. Experimental conditions for material

synthesis: F400 mass content = 50%, NaOH concentration = 10 M, hydrothermal reaction time =

72 h, hydrothermal reaction temperature = 130 °C, and calcination duration = 3.5 h.
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Table 2-4. BET-based specific surface areas of 2%Ga/TNTs@AC calcined at various

temperatures.
BET surface area Pore volume Pore size
Carbon

(m*/g) (cm®/g) (nm)

2%Ga/TNTs@F400-350 127.54+3.71 0.24 7.52
2%Ga/TNTs@F400-450 272.30+1.98 0.44 6.39
2%Ga/TNTs@F400-550 341.03+3.71 0.50 5.87
2%Ga/TNTs@F400-650 226.28+2.35 0.43 7.63

Figure 2-12a shows the XRD patterns of the Ga/TNT@AC calcined at various temperatures.
The peaks at 9.9°, 24.3°, 28.3°, and 48.3° were observed for the case of 350 °C, which are ascribed
to Na Ti3Oy7. In addition, the characteristics peaks of crystal NaCl at 27.3°, 31.7°, 45.4°, 56.6°,
66.2°, and 75.3° were also observed, indicating the coexistence of NaCl and Na;TizO7 when
calcined at 350 °C. When the calcination temperature was raised to 450 °C, the NaCl phase
completely disappeared, while the crystal phase of Na,TizO-remained, though the intensity of the
Na>TizO7 peaks decreased notably. In contrast, upon calcination at 550 °C, the sodium tri-titanate
phase was transformed into the anatase phase with a tetragonal structure. Our prior study (Zhu et
al. 2021) revealed that the doped Ga played a critical role in this phase transformation process .
The resulting anatase crystallites can absorb a broader range of light. Further increasing the
calcination temperature to 650 °C resulted in the similar XRD pattern to that for 550 °C, while

additional seven characteristic peaks emerged belonging to monoclinic sodium tetratitanate
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(NaosgTisOg). NaosTisOs is thermally unstable, which can be converted to Na,TisO13 at elevated
temperature (Dostani¢ et al. 2019; Trivifio-Bolafios and Camargo-Amado 2019).

Figure 2-12b compares the 4-h PFOS mineralization rates by Ga/TNTsS@AC prepared at a
fixed Ga content of 2 wt.% and various calcination temperatures (350, 450, 550, and 650 °C) under
4-h UV irradiation. Increasing the calcination temperature from 350 °C to 450 °C and 550 °C
increased the defluorination rate from 11.1% to 50.7% and 66.2%, respectively. However, further
elevating the temperature to 650 °C decreased the PFOS mineralization to 41.9%), which is in
accord with the transformation of the more active anatase phase into the sodium titanate phase as
well as a significant reduction in the SSA and loss of mesoporous structure. Thus, the optimal
calcination temperature for Ga/TNTs@AC was determined to be approximately 550 °C. This
observation agrees with the results by(Li et al. 2020a), who found that iron-doped TNTs@AC

prepared at a calcination temperature of 550 °C displayed the highest defluorination rate for PFOA.
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Figure 2-12. (a) XRD patterns and (b) Defluorination of PFOS under 4-h UV irradiation of

2%Ga/TNTs@F400 prepared with various calcination temperature following the conditions in
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Figure 2-11. Conditions for adsorption: initial PFOS concentration = 100 pg/L, material dosage =
3 g/L, pH =7 £ 0.1, and adsorption time = 4 h; Conditions for photodegradation: initial PFOS
concentration = 100 pg/L, material dosage = 3 g/L, pH = 7 + 0.1, UV intensity = 210 W/m?,
reaction time = 4 h. Data are plotted as mean of duplicates with error bars indicating deviation

from the mean.

3.6 Toxicity assessment of by-products

As illustrated by previous study (Zhu et al. 2021), the intermediate products after 4 h of the
PFOS photocatalytic process by 2%Ga/TNTs@AC included the shorter chain PFOA
(C7F15COOH), PFHPA (CeF13COOH), PFHXA (CsF11.COOH), PFPeA (C4FsCOOH), PFBA
(CsF7COOH), PFPA (C2FsCOOH), and TFA (CF3COOH). In this work, the acute and chronic
toxicity of PFOS and its intermediate products of photocatalytic degradation towards fish, daphnid,
and green algae were predicted by ECOSAR (V2.0), which was issued by US Environmental
Protection Agency. According the LC50, EC50, and ChV values, the toxicity of compounds could
be classified into four categories, including harmless (>100.0 mg/L), harmful (10.0-100.0 mg/L),
toxic (1.0-10 mg/L), and highly toxic (<1.0 mg/L) (Chen et al. 2022; Xu et al. 2017b). As shown
in Figure 2-13, PFOS was toxic to fish and daphnid when considering its chronic toxicity, while
it had harmful effect on the three kinds of test organisms for acute toxicity. As for the PFOA, it
was toxic not only to fish, daphnid, and green algae regarding the chronic toxic testing, but also to
daphnid for the acute toxicity. Considering the other generated intermediates (from PFHpA to
TFA), the overall trend of toxicity decreased with decreasing carbon content. This observation is
also confirmed by Figure 2-13b, which displays the relationship between intermediate products

arranged by increasing carbon numbers and -log(1/(ECso or LCsp)). The result shows that the acute
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toxicity of intermediate products declined with decrease of the fluorinated carbon-chain length,
suggesting that the shorter carbon-chain results in lower toxicity. Alternatively, compared to the
parent PFOS, all of the transformation products with reduced carbon numbers showed toxicity
reduction. In consideration of impacts of 2%Ga/TNTs@AC upon the aquatic environment, Zhu et
al. (2021) reported that no Ti and less than 1.3% of embedded Ga were leached from
2%Ga/TNTs@AC over 4 consecutive adsorption and photodegradation runs. Consequently.
2%Ga/TNTs@AC, based on activated carbon and low-cost TiO, is an environment-friendly and
renewable material. It is ecotoxicologically effective for the treatment of PFOS, transforming to
less-toxic shorter chain carboxylic acids during photodegradation process under UV irradiation.
Therefore, the 22%Ga/TNTs@AC can be used as an excellent adsorptive photocatalyst for practical

implications toward PFOS removal and degradation.
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Figure 2-13. (a) Acute and chronic toxicity of intermediate products predicted by ECOSAR and
(b) relationship between intermediate products and -log(1/(ECso or LCsp)). ECso = Median effect
concentration, LCso = Median lethal concentration, and ChV = Chronic value predicted by

ECOSAR V2.0 model.

52



2.4. Conclusions

A series of metal ions-doped TNTs@AC nanocomposites with different carbon (F400) mass
contents, carbon sources, hydrothermal treatment conditions (temperature and duration), and
calcination temperatures, were prepared and evaluated their photocatalytic performance on the
removal of the pre-sorbed PFOS. The major findings are summarized as follows:

1) Comparing with the metal dopants, including Ga®*, In®", Fe**, Bi®*, Co?*, Mn?*, and Cu?*,
Ga®* exhibited highest PFOS defluorination rate. Based on the PL and UV-vis diffuse
reflectance spectra, the embedded Ga3* not only facilitated light absorption, but also
induced the oxygen vacancies by the substitution of Ti**. Moreover, higher pre-sorbed
PFOS mineralization rate was attained with trivalent metal ions than divalent, which is
attributed to the presence of anatase phase transformed from the tri-titanate phase upon the
calcination from XRD diffraction patterns, while the highest defluorination rate was still
remained by the TNTs@F400 doped by 2 wt.% Ga**.

2) 2%Ga/TNTs modified by Filtrosorb-400® granular activated carbon (F400) shows higher
pre-sorbed PFOS defluorination efficiency (66.2%) than other carbon sources, which is
ascribed to the smaller particle size and larger BET surface area of precursor F400, and
smaller pore size for resulting 2%Ga/TNTs@F400. Those parameters may result in higher
adsorption, back scattering of the light, shortening the paths for intermediate degradation
products, offering more avaible and accessible sites on the shell of material, and increasing
the adsorption strength, respectively, which enhances the photoactivity toward PFOS
degradation.

3) 2%Ga/TNTs@F400 prepared with 1.2 g TiO2 and 1.2 g F400 as the precursor carbon

source exhibited higher pre-sorbed PFOS defluorination (66.2%) under 4-h UV irradiation.
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Decreasing or increasing the carbon content in the range of 33% to 67% led to lower PFOS
mineralization rates. Based on the XRD and PL results, the superior photoactivity of
2%Ga/TNTs@50%F400 was attributed to the formed anatase phase during the calcination
and inhibition of the recombination of the e/h™ pairs.

4) The highest PFOS defluorination rate remained at 66.2% under the hydrothermal
treatment conditions of 10 M NaOH at 130 °C for 72 h. The nanowire-like nanotubes were
observed for 72 h at 130 °C with a flower-like structure grafted onto the surface of AC in
SEM image. XRD diffraction pattern displayed apparent anatase phase in the sample of
2%Ga/TNTs@F400 prepared at 130 °C for 72 h.

5) Referring to the calcination temperature, 550 °C was determined to the optimal calcination
temperature for the 2%Ga/TNTs@F400 with the 66.2% pre-sorbed PFOS defluorination
efficiency, which is due to the pure anatase crystallites from the XRD pattern and the higher
SSA from BET data.

Overall, according to the pre-sorbed PFOS mineralization (66.2%) under 4-h UV irradiation,

the optimal values of synthesis parameters were obtained as 130 °C, 72 h, 50% carbon mass
content, GACF400 as the carbon source, calcination temperature of 550 °C, and Ga** as the metal

dopant.
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Chapter 3. Adsorption and Solid-Phase Photocatalytic Degradation of Perfluorooctane

Sulfonate in Water Using Gallium-Doped Carbon-Modified Titanate Nanotubes

PFOS has drawn increasing attention due to its omnipresence and adverse health effects. We
prepared a new adsorptive photocatalyst, Ga/ TNTs@AC, based on activated carbon and TiO>, and
tested the adsorption and subsequent solid-phase photodegradation of PFOS. Ga/TNTs@AC
showed faster adsorption kinetics and higher affinity for PFOS than the parent AC, and could
degrade 75.0% and mineralize 66.2% of pre-sorbed PFOS within 4-h UV irradiation. The efficient
PFOS photodegradation also regenerates Ga/TNTs@AC, allowing for repeated uses without
invoking chemical regenerants. The superior photoactivity is attributed to the oxygen vacancies,
which not only suppressed recombination of the e/h™ pairs, but also facilitated O2" generation.
Both h* and O," played critical roles in the PFOS degradation, which starts with cleavage of the
sulfonate group and converts it into PFOA that is then decarboxylated and defluorinated following
the stepwise defluorination mechanism. Ga/TNTs@AC holds the potential for more cost-effective

PFOS degradation.
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3.1. Introduction

PFOA and PFOS are the most detected PFAS in drinking water (Li et al. 2019). A recent
survey revealed that drinking water supplies for 6 million U.S. residents exceeded the EPA lifetime
health advisory (70 ng/L) for the sum of PFOA and PFOS (Hu et al. 2016). Amid mounting health
concerns, the EPA further unveiled a PFAS Action Plan in early 2019, which would move forward
with developing a nationally enforceable Maximum Contaminant Level (MCL) for PFOA and
PFOS in drinking water (Li et al. 2019). In the meanwhile, many US states have established or
proposed MCLs and action levels for the PFAS in drinking water. For instance, several states have
recommended MCLs in the range of 10-15 ng/L (JDSUPRA 2019). While PFOA and PFOS are
both long-chain (C8) PFAS, they bear different head groups (carboxylate vs. sulfonate). As such,
PFOS is more hydrophobic (organic carbon partition coefficient = 2.57 for PFOS and 2.06 for
PFOA), more bio-accumulative, and more persistent to various degradation processes (EPA
2017b).

Gallium (Ga) is one of the commonly used dopants in photocatalysis, electrocatalysis, and
sensors (Manriquez et al. 2009; Mohammadi and Fray 2007). Ga (hydr)oxides are considered non-
toxic to the human and environmental health partially due to the low solubility (Schulz et al. 2018)
and poor absorbability to biota (Gray et al. 2000; Schulz et al. 2018; Staff et al. 2011). As such,
gallium has been widely used for modifying TiO2 (Myilsamy et al. 2018). While relevant toxicity
data has been very limited, a recent study revealed the activities of two types of microorganisms
were not affected when exposed to up to 500 mg/L of Ga>O3 nanoparticles (Nguyen et al. 2020).
Myilsamy et al. (2018) used Ga to modify TiO2and observed enhanced photocatalytic degradation
of Rhodamine B. They also reported that Ga doping induced oxygen vacancies owing to the

substitution of Ti*" by Ga®*, facilitating the separation of the e/h* pairs. Guo et al. (2018) reported
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that Ga-doped Au/TiO2 nanotubes exhibited superior catalytic activity and stability over plain
AU/TiO2 nanotubes, and they also attributed the phenomenon to the defects associated with the
Ga-induced oxygen vacancies. Apart from acting as a dopant, gallium oxide (Ga20s) itself is a
photoactive semiconductor. Shao et al. (2013) observed that needle-like p-Ga.O3 exhibited a 16.8-
times higher degradation rate for PFOA than TiO2 due to more favorable interactions between
Ga203 and PFOA. Zhao et al. (2015) reported that synthetic -Ga>Os nanorods were able to
mineralize 56.2% of PFOA in an anaerobic atmosphere. However, there has been no report on
photocatalytic degradation of PFOS using Ga-doped TiO, or Ga,O3 as a photocatalyst.

Several adsorptive photocatalysts have been studied, including iron-doped AC-supported
titanate nanotubes (Fe/TNTs@AC) and carbon-sphere (CS) modified ferrihydrite or bismuth
phosphate composites (Li et al. 2020a; Xu et al. 2020a; Xu et al. 2020b). The new adsorptive
photocatalysts may enable a new concentrate-and-destroy strategy, where low-concentrations of
PFAS are first adsorbed on the photocatalytic sites, and then degraded under UV or solar light.
Namely, adsorption is used to treat the bulk water, whereas photodegradation is only applied to
the PFAS-laden solid. This arrangement is expected to be more energy-efficient compared to
conventional photocatalytic processes that apply the photodegradation directly to the bulk water.
However, the effectiveness of these new materials for treating PFOS has not been explored.
Moreover, given the different photocatalytic characteristics of Ga from Fe and Bi, especially, its
ability to facilitate oxygen vacancies and e/h* separation, we could expect that Ga-doped
TNTs@AC (Ga/TNTs@AC) may serve as a promising photocatalyst for enhanced adsorption and
degradation of PFOS in contaminated waters.

As such, the overall goal of this study was to fabricate a novel Ga-embedded adsorptive

photocatalyst Ga/TNTs@AC and test its performance for PFOS adsorption and subsequent
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photodegradation. The specific objectives were to (1) synthesize the desired catalyst through a
modified alkaline hydrothermal-calcination method, (2) test the adsorption kinetics and capacity
of Ga/TNTs@AC for PFOS, (3) determine the solid-phase photodegradation rate of pre-sorbed
PFOS, (4) examine the effects of pH, (5) evaluate the material reusability, and (6) elucidate the
underlying reaction mechanisms.
3.2. Materials and methods
3.2.1. Chemicals

Nano-TiO2 (P25, 80% anatase and 20% rutile) was obtained from Evonik Industries AG,
Germany, and Filtrosorb-400® granular activated carbon (F-400 GAC) was acquired from Calgon
Carbon Corporation (PA, USA) (density = 2.1 t/m3, size = 0.25-0.5 mm, and specific surface area
= 1050-1200 m?/g). PFOS, anhydrous gallium chloride, sodium hydroxide, methanol, ethanol,
isopropanol, benzoquinone, and potassium iodide were purchased from VWR International
(Radnor, PA, USA). Table 3-1 provides relevant physical-chemical properties of PFOS Sodium
perfluoro-1-[*3Cg] octanesulfonate (M8PFOS) was purchased from Wellington Laboratories Inc.
(Guelph, Ontario, Canada Perfluoro) and was used as isotopically labeled internal standard (IS)
for PFOS analysis. All chemicals were analytical-grade or higher. All solutions were prepared

using deionized (DI) water (18.2 MQ cm).
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Table 3-1. Key properties of PFOS.

Molecular Formula CsF17 O3S 2-D structure
Molecular Weight (g/mol) 500.13
i F F'-}\' ‘\/
F, .\/}\( \F :
. F._\/_ ’\‘C /\F F
Water solubility (25°C) (mg/L) 680 XN T
_./\\.. i

Organic carbon partition coefficient Koc 2.57

Vapor pressure at 25°C (mm Hg) 0.002

3.2.2. Synthesis of Ga/ TNTs@AC

First, TNTs@AC was prepared through a modified one-step hydrothermal method (Liu et al.
2016). In brief, 1.2 g of AC and 1.2 g of TiO2 were mixed in 66.7 mL of a 10 M NaOH solution.
After magnetic stirring for 12 h, the mixture was transferred into a Teflon reactor with a stainless-
steel cover and heated at 130 °C for 72 h. The black precipitate (TNTs@AC) was separated upon
gravity settling and washed with DI water until pH reached 7.0 £ 0.5, and then dried at 105 °C. No
PFOS was detected in the resulting material.

Second, 1 g dried TNTs@AC was dispersed in 80 mL DI water under continuous stirring.
Then, 2, 4, 6, or 10 mL of a GaCls solution (5 g/L) was added dropwise into the TNTS@AC
suspension. After stirring for 3 h, the mixture was separated by removing the supernatant, and then

oven-dried at 105 °C. Based on the initial and final concentrations of Ga in the aqueous phase,
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>99.7% of Ga®* was taken up by TNTS/AC. In addition, <0.01 % of Ti was dissolved in the
supernatant during the Ga-doping. Based on the Ga percentage mass content, the resulting
composites were denoted as 1%Ga/TNTsS@AC, 2%Ga/TNTs@AC, 3%Ga/TNTs@AC, and
5%Ga/TNTs@AC. Finally, the dried particles were subjected to calcination at 550 °C with a
temperature ramp of 10 °C/min and at a nitrogen flow of 100 mL/min. For comparison, plain
TNTs@AC was also prepared separately via the same procedure but without Ga, and a sample of
treated AC was prepared by subjecting the neat AC to the same alkaline hydrothermal and
calcination procedures.
3.2.3. Characterization

The surface morphology and microstructure were characterized by field emission scanning
electron microscopy (FE-SEM, JEOL, JEM-7600F) and high-resolution transmission electron
microscopy (HRTEM, TF20, JEOL 2100F). The crystal phases of the materials were identified
through X-ray diffraction (XRD) analysis using a Bruker D2 PHASER X-ray diffractometer
(Bruker AXS, Germany) with Cu Ka radiation (A = 1.5418 A). The elemental compositions and
oxidation states were analyzed via AXIS-Ultra X-ray photoelectron spectroscopy (XPS, Kratos,
England) with the Al Ka X-ray at 15 kV and 15 mA. The standard C 1s peak (Binding energy,
Eb=284.80 eV) was used to calibrate all the peaks and eliminate the static charge effects. The
Brunauer-Emmett-Teller (BET) surface area was measured on an ASAP 2010 BET surface area
analyzer (Micromeritics, USA) in the relative pressure (P/Po) range of 0.06-0.20. The pore size
distribution was obtained following the Barret-Joyner-Halender method. Nitrogen adsorption at
the relative pressure of 0.99 was performed to determine the pore volumes and the average pore
size. Zeta potential of the materials was determined by a Nano-ZS90 Zetasizer (Malvern

Instrument, Worcestershire, UK). Electron paramagnetic resonance (EPR) analysis was performed
60



to monitor surface defects of the materials using a Bruker EPR A300-10/12 spectrometer (center
field = 3500 G, sweep width = 1000 G, microwave frequency = 9.82 GHz, field modulation
frequency = 100 kHz, and microwave power = 0.63 mW). The optical properties were assessed
through photoluminescence (PL) spectroscopy using a Cary Eclipse 100 fluorescence
spectrophotometer employing a xenon lamp excitation source at an excitation wavelength of 260
nm. Raman scattering was excited by a 514.5 nm line air-cooled 20 mW argon ion laser using a
Renishaw inVia Raman microscope system.

Based on the defluorination performance, the material characterization focused on
2%Ga/TNTs@AC, although Raman, XRD and BET analyses were performed on all the materials
to understand the effects of Ga contents on the phase transformation, crystalline composition, and
surface area of the composites.

3.2.4. Adsorption kinetic and isotherm experiments

Adsorption kinetic experiments were carried out in the dark using 40 mL high-density
polypropylene (HDPE) vials. The reaction was initiated by mixing 40 mL of a PFOS solution (100
pg/L) and 0.12 g of a Ga/TNTs@AC, with the pH adjusted to 7.0 = 0.1. The vials were then placed
on a rotator (100 rpm) located in an incubator at 25°C. At predetermined times, duplicated samples
were taken and centrifuged at 4000 rpm for 3 min. The supernatants were analyzed for PFOS
remaining in the aqueous phase. For comparison, adsorption Kinetic data for the treated AC and
TNTs@AC were also obtained in the same manner. Adsorption isotherms were performed in a
similar fashion, where the mixtures were equilibrated for 24 h and the initial PFOS concentration
was varied from 5 to 100 mg/L while the Ga/TNTs@AC dosage was kept at 1 g/L. In all cases,
equilibrium was reached within a few hours. All experiments were carried out in duplicate to assure

data precision.
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3.2.5. Photodegradation of PFOS

Following the adsorption equilibrium (initial PFOS = 100 pg/L), the mixtures were left still
for 1 h to allow the composite material to settle by gravity. Then, ~95% of the supernatant was
pipetted out, and the remaining solid-liquid mixture was transferred into a quartz photo-reactor
with a quartz cover reactor. Subsequently, 8 mL DI water was added to the mixture so that the
total solution volume reached 10 mL. The photoreactor was then subjected to UV irradiation in a
Rayonet chamber UV-reactor (Southern New England Ultraviolet CO., Branford, CT, USA)
equipped with 16 RPR-2537 A lamps at the distance of 1.5 in (3.81 cm) and with a light intensity
of 210 W/m?. A cooling fan was mounted at the bottom of the photoreactor to keep the temperature
inside the chamber in the range of 30-40 °C. The solids in the quartz photo-reactor were manually
shaken intermittently to facilitate the UV exposure (for large reactors, the solid-liquid slurry can
be stirred continuously as commonly practiced in photocatalytic processes). At predetermined
times (i.e., 1, 2, 3, and 4 h), the mixtures were sacrificially filtered through a 0.22 um polyether
sulfone (PES) membrane. Then, the filtrates were analyzed for fluoride and PFOS, and the solids
were extracted using 40 mL of methanol at 80 °C for 8 h to determine the remaining PFOS and
reaction byproducts in the solid phase. The average method recovery was >90% for PFOS, and
thus no surrogate IS was used during the extraction. In all cases, no PFOS was detected in the
filtrates.

Defluorination of PFOS was quantified based on the fluoride concentration in the aqueous
phase. Fluoride adsorption on the solid phase sample during the photodegradation process was
negligible. To confirm, the solid sample after the photodegradation was extracted using 20 mL of
a 1 M NaOH solution. The extractant was then neutralized by a 2 M HCI solution to 7.0 £ 0.5 and

then filtered with a 0.22 um PES membrane. No fluoride was detected in the filtrate.
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Meanwhile, in situ radical scavenging experiments were carried out following the similar
experimental procedures, but in the presence of a specific radical scavenger, including 10 mM of
potassium iodide (KI), isopropanol (IPA), and benzoquinone (BQ) to probe the roles of the holes
(h*), hydroxyl radical ("OH), and superoxide radical (O2™), respectively.

3.2.6. pH effects

The effects of pH on the adsorption and the subsequent photodegradation of PFOS were tested
using 2%Ga/TNTs@AC (the most effective material) at a dosage of 3 g/L and an initial PFOS
concentration of 100 pg/L. For the adsorption tests, the initial solution pH was varied from 3.5 +
0.1 to 10.5 + 0.1. For the photodegradation tests, the same adsorption experimental procedures
with initial solution pH of 7.0 £ 0.1 were followed, and then, upon removal of the supernatant, the
pH of the remaining mixture was adjusted from 3.5+ 0.1 to 12.0 + 0.1 during the photodegradation
process.

3.2.7. Reusability of Ga/TNTs@AC

Following the photodegradation experiments (Section 2.5), the photo-regenerated
Ga/TNTs@AC was collected and then reused in another cycle of adsorption and photodegradation
experiments following the same protocol and under the same conditions. The reusability was tested
in 4 consecutive cycles. In addition, control experiments were carried out by reusing the same
Ga/TNTs@AC in four consecutive adsorption runs under the same batch adsorption conditions
but without the photo-regeneration after each run. After the fourth adsorption, the solids were
collected and then subjected to the same photodegradation protocol to gauge the defluorination

rate.
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3.2.8. Chemical analysis

PFOS in solution was determined using an ultra-performance LC system (UPLC, ACQUITY,
Waters Corp., USA) equipped with an electrospray ion source operated in the negative mode and
coupled with a quadrupole time-of-flight mass spectrometer (QTOF-MS, Q-TOF Premier,
Waters). The instrument detection limit was <1 pg/L. M8PFOS (20 pg/L) was used as the IS.
Aqueous F~ was analyzed by ion chromatography (Dionex, CA, USA) equipped with an anion
exchange column (Dionex lonpac AS22) and an anion dynamically regenerated suppressor (ADRS
600, 4mm). The detection limit was 10.00 + 0.01 ug/L. Dissolved Ga and Ti were determined on
an inductively coupled plasma-optical emission spectroscopy (ICP-OES, 710-ES, Varian, USA),
with a detection limit of 50 ug/L for both elements.
3.2.9. Analysis of PFOS by LC-QTOF-MS

PFOS concentration and its photodegradation intermediates were determined using an ultra-
performance LC system (UPLC, ACQUITY, Waters Corp., USA) coupled to electrospray
ionization (ESI) with a quadrupole time-of-flight mass spectrometer (QTOF-MS, Q-Tof Premier,
Waters) in the negative mode. **C8 PFOS (20 pg/L) was used as the internal standard for PFOS
analysis. Briefly, a sample or standard (10 pL) was injected into a C18 column (Luna C18(2), 3 um,
100 A, 2 x 50 mm with a 2 x 4 mm guard cartridge, Phenomenex). Gradient elution was performed
using a mobile phase consisting of a 2 mM ammonium acetate aquesou solution (pH = 4.7) as
solvent A and 100% acetonitrile as solvent B. The flowrate of mobile phase was set at 0.2 mL/min.
The gradient conditions were: begin with 70% A and 30% B for the first 0.3 min, then change to
95% B for 3.4 min, hold for 0.7 min, back to 30% acetonitrile for 1.2 min, and re-equilibrate for
1.4 min, resulting a total run time of 7 min. The voltages for capillary, sample cone, and extraction

cone were set at 2.8 kV, 30V, and 4.0 V, respectively. The source temperature was performed at
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100 °C, and the desolvation temperature was maintained at 300 °C with a gas flowrate of 600 L/h.
The TOF/MS scan was 1 s from 150 to 600 m/z with a 0.02 s inter-scan delay using the centroid
data format. A 0.2 mg/L solution of Leucine encephalin was used as the lock mass reference
standard for instrument tuning and calibration. The ion source parameters such as the source
temperature (gas and sample cone), mobile phase flow rate, and cone voltage were kept constant
throughout the study.

The calibration of LC-QTOF-MS system was performed each time of analysis using at least
five PFOS standards in the linear concentration range of 1 to 90 pg/L. The relative standard
deviation (%RSD) of the response factors (RFs) for all analysts must be within + 20% or the linear
regression R? must be >0.99, based on initial calibration (ICAL) criteria and their true values. The
second source standard was used after the ICAL for the initial calibration verification. The analyte
concentrations were within £ 30% of their true value. After 10 samples each time or at the end of
the sequence, two consecutive calibration verification standards were analyzed before next sample
analysis with analyte concentrations within + 30% of their true values from the Limit of
Quantitation (LOQ) (5 pg/L) to the mid-level calibration concentration.

3.3. Results and discussion
3.3.1. Characterization of Ga/TNTs@AC

Figures 3-1a and 3-1b show the FE-SEM images of 2%Ga/TNTs@AC calcined at 550 °C.
The particle surface appeared as clusters of aggregated particles, with interwoven or interfused
TNTs patched with decomposed AC particles. Gallium oxide and/or AC particles were found
randomly attached to the sheet-like structure. Figure 3-1c presents the EDS mapping of the
elements on the surface of 2%Ga/TNTS@AC, indicating that Ti, C, Na, O, and Ga were uniformly

distributed on the surface of 2%Ga/TNTs@AC.
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Figures 3-1d-f present the TEM images of 2%Ga/TNTs@AC, where carbon nanoparticles
resulting from the decomposition of the parent AC were blended with TNTs (Figure 3-1d). Figure
3-1e shows that TNTs had an inner diameter of ~5 nm and an outer diameter of ~12 nm. Moreover,
the interlayer distance of TNTs was 0.75 nm, which is assigned to the crystal plane (020) of titanate
(Wang et al. 2018). In addition, most of the nanotubes kept their tubular texture after the
calcination. The crystal distance of 0.35 nm was also observed, which belongs to the crystal plane
of anatase (101) (Zhao et al. 2016b). Besides the nanotubular structure, some partially rolled
titanate slabs were also observed (Figure 3-1f).

The modifications of TNTs by AC nanoparticles and Ga were expected to induce multiple
synergistic interactions with PFOS, including electrostatic and metal-ligand interactions with the
head sulfonate group, hydrophobic interactions with the tail group, and anion-r or n-CF
interactions between the electron-deficient aromatic skeletons of AC and the CF2/CFs and
sulfonate groups (Liu et al. 2015b; Wang et al. 2012a; Xu et al. 2020b). In addition, the AC and

Ga modifications also facilitate light absorption and electron transfer and inhibit hole-electron

recombination.
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Figure 3-1. (a, b) FE-SEM images and (c) EDS mapping of 2%Ga/TNTs@AC; and (d, e, f) TEM

(d)

images of 2%Ga/TNTsS@AC. 2%Ga/TNTs@AC was calcined at 550 °C.

Figure 3-2a shows the N adsorption-desorption isotherms for TNTS@AC and
2%Ga/TNTs@AC. Both isotherms conform to the Type IV isotherm with the H3 hysteresis loop
defined by IUPAC, suggesting that the materials are predominantly mesoporous (2-50 nm) (Liu et
al. 2016), which was also evident from Figure 3-2b. The pore size distribution of
2%Ga/TNTs@AC displayed a bimodal profile with a major peak at ~ 4 nm (Figure 3-2b).
Compared to TNTS@AC, 2%Ga/TNTs@AC showed a lower peak at ~4 nm and more changes in
dV/dD from 4 to 10 nm, indicating that the pore volume distribution of TNTS@AC (0.56 cm®/g)
was broader than that of 2%Ga/TNTs@AC (0.52 cm?/g). Furthermore, the specific surface areas
of TNTS@AC and 2%Ga/TNTs@AC were 348.54 m?/g and 244.43 m?/g, respectively. The values
were much lower than that of the parent AC (1069.2 m?/g) (Walker and Weatherley 1998), but
similar to that of neat TNTs (272.3 m?/g) (Liu et al. 2016). Taken together the SEM/TEM data,
the surface area change, and the adsorption data (Section 3.3.2), it can be deduced that the alkaline
hydrothermal treatment of the parent AC and TiO. and the subsequent Ga deposition and
calcination caused a blockage of the interior sites inside the neat AC core, and created a shell of

blended TNTs and AC nanoparticles. Compared to the parent AC, these new sites consisting of
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mixed phases are expected to be more selective towards PFOS due to the synergistic binding
mechanisms, easier accessibility owing to the easier mass transfer, and enhanced photoactivity,
despite the lower specific surface area. Table 3-2 compares the specific surface areas and pore
volumes of Ga/TNTs@AC with different Ga contents. The BET surface areas for
1%Ga/TNTs@AC and 2%Ga/TNTs@AC were nearly the same; however, increasing the Ga
content from 2 wt.% to 3 and 5 wt.% decreased the surface area from 0.52 cm®/g to 0.42 and 0.36
cm?®/g, respectively; and moreover, 2%Ga/TNTs@AC exhibited the largest pore volume among

the Ga-doped composites. The observation indicates that the Ga-doping caused notable structural

changes of the materials, which are further interpreted in the following Raman and XRD analyses.

Figure 3-2. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of TNTS@AC

and 2%Ga/TNTs@AC calcined at 550 °C.
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Table 3-2. BET-based specific surface areas and pore volumes of various composite materials.

Material BET surface area (m?/g) Pore Volume (cm®/g)
TNTs@AC 348.54 0.56
1%Ga/TNTs@AC 243.78 0.34
2%Ga/TNTs@AC 244.43 0.52
3%Ga/TNTs@AC 269.77 0.42
5%Ga/TNTs@AC 279.59 0.36

Raman analysis was carried out to investigate the macrostructural change of TNTs@AC upon
the Ga doping. Figure 3-3a shows the Raman spectra of uncalcined TNTS@AC (uncal
TNTs@AC) and calcined TNTs@AC and Ga/TNTs@AC with various Ga contents. The Raman
spectra for uncalcined TNTs@AC displayed four prominent peaks at 197, 284, 442, and 700 cm’
1 which are attributed to sodium tri-titanate with a chemical formula of NaxH2-«Ti3O7 (x depends
on the sodium content) (Gajovic et al. 2009). After calcination at 550 °C, no new peaks were
observed in the spectra of TNTS@AC, although a broad peak at 700 cm™ was shifted to 680 cm™,
which can be associated with the thermal expansion and changes in the population of the vibration
energy level at elevated temperature (Gajovic et al. 2009). The observation indicates that the
calcination presents little effect on the sodium tri-titanate phase, which agrees with the literature
report (2003). In contrast, four new peaks occurred for Ga/TNTs@AC at 198, 398, 519, and 639
cm, which are assigned to the Eg, B1g, A1g+B1g, and Eq modes of the anatase phase, respectively
(Ohsaka et al. 1979; Zhang et al. 2008b). In general, the first Raman peak of the Eq mode of anatase

occurs at 144 cm, but the wavenumber for Ga/TNTs@AC was shifted to 150 cm™, which is
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attributed to the phonon confinement and internal stress in the photocatalyst (Balaji et al. 2006).
Besides, the peak intensity of the anatase phase decreased with increasing Ga content. The
observations indicate that the Ga doping facilitates the transformation of the tri-titanate phase into
anatase upon the calcination, but excessive Ga (>2 wt.%) may inhibit the phase transformation.
Figure 3-3b shows the XRD spectra of the materials. For uncalcined TNTs@AC, the peaks
at ~10°, 24°, 28°, 48°, and 61° are all ascribed to sodium tri-titanate (Wang et al. 2018; Zhao et al.
2016b). The basic skeleton of titanate is composed of triple edge-sharing [TiOs] octahedron with
Na* and H* attached at the interlayers serving as exchangeable counter ions (Ma et al. 2017); and
the peak at 26° is attributed to the crystal plane of graphite (002), confirming that AC nanoparticles
were intermingled with TNTs (Liu et al. 2016). The XRD patterns for calcined TNTs@AC nearly
resemble those of uncalcined TNTS@AC, though the peaks are significantly weakened and the
interlayer peak at 10° was shifted to 11° due to the partial breakage of the tubular and layered
structures during the calcination (Zhao et al. 2016b). For Ga/TNTsS@AC, there are five peaks at
25.4°, 36.4°,48.1°, 54.2°, and 62.8°, which correspond to the (101), (004), (200), (211) and (213)
planes of tetragonal anatase (JCPDS-ICDD 21-1272), respectively, indicating that the presence of
Ga altered the titanate lattice after the calcination (Ismail et al. 2018). The increased crystallinity
of the anatase phase predicts a greater photocatalytic activity due to improved separation of the
photo-generated charge carriers (Haque et al. 2017). The diffraction peak intensities decreased
with increasing Ga content, although no significant shift of the anatase peaks was observed; and
no evident diffraction for Ga>Os was observed. These observations support the notion that Ga
existed in the amorphous form, and Ga3* ions were embedded/doped into the lattice of anatase by

substituting Ti*" in an octahedral coordination environment partially due to the adjacent ionic
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radius (0.62 A for Ga** and 0.68 A for Ti**) (Myilsamy et al. 2018); and more Ga** ions were
incorporated at higher Ga contents.

Both the Raman and XRD data did not show the presence of a rutile phase, indicating no
phase transformation of anatase occurred under the calcination conditions (550 °C in Ny). This
agrees with the general consent that ~600 °C is the region of the onset temperature for the

transformation of anatase to rutile in air (Hanaor and Sorrell 2011).
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Figure 3-3. (a) Raman spectra and (b) XRD patterns of uncalcined TNTS@AC, TNTs@AC, and
Ga/TNTs@AC prepared at various Ga contents. TNTS@AC and Ga/TNTs@AC were calcined at

550 °C.

3.3.2. Adsorption kinetics and isotherms
Figure 3-4a shows the adsorption kinetics of PFOS by AC, TNTsS@AC, and
2%Ga/TNTs@AC. TNTs@AC and 2%Ga/TNTs@AC were able to adsorb nearly all the PFOS

within 10 min. Despite its 3-4 times greater surface area, the AC showed slower kinetics, and the
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adsorption equilibrium was not reached until after 120 min. The fast adsorption rate of TNTS@AC

and 2%Ga/TNTs@AC is in line with the characterization data where the AC-modified TNTs or

Ga/TNTs in the shell of the particles are easily accessible for PFOS. Because 2%Ga/TNTs@AC

showed the best defluorination effectiveness (Section 3.3.3), it was further tested in the subsequent

experiments.
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Figure 3-4. (a) Adsorption kinetics and isotherms based on (b) unit-mass uptake and (c) unit-

surface-area uptake of PFOS by treated AC, TNTS@AC, and 2%Ga/TNTs@AC, and (d)
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adsorption isotherms of PFOS by neat AC, uncalcined TNTS@AC, and neat TNTs. Experimental
conditions for Kkinetic tests: initial PFOS concentration = 100 pg/L, material dosage =3 g/L, pH =
7 + 0.1; Conditions for isotherm tests: initial PFOS concentration = 5-100 mg/L, material dosage
=1g/L,pH=7£0.1. TNTS@AC and 2%Ga/TNTs@AC were calcined at 550 °C. Data are plotted

as mean of duplicates with error bars indicating deviation from the mean.

Figure 3-4b compares the adsorption isotherms of PFOS for treated AC, TNTs@AC, and
2%Ga/TNTs@AC using the mass-based PFOS uptakes. Because of the different densities (4.23
g/cm? for TiO,, 2.10 g/cm? for AC) and specific surface areas of the materials (Section 3.3.1), the
isotherm data are also plotted based on the specific surface areas (Figure 3-4c). In addition, Figure
3-4d shows the adsorption isotherms for neat AC, neat TNTs, and uncalcined TNTs@AC The

classical Langmuir and Freundlich isotherm models were used to fit the experimental data:

qe = Q’lnf—zzce Langmuir model 1)
qe = KFCel/n Freundlich model (2)

where Qmax (Mg/g or mg/m?) is the Langmuir maximum adsorption capacity, b (L/mg) is the
Langmuir affinity coefficient related to the affinity of binding sites and is also a measure of free
energy of adsorption, Kr (mg/g-(L/mg)*") is the Freundlich capacity coefficient, and n is the
heterogeneity factor related to the cumulative measurement of magnitude and distribution of

energies associated with various categories of sorption sites.
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Table 3-3. Best-fitted isotherm model parameters for adsorption of PFOS by neat AC, uncalcined

TNTs@AC, treated AC, TNTS@AC, and 2%Ga/TNTs@AC.

Adsorbents
Treated Neat Uncalcined
Model Parameter TNTS@AC 2%Ga/TNTs@AC
AC AC TNTs@AC
Kr
14.51 8.11 12.44 12.51 8.27
Freundlich (mg/g-(L/mg)*"
model n 1.89 1.93 2.86 1.69 1.94
R? 0.97 0.93 0.87 0.93 0.95
Langmuir Qmax (MQ/g)  114.40 73.00 49.80 123.00 71.70
model b (L/mg) 0.08 0.07 0.24 0.07 0.07
b X Qmax 9.50 5.04 12.15 9.10 5.23
R? 0.97 0.97 0.94 0.93 0.97

Table 3-3 shows the best-fit Langmuir and Freundlich parameters. Based on the coefficient
of determination (R?), the Langmuir model better interpreted the adsorption isotherms for
TNTs@AC and 2%Ga/TNTs@AC, and both models adequately fitted the isotherm data for AC.

Referring to the mass-based isotherms, neat AC provided a Qmax of 123.0 mg/g, which is
significantly higher than that for treated AC (114.4 mg/g), indicating the hydrothermal treatment
caused some drop in the adsorption capacity. Neat TNTs showed negligible adsorption of PFOS
(<15 ng/g), while TNTs@AC offered a Qmax of 73.0mg/g. Noting that TNTs@AC was composed
of 50% of TNTs and AC, this capacity value is 28% higher than the average Qmax (57.2 mg/g)

based on the Qmax values of TNTs and AC. This observation indicates that TNTs@AC was not a
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simple integration of TNTs and AC, rather, TNTs and AC modified each other, rendering the non-
adsorptive TNTs more favorable towards PFOS. Uncalcined TNTS@AC offered a Qmax of 71.7
mg/g, which is comparable to that of calcined TNTsS@AC, indicating that the calcination had a
negligible effect in the adsorption capacity for PFOS by TNTs@AC.

Comparing TNTs@AC and 2%Ga/TNTs@AC, the isotherm for 2%Ga/TNTs@AC appeared
much more favorable than that for TNTS@AC, and 2%Ga/TNTsS@AC offered higher uptake in
the relatively lower concentration range (Ce < 15 mg/L), indicating that the Ga-doping enhanced
the affinity of the adsorbent. Given that PFOS in most contaminated waters is in the low ppb or
ppt levels, the adsorption capacity in the low concentration range is often of greater practical value
than the Qmax. At a sufficiently low Ce (e.g., < 100 pg/L), the Langmuir model (Eq. 1) reduces to

de = b Qmax Ce 3

As such, the overall adsorption is governed by the product of b and Qmax. Based on the bXQmax
values (Table 3-3), the materials can be ranked in the sequence of: 2%Ga/TNTs@AC (12.15) >
AC (9.10-9.50) > TNTS@AC (5.04-5.23).

At elevated PFOS concentrations (Ce > 5 mg/L), AC may adsorb more PFOS than
2%Ga/TNTs@AC, which can be attributed to the decreased specific surface area and pore volume
of the latter (Section 3.3.1). In addition, because the anatase surface in 2%Ga/TNTs@AC was
only partially modified by the AC nanoparticles, it can only take up a limited amount of PFOS as

pure anatase is known to be a poor adsorbent for PFOS (Chen et al. 2011).
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Table 3-4. Isotherm model parameters based on isotherms using surface-area-normalized uptakes

of PFOS by treated AC, TNTS@AC, and 2%Ga/TNTs@AC.

Material
Model Parameter Treated AC TNTS@AC 2%Ga/TNTs@AC
Qmax
0.107 0.209 0.225
Langmuir (mg/m?)
b (L/mg) 0.083 0.069 0.244
R2 0.968 0.965 0.936

The much-enhanced affinity of 2%Ga/TNTs@AC for PFOS can be more clearly revealed
when the isotherm data are plotted based on the surface-area-normalized uptakes (Figure 3-4c,
Table 3-4). For instance, the maximum PFOS uptake per surface area by 2%Ga/TNTs@AC (0.225
mg/m?) is 2.1 folds higher than that for AC (0.107 mg/m?). This observation indicates that the
mutual modifications in the composite material transformed the predominant adsorption sites from
AC to AC-modified Ga/TNTs microstructures and induced multiple adsorption mechanisms such
as electrostatic interactions between the metal-oxides and the head group of PFOS and
hydrophobic and anion-z interactions between AC and the perfluorinated chain of PFOS (Ip et al.
2010; Wibowo et al. 2007; Yu et al. 2009) (See Section 3.3.6). Moreover, the pre-accumulation
of PFOS on the photoactive sites facilitates the subsequent solid-phase photocatalytic degradation
of PFOS.

3.3.3. Photodegradation of PFOS
Figures 3-5a and 3-5b show the photocatalytic degradation kinetics of PFOS pre-adsorbed

on neat AC, TNTS@AC, and Ga/TNTs@AC prepared at various Ga contents. Under the UV
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irradiation, neat AC showed almost no degradation of the sorbed PFOS. TNTS@AC exhibited a
modest degradation rate and degraded 13.1% and defluorinated 6.2% of the PFOS after 4 h. In
contrast, Ga/TNTs@AC in all cases displayed much enhanced photocatalytic activity, with a
defluorination rate of 41.2%-66.2%.

2%Ga/TNTs@AC, namely TNTs@AC doped with 2 wt.% of Ga, exhibited the highest
photoactivity and was able to degrade 75.0% and defluorinate 66.2% of the pre-sorbed PFOS in 4
h. It is noteworthy that increasing the Ga content from 2 wt.% to 3 and 5 wt.% resulted in the lower
PFOS degradation (70.0% and 67.3%) and defluorination (62.0% and 57.0%), respectively. This
behavior can be attributed to 1) excessive loading of Ga may result in poorly crystallized phases
of anatase, as shown in the XRD results (Figure 3-3b), and 2) excessive Ga may act as a
recombination center of the charge carriers, impeding the separation of the e’/h* pairs (Liu et al.
2013b). Section 3.3.6 gives details about the important roles of Ga in the photocatalytic

degradation of PFOS.
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Figure 3-5. (a) Photodegradation, (b) defluorination kinetics of PFOS pre-adsorbed on neat AC,
TNTs@AC, and Ga/TNTs@AC prepared at various Ga contents, and (c) defluorination of PFOS
pre-sorbed on 2%Ga/TNT@AC at various material dosages during the adsorption stage.
Experimental conditions during adsorption: initial PFOS concentration = 100 pg/L, material
dosage = 3 g/L, pH = 7.0 + 0.1; Conditions for photodegradation: UV intensity = 210 W/m?, pH =
7.0 £ 0.1. Data are plotted as mean of duplicates with error bars indicating deviation from the

mean.

In addition, the catalyst dosage (or the material-to-PFOS ratio) during the adsorption also
affected the PFOS photodegradation. Figure 3-5¢ compares the 4-h defluorination of PFOS pre-
loaded on 2%Ga/TNTs@AC at various material dosages during the adsorption stage. The
mineralization of PFOS was enhanced from 32.2% to 66.2% when the 2%Ga/TNTs@AC dosage
was raised from 1 to 3 g/L. At the lower material dosage, more PFOS is adsorbed on the deeper
sites, which are less photoactive and less reachable by the photons and photo-generated holes and
radicals (Section 3.3.6). However, further increasing the material dosage from 3 to 5 g/L gained

only 5.2% of additional defluorination, indicating that the reaction was no longer limited by the
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easily accessible photoactive sites at the higher material dosages. Consequently, the subsequent
experiments were carried out using 3 g/L of 2%Ga/TNTs@AC to concentrate PFOS.
3.3.4. pH effect

Figure 3-6a shows that 2%Ga/TNTs@AC at both 1 and 3 g/L was able to consistently adsorb
nearly 99% of PFOS from the solution over a broad pH range of 3.5-10.5 within 2 h. Figure 3-6b
shows the measured zeta potential of 2%Ga/TNTs@AC, which gives a pHpzc of ~4.6. At pH >
pHrzc, the negative material surface repels the sulfonate head group of PFOS. As such, PFOS is
more likely to be adsorbed through hydrophobic interaction between the carbon particles and the
tail of PFOS and the m-anion interactions between the electron-deficient aromatic system on the
AC surface and PFOS. Conversely, at lower pH, the adsorption of PFOS becomes favorable for
electrostatic interactions between the positively charged surface of Ga/TNTs@AC and PFOS, and
surface complexation between PFOS and the surface metals (Ti and Ga) can be also operative.

Figure 3-6¢ shows the photocatalytic defluorination of PFOS on 2%Ga/TNTs@AC at
various pH levels during the photodegradation. Compared with the PFOS defluorination of 66.2%
at the neutral pH, the 4-h mineralization of PFOS decreased to 48.1% and 50.7% at pH 3.5 and
5.0, respectively; while increased to 73.7%, 73.0%, and 72.5% at pH 9.0, 10.5, and 12.0. Although
the higher pH is less favorable for interacting with the head sulfonate group, it may have the
following beneficial effects: 1) the more negative catalyst surface at higher pH favors adsorption
of molecular oxygen, resulting in more O2", which favors PFOS degradation (Section 3.3.6) (Fang
et al. 2013; Mirkhani et al. 2009), and 2) the higher pH suppresses the protonation of O™ to HO,
and H.O according to Eqgs (4) and (5) (Liu et al. 2014; Mirkhani et al. 2009). Taken together,

Ga/TNTs@AC can function well in the broad pH range (>7.0), though the adsorption and
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photodegradation mechanisms may vary. This presents a superior attribute of the composite

material over other photocatalysts that can only adsorb anionic PFAS at acidic pH.

02" + H" & HOY 4)
202" +2H" & H02+ 02 (5)
1 gL Y3 gL
g\;100- = - 7§
S 801
[
8 60
®
o 401
T
o 204
0
3.5 5.0 7.0 9.0 105
pH
(a)
40 | 100
30 ] F=
SE‘ U \ 80
=] I T
= 10 J 3‘; - S % qi
£ 0 = § 601 N
c = - N
3 -10 ] \ T = N
g 2 £ J \
5 -20 ] 5 a0 \
g 30 ] E % N \
-40 ] ﬂ-—-.m—m = 204 \ §
-50 ] \
e \
2 3 4 5 6 7 8 9 10 M 0 , , DY N X
oH 50 7.0pH 90 105 120
(b) (c)

Figure 3-6. (a) Effect of pH on PFOS adsorption by 2%Ga/TNTs@AC, (b) Zeta potential of
2%Ga/TNTs@AC as a function of pH, and (c) effect of pH on photo-defluorination of PFOS pre-
sorbed on 2%Ga/TNTs@AC. Experimental conditions (adsorption): initial PFOS concentration =

100 pg/L, material dosage = 1 or 3 g/L in (a) =3 g/L in (c), adsorptiontime =2 h,andpH =7 %
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0.1; Experimental conditions (photodegradation): UV intensity = 210 W/m?, reaction time = 4 h,
pH = 3.5 to 12.0. Data are plotted as mean of duplicates with error bars indicating deviation from

the mean.

3.3.5. Reusability of Ga/TNTs@AC

Figure 3-7a shows the adsorption and defluorination of PFOS by 2%Ga/TNTs@AC over 4
consecutive adsorption and photodegradation runs. After 4 cycles of repeated uses,
2%Ga/TNTs@AC remained able to adsorb nearly 99% of the PFOS from the solution, although
the PFOS mineralization dropped gradually from 66.2% to 58.3%. This mild decrease in PFOS
defluorination may result from the accumulation of short-chain intermediates produced in the
previous cycles, which may occupy some of the photoactive sites and compete for the reactive
species although PFOS is known to have a higher affinity than its shorter-chain daughter products.
It is noted that some of the PFOS and the degradation byproducts pre-sorbed from the previous
runs may be further defluorinated in the subsequent photodegradation runs. Cumulatively, about
62% of PFOS was mineralized in the four cyclic runs. No Ti leaching was detected and less than
1.3% of embedded Ga was leached after the 4 cycles. Because of the small fraction of Ga on the
material (2 wt.% for 2%Ga/TNTs@AC), the modest bleeding of Ga did not cause significant loss
in adsorption and photodegradation of PFOS. While the catalyst activity may drop over prolonged
cyclic uses, it can be easily re-doped if needed.

Figure 3-7b shows that when the same 2%Ga/TNTsS@AC was reused in 4 consecutive
adsorption runs without the photo-regeneration after each run, the material was still able to
consistently adsorb >99% of PFOS (100 ug/L) in each run. This observation indicates that the

adsorption capacity was underused due to the relatively high dosage of 2%Ga/TNTs@AC and
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more PFOS could be pre-loaded on the material before the photodegradation/regeneration. In terms
of defluorination, about 54% of PFOS collected from the four adsorption runs was defluorinated
after 4-h UV irradiation, which is ~8% lower than that when photo-degradation was implemented
after each adsorption run. The observation suggests that it can be more cost-effective to make best

use of the adsorption capacity before the photo-degradation/regeneration is practiced.
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Figure 3-7. (a) Adsorption and solid-phase defluorination of PFOS during four consecutive runs
using the same 2%Ga/TNTs@AC and (b) adsorption of PFOS during four consecutive runs
without regeneration and defluorination of PFOS after the fourth adsorption run with
2%Ga/TNTs@AC. Experimental conditions for adsorption: initial PFOS concentration = 100 pg/L
in each batch adsorption, 2%Ga/TNTs@AC = 3 ¢g/L, pH = 7.0 £ 0.1; Conditions for

photodegradation: UV intensity = 210 W/m?, reaction time =4 h, pH = 7.0 £ 0.1.

3.3.6. Mechanisms for enhanced photodegradation of PFOS by Ga/TNTs@AC
To identify roles of various active species in the photodegradation, the photocatalytic
degradation of PFOS by 2%Ga/TNTs@AC was carried out in the presence of Kl, IPA, and BQ as
scavengers of h* (k > 1.1x10'° M1s?), "OH (k = 1.9x10° M1s?), and Oz (k = 1.1x10° M1sY),
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respectively (Van Doorslaer et al. 2012; Zhu et al. 2020). As shown in Figure 3-8, 75% of
adsorbed PFOS was degraded after 4 h when no inhibitor was present, while the 4-h degradation
was lowered to 72%, 51%, and 30% in the presence of IPA, KI, and BQ, respectively. The results
indicate that both the holes and superoxide radicals played important parts in the PFOS

degradation, whereas "OH played an insignificant role.
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Figure 3-8. Photodegradation of PFOS pre-sorbed on 2%Ga/TNTs@AC in the presence of various
radical scavengers (IPA, KI, and BQ). Experimental conditions (adsorption): initial PFOS
concentration = 100 pg/L, material dosage = 3 g¢/L, adsorption time = 2 h, and pH =7 + 0.1;
Experimental conditions (photodegradation): UV intensity = 210 W/m?, reaction time =4 h, 7.0 +
0.1; and scavenger concentration = 10 mM. Data are plotted as mean of duplicates with error bars

indicating deviation from the mean.

The oxidation states and compositions of TNTS@AC and 2%Ga/TNTs@AC were
investigated by XPS (Figure 3-9). The XPS survey spectra confirmed the presence of Ti, Ga, and
O in the composites (Figure 3-9a). For both TNTs@AC and 2%Ga/TNTs@AC, the deconvolution
of the Ti 2p spectrum (Figure 3-9b) yielded two peaks at binding energies of ~459.4 and 465.2
eV representing the Ti 2pz» and Ti 2py2 orbitals, respectively (Amdeha et al. 2020), which are
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characteristic of Ti**. Likewise, the Ga 2p spectrum (Figure 3-9¢) was deconvoluted into the 2p1.
and 2ps. peaks centered at 11455 and 1118.6 eV, respectively, which are typical of Ga®*
(Myilsamy et al. 2018). The XPS results showed that Ti** was the dominant oxidation state of Ti
and Ga was present as Ga®*. Besides, the O 1s peak was deconvoluted into two peaks (Figure 3-
9d). For TNTsS@AC, the peak at ~531.0 eV is attributed to the regular lattice oxygen (Ti—O—Ti),
and the other oxygen peak at 533.0 eV is assigned to the surface hydroxyl groups (Ti—OH)
(Banerjee et al. 2012). However, for Ga/TNTsS@AC, the binding energy of the regular lattice
oxygen shifted slightly to ~530.8 eV, suggesting that the doped Ga affected the lattice of TNTSs,
which is in accord with the results of the Raman and XRD data. In addition, the O 1s peak shifted
from 533.0 eV (TNTs@AC) to 532.5 eV (Ga/TNTs@AC), which is attributed to the formation of
oxygen vacancies upon the Ga doping (Diak et al. 2017; Qi et al. 2014). The generation of the
oxygen vacancies is attributed to the incorporation of Ga®" into the TNTS@AC structure by
substituting Ti**, which induced a loss in the local charge neutrality in the lattice (de los Santos et
al. 2014). Surface defects can serve as charge carrier traps as well as adsorption sites where the

charge transfer to adsorbed species can inhibit the e/h* recombination.
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Figure 3-9. (a) XPS survey spectra and high-resolution XPS spectra (b) of Ti 2p, (c) of Ga 2p,

and (d) O 1s for TNTs@AC and 2%Ga/TNTs@AC.

The EPR measurements were performed to further investigate the presence of surface defects.
Figure 3-10a shows the EPR results of treated AC, TNTS@AC (TNTs@AC), and
2%Ga/TNTs@AC. No signals were detected in the treated AC and TNTS@AC, while a sharp
electron signal was evident at g factor ~2.005 (denoted with an asterisk) for 206Ga/TNTS@AC,
indicating the presence of paramagnetic defects. According to the g value, the defects can be

attributed to the oxygen vacancies (Li et al. 2008) rather than Ti** (g = 1.972) (Zhang et al. 2008a).
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This observation is in line with those reported for other composite materials. For example, Pan and
Xu (Pan and Xu 2013) observed a sharp symmetrical signal at a g factor of 2.004 for Au-TiO,-OV
due to oxygen vacancies; and Nakamura et al. (Nakamura et al. 2000) observed a sharp signal at
2.004 for plasma-treated TiO2, which was identified as the electrons trapped on oxygen vacancies.
The energy level of the oxygen vacancies was reported to be below the conduction band of titania
(Myilsamy et al. 2018; Nakamura et al. 2000). For example, Cronemeyer (Cronemeyer 1959)
determined the oxygen vacancy states were located at 0.75-1.18 eV above the valence band for
anatase. These newly formed oxygen vacancy states in the anatase band structure are expected to
facilitate a new photoexcitation process by actively trapping the electrons excited from the valence
band of anatase, which can lead to 1) inhibition of the recombination of the e/h* pairs, 2)
generation of reactive oxygen species or atomic oxygen, and 3) extension of the excitation
wavelength to the visible light range [31, 66]. Myilsamy et al. (2018) reported a bandgap of 2.98
eV for TiO, doped with 1.0 wt.% of Ga, which is ~0.19 eV below the conduction band of titania.

To further investigate the effect of Ga, PL emission spectra were obtained (Figure 3-10b).
The PL spectra reflect the luminescence emitted during the recombination of photo-induced e/h*
pairs, i.e., the PL intensity is directly proportional to the rate of electron-hole recombination. All
samples exhibited an emission peak at 550 nm, and in all cases, Ga/TNTs@AC displayed weaker
peaks than TNTsS@AC, indicating the oxygen vacancies enhanced the separation rate of the e/h*
pairs, and thus increased the lifetime of the charge carriers. Moreover, the weakest PL intensity
was observed for 2%Ga/TNTs@AC, which agrees with the PFOS photodegradation data, where
2%Ga/TNTs@AC was most effective. The data also confirm that when doped at the right amount
(i.e., 2 wt.%), Ga acts as a charge carriers separation center; however, excessive Ga would serve

as charge carriers recombination center.
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Figure 3-10. (a) EPR spectra of treated AC, TNTS@AC, and 2%Ga/TNTs@AC and (b) PL spectra
of TNTs@AC and Ga/TNTs@AC with various Ga contents. TNTs@AC and 2%Ga/TNTs@AC

were calcined at 550 °C in all cases.

Based on the forgoing analyses, Figure 3-11 illustrates the mechanism for the enhanced
photodegradation of PFOS by Ga/TNTs@AC and the possible defluorination pathway. First, based
on our prior works (Li et al. 2020a; Xu et al. 2020a; Xu et al. 2020b), the integration of metals and
carbon particles facilitates multi-point side-on binding of PFOS due to concurrent hydrophobic,
ligand exchange, and m-anion interactions, and such an adsorption mode is conducive to the
subsequently electron transfer and redox reactions. Second, the substitution of Ti** by Ga®* results
in oxygen vacancies to maintain charge neutrality. The oxygen vacancies act as electron acceptors,
which capture the photoelectrons, thereby suppressing the e/h* recombination and rendering more
h™ available for degrading PFOS (Choudhury and Choudhury 2013); on the other hand, the oxygen
vacancy defects facilitate adsorption of molecular oxygen, which reacts with the photo-induced

electrons and the free electrons on the oxygen vacancies to generate O™ ions (Trojanowicz et al.
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2018). Both h* and O™ were responsible for the solid-phase photocatalytic degradation of PFOS
by 2%Ga/TNTsS@AC. It is also possible that some of the electrons captured on the oxygen

vacancies may be directly involved in the redox reactions.
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Figure 3-11. Proposed mechanism and pathway of enhanced photodegradation of PFOS by

Ga/TNTs@AC.

Figure 3-12 shows the LC-QTOF-MS chromatogram, showing the intermediate products
after 4 h of the PFOS photocatalytic process, which included the shorter-chain perfluorooctanoic
acid (C7FisCOOH), perfluoroheptanoic acid (CeF13COOH), perfluorohexanoic acid
(CsF1:COOH), perfluoropentanoic acid (C4FeCOOH), perfluorobutanoic acid (CsF7COOH),
pentafluoropropionic acid (C2FsCOOH), and trifluoroacetic acid (CFsCOOH). Based on the above

analysis and the intermediate products, the photodegradation pathway of PFOS by
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2%Ga/TNTs@AC is proposed as follows. First, O and h* cleave the C—S bond to convert PFOS
into CgF17¢ (Eq. 6). (Xu et al. 2020b; Yang et al. 2013). Direct oxidation of the C—F bonds by h*
and O, appears unlikely due to the high oxidation potential demand (E° = 3.6 eV) (Yang et al.
2013). Subsequently, the unstable CgFi7¢ reacts with H2O to generate C;FisCOF with one F
converted to F~ (Egs. 7 and 8). Upon further hydrolysis, C;FisCOF converts into PFOA
(C7F15COOH) (Eq. 9). The PFOA then undergoes the decarboxylation by h™ or O, to form C7Fse,
which is then converted to CsF13COF (Xu et al. 2020b). The unstable C¢F13COF is then converted
into shorter-chain perfluoroheptanoic acid (CsF13COOH) with a CF» unit eliminated, and the same

stepwise defluorination then continues until complete defluorination.

CsF17805 + h' or Oy — CgF7e + +SO5 (6)
CsF17¢ + H,0 — CgF170H + HY (7)
CsF170H — CgF sCOF + H' + F- (8)

CsF15sCOF + H,0 — C7F;sCOOH + H' + F- (9)
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Figure 3-12. LC-QTOF-MS chromatogram of ion peaks assigned to the intermediate products of
PFOS photodegradation by 2%6Ga/TNTs@AC after 4 h UV irradiation. Experimental conditions
during adsorption: initial PFOS concentration = 500 pg/L, 2%Ga/TNTs@AC =3 ¢g/L, pH=7.0 =
0.1; Conditions for photodegradation: UV intensity = 210 W/m?, reaction time =4 h, pH =7.0 +
0.1. The intermediates were extracted from the solids after the photodegradation following the

same hot-methanol extraction method.

3.4. Conclusions
A new adsorptive photocatalyst, Ga/TNTs@AC, was prepared, characterized, and tested for
adsorption and subsequent solid-phase photocatalytic degradation of PFOS. The major findings
are summarized as follows:
1) Ga/TNTs@AC can be easily prepared based on commercially available TiO2 and activated

carbon/charcoal.
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2)

3)

4)

5)

6)

7)

Ga/TNTs@AC appeared as clusters of aggregated particles, with interwoven TNTSs
blended or patched with Gallium oxide and AC particles. The modifications of TNTs by
AC nanoparticles and Ga induced synergistic interactions with PFOS and facilitated light
absorption, electron transfer, and hole-electron separation.

The integration of TNTs with AC decreased the specific surface area of the parent AC by
>4 times and shifted the adsorption sites from the deep pores of neat AC to the outer shell
consisting of AC/Ga-modified TNTs, which are more photoactive and more accessible to

PFOS.

Raman analysis confirmed that Ga doping facilitated the phase transformation of tri-
titanate to anatase upon calcination though excessive Ga inhibited the transformation. XRD
spectra provided further evidence that Ga* ions were embedded in the titanate lattice by
substituting Ti** in an octahedral coordination environment.

Ga/TNTs@AC was able to rapidly adsorb PFOS, thereby effectively concentrating PFOS
on the photoactive sites. Ga/TNTs@AC showed much higher adsorption capacity and
affinity for PFOS than the parent AC. Effective adsorption was observed over a broad pH
range of 3.5-10.5.
2%Ga/TNTs@AC exhibited the highest photoactivity and was able to degrade 75.0% and
mineralize 66.2% of PFOS pre-sorbed on the solid within 4 h of UV irradiation. The
material worked even better at elevated pH.

The efficient photodegradation also regenerates the material, allowing for repeated uses of
the material without invoking expensive and toxic chemical regenerants. After 4 cycles of
repeated uses with or without the photo-regeneration in each cycle, 2%Ga/TNTs@AC

remained highly reactive in both adsorption and photodegradation.
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8) The superior photoactivity of 2%Ga/TNTs@AC is partially attributed to the oxygen
vacancies resulting from the substitution of Ti** by Ga®". The oxygen vacancies not only
suppressed recombination of the e’/h* pairs, but also facilitated generation of O,". Both
holes and O," played critical roles in the PFOS degradation.

9) The photocatalytic degradation of PFOS starts with the cleavage of the sulfonate group by
h* and/or O.~, which converts PFOS into PFOA that is then decarboxylated and
defluorinated following the stepwise defluorination mechanism.

The findings unveil the potential of Ga/TNTs@AC as an adsorptive and photo-regenerable
material for removal and degradation of PFOS from contaminated water. The knowledge gained
may guide future material development for treating low concentrations of PFAS or other persistent

organic pollutants in large volumes of water.
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Chapter 4. Photocatalytic Degradation of PFAS in Field Water Using a ‘Concentrate-&-

Destroy’ Technology

PFAS are ubiquitous in field water, due to their widespread applications in various industrial
and consumer products, and health concerns. Yet, a cost-effective technology has been lacking for
the degradation of PFAS due to their resistance to conventional treatment. Thus, we developed a
novel ‘Concentrate-&-Destroy’ technology, using adsorptive photocatalyst (Ga/TNTs@AC) for
enhanced removal of PFAS from field water. Seven PFAS were detected in the field water, with
the most predominant PFAS being PFOS. Ga/TNTs@AC (3 g/L) was able to remove ~98% of
PFOS (spiked at 100 pg/L) from filed water within 10 min and offered large adsorption capacity.
The spiked cationic ions could enhance the PFOS removal efficiency due to the suppressed
repulsive force between PFOS and Ga/TNTs@AC. Moreover, 35.5% of pre-concentrated PFOS
(100 pg/L) on Ga/TNTs@AC (3 g/L) was degraded, with the defluorination rate of 25.8%.
Compared to the degradation of PFOS in pure water by Ga/TNTs@AC in same manner, the
declined degradation efficiency (53% lower) is due to the inhibitory effect of DOM. However,
addition Fe** added in the system increased PFOS degradation to 80.4%, corresponding with the
mineralization of 70.0%. The superior photoactivity is attributed to the concurrent complexes,
including the Fe®* complex with DOM and the complex between Fe3* and PFOS. Additionally,
acidic condition is favorable for not only PFOS adsorption in field water onto Ga/TNTs@AC, but
also PFOS degradation in the presence of Fe**. The ‘Concentrate-&-Destroy’ technology appears
promising for more cost-effective removal and degradation of PFAS in field water or PFAS-laden

high-strength wastewaters.
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4.1. Introduction

PFOS and PFOA have been found in surface water in both developed and developing
countries around the world including in North America, Europe, and Asia (Lein et al. 2008). For
instance, PFOA and PFOS concentrations were measured up to 123 ng/L and 2600 ng/L in surface
water of the Yodo River basin, Japan, respectively (Lein et al. 2008). Related to the contaminated
European rivers, high PFOA concentrations were found in the River Scheldt in Belgium and The
Netherlands (88 and 73 ng/L; flow ~150 m?/s), and River Phone in France (116 ng/L; ~1500 m%/s),
whereas the PFOS concentrations were detected in the River Scheldt in Belgium (154 ng/L) and
The Netherlands (110 ng/L), and Seine in France (97 ng/L; ~80 m%/s) (Loos et al. 2009). A study
reported that Alabama State in USA has the fourth-highest concentration of PFAS in its water
supply behind California, New Jersey, and North Caroline (Alabama 2016). The PFAS
contamination has been linked to the 3M plant in Decatur, AL, which was the major global
manufacturer of PFAS and released the perfluorinated chemical into the Tennessee River
(STEEEP 2019; Sunderland et al. 2019). The PFOS concentration measured in the samples
collected on the Tennessee River, near Decatur, AL, USA, was in a range from 27.8 ng/L to 106
ng/L, whereas the PFOA concentration varied from non-detectable (< 25 ng/L) to 404 ng/L
(Hansen et al. 2002). Moreover, the monitoring data recorded by Alabama Department of Public
Health (ADPH) showed that many major water systems in Alabama have concentrations of PFOS
and PFOA above the health advisory level, including West Morgan-East Lawrence Water
Authority, Gadsden Water Works and Sewer Board, Centre Water and Sewer Board, Vinemont
Anon West Point Water Systems Inc., West Lawrence Water Co-op, Northeast Alabama Water
District, Rainbow City Utilities Board, and Southside Water Works and Sewer Board, affecting

hundreds of thousands of Alabamians (ADPH 2016). For instance, the measurements of drinking
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water from 2013-2015 from the EPA’s Unregulated Contaminant Monitoring Rule (UMR3)
program indicated that the levels of PFOS and PFOA in drinking water from the Wet Morgan-East
Lawrence Water Authority reached 130 and 100 ng/L, respectively (EPA 2017a; Newton et al.
2017). Likewise, the Guin Water Works and Sewer Board (GWWSB) in Guin, Alabama measured
the PFAS level in unitality’s water treatment plant in 2020, which showed that the PFAS levels
were above the advisory level of 70 ng/L established by EPA (LAGIAPPE 2022). The Purgatory
Creek, as the drinking water source of the water treatment plant, has been contaminated by PFAS
leached from 3M Guin facility located upstream from the water plant on Purgatory Creek (AL
2020; LAGIAPPE 2022). Rivers are the source of drinking water, which is one of the important
pathways in which PFAS reach humans.

Taking advantage of the high adsorption selectivity and photocatalytic activity of
Ga/TNTs@AC, this contribution describes the application of adsorptive photocatalyst to test the
technical effectiveness of the ‘Concentrate-&-Destroy’ technology for removal and degradation of
PFAS in realistic field water. The specific objectives were to: 1) characterize filed water, 2) test
the effectiveness of Ga/TNT@AC for adsorption and subsequent photocatalytic degradation of
PFOS in filed water, 3) evaluate the effects of pH and cationic ions on PFOS adsorption, and 4),
examine the impacts of pH and Fe3* on subsequent PFOS photodegradation.

4.2. Materials and methods
4.2.1. Chemicals

Nano-TiO2 (Degussa P25, 80% wt.% anatase and 20 wt.% rutile) was purchased from Evonik
(Worms, Germany). Filtrosorb-400® granular activated carbon (F-400 GAC) was obtained from
Calgon Carbon Corporation (Pennsylvania, USA). PFQOS, calcium chloride, sodium chloride,

potassium chloride, magnesium chloride, iron (I1l) chloride hexahydrate, anhydrous gallium
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chloride, methanol, and sodium hydroxide were acquired from VWR International (Radnor, PA,
USA). Sodium perfluoro-1-[**Cs] octanesulfonate (M8PFOS or *Cs-PFOS) were purchased from
Wellington Laboratories Inc. (Guelph, Ontario, Canada Perfluoro) and were used as isotopically
labeled internal standard and surrogate, respectively. All chemicals were analytical-grade or
higher. All solutions were prepared using deionized (DI) water (18.2 MQ-cm).

4.2.2. Field water sample collection and characterization

Field water samples were collected below the water surface from Purgatory Creek in Guin
Alabama as the river was confirmed to be contaminated by PFAS from the nearby 3M landfill. To
remove the suspended solids, the original filed water was filtered through a mixed cellulose easter
membrane (pore size = 5 um), denoted as filtered filed water (FFW).

The filtered samples were kept in sealed high-density polypropylene (HDPE) containers in
refrigerator at 4 °C for the future use. To analyze the PFAS in FFW and original filed water (OFW),
the samples were shipped, on ice, to University of Maryland Laboratory.

4.2.3. Preparation of Ga/TNTs@AC

The adsorptive photocatalyst (Ga/TNTs@AC) was synthesized by integrating a commonly
used AC and titanate nanotubes through a modified, one-step, hydrothermal treatment approach
(Liu et al. 2016; Zhu et al. 2021). Typically, 1.2 g of F-400 GAC and 1.2 g of TiO, were added to
66.7 mL of a 10 M NaOH solution. After stirring for 12 h, the mixture was transferred into a 100-
mL Teflon reactor enclosed in a stainless-steel cup and heated at 130 °C for 72 h, then cooled
down to room temperature. After gravity settling for 1 h, two distinct layers were observed. The
upper layer was removed, whereas the bottom black precipitate, i.e., TNTS@AC, was washed with
DI water to neutral pH and oven-dried at 105 °C for 8 h. Furthermore, 1 g of dried and prepared

TNTs@AC was well dispersed in 80 mL of DI water, and subsequently, 4 mL of a GaCls solution
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(5 g/L as Ga) was added dropwise into the TNTs@AC suspension. The mass ratio of Ga to
TNTs@AC was fixed at 2 wt.%, and the corresponding composite was denoted as
2%Ga/TNTs@AC. The mixture was equilibrated for 3 h, at which >99% of Ga was adsorbed on
TNT. Nearly all composite materials were settled and the color of the aqueous solution after 1-h
gravity-settling was clear. Upon separation of the solids, the materials were oven-dried at 105 °C
for 8 h, and the resulting particles were calcined at 550 °C for 3.5 h in a nitrogen atmosphere with
a temperature ramp of 10 °C/min and a nitrogen flow of 2.5 L/min. No fluorine or fluoride was
detected in the resulting material.
4.2.4. Adsorption tests of PFAS in field water by Ga/TNTs@AC
4.2.4.1. Adsorption kinetics and isotherm

To facilitate quick chemical analysis and a rapid preliminary evaluation of various treatment
options, the FFW was spiked with 100 pg/L of PFOS and used in the screening stage of the
experiments. PFOS was selected as the probe compound because PFOS was the dominant PFAS
in the field water.

Given the sufficient material (2%Ga/TNTs@AC), the adsorption tests were conducted using
45 mL HDPE vials and were initiated by adding 0.04 g 2%Ga/TNTs@AC to 40 mL of a filtered
field water sample (spiked with 100 pg/L PFOS) with an equilibrium pH of 7.0 = 0.1. The vials
were kept in darkness and rotated at 70 rpm at 25 °C. Duplicate vials were sacrificially sampled at
predetermined times. Upon filtering through a 0.22-pum polyether sulfone (PES) membrane (>99%
PFOS recovery), the filtrates were analyzed for reaming PFOS. Meanwhile, another 9 mL filtered
samples were analyzed for TOC remaining.

Adsorption isotherms were measured in a similar manner, but the mixtures were equilibrated

for 24 h to ensure equilibrium. The initial spiked PFOS concentration in field water sample was
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varied (i.e., 0.1, 0.5, 1, 5, 10, 15, 20 mg/L), while the dosage of 2%Ga/TNTs@AC was kept at 1
g/L. For comparison, the adsorption isotherm in pure water was also performed via the same
procedure but without matrix effect.

4.2.4.2. Cationic ions and pH effect

To evaluate effect of cationic ions in FFW toward PFOS removal, experiments were carried
out under same procedures, but adding 10 mM NaCl, KCI, CaCl,, and MgCl.. The specific
experimental conditions were: dosage of 2%Ga/TNTs@AC =0.5 g/L, spiked PFOS concentration
in FFW =20 mg/L, pH =7.0 £ 0.1, and individual cationic ion = 10 mM.

The effect of pH on the adsorption of PFOS was tested using 2%Ga/TNTs@AC at a dosage
of 0.5 g/L and an initial POFS concentration of 20 mg/L in a same manner. The equilibrium
solution pH was 3.0 £0.1,5.0+0.1, 7.5+ 0.1, and 10 £ 0.1.

4.2.5. Photocatalytic degradation of PFAS in filed water by Ga/TNTs@AC
4.2.5.1. Photodegradation Kinetics

Batch photocatalytic degradation experiments were carried out in a Rayonet RPR-100 UV-
reactor (Southern New England Ultraviolet CO., Branford, CT, USA) equipped with 16 RPR-2537
A lamps. The system was fan-cooled and maintained at a temperature of ~35 °C. Following the
adsorption equilibrium, the mixtures (PFAS-laden Ga/TNTsS@AC) were separated by gravity
settling for 1 h (>99% settled). Subsequently, ~99% of the supernatant was removed, and the solid
particles were transferred into a quartz tray (ODxH = 6x1.5 cm) with a quartz cover. Then, 10 mL
DI water was added into the photo-reactor. The mixture was placed at the center of the photoreactor
chamber. The light intensity was 210 W/m? at the edge (1.5 in or 3.81 cm to the nearest lamp) of
the quartz tray and 128 W/m? at the center. During the photoreaction, the mixture was mixed every

15 min. At each sampling time (i.e., 1, 2, 3, and 4 h), the mixtures were taken from the reactor and
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were settled down for 15 min by gravity driven. The supernatants were sacrificially filtered through
0.22-uym PES membrane to determine the fluoride. To measure the residual solid-phase PFOS
concentration, the solids were subjected to hot-methanol extraction using 40 mL methanol at 80
°C for 8 h in an oven (Li et al. 2020a). The total PFOS recovery was >95%. No fluoride was
detected when the solids were washed with 20 mL of a 1 M NaOH solution. All tests were
performed in duplicate.

4.2.5.2. pH effect and Fe** effect on PFOS photodegradation

To determine the effect of pH on PFOS photodegradation in field water, the pH in the
adsorption stage was set 7.0 £ 0.1 (material dosage = 3 g/L, initial spiked PFOS = 100 pg/L), while
the pH during the photodegradation was varied from 4.0 + 0.2t0 9.0 £ 0.2.

To examine the impact of Fe** on PFOS photodegradation in field water, FeCls solution was
added in the photodegradation stage at various concentrations (25, 40, 50, 60, 80, and 100 uM as
Fe3*) by varying pH values (3.5, 5.5, 6.5, and 8.0 * 0.2), following the adsorption experiments in
same protocol.

4.2.6. Chemical analysis

Spiked PFOS (initial concentration = 100 pg/L) in FFW solution was determined using a
Vanquish Flex Binary UPLC system (Thermo Fisher, USA) coupled with a quadrupole-
Orbitrap mass spectrometer (Orbitrap Exploris TM120, Thermo Fisher) using the negative mode
electrospray ionization (ESI). A delay column was placed between the pump and autosampler
(HypersilGOLD, 1.9 um, 175 A, 3 x50 mm). The instrument detection limit was <1 pg/L.
MB8PFOS (20 pg/L) was used as the IS. All PFAS in the filed water were analyzed via an ultra-
performance liquid chromatography-tandem mass spectrometer (UPLC-MS/MS). Aqueous F~ was

analyzed by ion chromatography (Dionex, CA, USA) equipped with an anion exchange column
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(Dionex lonpac AS22) and an anion dynamically regenerated suppressor (ADRS 600, 4 mm). The
detection limit was 10.00 £ 0.01 pg/L. TOC was analyzed on a TOC analyzer (model TOC-L;
Shimadzu, Kyoto, Japan). Leachate pH was determined using a pH meter (PH800 Digital, Apera
Instruments, US). Cationic ions and common parameters analyses in FFW were conducted by the
Auburn University Soil Testing Lab.
4.2.7. PFOS analysis with LC-MS/MS

PFOS concentration and its photodegradation intermediates were determined using a
Vanquish Flex Binary UHPLC system (Thermo Fisher) coupled with a quadrupole orbitrap mass
spectrometer (Orbitrap Exploris TM120, Thermo Fisher) with electrospray ionization (ESI) in the
negative mode and using the Xcalibur software (V4.4.16.14). A delay column was placed between
the pump and autosampler (HypersilGOLD, 1.9 pm, 175 A, 3 x 50 mm) and the system was
enabled for PFAS analysis. *C8 PFOS (20 ug/L) was used as the internal standard for PFOS
analysis. Briefly, a sample or standard (10 pL) was injected into a C18 column (Luna C18(2),
3um, 100 A, 2 x 50 mm with a 2 x 4 mm guard cartridge, Phenomenex). Gradient elution was
performed using a mobile phase consisting of a 2 MM ammonium acetate aquesou solution (pH =
4.7) as solvent A and 100% acetonitrile as solvent B. The flowrate of mobile phase was set at 0.2
mL/min. The gradient conditions were: begin with 70% A and 30% B for the first 0.3 min, then
change to 95% B for 3.4 min, hold for 0.7 min, back to 30% acetonitrile for 1.2 min, and re-
equilibrate for 1.4 min, resulting a total run time of 7 min. The voltages for capillary, sample cone,
and extraction cone were set at 2.8 kV, 30 V, and 4.0 V, respectively. The source temperature was
performed at 100 °C, and the desolvation temperature was maintained at 300 °C with a gas flowrate
of 600 L/h. The TOF/MS scan was 1 s from 150 to 600 m/z with a 0.02 s inter-scan delay using

the centroid data format. A 0.2 mg/L solution of Leucine encephalin was used as the lock mass
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reference standard for instrument tuning and calibration. The ion source parameters such as the
source temperature (gas and sample cone), mobile phase flow rate, and cone voltage were kept
constant throughout the study.

The calibration of LC-QTOF-MS system was performed each time of analysis using at least
five PFOS standards in the linear concentration range of 1 to 90 pg/L. The relative standard
deviation (%RSD) of the response factors (RFs) for all analysts must be within = 20% or the linear
regression R? must be >0.99, based on initial calibration (ICAL) criteria and their true values. The
second source standard was used after the ICAL for the initial calibration verification. The analyte
concentrations were within £ 30% of their true value. After 10 samples each time or at the end of
the sequence, two consecutive calibration verification standards were analyzed before next sample
analysis with analyte concentrations within + 30% of their true values from the Limit of
Quantitation (LOQ) (5 pg/L) to the mid-level calibration concentration.

4.3. Results and discussion
4.3.1. Filed water characterization

Table 4-1 summarizes concentrations of PFAS in the original filed water (OFW) and filtered
filed water (FFW) through the 5 um mixed cellulose easter membrane. The results showed that 7
PFAS were detected in the water. The PFAS concentrations in the OFW sample were (mean *
standard deviation): PFOS (6010 ng/L) > PFHXS (21+£3 ng/L) > PFBA (11.5+0.3 ng/L) > PFOA
(8.3x1.2ng/L) > HFPO-DA (8.2+0.7 ng/L) > PFBS (5.6£0.8 ng/L) > PFHXA (<5 ng/L). The total
PFAS (sum of all the PFAS) amounted to 119.6 ng/L. Upon the filtration, the PFAS levels only
slightly decreased (3.5% < absolute relative errors < 16.6%), however, HFPO-DA concentration
value detected in FFW was unusually high suggesting an “accident” contamination during

filtration process. Namely, PFOS was the dominant compound accounting for ~50% of the total
101



PFAS in filed water. Moreover, the sum of PFOS and PFOA in filed water was around 68.3 ng/L,
slightly lower than EPA lifetime health advisory (70 ng/L). This observation suggests that long-
chain PFAS (PFOS and PFOA) have left a legacy of persisting water contamination, even almost
ten years after the phase out of 3M company (EPA 2000). Notably, short-chain PFAS accounted
for ~23% of the total PFAS in the OFW, which is attributed to 1) the use of short-chain substitutes
in the global fluoropolymer industry (Sunderland et al. 2019); (2) the conversion of the longer-
chain homologues and/or PFAS precursors following the stepwise chain-shortening process,
induced by the biogeochemical process in filed water and chemical and photochemical process
under natural field conditions (Li et al. 2019; Tian et al. 2021).

Table 4-2 shows key compositions in FFW, including cations, anions, and other parameters.
As expected, high concentrations of calcium (2.03 mg/L), magnesium (0.67 mg/L), potassium
(1.17 mg/L), and sodium (2.47 mg/L) were present in field water, which may facilitate the PFAS
adsorption by Ga/TNTs@AC due to the suppressed negative surface potential and cation bridging
effects (See Section 4.3.2) (Tian et al. 2021). Additionally, chloride was the predominant anion
(2.04 mg/L) followed by nitrate (1.40 mg/L) and fluoride (0.03 mg/L) ions. The concentrations of
total dissolved solids (TDS, 18 mg/L) and DOM (3.35 mg/L as TOC) were orders of magnitude
higher than those of PFAS, which may inhibit the photodegradation of PFAS owing to the

competitive photoactive sites on Ga/TNTs@AC (See Section 4.3.3).
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Table 4-1. PFAS analytes and concentrations in original filed water (OFW) and filtered filed water

(FFW).
Carbon Molecular Concentration Concentration
Analyte number  lon Formula in OFW in FFW
(mean £ SD, ng/L) (mean £ SD, ng/L)
PFBA 4 C4F702~ 11.5+0.3 9.6+1.0
PFBS 4 C4F903S™ 5.6+0.8 54+08
PFHXA 6 CeF1102™ <5 <5
PFHxS 6 CeF1303S™ 21+3 18+3
PFOA 8 CsF1502~ 83+12 74+12
PFOS 8 CsF1703S™ 60 + 10 63+9
HFPO-DA 6 CeF1103™ 8.2+0.7 17.0+29

Table 4-2. Key compositions in filtered field water (FFW).

Concentration

Concentration

Concentration (mean

Cations (mean £ SD, Anions (mean + SD, Others + SD, mg/L)
mg/L Hg/L)

Calcium 2.03 +0.09 Chloride 2038.97 + 1.54 TDS® 18.00 £ 0.00

Magnesium 0.67 £0.05 Fluoride 31.76 £ 0.33 Hardness ® 7.67 £0.47

Potassium 1.17 £ 0.05 Nitrate 1398.92 £ 18.08 | Alkalinity © 12.77 £0.19

Sodium 247 +0.17 TOC ¢ 3.35+0.44

pH 4.56 + 0.02

“<” indicates that the concentration was below the limit of quantitation
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“@ TDS: Total dissolved solids “¢” Alkalinity as CaCO3z equivalents

“> Hardness as CaCOs “® TOC: Total organic carbon

4.3.2. Adsorption tests
4.3.2.1 Adsorption kinetic and isotherms

Figure 4-la shows the time-courses of spiked-PFOS adsorption in FFW by
2%Ga/TNTs@AC. PFOS was rapidly adsorbed within 10 min, with ~98% of PFOS uptake, before
a faster approach to equilibrium and about >99% adsorption occurred in 30 mins. While there was
a scope for release of labile dissolved organic matter (DOM, served as matrix effect) from natural
FFW at neutral pH, which may occupy and compete the adsorption sites against the target spiked
PFOS, the instantaneous adsorption and nearly complete removal rate suggest that the matrix had
negligible effect on PFOS adsorption on Ga/TNTs@AC, which is also evident from Figure 4-1b.

To gain insight into the influence of matrix in field water toward adsorptive photocatalysts
adsorption capacity, the adsorption isotherm compares the PFOS uptake in pure water (DI water)
and FFW (Figure 4-1b), with the initial concentration of spiked PFOS from 0.1 to 20 mg/L. The
experimental data were fitted by two classical isotherm models, namely Langmuir and Freundlich

isotherms, which are described by Egs. (1) and (2), respectively.

_ Qmaxbce
Qe = 1+bCe (1)
qe = KpC/" )

Where, Qmax - the Langmuir maximum adsorption capacity (mg/g), b - the Langmuir
coefficient related to affinity of binding sites (L/mg), Kr - the Freundlich capacity constant
(mg/g-(L/mg)*"), and n -the heterogeneity factor related to the presence and distribution of

different sorption sites.
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Table 4-3 summarizes the parameters for two models. With respect to the values of the
coefficient of determination (R?), both the Freundlich model and Langmuir model were able to
adequately interpret the data obtained in FFW because of the similar R? (R?= 0.962 and 0.975 for
Freundlich and Langmuir model, respectively), while the Freundlich model was more consistent
with experimental data in pure water (R?= 0.985). As a consequence, Figure 4-1b shows that the
fitting lines of the Freundlich adsorption isotherm in both cases nearly coincide. The Freundlich
capacity coefficient for the FFW (29.75 mg/g-(L/mg)*™) was slightly higher that for pure water
(28.41 mg/g-(L/mg)*™), indicating that 2%Ga/TNTs@AC performed well with the FFW.
Likewise, the Langmuir maximum adsorption capacities (Qmax) were also comparable for both
cases, 18.70 mg/g for the FFW and 18.12 mg/g for pure water. The above observation indicates
that the matrix effect in real filtered filed water has insignificant impact on the removal of PFOS
onto Ga/TNTs@AC, and even increases the adsorption capacity slightly, which is attributed to the
concurrent metal ions. Compared to the concentration of cations measured in FFW (Table 4-2),
the concentrations of divalent cations (Mg?* and Ca?") in FFW after 24-h adsorption by
Ga/TNTs@AC were lower than quantitation limit (< 0.1 mg/L), whereas the K* concentration
decreased from 1.17 to 0.1 mg/L (Table 4-4). It is noteworthy that the unusually high concentration
of Na* (45.67 mg/L) in filed water after 24-h PFOS adsorption by Ga/TNTs@AC was detected,
which may be attributed to Na* leaching from titanate network (Tsiamtsouri et al. 2018). The
observations suggest that the cationic ions presented in the natural field water were adsorbed on to

the negatively charged adsorbent surfaces at neutral pH due to the low pH,, value (~4.6), which

is favorable for PFOS removal by Ga/TNTs@AC (See Section 4.3.2.2). In addition to the cationic
ion concentration comparison, nearly all hardness (~99%) was removed from FFW through

adsorption, which also confirms that cationic ions were adsorbed onto Ga/TNTs@AC. On the
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other hand, the high adsorption capacity of Ga/TNTs@AC is due to: (1) the great specific surface
area (244.43 m?/g), offering more adsorption sites for PFOS, (2) the mutual modifications
(hydrothermal alkaline treatment, Ga deposition, and calcination) in the composite, resulting in the
blockage of the interior sites inside the core, and creating more avaible and accessible adsorption
sites for Ga/TNTs@AC on the shell of the particles, and (3) synergistic adsorption interactions,
including electrostatic and metal-ligand interactions with the head sulfonate group, hydrophobic
interactions with the tail group of PFOS, and anion-n or n-CF interactions between the electron-

deficient aromatic skeletons of AC and the CF,/CFs and sulfonate groups (Zhu et al. 2021).
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Figure 4-1. (a) Adsorption kinetics and (b) adsorption isotherm of spiked PFOS in filtered field
water and pure water by 2%Ga/TNTs@AC. Experimental conditions for kinetic test: initial spiked
PFOS concentration = 100 pg/L, material dosage = 1 g/L, pH = 7.0 £ 0.1; Conditions for isotherm
experiments: initial spiked PFOS concentration = 0.1-20 mg/L, material dosage =1 ¢g/L, pH=7.0
+ 0.1. Data are plotted as the mean of duplicates with error bars indicating relative deviation from

the mean.
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Table 4-3. Adsorption isotherm model parameters for adsorption of spiked PFOS in FFW by

2%Ga/TNTs@AC.
Solvent
Filtered field
Model Parameter DI water
water
K (mg/g-(L/mg)*™) 28.41 29.75
Freundlich
n 3.72 3.56
model
R? 0.985 0.962
Qmax (mg/g) 18.12 18.70
Langmuir b (L/mg) 137.40 135.99
model R? 0.958 0.975

Table 4-4. Cation analysis in filtered field water after adsorption by Ga/TNTs@AC

Concentration Concentration
Cations Others
(mean £ SD, mg/L) (mean + SD, mg/L)
Calcium <0.1 Hardness ? <0.1
Magnesium <0.1 pH 7.0+0.1
Potassium 0.10 £ 0.00 TOC 1.04 +10.6
Sodium 45.67 + 0.47
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4.3.2.2 Cations effect on PFOS adsorption

To further investigate the effect of cations on PFOS adsorption in field water, additional 1
mM and 10 mM cations (such as Na*, K*, Mg?", and Ca?*) were spiked into the solution,
respectively, as shown in Figure 4-2. Compared with 77.6% adsorbed PFOS in FFW without
additional cations, PFOS uptake increased 80.3%, 80.9%, 88.4%. and 87.8% in the presence of 1
mM Na*, K*, Ca?*, and Mg?*, respectively, whereas raising cations concentration to 10 mM
resulted in higher PFOS removal efficiency (90.3% for Na*, 93.5% for K*, 96.6% for Ca?*, and
96.3% Mg?"). The above observation suggests that increasing ionic strength promoted PFOS
adsorption in field water on Ga/TNTs@AC. Overall, the presence of cations increased PFOS
adsorption on Ga/TNTs@AC, while divalent cations spiked in field water caused slight increase

of PFOS adsorption than monovalent cations.
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Figure 4-2. Effect of additional cations on adsorption of spiked PFOS by Ga/TNTs@AC.
Experimental conditions: initial spiked PFOS concentration = 20 mg/L, material dosage = 0.5 g/L,

pH = 7.0 £ 0.1, contact time = 24 h, and individual cation concentration = 1M and 10 mM.
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At neutral pH, the negative material surface (pHy,. of 2%Ga/TNTs@AC = 4.6) repels the
sulfonate head group of PFOS, while the adsorption rate stays high (77.6%) owing to the dominant
hydrophaobic reaction between the carbon particles and the carbon chain in PFOS (Zhu et al. 2021).
Meanwhile, the electrostatic repulsion occurs between PFOS anions and Ga/TNTs@AC, because
the adsorbent surface charge is of the same sign as the function group of PFOS (pK, of PFOS =
—3.27) (Brooke et al. 2004). However, the cationic counterions (e.g., Na*, K*) are attracted to the
negatively charged adsorbent surface leading to the electric double layer (EDL), which results in
the decreased electrostatic repulsion due to the less negatively charged surface of Ga/TNTs@AC
in the presence of monovalent cations (Xiao et al. 2011). Additionally, the enhanced PFOS
adsorption rate in the presence of divalent cations such as Ca?* and Mg?" is attributed to not only
the neutralized surface negative charges of adsorbents and surface complexation, but also the
divalent cation-bridging effect between the PFOS anions and 2%Ga/TNTs@AC at neutral pH
(Egs. (3) and (4)) (Wang and Shih 2011). Wang and Shih (2011) reported that the divalent cations
(Mg?* and Ca?*) could serve as bridge between two PFOS/PFOA molecules and initiate the
potential complexes with them, while only PFOS was able to be bridged by Ca?* due to the higher
covalent nature of magnesium. Zhao et al. (2016a) speculated that increasing Mg?* concentration
in the feed solution (100 PFOS) resulted in higher PFOS rejection rate (from 94.1% to 98.6% at
0.4 MPa), which was owing to the bridge and complex formed between SO3 group of PFOS
molecule and negatively charged membrane surface (NF270). Besides, Luo et al. (2016)
investigated that the SO3 group of PFOS was the active site that bound to the positively charged
Na*, Mg?*, and Fe®*, leading to the formation of bridge structures. Moreover, salting-out effect
may play a role on enhanced PFOS adsorption on Ga/TNTs@AC, resulting from the lower

solubility of PFOS (Cai et al. 2022; Carter and Farrell 2010). For instance, You et al. (2010)
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reported that the solubility of PFOS decreased from 680 mg/L in pure water to 25 mg/L in filtered
seawater. In light of this study, carbon was a predominant portion (50 wt.%) in Ga/TNTs@AC
composite, which was able to attract PFOS via hydrophobic interaction between carbon particles
and the C-F chain in PFOS. Thus, the potential reasons contributing to the enhanced PFOS
adsorption onto Ga/TNTS@AC in the presence of cations in the filed water solution are: (1)
suppressed repulsive force between anionic head group of PFOS and adsorbent; (2) the complex
formation between metal ions and PFOS; (3) the formation of bridge between PFOS head group
and negatively charged adsorbent surfaces; and (4) a reduction in the solubility of PFOS.
CF5(CF,),S03 + Ca?*= Ca(CF;(CF,),S05), (3)
CF5(CF,),S03 + Mg2*= Mg(CF5(CF,),S03), (4)

4.3.2.3. pH effect on PFOS adsorption

pH is a critical factor in adsorption experiments because it affects the charge characteristics
of PFAS molecules and surface properties of adsorbents. Figure 4-3 shows the PFOS removal
efficiency upon adsorption equilibrium from the solution over a broad pH range of 3.0-10.0 by
2%Ga/TNTs@AC at 0.5 g/L. Compared with the PFOS adsorption rate of 77.6% at neutral pH,
the PFOS removal efficiency increased to 99.0% and 88.3% at pH 3.0 and 5.0, respectively; while
decreased to 60.5% at pH 10.0.

Although H* may interfere the speciation of solutes in the solution, PFOS mainly exists in
the anionic form in the pH values tested in the current study, due to the low pK, value of PFOS
(—3.27) (Brooke et al. 2004). On the contrary, the surface charge of adsorbents is strongly

dependent on pH of the solution. The pHy,. of 2%Ga/TNTs@AC was reported at around 4.6 (Zhu
et al. 2021); hence, the surface of 2%Ga/TNTs@AC was charged positively at pH < pHp,,., while

it was negative at pH > 4.6. Thus, lower pH (pH < 5.0) facilitated the PFOS adsorption capacity
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through multiple synergistic interactions with 2%Ga/TNTS@AC, including electrostatic and
metal-ligand interactions between the head sulfonate group and positively charged adsorbents,
hydrophobic interactions with the tail group of PFOS and carbon particles, and anion-r or n-CF
interactions between the electron-deficient aromatic skeletons of AC and CF2/CFs and sulfonate
groups. Conversely, at higher pH, the electrostatic interaction was suppressed, while hydrophobic
and anion-x interactions were predominant for PFOS adsorption, which may result in lower PFOS

removal rate than that in acid condition.
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Figure 4-3. Effect of pH on adsorption of spiked PFOS by Ga/TNTs@AC. Experimental
conditions: initial spiked PFOS concentration = 20 mg/L, material dosage = 0.5 g/L, contact time

=24h.

4.3.3. Photodegradation tests

4.3.3.1 Photodegradation kinetics of PFOS in FFW by Ga/TNTs@AC
Figure 4-4 shows the photodegradation efficiency of spiked PFOS (100 pg/L) in FFW by

2%Ga/TNTs@AC. Under 4-h UV irradiation, 2%Ga/TNTs@AC was able to degrade 35.5%
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PFOS, corresponding to 25.8% defluorination rate. However, the values were 53% and 61% lower
than PFOS photodegradation (75.0%) and mineralization rates (66.2%) in pure water under same
experimental conditions, respectively (Zhu et al. 2021). The above observation is in line with other
reports. For example, the degradation of PFOA in the wastewater significantly retarded by the
needle-like Ga,Os3 under UV irradiation (~2.67 times longer than pure water), due to high
concentration of TOC (18.9 mg/L) in wastewater (Shao et al. 2013). Besides, the presence of HA
at 2.0 mg/L in the solution decreased the PFOS decomposition rate constant from ~0.10 h™* to ~
0.05 h, which was ascribed to an inhibitory effect of HA (Lyu et al. 2015). Therefore, the

significant photoactivity decrease in this study may be attributed to the DOM from FFW.
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Figure 4-4. (a) Photodegradation and (b) defluorination kinetics of PFOS in FFW pre-adsorbed
on 2%Ga/TNTs@AC. Experimental conditions during adsorption: spiked PFOS concentration =
100 pg/L, material dosage = 3 g/L, pH = 7.0 £ 0.2; Conditions for photodegradation: UV intensity
=210 W/m?, pH = 7.0 +£ 0.2. Data are plotted as mean of duplicates with error bars indicating

relative deviation from the mean.
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Figure 4-5. Adsorption kinetics of DOM (measured as TOC) in FFW by Ga/TNTs@AC.
Experimental conditions: initial spiked PFOS concentration = 100 pg/L, material dosage = 1 g/L,
pH =7.0£0.2, and initial TOC = 3.39 mg/L. Data are plotted as the mean of duplicates with error

bars indicating relative deviation from the mean.

Generally, DOM is considered to be a critical factor that affects photodegradation process
due to the generation of DOM-derived oxidative intermediates, light screening, and their
physicochemical quenching effects (Qi et al. 2022; Xu et al. 2017a). Figure 4-5 shows the
adsorption kinetic of DOM (measured as TOC) in FFW spiked with PFOS (100 ug/L) by
2%Ga/TNTs@AC at 1 g/L. Upon adsorption equilibrium, ~60% of DOM was removed by
adsorbents via hydrophobic interactions and/or =-interactions with carbon particles in
Ga/TNTs@AC (Wang et al. 2021). While it had negligible effect on PFOS adsorption (Figure 4-
1), the adsorbed DOM occupies the photoactive sites at the surface of the Ga/TNTsS@AC,

competing with PFOS on the accessible photons, photogenerated charge carries, and reactive
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oxygen species, which play important roles on PFOS photodegradation (Konstantinou and
Deligiannakis 2013; Zhu et al. 2022; Zhu et al. 2021). Additionally, DOM may interfere with the
photolysis of organic contaminants by screening reactive wavelengths of light (Xue et al. 2019).
Concretely, Walse et al. (2004) reported that DOM was the variable that decreased fipronil
degradation due to competitive light absorption (i.e., attenuation) and the quenching of fipronil*.
DOM hindered PFOS photodecomposition not only by absorbing light, but also by acting as
photosensitizers to produce reactive species (Lester et al. 2013; Liang et al. 2016). Typically, DOM
was transformed to triplet excited states ((DOM") by adsorbing light under UV irradiation, which
could react with O2 via energy or electron transfer mechanism to generate reactive oxygen species
such as singlet oxygen (*O2), hydroxyl radicals ("OH), and hydrogen peroxide (H.O2) (Lester et al.
2013). However, none of these radicals played a role in PFOS photodegradation by
Ga/TNTs@AC, because holes (h™) and O," were responsible for degradation of PFOS in this study
(Zhu et al. 2021). The superior PFOS photodegradation by Ga/TNTS@AC in pure water was
attributed to the oxygen vacancies, which not only suppressed recombination of the e /h* pairs, but
also facilitated O2™ generation (Zhu et al. 2021). Conversely, pre-adsorbed DOM may compete
for the electrons and oxygen, resulting in less O," generation through the reaction between
electrons and oxygen. Apart from the transformation from DOM to *DOM, the reaction between
DOM and "OH could occur at pH = 7.0, which produced reduced DOM (DOM™ ) by fast one-
electron-transfer in the initial stage (Ma et al. 2019). Meanwhile, the unstable DOM" reacted with
02" generating H20> to complete a catalytic dismutation cycle, consuming avaible and accessible

02" and further leading to lower PFOS photodegradation by Ga/TNTs@AC (Ma et al. 2019).
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4.3.3.2. pH on PFOS photodegradation

Figure 4-6 displays the photodegradation of spiked PFOS in FFW by 2%Ga/TNTs@AC at
various pH values. The 4-h PFOS photodegradation efficiency showed an evident decreasing trend
with increasing pH, from 61.2% at pH 4.0 to 52.3%, 35,5%, and 23.9% at pH 5.5, 7.0, and 9.0.
Interestingly, this result was completely the opposite compared with the one reported by Zhu et al.
(2021), where the acidic condition was less favorable for PFOS photodegradation in pure water by
Ga/TNTs@AC due to the reactions occurred between Oz~ and H™. In light of pH effect on PFOS
degradation in FFW by Ga/TNTs@AC, the matrix effect (DOM) needs to be taken into account.
As illustrated in Section 4.3.3.1, the pre-adsorbed DOM not only acted as electron trapper
producing photo-induced radicals, which played negligible roles on PFOS degradation, but also
reacted with O™ generating H20. (Ma et al. 2019). However, in addition to O,", h™ was also
participating in PFOS photodegradation by Ga/TNTs@AC under UV irradiation (Zhu et al. 2021).
It is noteworthy that lower pH is favorable for generating h™; thus, h™ is considered to be the
predominant oxidizing species in acid condition, which may result in superior PFOS

photodegradation at pH < 7.0 (Xu et al. 2017a).

115



—_
o
o

B D Qo
o o o
1 L ] s ]

N
o
1

PFOS degradation efficiency (%)

o

40 55 70 9.0

pH
Figure 4-6. Effect of pH on spiked PFOS photodegradation by 2%Ga/TNTs@AC. Experimental
conditions (adsorption): Spiked PFOS concentration = 100 pg/L, material dosage = 3 g/L, and pH
= 7.0 £ 0.1; Experimental conditions (photodegradation): material dosage = 3 g/L during

adsorption, UV intensity = 210 W/m?, reaction time = 4 h.

4.3.3.3. Fe3* effect on PFOS photodegradation

While 2%Ga/TNTs@AC was able to degrade 61.2% of pre-sorbed PFOS in FFW at pH = 4.0
within 4-h UV irradiation, the value was ~18% lower than the highest photodegradation of PFOS
in pure water under neutral pH (Zhu et al. 2021). To enhance PFOS degradation by Ga/TNTs@AC
and eliminate the negative effect of DOM, Fe3* was added in the system. The beneficial effect of
ferric ions in PFAS photochemical degradation has been investigated in recent years. For example,
Liang et al. (2016) studied that the addition of 20 uM ferric ions accelerated the PFOA
defluorination process, shortening the time from 144 h in the system without ferric ions to 72 h

with nearly completed defluorination. Additionally, spectroscopic spectra indicated that PFOA
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decomposition reaction was initiated by electron-transfer from PFOA to Fe®*; 97.8% * 1.7% of
50 uM PFOA degraded within 28 days into shorter-chain intermediates and fluoride (F) in the
Fe®* and sunlight system, with an overall defluorination extent of 12.7 £0.5% (Liu et al. 2013a).

Figure 4-7a shows the pre-sorbed PFOS photodegradation and mineralization by
Ga/TNTs@AC in the presence of Fe®* at various concentrations under 4-h UV irradiation. Notably,
the presence of Fe** significantly increased PFOS photodegradation from 61.2% without addition
Fe®* to 80.4% at pH = 3.5. Firstly, DOM could form complexes with Fe**, which has a positive
effect on the degradation of organic pollutants (Qi et al. 2022). Specifically, the light irradiation
of Fe®* complexes with DOM generates both Fe?* via a ligand-to-metal charge transfer (LMCT)
reaction and DOM radicals (DOM™*) (Eq. 5) (Gaberell et al. 2003). Subsequently, DOM** reacts
with oxygen to generate O, /HO3 (Eq. 6) (Song et al. 2005), which could attack PFOS anions to
decarboxylate and defluorinated PFOS following the stepwise defluorination mechanism.
Meanwhile, the redox reactions between Fe?*/Fe®* are initiated. The produced 05~ /HO; radicals
could be transformed into H.O, either by reaction with Fe?* (Egs. 7 and 8) or through self-
disproportionation (Egs. 9 and 10); then, H2O; reacts with Fe?* to produce "OH radicals (Eq. 11),
which causes the generation of Fe3* (Eq. 12) (Song et al. 2005). Therefore, the redox cycle of
Fe2*/Fe3* and photo-generated holes/electrons facilitates the production of O™ and "OH, as well
as suppresses electron-hole recombination, resulting in enhanced photodegradation of PFOS (Li
et al. 2020a). Secondly, the enhancement of pre-sorbed PFOS photodegradation by Ga/TNTs@AC
in the presence of Fe** might be also ascribed to the generation of complex between PFOS and
ferric ion upon UV radiation (Cheng et al. 2014). The Fe®*" complex with PFOS could be directly
excited by UV light and photolyzed to Fe?* and an organic radical through LMCT. Subsequently,

the unstable PFOS radical is subsequently desulfonated to form a perfluoroalkyl radical (Jin et al.
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2014). In the meanwhile, Fe?* can be recovered to Fe®* in the presence of oxygen (Jin et al. 2014).
Then, the perfluoroalkyl radical may react with H>O to generate C;F1sCOF with one F converted
to F~ and convert to PFOA that is then decarboxylated and defluorinated following the stepwise
defluorination mechanism (Zhu et al. 2021). Taken together, the presence of Fe** not only
suppresses the inhibitory effect of DOM, but also forms complex with PFOS, resulting in the

enhanced photocatalytic activity toward pre-sorbed PFOS degradation under UV irradiation.

Fe3* — DOM - Fe2* + DOM** (5)
DOM™** + 0, — 03~ /HO3 + DOM2* (6)
Fe?* + 05 + 2H* - Fe3* + H,0, (7
Fe?* + HO, + H* - Fe3* + H,0, (8)
05~ + HO3 + H* - 0, + H,0, 9
HO} + HO3 - 0, + H,0, (10)

Fe?* + H,0, » Fe3* + "OH + OH~ (11)
‘OH + Fe?* —» Fe3* + OH~ (12)

On the other hand, Figure 4-7a also displays that increasing Fe** concentration from 40 pM
to 60 UM resulted in higher PFOS degradation from 57.6% to 80.4%, corresponding to
mineralization rates of 44.% and 70.0%, respectively, while further elevating Fe** (80 uM) led to
lower PFOS photodegradation rate (68.3%) with 52.6% mineralization efficiency. Moreover, the
defluorination of PFOS decreased to 36.4% and 25.4% when Fe3* concentration was 25 pM and
100 pM, respectively (Figure 4-7b). The above observation indicates that 60 pM Fe®" was most
beneficial for enhancing the photodegradation of PFOS. However, excess ferric ion inhibited the

PFOS decomposition efficiency, which is attributed to the photon-limitation phenomenon (Zhang
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and Anderson 2013). In this study, photons may be adsorbed by DOM, PFOS, and/or
Ga/TNTsS@AC, as well as the addition ferric ion, and other reactions influence the consumption
rate of the target reactant (Wang et al. 2008; Zhang and Anderson 2013). Therefore, the
competition of photons among the components adsorbed onto Ga/TNTs@AC may occur at high
ferric ion concentrations, resulting in the reduction of direct photolysis and photocatalytic

degradation efficiency (Cheng et al. 2014).
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Figure 4-7. (a) Photodegradation and (b) defluorination and of PFOS pre-sorbed on
2%Ga/TNTS@AC at various Fe®*" concentrations during photodegradation. Experimental
conditions (adsorption): spiked PFOS concentration = 100 pg/L, material dosage = 3 g/L,
adsorption time = 2 h, and pH = 7.0 + 0.1; Experimental conditions (photodegradation): material

dosage = 3 g/L, UV intensity = 210 W/m?, reaction time =4 h, pH =3.5+0.2.

In addition to Fe** dosage, pH effect on PFOS photodegradation in the presence of 60 pM
Fe3* (optimized dosage) needs to be taken into consideration, which is an important factor
influencing the photocatalytic degradation of PFOS in FFW by Ga/TNTs@AC. Figure 4-8 shows

a clear decreasing trend toward PFOS degradation efficiency as increasing pH. The 4-h PFOS
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decomposition rate reduced from 80.4% to 43.2%, 25.9%, to 20.3%, when pH increased from 3.5
to 5.5, 6.5, to 8.0, respectively. The significant decline in PFOS photodegradation rate is ascribed
to the complexation efficiency of ferric ion with PFOA and DOM (Cheng et al. 2014; Wang et al.
2008). Due to the low K, value (4.0 x10%) of Fe(OH)s (Liu et al. 2018), ferric hydroxide
precipitation may take place when the pH of the solution is higher than 4, leading to negative effect
on both direct photolysis and the photocatalytic degradation efficiency. Thus, the acid condition

(pH = 3—4) is favorable for PFOS photodegradation in the presence of Fe*" by Ga/TNTs@AC.
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Figure 4-8. Effect of pH on PFOS photodegradation 2%Ga/TNTsS@AC in the presence of 60 uM
Fe3*. Experimental conditions (adsorption): spiked PFOS concentration = 100 pg/L, material
dosage = 3 g/L, adsorption time = 2 h, and pH = 7.0 £ 0.1; Experimental conditions
(photodegradation): material dosage = 3 g/L during adsorption, UV intensity = 210 W/m?, reaction

time = 4 h, Fe®* concentration = 60 puM.
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4.4. Conclusions

A novel ‘Concentrate-&-Destroy’ technology was investigated, using adsorptive

photocatalyst for enhanced removal of PFAS from field water. The major findings are summarized

as follow:

1)

2)

3)

4)

5)

Seven PFAS were detected in the field water, with the most predominant PFAS being
PFOS. Additionally, filed water contained high concentrations of DOM, chloride, nitrate,
and metals (e.g., Na*, K*, Ca?*, and Mg?").

Adsorption experiments using the filtered field water spiked with 100 pg/L PFOS, where
2%Ga/TNTs@AC at a dosage of 1 g/L was able to remove ~98% of PFOS from filed
water within 10 min. In addition, 2%Ga/TNTs@AC offered a Qmax 0f 18.70 mg/g of PFOS
in field water, slightly higher than the value in pure water, which is attributed to the
suppressed negative surface potential by concurrent cationic ions.

The addition cations (10 mM Na*, K*, Ca?* and Mg?*) added in the system significantly
facilitated the PFOS removal efficiency, due to the suppressed repulsive force between
anionic head group of PFOS and adsorbent, the complex formation between metal ions
and PFOS, the formation of bridge between PFOS head group and negatively charged
adsorbent surfaces; and a reduction in the solubility of PFOS.

Acidic condition is favorable for PFOS adsorption in field water onto Ga/TNTs@AC,
owing to the synergistic reactions, including electrostatic and metal-ligand interactions,
hydrophobic interactions, and anion-= or n-CF interactions.

The subsequent photodegradation was tested, where 2%Ga/TNTS@AC was able to

degrade 35.5% PFOS, corresponding to 25.8% defluorination rate. The reduced PFOS

121



6)

photodegradation efficiency was ascribed to the inhibitory effect of DOM. However, the
material worked better at lower pH.

The presence of ferric ion could increase PFOS photodegradation to 80.4% at pH = 3.5
with the defluorination rate of 70.0%, which is due to the concurrent complexes, including
the Fe3* complex with PFOS and the complex between Fe*" and DOM. Lower pH was

beneficial for PFOS decomposition by Ga/TNTs@AC with Fe** added.
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Chapter 5. Photocatalytic Degradation of GenX in Water Using a New Adsorptive

Photocatalyst

GenX, the ammonium salt of hexafluoropropylene oxide dimer acid, has been used as a
replacement for perfluorooctanoic acid. In this study, we developed an adsorptive photocatalyst
by depositing a small amount (3 wt.%) of bismuth (Bi) onto activated-carbon supported titanate
nanotubes, BI/TNTS@AC, and tested the material for adsorption and subsequent solid-phase
photodegradation of GenX. BI/TNTs@AC at 1 g/L was able to adsorb GenX (100 ug/L, pH 7.0)
within 1 h, and then degrade 70.0% and mineralize 42.7% of pre-sorbed GenX under UV (254 nm)
in 4 h. The efficient degradation also regenerated the material, allowing for repeated uses without
chemical regeneration. Material characterizations revealed that the active components of
BiI/TNTs@AC included activated carbon, anatase, and Bi nanoparticles with a metallic Bi core
and an amorphous Bi>O3 shell. Electron paramagnetic resonance spin-trapping, UV-vis diffuse
reflectance spectrometry, and photoluminescence analyses indicated the superior photoactivity of
Bi/TNTs@AC was attributed to enhanced light harvesting and generation of charge carriers due
to the UV-induced surface plasmon resonance effect, which was enabled by the metallic Bi
nanoparticles. ‘OH radicals and photogenerated holes (h™) were responsible for degradation of
GenX. Based on the analysis of degradation byproducts and density functional theory calculations,
photocatalytic degradation of GenX started with cleavage of the carboxyl group and/or ether group
by ‘OH, h*, and/or ey, and the resulting intermediates were transformed into shorter-chain
fluorochemicals following the stepwise defluorination mechanism. Bi/TNTs@AC holds the
potential for more cost-effective degradation of GenX and other per- and polyfluorinated alkyl

substances.
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5.1. Introduction

The health concerns prompted manufacturers in Europe and North America to replace PFOA
and PFOS with shorter-chain PFAS in the early 2000s (Sunderland et al. 2019). The most notable
substitute is the chemical known as GenX, which is also known as hexafluoropropylene oxide
dimer acid (HFPO-DA) or perfluoro-2-propoxypropanoic acid (PFPrOPrA). GenX was introduced
in 2009 by DuPont de Nemours, Inc. In addition, from 2003 on, 3M Company replaced PFOS with
perfluorobutanesulfonate (PFBS) in several of its major products (Christensen et al. 2019).

GenX has been widely detected in rivers impacted by fluorochemical plants in the
Netherlands, Germany, China, and United States, with the highest concentrations at 812, 86.1,
3100, and 4500 ng/L, respectively (Brandsma et al. 2019; Gebbink et al. 2017; Heydebreck et al.
2015; Sun et al. 2016). The GenX concentrations in these drinking water sources far exceeded the
US EPA’s lifetime health advisory level of 70 ng/L for the sum of PFOA and PFOS in drinking
water (EPA 2016a; b). A recent study reported that GenX was detected in 659 out of 837 private
wells surrounding a fluorochemical manufacturing facility in North Carolina, with the maximum
GenX concentration reaching 4000 ng/L, and GenX in 207 wells exceeded the State’s provisional
drinking water health goal of 140 ng/L ((North Carolina Department of Environmental Quality
DEQ 2018).

Bismuth-based photocatalysts have been found effective for degrading persistent organic
pollutants (POPs), including PFAS (Dong et al. 2015; Weng et al. 2013). Song et al. (2017)
reported that BiOCI nanosheets were able to defluorinate 59.3% of PFOA after 12 h of UV
irradiation, and the degradation rate was 1.7 and 14.6 times faster than that of commercial In,O3
and TiOo, respectively. Yang et al. (2021) prepared BisO71/ZnO heterojunction microspheres and

found the material degraded 91% of PFOA after 6 h of visible light irradiation owing to
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heterojunction structures formed upon calcination at 400 °C, which also extended the photo-
response to the visible light region and increased the separation efficiency of e /h* pairs.

Metallic Bi can also act as an excellent cocatalyst to facilitate charge-carrier separation of
Bi**-based photocatalysts (Dong et al. 2014a; Dong et al. 2015), although its role has not been
explored for photocatalytic degradation of PFAS. Dong et al. (2015) investigated a semimetal—
organic Bi—g-CzN4 nanohybrid, which showed some unique visible light photocatalytic properties
when used for NO removal. The superior photoactivity was ascribed to the surface plasmonic
resonance (SPR) endowed by Bi metal to enhance visible light harvesting and charge separation.
While these works have revealed the potential of Bi®-Bi**-based photocatalysts, especially the
SPR-enhanced photocatalytic activity, these materials have not been explored for treatment of
PFAS.

The overall goal of this study was to develop and test an adsorptive photocatalyst,
BiI/TNTs@AC, for enhanced adsorption and subsequent degradation of GenX in water. The
specific objectives were to (1) synthesize the desired catalyst through a two-step hydrothermal-
calcination method, (2) measure the adsorption kinetics and capacity of Bi/TNTs@AC for GenX,
(3) evaluate the material stability and reusability, and (4) elucidate the reaction pathway and the
underlying mechanisms for the enhanced photocatalytic activity through detailed material
characterization and density functional theory (DFT) calculations.

5.2. Materials and Methods
5.2.1. Chemicals and materials

Nano-TiO2 (Degussa P25) (Evonik, Germany) consisted of anatase (80 wt.%) and rutile (20

wt.%). Filtrosorb-400® granular activated carbon (F-400 GAC) was purchased from Calgon

Carbon Corporation (Pennsylvania, USA). Bismuth nitrate pentahydrate (Bi(NO3)3'5H20) (purity
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> 98%), sodium hydroxide (NaOH) (>97%), methanol (CH3OH) (>99.8%), isopropyl alcohol
(ISA)  (70%), benzoquinone (BQ) (99%), sodium azide (NaNs3) (=99.7%),
ethylenediaminetetraacetic disodium salt (EDTA) (99%), and GenX in the form of undecafluoro-
2-methyl-3-oxahexanoic acid (97%) were acquired from VWR International (Radnor, PA, USA).
Table 5-1 of the Supplementary Material (SM) presents the salient properties of GenX. Analytical
standards of HFPO-DA and its mass labeled compound, 2,3,3,3-tetrafluoro-2-(1,1,2,2,3,3,3-
hetafluoropropoxy)-3Cs-propanoic acid (M3HFPO-DA), which was used as an internal standard
(1S), were purchased from Wellington Laboratories Inc. (Guelph, Ontario, Canada). All solutions

were prepared using deionized (DI) water (18.2 MQ-cm).

Table 5-1. Key properties of GenX.

Molecular Formula CoF1103 2-D structure
Molecular Weight (g/mol) 329.04
2,3,3,3-Tetrafluoro-2-
(1,1,2,2,3,3,3- FFF F O
hetafluoropropoxy)propanoic acid | | | [
Synonyms FRE-903 F || ] O \\O
H-28307 FFFFTF
C3-dimer (acid) F
GenX Acid
pKa 2.84 (20 °C)(USEPA. 2018)
pKp 8.1 (USEPA. 2018) 3-D structure
Boiling Point 129 °C (USEPA. 2018) é Y ?)
o %
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5.2.2. Preparation of Bi/TNTs@AC

First, TNTs@AC was synthesized through a modified, one-step, hydrothermal method (Liu
et al. 2016; Ma et al. 2017). Typically, 1.2 g of GAC and 1.2 g of TiO> were added to 66.7 mL of
a 10 M NaOH solution and stirred for 12 h. The mixture was transferred into a 100-mL Teflon
reactor enclosed in a stainless-steel cup and heated in an oven at 130 °C for 72 h. Two distinct
layers were observed after gravity settling for 1 h. The upper layer was removed, whereas the
bottom black precipitate (TNTs@AC) was washed with DI water until the water pH reached 7.0
+ 0.5, and then oven-dried at 105 °C for 8 h. Upon proper grinding and sieving, the particles in the
size range of 150425 pum were used in the subsequent experiments. No fluorine or fluoride was
detected in the resulting material.

Furthermore, 1 g of the prepared TNTs@AC was dispersed in 80 mL DI water. Separately,
1.16 g Bi(NOz3)3'5SH20 (5 g/L as Bi) was dissolved in a solution consisting of 20 mL of
concentrated HNOz and 80 mL of DI water. Then, a known volume (i.e., 2, 4, 6, 8, and 10 mL) of
the Bi(NOs)3'5H20 solution was added dropwise into the TNTs@AC suspension. The mixtures
were equilibrated under stirring for 3 h, at which nearly all Bi®* was adsorbed on TNT (Ti-O").
Upon separation of the solids, the supernatant was analyzed for residual Ti and Bi. In all cases,
<0.01% of Ti and <0.01% of Bi were detected in the supernatant. The Bi-loaded TNTs@AC was
dried at 105 °C for 8 h, and the resulting particles were calcined at 550 °C for 3.5 h in a nitrogen
atmosphere with a temperature ramp of 10 °C/min and a nitrogen flow of 2.5 L/min. The mass
ratio of Bito TNTs@AC was controlled at 1, 2, 3, 4, and 5 wt.%, and the corresponding composites
were denoted as 1%Bi/TNTS@AC, 2%Bi/TNTs@AC, 3%Bi/TNTs@AC, 4%Bi/TNTs@AC, and
5%BIi/TNTsS@AC, respectively. To inform the performance of the composite materials, treated

AC, TNTs@AC, and 3%BIi/TNTs were also prepared via the same procedure.
127



5.2.3. Material characterization

The properties of the crystal phases were analyzed using a Bruker D2 Phaser X-ray
diffractometer (XRD) (Bruker AXS, Germany) with Cu Ka radiation (&, 1.5418 A). The surface
morphology and elemental composition were examined by scanning electron microscopy (SEM,
SUB8010, Hitachi, Japan) equipped with energy-dispersive X-ray spectroscopy (EDS). The
microstructural characteristics were analyzed by high-resolution transmission electron microscopy
(HRTEM, JEOL, JEM-2100F, Japan). The elemental compositions and oxidation states were
determined via X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, UK) with Al
Ka X-Ray Irradiation at 15 kV and 15 mA. The standard C1s peak (binding energy, 284.80 eV)
was used to calibrate the XPS peaks and eliminate static charge effects. An etching technique was
used to analyze the depth profile using a monoatomic Ar ion gun (energy: 1000 eV; raster size: 1
x 1 mm). The etching depths were 50 and 150 nm for the XPS analyses, corresponding to an
etching time of 250.4 s and 751.2 s, respectively. The N2 Brunauer-Emmett-Teller (BET) specific
surface area (SSA) and pore volume of the materials were analyzed through the nitrogen
adsorption-desorption procedure (Micromeritics ASAP 2460, USA). The pore size distribution
was obtained following the Barret-Joyner-Halender (BJH) method. Zeta potential was determined
by a Nano-ZS90 Zetasizer (Malvern Instruments, UK). The electronic properties were measured
through the electron paramagnetic resonance (EPR) method using a Bruker EMXPLUS
spectrometer. The photoluminescence (PL) spectra were obtained from an FLS1000
photoluminescence spectrometer (Edinburgh Instruments, UK) equipped with a xenon source at
an excitation wavelength of 254 nm. The UV-vis diffuse reflectance spectrometry (UV-DRS)

analysis was performed on a Shimadzu UV-3600i Plus spectrophotometer.
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5.2.4. Adsorption kinetic and isotherm tests

Adsorption kinetic experiments were conducted in 45-mL high-density polypropylene
(HDPE) vials. To facilitate the chemical analysis and evaluation of material effectiveness, the
experimental solutions were prepared with an initial GenX concentration of 100 pg/L. The
adsorption was initiated by adding 0.04 g Bi/TNTs@AC to 40 mL of a 100 pg/L GenX solution
with an initial pH of 7.0 £ 0.1. The vials were placed on a rotator (70 rpm) at 25 °C in the dark.
Duplicate vials were sacrificially sampled at predetermined times. Upon filtering through a 0.22-
um polyether sulfone (PES) membrane, the filtrates were analyzed for GenX remaining.

Adsorption isotherms were measured in a similar manner, but the mixtures were equilibrated
for 24 h to ensure equilibrium. The initial GenX concentration was varied (i.e., 0.1, 0.4, 1, 3, 5,
20, 50, 80, 100 mg/L), while the dosage of Bi/TNTs@AC was kept at 1 g/L. For comparison, the
kinetic and equilibrium isotherm tests were also carried out with treated AC and TNTs@AC
following the same experimental protocols. Note, no Bi was detected in the supernatant during the
kinetics and isotherm experiments.
5.2.5 Photodegradation of pre-sorbed GenX

The photocatalytic degradation experiments were carried out in a Rayonet RPR-100 UV-
reactor (Southern New England Ultraviolet CO., Branford, CT, USA) equipped with 16 RPR-2537
A lamps. The system was fan-cooled and maintained at a temperature of ~35 °C. Following the
adsorption equilibrium, the GenX-laden Bi/TNTS@AC was separated by gravity settling for 1 h
(>99% settled). Subsequently, ~95% of the supernatant was removed, and the remaining solid-
liquid mixture was transferred into a quartz tray (ODxH = 6x1.5 cm) with a quartz cover. Then, 8
mL DI water was added to the mixture to achieve a total solution volume of 10 mL. The mixture

was placed at the center of the photoreactor chamber. The light intensity was 210 W/m? at the edge
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(1.5 in or 3.81 cm to the nearest lamp) of the quartz tray and 128 W/m? at the center. At
predetermined times (i.e., 1, 2, 3, and 4 h), the mixtures were sacrificially filtered through a 0.22-
pm PES membrane (>99% GenX recovery), and the filtrates analyzed for GenX and fluoride. To
measure the residual solid-phase GenX concentration, the solids were extracted using 20 mL
methanol at 80 °C for 4 h in a water bath. After centrifugation at 2500 rpm for 5 min, the
supernatant was transferred to a clean vial, and then the solids were extracted with another 20 mL
of methanol under the same conditions. The extractants were then combined and analyzed for
GenX. The total GenX recovery was >95%, and thus no surrogate IS was used during the
extraction. No fluoride was detected when the solids were washed with 20 mL of a 1 M NaOH
solution.

The effect of catalyst dosage on the photodegradation effectiveness were carried out
following the same experimental protocol, but the material dosage was varied from 1 to 5 g/L.
5.2.6. pH effect

To evaluate effect of solution pH on the adsorption process, experiments were conducted with
3%BI/TNTS@AC (the best performing material) at a dose of 1 g/L and an initial GenX
concentration of 100 pg/L. The equilibrium solution pH was 3.5+0.1,5.0+0.1,7.0+0.1,85 %
0.1, and 10.0 £ 0.1. To determine the impact of pH on GenX photodegradation, the pH in the
adsorption stage was set at 7.0 + 0.1 (material dosage = 2 g/L, initial GenX =100 ug/L), while the
pH during the photodegradation was varied from 3.5+ 0.1 t0 10.0 £ 0.1.

5.2.7. Material stability and reusability
3%BI/TNTS@AC was subjected to five consecutive cycles of adsorption and

photodegradation. The same experimental protocols for the adsorption and the subsequent
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photodegradation were followed, and leaching of Bi and Ti into the aqueous phase was analyzed
after each cycle.
5.2.8. Roles of UV-induced reactive species

The contribution of common UV-induced reactive species to the photocatalytic degradation
of GenX was assessed using various scavengers. In particular, EDTA, ISA, BQ, and NaNs were
added to experimental mixtures to quench photogenerated holes (h*), hydroxyl radicals ("OH),
superoxide radicals (O2*), and singlet oxygen (*O.), respectively. The same experimental
procedures were followed for the adsorption and photodegradation tests except one of the
scavengers was present during the photodegradation at various concentrations (0.5, 1.0, 5.0, and
10.0 mmol/L). The use of the molarity units was to facilitate cross-comparison among the
scavengers and with literature data for other materials.
5.2.9. Density functional theory calculations

The Fukui functions, which are based on the density functional theory (DFT), were employed to
predict the attack sites in GenX for different radicals using the Gaussian 16 C.01 package (Ji et al. 2020).
The geometry optimization and single-point energy calculations were carried out via the B3LYP method
with the 6-31+G(d,p) basis set. The Fukui function based on the density functional theory (DFT) was
used to predict the regioselectivity of radicals (h*, ‘OH) acting on GenX. All of the calculations
were performed using the Gaussian 16 C.01 software (Frisch et al. 2003). The geometry
optimization and single-point energy calculations were carried out following the B3LYP method
with the 6-31+G(d,p) basis set. Fukui function is an important concept in the conceptual density
functional theory (CDFT), and it has been widely used in the prediction of reactive sites of
electrophilic, nucleophilic, and general radical attacks (Parr and Yang 1984). Specifically, Fukui
function is defined as:
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) = [%L2 (1

ON V(r)

where p(r) is the electron density at a point r in space, N is the electron number in the system,

and the constant term v in the partial derivative is the external potential. In the condensed version
of the Fukui function, the atomic population number was used to represent the electron density

distribution around an atom. The condensed Fukui function was calculated as follows:

Electrophilic attack: fr =qh_1—qi 2

Nucleophilic attack: i =qf —qhq (3)
. aN-1—aN

Radical attack: [ == 4)

2

where g is the charge of atom A at the corresponding state. The more reactive sites on a
molecule usually have larger values of the Fukui index. h*, "OH, and O,* have been classified as
electrophilic, which are more likely to attack the sites that can readily lose electrons (De
Vleeschouwer et al. 2007). Thus, we calculated the Fukui index of GenX for electrophilic attacks.
The natural population analysis (NPA) was used to study the reactive sites, as it has been
considered one of the most suitable methods to calculate the Fukui index (Olah et al. 2002). A
color gradient for a set of Fukui values was generated using the conditional formatting tool in
Microsoft Excel 2019.

5.2.10. Chemical analysis
Aqueous-phase GenX concentrations were analyzed by a Vanquish Flex Binary UPLC

system (Thermo Fisher, USA) coupled with a quadrupole-Orbitrap mass spectrometer (Orbitrap
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Exploris TM120, Thermo Fisher) using the negative mode electrospray ionization (ESI). A delay
column was placed between the pump and autosampler (HypersilGOLD, 1.9 um, 175 A, 3 x 50
mm). M3HFPO-DA (20 pg/L) was used as the IS for the analysis. The limit of detection for GenX
was 0.5 pg/L. GenX and two potential transformation products, trifluoroacetic acid (TFA) and
pentafluoropropionic acid (PFA), were further confirmed by an UltiMate 3000 LC coupled to a
Thermo TSQ Quantum Access Max triple quadrupole tandem mass spectrometer. Fluoride was
analyzed by ion chromatography (Dionex, CA, USA) equipped with an anion-exchange column
(Dionex lonpac AS22) and an anion dynamically regenerated suppressor (ADRS 600, 4mm). The
detection limit was 10.00 £ 0.01 pg/L. Dissolved Bi and Ti were measured by inductively coupled
plasma-optical emission spectroscopy (ICP-OES, 710-ES, Varian, USA), with a detection limit of
100 pg/L and 50 pg/L, respectively.
5.2.11. GenX analysis with LC-MS/MS

GenX analysis was performed on a Vanquish Flex Binary UHPLC system (Thermo Fisher)
coupled with a quadrupole orbitrap mass spectrometer (Orbitrap Exploris TM120, Thermo Fisher)
with electrospray ionization (ESI) in the negative mode and using the Xcalibur software
(V4.4.16.14). A delay column was placed between the pump and autosampler (HypersilGOLD,
1.9 pm, 175 A, 3 x 50 mm) and the system was enabled for PFAS analysis. Typically, 10 uL of
the standard or sample was injected into a C18 column (Luna C18(2), 3 um, 100 A, 2 x 50 mm
with 2 x 4 mm guard cartridge, Phenomenex) with a 200 pL/min flow rate of mobile phase of
solution A (2 mM ammonium acetate in water) and solution B (100% acetonitrile) beginning at
15% B for the first 0.3 minute to 95% B at 9 min, held at 95% B for 2 min, back to 15%B in 1 min,
and re-equilibration, resulting a total run time of 15 min. The MS scan range was 100-800 m/z

with a resolution of 120,000, standard AGC target, 70% RF lens, maximum injection time auto,
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with EASY-IC run-start on. The negative spray voltage was 2500 V, ion transfer tube temperature
was 320 °C, and the vaporizer temperature was 275 °C. The C5F110 in source fragment with m/z
284.9779+0.02 and 12C313C2F110 fragment with m/z 286.9846+0.02 were used for quantitation.
M3HFPO-DA was used for quantitation analysis M3HFPO-DA (20 pg/L) as internal standard.

The calibration of the system was performed each time of analysis using at least five GenX
standards in the linear concentration range of 1 to 90 pg/L. The relative standard deviation (%RSD)
of the response factors (RFs) for all analysts must be within + 20% or the linear regression R? must
be >0.99, based on the initial calibration (ICAL) criteria and their true values. The second source
standard was used after the ICAL for the initial calibration verification. The analyte concentrations
were within + 30% of their true value. After 10 samples or at the end of the sequence, two
consecutive calibration verification standards were analyzed before next sample analysis with
analyte concentrations within £ 30% of their true values from the Limit of Quantitation (LOQ)
(0.5 pg/L) to the mid-level calibration concentration.

GenX and its photodegradation products, trifluoroacetic acid (TFA) and pentafluoropropionic
acid (PFA), were further confirmed by an UltiMate 3000 LC coupled to a Thermo TSQ Quantum
Access Max triple quadrupole tandem mass spectrometer. LC separation of GenX, TFA, and PFA
was achieved with a Waters XBridge C18 column (2.1x150 mm, 2.5 um) and a guard column
(2.1x10 mm, 3.0 um) containing the same material. The mobile phase was comprised of (A) LC-
MS grade water with 10 mM ammonium acetate (pH 6.9) and (B) methanol with 10 mM
ammonium acetate. The mobile phase flow rate was set to 200 puL/min under an isocratic elution
with 40% A and 60% B. The column compartment was maintained at 40 °C. The overall method
run time was 6 minutes, and 50 pL of sample was injected. The negative ESI mode was applied to

GenX, TFA, and PFA. The spray voltage was 2500 V, capillary temperature was 350 °C, vaporizer
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temperature was 300 °C, sheath gas pressure was 35 (arbitrary units, nitrogen), auxiliary gas
pressure was 10 (arbitrary units, nitrogen), and collision-induced dissociation pressure was 1.5
mTorr (argon). The precursor ion and at least one characteristic product ion were identified for
each analyte. The optimized detector parameters and ion transitions are summarized in Table 5-2.

Table 5-2. LC-MS/MS operating parameters and instrument performance.

lon or lon Collision energy Linear range 2 LOD"
Analyte transition ° V) (ug/L) R (Lg/L)
LC-MS/MS
(orbitrap)
GenX 284.9779 + 0.02 - 1-90 > 0.99 0.5
M3HFPO-DA  286.9846 + 0.02 - - - -
LC-MS/MS
(tandem)
284.9 — 168.9 -8
GenX 328.0 — 2849 5 1-50 >0.99 0.1
286.9 — 168.9 -8
M3HFPO-DA 33179, 286.9 -5 i i i
PFA 162.9 — 118.9 -10 i i i
TFA 112.9 — 68.9 -10 i i i

a: the first product ion (bold) was used for quantitation, and the second product ion (italics) was used
for confirmation if available
b: limit of detection
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5.3. Results and discussion
5.3.1. Material phases and chemical composition

Figure 5-1a shows the XRD patterns of calcined TNTS@AC and Bi/TNTs@AC loaded with
1-5 wt.% Bi. For TNTs@AC, the diffraction peaks at 10.5°, 24.4°, 28.4°, and 47.8° are assigned
to sodium tri-titanate with a chemical formula of NaxH2«Ti3O7 (x depends on the sodium content)
(Wang et al. 2018). The basic skeleton of tri-titanate was composed of edge-sharing triple [TiOg]
octahedrons with Na* and H* attached at the interlayers as exchangeable counter ions (Ma et al.
2017). The intensity of the diffraction peaks of TNTs@AC were notably decreased compared to
those of uncalcined TNTs@AC and uncalcined 3%Bi/TNTs@AC (Figure 5-1b), which can be
attributed to breakage of the tubular and layered structures during calcination (Razali et al. 2012),
partial collapse of polymerized Ti species (Ti-O-Ti species), and/or decrease in isolated Ti species
with higher coordination numbers (Yang and Li 2002). Moreover, the XRD diffraction pattern for
calcined TNTs@AC showed a red shift compared to that of uncalcined TNTs@AC (e.g., from
~9.8° to 10.5°) (Figure 5-1b), indicating a decrease in interlayer distance due to the release of
water molecules (Qamar et al. 2008). Compared to calcined TNTS@AC and uncalcined
BiI/TNTs@AC, the XRD patterns for calcined Bi/TNTs@AC with different Bi contents displayed
five characteristic peaks with 26 values of 25.3°, 37.8°, 48.1°, 54.2° and 62.2° corresponding to
the (101), (004), (200), (211), and (213) planes of tetragonal anatase (JCPDS-ICDD No. 21-1272),
respectively. This result indicates that sodium tri-titanate was transformed into anatase due to Bi
doping and calcination. The adsorption of Bi** ions on TNTs@AC partially replaced Na* ions,
which is conducive to the formation of anatase upon calcination (Cai et al. 2017). In addition, for
Bi/TNTs@AC (Figure 5-1a), the characteristic peaks at 22.5°, 27.2°, 39.6°, 44.6° 46.0°, 48.7°,

64.5° and 70.8° confirmed the existence of the rhombohedral phase of metallic Bi (JCPDS-ICDD
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No. 44-1246). In contrast, no evidence of metallic Bi peaks was observed for uncalcined
Bi/TNTs@AC (Figure 5-1b), indicating that the calcination facilitated the reduction of Bi®* into
Bi®. The XPS analysis confirmed that Bi** on TNTs@AC was reduced into Bi® with AC as the
electron donor at 550 °C.

Figure 5-1a also indicates that increasing the Bi content from 1 wt.% to 3 wt.% enhanced the
peak intensities of Bi, whereas further increasing Bi to 4 and 5 wt.% resulted in a lower Bi
intensity. Accordingly, 3%Bi/TNTS@AC demonstrated the highest GenX defluorination
efficiency (Section 5.3.4) and was, therefore, selected for further testing.

XPS spectra were obtained to examine the chemical composition of Bi/TNTs@AC and
TNTs@AC. The scans were performed in two ways, one on the pristine material surface and the
other after Ar-ion etching at depths of 50 and 150 nm. Figure 5-2a confirms the presence of Ti,
C, Na, O, and Bi on the 3%Bi/TNTs@AC surface. For the spectra of Bi 4f without etching (Figure
5-2b), the peaks centered at 164.0 and 158.7 eV are characteristic of Bi** in bismuth oxides and
are ascribed to Bi 4fs;» and Bi 4f7p, respectively (Lan et al. 2020). In conjunction with the XRD
results, which showed no crystalline Bi-Os on Bi/TNTsS@AC, the Bi»Oz identified by XPS was
amorphous.

The two Bi 4f peaks in Figure 5-2b shifted from 164.0/158.7 eV to lower binding energies
of 163.9/158.6 eV with 50 nm etching and 163.6/158.4 eV with 150 nm etching. These results can
be attributed to the partial reduction of Bi** species (Liu et al. 2017). Two additional peaks were
present at 161.6 and 156.3 eV after the 50 nm etching , and these peaks were attributed to Bi-Bi
bonds and confirmed the presence of metallic Bi in the composite (Yang et al. 2020). The Bi-Bi

peak intensity was stronger for the 150 nm etching, suggesting that more metallic Bi was present
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in the particle core. Namely, the Bi particles consisted of a metallic Bi core and a thin amorphous
Bi203 shell on the surface of Bi/TNTs@AC.

The binding energies were corrected by the C 1s levels at 284.8 eV as a reference. The C 1s
spectra (Figure 5-2c) measured at the surface of the pristine sample can be deconvoluted into three
peaks corresponding to C-O (286.0 eV), C=0 (287.2 eV), and O-C=0 (289.6 eV) bonds, which
were also present after the 150 nm etching with the exception of O-C=0 bonds (Gopiraman et al.
2017). After the 50 nm etching, the oxygenated carbon groups disappeared, and two additional
peaks occurred at 284.6 eV and 286.6 eV. The peak at 284.6 eV highlights the existence of C-C
groups (Wang et al. 2020), whereas the peak at 286.6 eV was attributed to carbonyl or quinine
groups (Ma et al. 2015). In addition, the O 1s XPS spectra (Figure 5-2d) highlighted the presence
of Bi-O bonds at 529.7 eV and the regular lattice oxygen (Ti-O-Ti) at 531.3 eV (Almeida et al.
1998; Dong et al. 2015). The peaks at 458.2 eV and 464.0 eV in Figure 5-2e belong to Ti 2pas

and Ti 2p1s, respectively, which are characteristic of Ti** (Li et al. 2020b).
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Figure 5-1. XRD patterns of (a) TNTs@AC and Bi/TNTs@AC prepared with 1-5 wt.% Bi and

(b) of uncalcined TNTs@AC and uncalcined 3%Bi/TNTs@AC.
138



ot ., 1636 1613 1584 A56.1
Ng 15 e | \
- T T . Bidf S [Fiching 150 nm : : :
& =i ooy B 1639 41616 1586 .156.3
2 | = ’ - :
‘B g L. ’ CONTT N
S @  [Etching 50 nm ; ; -
I= Etching 50 nm| g 164.0 //Xfi:
B \ u ‘ j\‘ |
_____ = Atsurface | :
At surface,
1200 1000 800 600 400 200 0 168 166 164 162 160 158 156 154
B.E. (eV) B.E. (eV)
(@) (b)
2848 C1s Ti 2p)
; 46.4'0 453“2
= 287.2 286 i Dy I ﬁ
3 : S [iching 150 i o = i\ T
S [EeningTe0 : a8 P S [tching 150 nm ;
= ching nm ; = P =
® @ 1 ¥
g 3] - 3 3
= g  [Fiching 50 nm ; £ |Etching 50 nm
- Etching 50 nm [ = =
2896 2872 786
‘ »*4‘L \ At surh o) -
PYS— : suriace 1At surface
298 204 290 286 282 545 540 535 530 525 475 470 465 460 455
B.E. (gY) B.E. (eV) B.E. (eV)
(©) (d) (e)

Figure 5-2. (a) XPS survey spectra and high-resolution XPS spectra of (b) Bi 4f, (c) C 1s, (d) O

1s and (e) Ti 2p for 3%BI/TNTs@AC at the surface before and after etching. 3%Bi/TNTs@AC

were calcined at 550 °C in all

Cases.

5.3.2. Morphological characterization

Figures 5-3a and 3b show the SEM images of 3%Bi/TNTs@AC calcined at 550 °C, where

the surface displayed a flower-like structure with interwoven TNTs grafted on the AC petals.

Micro- or nano-AC particles were attached to well-defined TNTs (Figures 5-4a and Figure 5-3b).

This observation indicates that the hydrothermal treatment under alkaline conditions not only

converted TiO. into TNTs, but also altered the structure of the AC, resulting in mutual
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modification of AC and TNTs. The EDS mapping (Figures 5-3c and 5-3d) revealed that five major
elements (i.e., C, O, Ti, Na, and Bi) were uniformly distributed on 3%Bi/TNTs@AC, and Table
5-3 presents the percentile of each element. The high Ti (36.2%), C (19.2%), and Bi (5.2%)
contents corroborate the formation of Bi/TNTs@AC.

Figures 5-4a-c present the TEM images of 3%Bi/TNTs@AC. Figure 5-4a confirms the
hybridization of TNTs and AC nanoparticles. The coated carbon particles on TNTSs are beneficial
and facilitate hydrophobic interactions with GenX and anion-r interactions between GenX and the
electron-deficient aromatic skeletons of AC. The interlayer distance of TNTs was 0.75 nm (Figure
5-4c¢), which agrees with the crystal plane (020) of titanate (Wang et al. 2018), whereas the lattice
fringe spacing of 0.35 nm (Figure 5-4b) conforms to the (101) plane of anatase. Prior work on
TNTs@AC showed that no transformation from tri-titanate to anatase would occur upon
calcination without a metal dopant (Zhu et al. 2021). This observation suggests that Bi on TNTs
facilitated transformation from titanate to anatase, while TNTSs retained its nanotube structure with
an inner diameter of ~5 nm and an outer diameter of ~12 nm (Figure 5-4c). In addition, the lattice
spacing (0.328 nm) shown in Figure 5-4c corresponds to the (012) lattice plane of metallic Bi
(Dong et al. 2015), which is expected to facilitate electron transfer and inhibit recombination of
electron-hole pairs (Section 5.3.4).

Table 5-3. EDS-based distribution of five elements on 3%Bi/TNTs@AC.

Element Weight %
C 19.2
O 34.1
Ti 36.2

140



Bi 5.2

Na 53

oy »

- T

T L

SU8010 5.0kV 8.1mm x20.0k SE(UL) 2.00um

ol
1.00um

(b)
2000
1500 -
0
5 1000
o)
@]
500 -
cO i . Ti
5 M _{\a . Bi . : j\
0 1 2 3 4 5 6
Energy (keV)
(c) (d)

Figure 5-3. (a, b) FE-SEM images (scale bars = 1.00 and 2.00 um, respectively), (c) EDS

mapping, and (d) SEM-EDS spectra of 3%Bi/TNTs@AC.
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Figure 5-4. (a, b, c) TEM and HRTEM images of 3%Bi/TNTs@AC calcined at 550 °C. Scale

bars are equivalent to 100, 20, and 10 nm, respectively.

Figure 5-5a shows the N> adsorption-desorption isotherms of TNTS@AC and Bi/TNTs@AC
with 1-5 wt.% Bi. According to the International Union of Pure and Applied Chemistry (IUPAC)
classification system, all isotherms are Type IV and characteristic of mesoporous materials. In the
low P/Po range, the shape of the isotherms conformed to monolayer-multilayer adsorption.
Subsequently, the H3 type hysteresis loops appeared at around P/Po = 0.40, suggesting that another
adsorption mechanism, such as capillary condensation, occurred in the nanotubes and/or
mesoporous channels (Liu et al. 2016). When the Bi content was increased from 1 to 5 wt.%, the
hysteresis loop became larger, which aligns with the capillary condensation mechanism (El-Sheikh
etal. 2017). Figure 5-5b gives the pore size distribution determined using the BJH method. Except
for TNTs@AC and 3%Bi/TNTs@AC, the pore size distributions displayed a bimodal profile with
major peaks at 3.7 nm and minor peaks at 8.9-16.0 nm. 3%Bi/TNTs@AC showed the most
uniform pore size distribution of the Bi-doped composites. Table 5-4 summarizes the SSA and
pore volume for all materials. The SSA of TNTS@AC was 243.77 m?/g, which is lower than that
for the AC by a factor of 2.4, indicating partial blockage of the internal pores (pore volume also

decreased by 2.4x) upon the loading of TNTs. When loaded with 1, 2, 3, 4, and 5 wt.% of Bi, the
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SSA was increased from 243.77 m?/g for TNTS@AC to 307.50, 279,60, 289.84, 285.26, and
269.78 m?/g, respectively. The increase in SSA stemmed from pore volume increases (Table 5-4)
resulting from the Bi-mediated phase transformation and restructuring of TNTs and AC (Figure
5-3) (Subramaniam et al. 2017). Excessive Bi doping resulted in a slight decrease in SSA due to
the increased crystal sizes of anatase and metallic Bi, which partially blocked nanopores (Table
5-5) (Zhong et al. 2012). The newly created sites associated with the elevated SSA are expected
to not only facilitate GenX adsorption, but also be more photoactive due to the hybridization of

Bi, TNTs, and AC.

Table 5-4. BET-based specific surface area and pore volume of various composite materials.

BET surface area? Pore volume®
Material
(m?/g) (cm®/g)

AC 591.38 +9.28 0.801
TNTs@AC 243.77 +3.77 0.330
1%BiI/TNTs@AC 307.50 + 3.75 0.462
2%BI/TNTs@AC 279.60 +4.60 0.347
3%BiI/TNTs@AC 289.84 + 4.48 0.463
4%BI/TNTs@AC 285.26 + 3.48 0.554
5%Bi/TNTs@AC 269.78 + 3.89 0.408

Notes: (a) BET surface area was calculated using the BET equation + relative deviation from the
mean; and (b) Pore VVolume: total pore volume estimated at a relative pressure of 0.99.
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Table 5-5. Crystal size and structure for Bi/TNTs@AC prepared at various Bi contents.

Relative pressure (FP/P,)

(@)

Pore diameter (nm)

(b)

Material Crystallite size (nm) Crystal structure (wt.%0)
10.9 Anatase (89%)
1%BI/TNTs@AC
2.4 Metallic Bi (11%)
14.5 Anatase (69%)
2%BiI/TNTs@AC
94.4 Metallic Bi (31%)
22.8 Anatase (59%)
3%BiI/TNTs@AC
>100 Metallic Bi (41%)
18.7 Anatase (58%)
4%BI/TNTs@AC
>100 Metallic Bi (42%)
23.1 Anatase (48%)
5%Bi/TNTs@AC
>100 Metallic Bi (52%)
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Figure 5-5. (a) N2 adsorption-desorption isotherms and (b) pore size distributions of TNTS@AC

and Bi/TNTs@AC with various Bi contents calcined at 550 °C.
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5.3.3. GenX adsorption Kinetics and isotherms

Figure 5-6a compares the GenX adsorption kinetics of 3%BI/TNTs@AC and its precursor
materials, AC and TNTs@AC, which were subjected to the same hydrothermal treatment and
calcination process. The rate of GenX adsorption by 3%Bi/TNTs@AC was nearly the same as that
of the treated AC on an equal mass basis (40 mg), and >99% of GenX was removed in 1 h with
>90% of the removal occurred in the first 10 min. TNTs@AC showed a slower adsorption rate,
and equilibrium was not reached until 120 min due to the poor affinity of GenX to the negatively
charged TNTs. Figure 5-6b shows that when the material dosage was halved to 20 mg,
3%BI/TNTs@AC displayed clearly faster adsorption rate than the treated AC. The results
confirmed that the Bi loading notably improved the adsorption rate of GenX due to (1) suppression
of the negative surface potential of TNTs (the pH,,. of TNTs and 3%Bi/TNTs were 2.6 and 6.3,
respectively), and (2) Lewis acid-base interactions between Bi and the carboxylate group of GenX.

The pseudo-first-order (Eg. 5) and pseudo-second-order (Eq. 6) kinetic models were utilized

to interpret the kinetic data:

qt = qe-qe exp(—k;t) (5)
_ kpqdt
qe = 1+k,qet (6)

where q; and g, (Mg/g) are the solid-phase GenX concentrations at time t (min) and
equilibrium, respectively, and k, (min') and k, (g9/(1g - min)) are the respective rate constants.

Table 5-6 summarizes the kinetic parameters for both models. The pseudo-second-order
model gave a better goodness of fit, as evidence by the R2> 0.99 for all three materials. However,

both models can adequately fit the kinetic data. The different rate constants are in line with the
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characterization results that the Bi- and TNTs-modifications of the AC, along with the
hydrothermal and calcination treatments, altered accessibility of the adsorption sites.

Because GenX concentrations in industrial and contaminated waters can widely vary, detailed
isotherms were constructed for AC and 3%Bi/TNTS@AC over a broad range of equilibrium
concentrations, namely 0.1-100 mg/L (Figure 5-6¢). The classical Langmuir (Eq. 7) and

Freundlich (Eg. 8) isotherm models were tested to fit the experimental data:

_ QmaxbCe
Qe = "1ibe, ()
qe = KrC,'" ®)

where Qmax (Mg/g) is the Langmuir maximum capacity, b (L/mg) is the Langmuir affinity
coefficient, Kr (mg/g-(L/mg)*™ is the Freundlich capacity parameter, and n is the heterogeneity
factor related to the presence and distribution of different sorption sites.

Table 5-7 summarizes the parameters for the models. Based on the coefficients of
determination (R?), both models were able to adequately fit the experimental data, though the
Freundlich model offered better fitting for AC and TNTs@AC, suggesting a heterogeneous nature
in terms of adsorption energy and modes. According to the Langmuir model, the maximum
adsorption capacities of GenX on AC, TNTs@AC, and 3%Bi/TNTs@AC were 120.26, 79.96, and
101.77 mg/g, respectively. While the SSA of treated AC was about 2.4 times greater than that of
3%BI/TNTS@AC, the Langmuir maximum capacity of AC was only ~1.2 times higher. This
disproportionality indicates that although the loading of TNTs and Bi on AC resulted in partial
loss of the adsorption sites in the core AC, it created a layer of new sites on the AC. The new sites
consisted of mixed phases of TNTs, AC particles, and Bi nanoparticles, which enabled a

synergized adsorption mechanism and enhanced affinity for GenX. The enhanced affinity of
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3%BI/TNTs@AC for GenX can be well revealed when the isotherm data are plotted based on the
surface-area-normalized uptake (Figure 5-6d, Table 5-8), and Figure 5-7 shows that the
adsorption of GenX by 3%Bi/TNTs@AC was much more favorable in the lower GenX
concentration range (C.< 2 mg/L) than treated AC and TNTs@AC. The SSA-based Qmax values
(mg/m?) followed the order of: 3%Bi/TNTs@AC (0.35) > TNTs@AC (0.33) > AC (0.18). Treated
AC offered higher GenX uptake only when the GenX concentration is very high (Ce > 2 mg/L)
(Figure 5-6¢) due to its much larger SSA (591.38 m?/g). The enhanced performance of
3%BI/TNTs@AC can be attributed to synergistic adsorptin interactions between anionic GenX
and 3%BIi/TNTs@AC (i.e., hydrophaobic, Lewis acid-base, and anion-r interactions), whereas only
hydrophobic interaction was operative for treated AC and TNTS@AC. Thus, the improved affinity
of BI/TNTs@AC for GenX is expected to not only selectively concentrate GenX on the
photoactive surface sites, but also facilitate the subsequent solid-phase photocatalytic degradation
of GenX.

Figure 5-8 shows the measured zeta potential of 3%Bi/TNTs@AC, which exhibited a pH,,

of ~3.8. Hence, in the circumneutral pH range, the adsorption of GenX anions (pK,= 2.8) by
3%BI/TNTs@AC would not be favorable due to electrostatic repulsion, although the loading of
Bi suppressed the surface negative potential (Figure 5-8). While the tail group of GenX is not

expected to interact with TNTs (pHp,.= 2.6), the Bi deposited on the surface of Bi/TNTs@AC

may react with GenX through concurrent electrostatic and Lewis acid-base interactions between
Bi** and the hydrophilic head groups (—~COO") of GenX (Khan and Siddiqui 2021; Liu et al. 2015a;
Liu et al. 2016), which is in line with the strong adsorption observed at neutral pH. The higher
GenX adsorption by 3%Bi/TNTs@AC could also be due to the larger SSA resulting from the

mixed phases (Section 5.3.2), which enables hydrophobic reactions between the C-F chain of
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GenX (except one oxygen atom in the carbon chain) and the AC surface; furthermore, anion-x
interactions may also occur between GenX anions and aromatic groups on the AC surface (Xu et
al. 2020). The presence of AC and Bi in the composite materials, therefore, enabled cooperative
hydrophobic, Lewis acid-base, and anion-r interactions, not only enhanced the adsorption capacity
for GenX, but also facilitated a side-on adsorption mode which is conducive to the in situ

photochemical degradation of pre-adsorbed GenX (Li et al. 2020a).

Table 5-6. Kinetic model parameters for adsorption of GenX by treated AC, TNTs@AC, and

3%BiI/TNTs@AC.
Adsorbents
Treated
Model Parameter TNTs@AC 3%Bi/TNTs@AC
AC

k,(min?) 0.32 0.16 0.27

Pseudo-first-order q.(19/9) 99.30 96.21 98.40

R? >0.99 0.98 0.99

k, x 103(g(ng'min)?)  17.82 3.46 9.20

Pseudo-second-
q.(1g/9) 100.33 100.47 100.46
order

R? >0.99 >0.99 >0.99
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Table 5-7. Best-fitted isotherm model parameters for adsorption of GenX by treated AC,

TNTs@AC, and 3%Bi/TNTs@AC.

Adsorbents
Model Parameter Treated AC TNTS@AC 3%BIi/TNTs@AC
Kr (mg/g-(L/mg)*" 2.88 2.00 6.38
Freundlich
n 0.77 1.14 1.67
model
R? 0.988 0.997 0.973
Qmax (Mg/g) 120.26 79.96 101.77
Langmuir b (L/mg) 0.007 0.028 0.033
model R? 0.949 0.973 0.974

Table 5-8. Isotherm model parameters based on surface-area-normalized uptake of GenX by

treated AC, TNTS@AC, and 3%Bi/TNTs@AC.

Material
Treated
Model Parameter TNTs@AC 3%BIi/TNTs@AC
AC
Qmax
0.18 0.33 0.35
Langmuir (mg/m?)

b (L/mg) 0.002 0.028 0.033
R? 0.996 0.973 0.974
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Figure 5-6. Adsorption kinetics (a) and (b) and equilibrium isotherms based on unit-mass uptake

(c) and unit surface-area uptake (d) of GenX by treated AC, TNTs@AC, and 3%Bi/TNTs@AC.

Experimental conditions for Kinetic tests: initial GenX concentration = 100 pg/L, material dosage

=1g/Lin(a) and = 0.5 g/L in (b), pH = 7.0 £ 0.1; Conditions for isotherm experiments: initial

GenX concentration = 0.1-100 mg/L, material dosage = 1 g/L, pH = 7.0 + 0.1. Data are plotted as

mean of duplicates with error bars indicating relative deviation from the mean.
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Figure 5-7. Adsorption equilibrium isotherms (Ce < 2 mg/L) based on mass uptake (a) and unit

surface-area uptake (b) of GenX by treated AC, TNTS@AC, and 3%Bi/TNTs@AC. Experimental

conditions for Kinetic tests: initial GenX concentration = 100 pg/L, material dosage =1 g/L, pH =

7.0

+ 0.1; Conditions for isotherm experiments: initial GenX concentration = 0.1-100 mg/L,

material dosage = 1 g/L, pH = 7.0 £ 0.1. Data are plotted as the mean of duplicates with error bars

indicating relative deviation from the mean.
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5.3.4. Photodegradation of pre-concentrated GenX on Bi/TNTs@AC

Figure 5-9 shows the photocatalytic degradation rates of pre-adsorbed GenX by treated AC,
TNTs@AC, and BI/TNTs@AC with 1-5 wt.% Bi. After 4 h of the UV irradiation, almost no GenX
degradation was observed for AC and TNTsS@AC. In contrast, B/ TNTs@AC degraded up to
70.0% of the pre-concentrated GenX, with up to 42.7% defluorinated (i.e., conversion of fluorine
into fluoride). Extending the UV irradiation to 6 and 8 h elevated the GenX photodegradation to
75.1% and 77.2%, and mineralization to 45.3% and 46.1%, respectively (Figure 5-10). In accord
with the material characterization data, 3%Bi/TNTs@AC exhibited the highest photoactivity for
GenX. Excessive Bi (i.e., >3 wt.%) may act as recombination centers of the photo-generated
electrons and holes.

Figure 5-11a shows the effect of catalyst dosage (1, 2, 3, and 5 g/L) during the adsorption
stage on the subsequent photodegradation/defluorination of GenX under UV irradiation.
Increasing the photocatalyst dosage from 1 to 2 g/L improved the 4-h GenX degradation and
defluorination from 70.0% to 74.1% and from 42.7% to 48.3%, respectively. However, further
increasing the dosage to 3 or 5 g/L resulted in lower rates of degradation and defluorination, which
can be attributed to diminished light penetration as a result of elevated shading effects from denser
suspended particles and aggregation of the particles (Ahmadpour et al. 2020; Mirzaei et al. 2018).
Consequently, the dosage of 2 g/L was used in the subsequent studies. In practice, the material
dosage should be tuned according to the target water quality conditions.

Different catalyst dosages during the adsorption stage result in adsorption of GenX on sites
with different accessibility and photoactivity. Kinetically, GenX will be loaded on the more easily
accessible sites at higher material doses. From the photoactivity perspective, the hybrid sites with

Bi-TNTs-AC are more photoactive, while the pure AC phase may only adsorb but not degrade
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GenX. While most adsorption sites of AC are located inside the particles, the main adsorption sites
for 3%BI/TNTs@AC are likely to be on the outside shell. The differences in adsorption sites were
evidenced by the reduced SSA of 3%Bi/TNTs@AC compared to the parent AC (Table 5-4). The
overall degradation efficiency depends on the fraction of GenX loaded on the more photoactive
sites, which are accessible to not only GenX, but also photons, photogenerated charge carriers, and
reactive oxygen species (ROS) (Ding et al. 2013) (Section 5.3.7). In practice, the low fraction of
non-reactive sites should not affect the overall process, because this photo-inert adsorption
capacity will remain constant in each treatment cycle and will not affect GenX adsorption and

photodegradation on the reactive sites, which are automatically regenerated upon the

photodegradation.
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Figure 5-9. (a) Photodegradation and (b) defluorination kinetics of GenX pre-adsorbed on treated
AC, TNTs@AC, and Bi/TNTs@AC prepared with 1-5 wt.% Bi. Experimental conditions during

adsorption: initial GenX concentration = 100 pg/L, material dosage = 1 g/L, pH = 7.0 £ 0.1;
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Conditions for photodegradation: UV intensity = 210 W/m?, pH = 7.0 + 0.1. Data are plotted as

mean of duplicates with error bars indicating relative deviation from the mean.
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Figure 5-10. Photodegradation and defluorination kinetics of GenX pre-adsorbed on
3%BI/TNTs@AC under 8 h UV irradiation. Experimental conditions during adsorption: initial
GenX = 100 pg/L, material dosage = 1 g/L, pH = 7.0 £ 0.1; Conditions for photodegradation: UV
intensity = 210 W/m?, pH = 7.0 + 0.1. Data are plotted as mean of duplicates with error bars

indicating relative deviation from the mean.

154



[___|Photodegradation

?100 h [_] Deflucrination 100 _

3 3

S 80 - 180 o

= B o

2 | m g

S 60 60 ¢

) IS

)]

S 40 40 2

g g

[o]

= 20 -20

o

0 T T 0
1 2 3 5
Material dosage (g/L)
(a)
% Removal [ZZ] Genx removal [XX Defluorination
Photedegradation —_ | L
Amg_ e L .100_3\0/ 1001 &= — . 7 100,_,
< 80 - - 80 © £ s0- -80 s*é'
g l B L 8 T 2
2 40 o ® 2 601 160 2
5 > 9 S
s i L =]
> 40 B 0 B X 40 PN N N N N (40 =
o © @ (o]
O £ 9
20 4 L20 O 204 F20
0 0 0 0
35 50 7.0 85 100 1 2 3 4 5
pH Run cycles
(b) (©)

Figure 5-11. (a) Photodegradation and defluorination of GenX pre-sorbed on 3%Bi/TNTs@AC
at various material dosages of 1-5 g/L during adsorption; (b) effect of pH on GenX adsorption and
photodegradation by 3%Bi/TNTs@AC; and (c) adsorption and solid-phase defluorination of
GenX during five consecutive cycles using the same 3%Bi/TNTs@AC. Experimental conditions
(adsorption): initial GenX concentration = 100 pg/L, material dosage = 2 g/L in (a) and (c) or 1

g/L in (b), adsorption time = 2 h, and pH = 7.0 £ 0.1 in (a) and (c); Experimental conditions
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(photodegradation): material dosage = 2 g/L during adsorption, UV intensity = 210 W/m?, reaction

time=4h,pH=70x0.1.

5.3.5. pH effects on GenX adsorption and photodegradation

Figure 5-11b shows the effect of pH on GenX adsorption by 3%Bi/TNTS@AC. Nearly all
(~99%) of the GenX was consistently adsorbed from the solution over a broad pH range of 3.5-10
upon equilibrium. Due to the low pK, value (2.8), GenX mainly existed in the anionic form in the
pH range tested. In light of the pHp.c of ~3.8 for 3%BI/TNTs@AC and 6.3 for Bi/TNTs (Section
5.3.3), a negative overall surface potential would be expected for 3%BiI/TNTS@AC in the
experimental pH range (except for pH 3.5), namely, electrostatic interactions between GenX and
3%BI/TNTs@AC are unfavorable at neutral or alkaline pH. At more alkaline pH, the surface

potential of Bi/TNTs turned more negative (pH,.= 6.3), and thus the interaction with the

carboxylate group of GenX became more unfavorable due to electrostatic repulsion and
competition of OH™. Consequently, adsorption of GenX would largely rely on the hydrophobic
and anion-n interactions between GenX and AC, resulting in a vertical tail-on orientation
adsorption mode (Li et al. 2020a). Conversely, at more acidic pH, adsorption of GenX becomes
more favorable for enhanced electrostatic interaction between the positively charged surface of
Bi/TNTs and GenX and Lewis acid-base interaction between GenX and the metals (i.e., Bi, Ti). In
this case, GenX tends to be adsorbed in the parallel or side-on mode with both the head and tail of
GenX bound to the mixed phases. It is noteworthy that the observed no-effect of pH on adsorption
could also be due to the very high removal of GenX in all cases. Our goal here was to show that
3%BI/TNTs@AC was able to effectively concentrate GenX over a broad pH range at practically

relevant dosages.

156



Thus, the photodegradation efficiency of GenX is evaluated at the five different pH values
(Figure 5-11b). The 4-h GenX photodegradation showed a clear decreasing trend with increasing
pH, from 78.4% at pH 3.5 to 76.4%, 74.1%, 68.0%, and 44.8% at pH 5.0, 7.0, 8.5, and 10.0,
respectively. Apparently, the photodegradation effectiveness is associated with the adsorption
modes of GenX. As to be illustrated in Sections 5.3.7 and 5.3.8, the head group decarboxylation
is a critical step in the GenX degradation process. As such, the head-on or side-on adsorption mode
is more favorable than the vertical tail-on mode for the photo-generated holes and radicals to attack
both the head and tail groups of a GenX molecule. In addition, the production of photogenerated
holes and radicals can be suppressed under alkaline conditions. Excessively high HO™ could react
with photogenerated holes to produce excessive hydroxyl radicals, which inhibit the direct hole
oxidation of GenX (Section 5.3.7) (Li et al. 2020a). Moreover, acidic conditions are favorable for
formation of HO>", which is a precursor of H.O2 and "OH (Eqg. 6) (Song et al. 2012).

O +H* & HO;" pK, =4.88 9)
5.3.6. Stability and reusability of BII TNTs@AC

The efficient photodegradation of sorbed GenX was expected to automatically regenerate the
material for repeated uses. To test this hypothesis, 3%BiI/TNTs@AC was subjected to five
consecutive cycles of adsorption and photodegradation. After the fifth cycle, 3%BiI/TNTs@AC
was still able to adsorb >98% of the GenX from solution (Figure 5-11c), indicating that the
material retained its adsorption capacity. In addition, the GenX mineralization efficiency only
exhibited a modest decrease from 48.3% to 43.7% after the five cycles, potentially due to
competition from accumulated short-chain intermediates produced in previous cycles. No loss in
Ti content was detected and <1.0 wt.% of the doped Bi leached into the solution after the five

cycles.
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5.3.7. Mechanisms of enhanced GenX photodegradation by Bi/TNTs@AC

To understand the roles of common reactive species, photocatalytic degradation experiments
were carried out in the presence of radical scavengers, namely ISA for hydroxyl radicals ("OH),
BQ for superoxide radicals (O2*"), EDTA for the photo-generated holes (h™), and NaNs for singlet
oxygen (*O2) (Van Doorslaer et al. 2012). Figure 5-12a shows the 4-h photodegradation efficiency
for GenX in the presence of variable concentrations (0.5, 1, 5, and 10 mM) of ISA, NaNs, BQ, or
EDTA. NaNs and BQ showed only modest or negligible effects on the photodegradation,
indicating that neither O2*~ nor 1O reacted with GenX. In contrast, the photodegradation decreased
from 74.1% without a scavenger to 43.0% in the presence of 0.5 mM ISA, and to < 1.5% when the
ISA concentration was increased to 10 mM, indicating that "OH played a critical role in the
photodegradation process. The addition of 0.5-10 mM of EDTA lowered the GenX degradation to
66.9%-56.2%, suggesting that h* also played an important role.

Figure 5-12b compares the EPR spectra of DMPO-"OH adducts generated in the TNTS@AC
and 3%Bi/TNTs@AC systems after 10 and 20 min of UV irradiation. A weaker “OH signal (four
lines with an intensity ratio of nearly 1:2:2:1) was observed for TNTs@AC, while a stronger "OH
signal was evident after the incorporation of 3 wt.% Bi on TNTS@AC. The “OH signal intensity
increased with the irradiation time (Figure 5-12b) due to the resulting “OH. No O2*~ or O, signals
were detected for 3%BI/TNTS@AC (Figure 5-12c and 5-12d). The results confirmed the findings
from the radical-quenching experiments (Figure 5-12a).

Figure 5-13a compares the optical properties of TNTs@AC and BiI/TNTs@AC with 1-5
wt.% Bi. As shown in, BI/TNTS@AC exhibited greater light absorption than TNTs@AC
throughout the UV and visible ranges (200-800 nm), though TNTs@AC did demonstrate notable

light absorbance due to the carbon (Kakavandi et al. 2019; Velasco-Arias et al. 2012). In particular,
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the maximum absorbance (285 nm) for 3%BI/TNTs@AC was 14% higher than that (310 nm) for
TNTs@AC. These results confirmed that the Bi particles on the surface enhanced light harvesting,
leading to enhanced photogeneration of electrons and holes.

This phenomenon is attributed to the SPR effect endowed by the metallic Bi on TNTs@AC.
Dong et al. (2015) showed that the electromagnetic field distribution of Bi spheres reached its
maximum at the surface of metallic Bi particles, and they observed that the SPR property of Bi
could markedly enhance visible light harvesting and charge separation. When the surface plasmon
wave interacts with a local particle or rough surface, some of the energy can be re-emitted as light.
Other studies have also demonstrated that Bi particles display strong SPR effects in the UV range
(228-280 nm), depending on their particle size and shape (Dong et al. 2014b; Ma et al. 2013; Wang
et al. 2005). For instance, Ma et al. (2013) determined two SPR absorption peaks at 228 nm and
256 nm for mixed plate-like (40-70 nm) and polyhedral (500 nm) Bi nanocrystals. Wang et al.
(2005) synthesized stabilized bismuth nanoparticles (~10 nm) that showed a surface plasmon
absorption peak at 281 nm. Moreover, 3%Bi/TNTs@AC also exhibited enhanced visible light
absorption, which is in agreement with previous reports that Bi displayed SPR effect in both
ultraviolet and visible light domains (Sun et al. 2015; Sun et al. 2017).

PL emission intensity has been used to measure the recombination of photo-induced electrons
and holes. Figure 5-13b shows the PL emission spectra of TNTS@AC and 3%Bi/TNTs@AC.
While the PL intensity for TNTsS@AC included two large peaks, the spectra for 3%BiI/TNTS@AC
was almost flat, indicating that deposition of Bi resulted in a remarkable decline in the
recombination of electron-hole pairs. This observation agrees with the notion that metallic Bi can
serve as an effective electron trap and, thus, facilitate electron-hole separation (Dong et al. 2014a).

Chen et al. (2017) prepared Bi@Bi>Os core-shell nanoparticles and found that metallic Bi
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nanoparticles can generate charge carriers due to the SPR effect, while the amorphous Bi2O3
surface layer serves as an efficient electron and hole acceptor to guide the directional transfer of
photo-charges and enhance the separation of electron-hole pairs. The Bi»Oz shell could also protect
the metallic Bi core from oxidation, which not only preserves the reactive lifetime, but also

provides a safe environment for photocatalytic reactions (Chen et al. 2017).
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Figure 5-12. (a) Photodegradation of GenX pre-sorbed on 3%Bi/TNTS@AC in the presence of a
scavenger (i.e., ISA, EDTA, NaNs, or BQ), (b) EPR spectra of DMPO—OH adducts produced by
TNTs@AC upon UV irradiation for 20 min and by 3%Bi/TNTs@AC after variable UV irradiation
times, (c) EPR spectra of DMPO-0O;" adducts produced by TNTS@AC and 3%Bi/TNTs@AC
upon UV irradiation for 20 min, and (d) EPR spectra of TEMP-'O, adducts produced by
TNTsS@AC and 3%Bi/TNTs@AC upon UV irradiation for 20 min. Experimental conditions
(adsorption): initial GenX = 100 pg/L, material dosage = 2 g/L, adsorption time = 2 h, and pH =
7.0 £ 0.1; Experimental conditions (photodegradation): UV intensity = 210 W/m?, reaction time =

4h,pH=7.0+£0.1, scavenger = 0.5, 1, 5, and 10 mM in (a), DMPO =20 mM in (b).
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Figure 5-13. (a) UV-DRS spectra and (b) photoluminescence spectra of TNTs@AC and
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3%Bi/TNTs@AC.

Based on the experimental results and material characterization, Figure 5-14 illustrates the
key mechanisms governing the enhanced adsorption and photocatalytic degradation of GenX by
BiI/TNTs@AC. First, the incorporation of Bi nanoparticles on Bi/TNTS@AC creates a more

favorable environment for adsorption due to suppression of the surface negative potential. The
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surface Bi along with Ti also serves as a Lewis acid to bind with the carboxylate group of GenX
anions, which is conducive to the decarboxylation reaction that is often an essential step for PFAS
degradation (Zhu et al. 2021). Second, the Bi nanoparticles enhance light absorbance (Figure 5-
13a), favoring the production of photogenerated electrons and holes. Third, due to photo-induced
SPR, the metallic Bi is photoexcited and promotes excitation of surface electrons, generation of
more charge carriers, and interfacial electron transfer (Chen et al. 2017). Fourth, because the Fermi
level (vs NHE) of metallic Bi (-0.17 eV) (Dong et al. 2015) is lower than the conduction band
(CB) level of TNTs@AC (0.12 eV) (Dang et al. 2020), the photoexcited electrons tend to flow
from Bi to TNTsS@AC, decreasing the recombination rate of electron-hole pairs and increasing the
lifetime of charge-carriers in TNTS@AC. Fifth, the electron release results in positively charged
Bi"™*, which attract and trap photoexcited electrons from the valence band (VB) of TNTS@AC to
maintain charge neutrality (Dong et al. 2014a), further inhibiting e /h* recombination and leaving
more holes available for reacting with GenX. Lastly, the local electromagnetic field representing
the SPR effects of Bi metal can also enhance the generation of electron-hole pairs and subsequent
separation of the charge carriers (Tu et al. 2015). Afterwards, the separated electrons will reduce
O2 to H20: because the redox potential of O2/H202 (0.695 eV) (Moon et al. 2017) is more positive
than that of the CB of TNTs@AC, and subsequently, H>O; is transformed into *OH by trapping an
electron (Dong et al. 2014a). Given the redox potential of O2/O2*" (-0.33 eV), the CB electrons
are less likely to react with O, (Dong et al. 2014a). Conversely, the holes with a redox potential of
3.85 eV can facilitate decarboxylation of GenX and oxidation of HO™ into *OH radicals (E° = 1.99
eV for OH/"OH) (Dong et al. 2014a). As “OH radicals and h* are the major reactive species, the

photocatalytic degradation of GenX adsorbed on Bi/TNTs@AC was enhanced.
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Figure 5-15a shows the molecular structure of GenX with labeled sites. Figures 5-15b and
5-15c¢ show the highest occupied molecule orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of GenX, respectively, and indicate that the carboxylate group is a favorable attack
site for photogenerated holes and radicals. While the gain or loss of electrons on each GenX
molecule site cannot be accurately obtained (Ji et al. 2020), the condensed Fukui functions were
calculated based on the natural population analysis (NPA) scheme to identify the electrophilic (1),
nucleophilic (f *), and radical (f°) reactive sites in GenX (Figure 5-15d). Based on the condensed
Fukui function values of 0.3309 and 0.3273, the most reactive sites for electrophilic attack are 019
and 020, respectively, of the carboxylate group. The same sites also exhibit the highest /° values,
namely 0.1906 and 0.1981, respectively. Therefore, the carboxylate group of GenX is most prone
to the attack by the photogenerated radicals, which is in agreement with previous reports of
photocatalytic degradation of long-chain PFAS (Xu et al. 2020; Zhu et al. 2021). The surface
contour of f * for GenX indicates that C1 (0.1084) and C2 (0.1188) in the CF3CF.CF>— end group
are most vulnerable to nucleophilic attack. This observation agrees with the report by Bao et al.
(2018). However, Bao et al. (2018) also proposed that the optimal trajectory for radicals to attack
the carboxyl group of GenX is blocked by —CF3 due to steric hindrance. Pica et al. (2019) asserted
that "OH attack on the ether bond of GenX is kinetically unfavorable because of the high activation
barrier (321 kJ/mol), though the attack can result in concurrent decarboxylation. While the initial
oxidative attack does not break the ether bond, stepwise mineralization can occur along the acidic
side chain. Moreover, the ether bond introduces a weak point in the perfluorinated carbon chain,

facilitating degradation by hydrated electrons.
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Figure 5-14. Conceptualized representation of the adsorptive photocatalysis mechanism with

BiI/TNTs@AC for GenX degradation under UV irradiation.
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0)(e/A%)  (+1)(e/AY) (-1)(e/A3)

1 1.0685 1.0720 0.9600 0.0035 0.0560

2 0.6440 0.6451 0.5252 0.0011 0.0599

3 0.9901 0.9829 0.9220 -0.0072 0.0305

4 -0.3597 -0.3449 -0.4126 0.0147 10.0529 0.0338

5 -0.3538 -0.3445 -0.3887 0.0093  0.0349 0.0221

6 -0.3505 -0.3465 -0.3950 0.0040 0.0445 0.0242

7 -0.3406 -0.3380 -0.3799 0.0026 0.0393 0.0209

8 -0.3536 -0.3414 -0.4261 0.0122 -0.0424

9 -0.3469 -0.3429 -0.3881 0.0040 0.0412 0.0226

10 -0.3782 -0.3537 -0.4106 0.0245  0.0324 0.0284

11 -0.5976 -0.5532 -0.6477 0.0444 0.0501 0.0473

12 0.4656 0.5586 0.4031 0.0930 L0778

13 1.0879 1.0952 1.0528 0.0073  0.0352 0.0212

14 -0.3686 -0.3072 -0.3975 0.0615  0.0289 0.0452

15 -0.3626 -0.3428 -0.3933 0.0198  0.0307 0.0252

F 16 -0.3532 -0.3298 -0.3716 0.0233  0.0184 0.0209

9 F 17 -0.3768 -0.3344 -0.3991 0.0424  0.0223 0.0324

C 18 0.7369 0.7183 0.7170 -0.0186  0.0199 0.0006
(0] 19 -0.7355 -0.4046 -0.7858 0.0503

9

LUMO 20 -0.7154 -0.3881 -0.7843

Figure 5-15. (a) NPA analysis of reactive sites in a GenX molecule at the B3LYP/6—31+G(d,p)
level; molecular orbitals of GenX structure showing the (b) HOMO and (c) LUMO; and (d)
condensed Fukui index distribution of active sites on GenX. Green: negative phase; Purple:

positive phase; Blue: F; Deep grey: C; Red: O.

5.3.8. Pathways of GenX photodegradation by Bi/TNTs@AC
Figure 5-16 shows the chromatograms of two major stable intermediate products, TFA
(CF3COOH) and PFA (C2FsCOOH), detected after the 4-h photocatalytic degradation of GenX by

3%BI/TNTs@AC. Other intermediates were either unstable or unidentifiable. Taken together the
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mechanism analysis, reactive species quenching data, DFT calculations, intermediates, and
findings from recent studies (Bao et al. 2018; Pica et al. 2019; Vakili et al. 2021), the
photodegradation of GenX by 3%Bi/TNTs@AC may occur along two possible pathways (Figure
5-17). The first pathway starts with decarboxylation by “OH and/or h* to generate an activated
intermediate (CsF110¢). Then, the CsF110¢ radical interacts with "OH and/or H2O to form unstable
C3F7OCF3CFOH, which subsequently transforms into C3F;OCOF after elimination of a CF3
moiety on the a carbon (Pica et al. 2019). Upon further reaction with *OH, CsF;OCOF converts
into C4FgsHOz¢ and subsequently generates CF3CF2CF20¢ through cleavage of the FCOOH moiety.
Finally, CF3CF2CF20- continues to lose the CF20 groups until complete mineralization (Pica et
al. 2019; Vakili et al. 2021).

The second pathway is initiated by reduction of the ether group by photogenerated electrons
to form CsF7e and *C3F4O3 fragments. The carboxylate fragment (¢C3F4O3") is degraded in a
similar manner as pathway (1). Specifically, the carboxylate group is cleaved, and the active
intermediate reacts with "OH and/or H20 to form the unstable C2F4OOH", which is converted to
C2F40 after one H20 molecule is eliminated. Then, C2F40 is hydrolyzed to CF:COO™ (TFA) with
the expulsion of H* and F~. The CsF7* fragment may react with ‘OH or H»O to generate unstable
CsF7OH, which further transforms into CFsCF2COF. Upon hydrolysis, CFsCF2COF converts into
CoFsCOO™ (PFA), which is converted into C2FsOH upon decarboxylation by "OH and h* (Niu et
al. 2012). The unstable alcohol undergoes intramolecular rearrangement to form CFsCOF and
converts into CF3COO™ (Niu et al. 2012). In addition, electrons may attack other fluorine atoms in
the fluorocarbon tail (Park et al. 2009; Song et al. 2013), resulting in an alternative pathway for
PFA photodegradation, where PFA is transformed into CFsCH,COO™ via H/F exchange and

subsequently converted into CF3COO™ upon elimination of a *CH> moiety (Bao et al. 2018; Park
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et al. 2009; Song et al. 2013). The TFA generated from decomposition of the two GenX fragments
may be further degraded to *CFzand *COO". The resulting *CFz may combine with other radicals

(e.g., *CFzor He) to form gaseous products (e.g., CF3H, CoFe) (Bao et al. 2018).
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Figure 5-16. LC-MS/MS chromatograms showing two major intermediate products (PFA
(C2FsCOOH) and TFA (CFsCOOH)) after 4 h of GenX photodegradation on 3%Bi/TNTs@AC.
Experimental conditions during adsorption: initial GenX = 1 mg/L, 3%Bi/TNTs@AC =2 g/L, pH
= 7.0 + 0.1; Conditions for photodegradation: UV intensity = 210 W/m?, reaction time = 4 h, pH

=7.0+0.1.
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Figure 5-17. Proposed photodegradation pathways of GenX by 3%Bi/TNTS@AC under UV

irradiation.
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5.4. Conclusions

A new adsorptive photocatalyst was prepared, characterized, and tested for degradation of

GenX as a model emerging PFAS. The major findings are summarized as follows:

1)

2)

3)

4)

5)

6)

7)

The most reactive Bi/TNTs@AC was prepared by depositing 3 wt.% Bi on AC-supported
titanate nanotubes constructed with commercially available AC and P25.

Material characterization indicated that Bi was deposited on the material surface as
nanoparticles with a metallic Bi core and amorphous Bi>Oz shell. In addition, micro- or
nanoscale AC particles were also observed on TNTSs.

BiI/TNTs@AC was able to adsorb nearly all GenX in 1 h, effectively concentrating GenX
on the photoactive sites. Subsequently, 70.0% of the pre-sorbed GenX was degraded,
including 42.7% defluorinated, after 4 h of UV irradiation. The photodegradation process
also regenerated the material, enabling repeated uses without additional chemical
regeneration.

The hybrid Bi, anatase, and AC phases at the microscale or nanoscale facilitated enhanced
adsorption of GenX through concurrent and synergistic hydrophobic, Lewis acid-base,
and anion-r interactions.

The SPR effect enabled by the metallic Bi nanoparticles greatly enhanced light harvesting,
generation of charge carriers, and separation of e/ h* pairs.

While DFT findings suggested that the carboxylate group was the prone to the radical
attack in the UV system, the ether bond was a favorable attack site for photogenerated
electrons.

"OH radicals and photogenerated h* were the main reactive species for the photocatalytic

degradation of GenX by BI/TNTs@AC, which starts with cleavage of the carboxylate
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group, conversion to CF3CF.CF20+ via decarboxylation and CFs elimination, and

continues through sequential loss of CF.O groups until complete mineralization. In

addition, the ether bond in the GenX molecule may be attacked by photogenerated
electrons, opening up another degradation pathway.

Given the widespread use of GenX as a substitute for legacy PFAS and the growing health

concerns, BI/TNTs@AC and the concentrate-and-destroy concept may serve as an important

technology for cost-effective treatment of GenX-contaminated waters.
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Chapter 6. Future Research

The follow-on studies are recommended in the future:

1)

2)

3)

4)

5)

6)

7)

Explore a new strategy in preparing gallium-doped carbon-modified titanium dioxide
and test the material for enhanced adsorption and photodegradation rate of pre-sorbed
GenX.

Further elucidate the insight mechanisms for PFAS photodegradation by adsorptive
photocatalysts, such as quantum yield and energy efficiency calculations.

Composite materials that are more reactive and effective under solar light should be
further explore.

The carbon-based adsorptive photocatalysts may be further improved to enhance the
adsorption selectivity and the photocatalytic activity for PFAS in field water. Additional
treatment methods should be explored to enhance the photodegradation of the pre-sorbed
by manipulating the treatment chemistry and by addition of some strong oxidizing
reagents and/or photosensitizers.

More experimental and water chemistry conditions could be optimized to promote
photocatalytic degradation of more persistent PFAS, such as various light wavelengths,
reaction temperature, and different liquid : solid ratios.

Further investigations are needed to evaluate the effectiveness under landfill leachate to
identify potential inhibitions of the strong matrix and find out ways to overcome these
inhibitive effects.

Pilot-scale experiments should be performed to facilitate more realistic assessment of

the technical and economic effectiveness and to guide field application design.
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