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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- aingepolyfluoroalkyl
substancefPFAS) in water and field water. PFAS are ubiquitous in water, due to their widespread
applications in various industrial and consumer products, and health concerns. Yetffectge
technology has been lacking for the degradation of PFAS due tadbmitance to conventional
treat ment . Thus, we de&ké oDtpreay Ga tneoovher o | 6oQoyn,c eL
photocatalysts for enhanced removal of PFAS from water.

Metatdoped AGsupported titanate nanotubes (M/TNTs@AC) were synthesized based on
commercial activated carbon (ACs) and titanium oxide ¢)irough a onstep facial alkaline
hydrothermal process followed by proper metal doping and calcinati@enmaterial synthesis
was optimized at varyingC mass cotents under different hydrotlmenal conditions, by doping
various metals ions, and by varying calcination temperatBeesed on the experimental results,
the highest photocatalytic mineralization efficiencypoésorbed perfluorooctane sulfonic acid
(PFOS)was up to 66.2% using thew2.% Ga/TNTs@iltrosorl-400° granular activated carbon
composite photocatalyst synthesized under the optimum parameters, 50 Wiltrosbri>400°
granular activated carbpn 1 3 0 of hydrother mal temperatur e
and 5d& €dcination temperaturelhe superior photoactivity of Ga/TNTs@AC is attributed
to the oxygen vacancies, which not only suppressed recombination ofttheadrs, but also
facilitated Q* 'generation. Both*hand Q* played critical roles in the PFOS dadation, which
starts with cleavage of the sulfonate group and converts ipanfluorooctanoatéPFOA) 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 PB&iQ.
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%-cbrrentrated
PFOS (100 ug/L) on Ga/TNTs@AC (3 g/L) was degraded, with the dafatmn rate of 25.8%.
However, addition F& 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 Fecomplex with DOM and the complex between ¥end PFOS.
Additionally, acidic condition is favorable for not only PFOS adsorption in field water onto
Ga/TNTs@AC, but also PFOS degradation in the presenceof Fe

GenX, the ammonium salt of hexafluoropropylene oxide diawéd, 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 phatatyst by depositing a small amount (3 wt.%) of bismuth
(Bi) onto TNTs@AC (BI/TNTs@AC), and tested the material for adsorption and subseqlignt
phasephotodegradation of GenX. B/ TNTs@AC at 1 g/L was able to adsorb GenX (100 pg/L, pH
7.0) within 1 hand then degrade 70.0% and mineralize 42.7% e$qrged GenX under UV (254
nm) in 4 h. The efficient degradation also regenerated the material, allowing for repeated uses
without chemical regeneration.

Overall, the adsorptiocedratgiDetsd ¢ atyd| wdtrataemgdg
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 moreffestive manner.
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Chapter 1. Generallntroduction

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-dagrgonsumer products
such as food packaging, pesticides, waterproof fabrics, carpetsticonmkware, masking tape,
and firefighting foamgRahman et al. 2014 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 2020Human exposure to PFAS has been linked to cancer,
elevated cholesterol, immune suppression, and endocrine disrypiicet al. 2019) Health
concerns in the early 2000s prompted manufacturers in Europe and North America to phase out
perfluorooctanoic acid (PFOA) and (PFQE&and 2015) However, the past widespread uses and
the high persistency dhese 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 Statesriemental
Protection Agencyods (EPA) | i feti me health adv
(Hu et al. 2016)

Multiple actions havéeen taken since 2000 to limit the production and environmental release
of longchain PFAS, including the replacement of the lohgin PFAS with shortechain
analogues, such as perfluorohexanedulfonic acid (PFHxS) and perfluoroether carboxylic acids
(PFECAs) (Bao et al. 2018; Wang et al. 2013 exafluoropropylene oxide dimer acid
(HFPOT DA), al s o -Zpropowpropammic grid (PFPrQPA) belongshe class

of PFECAs. Its ammonium salt is a substitute chemical for PFOA with a trade name GenX used
18



as a processing aid in the production of fluoropolymers. However, the detection ofB#PO
poses a new challenge to the scientific community because qothatial adverse effects to
human healthGenX 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, respective(zebbink et al. 2017; Heydebreck et al. 2015; Sun eDabR
Conventional biological wastewater treatment processes, such as activated sludgbicanae
digestion, and trickling filtration, are not effective in degrading PFAS owing to their strong and
stable carboifluorine bonds. Other treatment technologies have been investigated to remove
and/or degrade PFAS in contaminated water, including atiisoipy activated carbon (AC) or ion
exchange resins, membrane filtration, chemical, and electrochemical oxidation/reduction,
photochemical decomposition, sonolysis, and incinergftitori 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 shechain PFAS. Moreover, the regeneration of the spent adsorbents
requires costly and toxic chemical solvents such as methanoh aisic generates large amounts
of regenerant waste residual. In recent years, photocatalytic degradation has attracted growing
attentiondue to its relatively high transformation efficiency of PFAS and easier opef@aomb®
etal. 216; Schneider et al. 2014; Wang et al. 20However, the current photocatalytic treatment
has been limited to directly treating a large volume of water using emgamsive photo
irradiation, resulting in high energy cost and generation of harmful byproductdieadtes water.
Therefore,our group proposed and tested a navdihcentrate& -Destroyd strategy using a new
class of adsorptive photocatalysts for potentially more -effsttive degradation and
mineralization of PFAS in watd€Xu et al. 2020; Zhu et al. 20215irst, 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 pincentrated PFAS are efficiently degraded or defluorinated under solar or
UV irradiation, which also regenerates the material without invoking a chemical sahesdlés.

This strategy utilizes lowost adsorption approach to treat {owncentration PFAS in large
volumes of water, which not only facilitates the subsequent photodegradation efficiency, but also
reduces the energy input for the photodegradation imwepts 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 adsor@ia destruction of PFAS in water. The specific
objectives are to:

1) Synthesize and test galliudoped carbomodified titanate nanotubes (Ga/TNTs@AC)
and test the material for adsorption and destruction of PFOS,

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

3) Test the AGphotocatalyst composites for selective adsorption of target PFAS figider
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 mineralizationsdrperd PFAS,

5) Prepae and test bismuttioped carbomodified 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 includesix chapters. Except fo€hapter 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 andttezall objectives of this
dissertationChapter 2 describes the synthesigptimization,andtestingof M/ITNTS@AC under
various synthesis conditions toward PFOS mineralization under UV irradiatcdnding the type
and amount of doping metals on TNTsS@AC, typel amount of ACs, hydrothermal reaction
temperatures and duration, and calcination tempera@inagter 3illustratesthe effectiveness of
Ga/TNTs@AC toward PFOS adsorption asaid-phasephotodegradation rate. Based on the
characterizations, the reactiorechanisms are explorethis chapter is based on the information
thathas been published €hemical Engineering JourngZhu et al. 2021)Chapter 4 presents a
0 @ncentrateX-Destroy strategy using a photegenerable adsorbenG#TNTs@AC) for
enhanced adsorption and photocatalytic degradation of PFAfelch water Chapter 5
investigates the GenX removal and photodegradation rate using Bi/TNTs®@®WsCchapter is
based on the infomation that has been published/fater ResearcfzZhu et al. 2022)Chapter 6

givessome recommendatiofar future work.
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Chapter 2. Metal-Doped CarbonSupported/Modified Titanate Nanotubes for
Perfluorooctane Sulfonate Degradation in Water Effects of Preparation Conditions and

Parameter Optimization

Metaldoped ACsupported titanate nanotubes (M/TNTs@Afave been shown promising
for photocatalytic degradation of peand polyfluoroalkyl substances (PFAS). However, the
preparation recipe of these adsorptive photocatalysts have not yet been optimized in terms of type
and portion of precursor materialsdatihe metal dopants as well as synthesizing conditions. To
address this knowledge gap, we prepared TNTs@AC based on a commergiahd i@fferent
activated carbons (ACs) at varying Bi®C ratios and under different hydrothermal conditions.
In addition,a suite of dopant metals ions, including£&i%*, Ga*, In*", C&*, Cu/?*, andvin?",
were compared to gauge their effect on the material photoactivity. Moreover, the effect of the
calcination temperature was also tesfBde photocatalytic performance M/TNTsS@AC was
evaluated based on their effectiveness in the defluorination of the PFOS tmt&f #radiation
with gallium doped TNTs@AC (Ga/TNTs@AC) showing the highest degradation efficiency.
Subsequently, the preparation parameters were optimizedndans of preorbed 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 activitytbie resultant composité3ased 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 carba@omposite photocatalyst synthesized under
the optmum parameters, 50 wt.% diltrosorb400° granular activated carbpn 1 3 0 o f

hydrot hermal temperatur e, 7 2 ofrcalcnationtgmderatute.h e r ma
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The catalysts were analyzed byray diffraction, N> BrunauerEmmettTeller, UV-vis diffuse
reflectance spectrometry, and photoluminescence. Material characterizations revealed that the
superior photoactivity of 2%Ga/TNTsS@AC prepared under the optimized conditions is attributed
to thesmaller pore size, puraystallized anatase phasarmhed during the calcination, high UV

light absorption, and oxygen defects induced by*Gahe toxicity of the intermediates was
predicted by the ecotoxicity analysis using ECOSAR software where the stitatePFAS were

less toxic than parent PFOS.

2.1. Introduction

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

Titanate nanotubes (TNTSs), derived from ZTiOffer someunique advantages such as high
specific surface area (SSA), iexchange capability, and photocatalytic activity. However, the
negative and hydrophilic surface of TNTs is unfavorable for adsorption and photocatalytic
degradation of anionic PFAS such asOand PFOS. To overcome this, we prepared an activated
carbon (AC) supported/modified TN TeamelyTNTs@AGC through an alkaline hydrothermal
method Liu et al. 2016)To further enhance the specific interactions with PFOA and PFOS and

the photocatalyticaivity, we doped TNTs@AC with various photoactive metal oxides.
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However, while such metaloped TNTs@AC (or M/TNTs@AC) composites have
demonstrated great potential for adsorption and photocatalytic degradation of anionic PFAS, the
material preparation sanot been systematically optimized. Information is lacking on the effects
of precursor materials (Tkand ACs), their relative contents, the type and amount of the dopant
metals, the hydrothermal treatment conditions (temperature and duration), andhticailci
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 diuwas to optimize M/ITNTs@AC by using different
dopant metals and various commercial ACs and by tuning the synthesis conditions. The material
performance was evaluated based on defluorinatien ¢onversion of fluorine in PFAS into
fluoride) of PFOS presorbed on the materials undeh4JV 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. Ndin®» Degussa 25 (80% anatase and
20% rutile) was purchased from Evonik Industries (Worms, Germany). Filtred€8fbgranular
activated carbon (GAC) (F400) was acquired from Calgon Carbon Corporation (PA, USA).
Darcd® granular activated charcoals with a meste of 412 (D412) and 2640 (D2640), and a

Darcd® G-60 (D60) were obtained from Sigafddrich (St. Louis, MO, USA). Norit 1240 EN
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GAC (NAC1240) and HydroDaré0820 (HD820) were purchased from Cabot Corporation
(Boston, USA).Table 2-1 provides salienproperties of these materiahsll materials were used

as received. PFOS, anhydrous gallium(lll) chloride, iron(lll) chloride hexahydrate, copper(ll)
chloride anhydrous, cobalt(ll) chloride hexahydrate, manganese(ll) chloride tetrahydrate,
bismuth(l1l) cHoride, anhydrous indium(lll) chloride, and sodium hydroxide were obtained from
VWR International (Radnor, PA, USA). All solutions were prepared using deionized (DI) water
(18.2 MY cm).

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

Particle size Pore volume (crig)
Sample BET surface area (ffy)
(mm)
F400 1012.0(Morlay et al. 2012) 0.250.5 0.570(Morlay et al. 2012)
D4-12 293.98+6.26 1.684.76 0.157
D20-40 483.15+6.62 0.4200.841 0.261
NAC1240 828.23+20.42 0.4201.68 0.429
HD820 557.04+8.80 0.8412.38 0.298
D60 717.54+15.56 <0.15 0.393

2.2.2.Preparation of M/ITNTs@AC
M/TNTs@ACwas synthesized based on our prior w@ku et al. 2021) First, TNTs@AC
was prepared through a modified estep hydrothermal methddiu et al. 2016) Typically, 0.6,
0.8, 1.2, 1.8pr 2.4 g of F400 and 1.2 g of Ti@vere 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%, ane460@%
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respectively. After magnetic stirring for 12 h, the mixture was transferred into a 100 mL Teflon
reactor with a stainlessteel cover and heated at a controlled temperature in the range- 20030
(to gauge the temperature effect) for 22 h (totest the reaction time effect). Upon cooling,

the resulting solids (TNTs@AC) were separated upon gravity settling and washed with DI water
until neutral pH, andthenovehr i ed at 105 . No fluoride was d

Subsequently, 1 gf 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-6.0 (M = Fé*, Bi®*, G&"*, In®*, C&?*, Cl?*, or Mn?*). After
stirring for 3 h, which was sufficient for complete adsorption of thedals onto the TNTSs, the
particles were separated by removing the supernatant, and thed ovene d at 105 . Ba
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 wadissolved in the supernatant during thedivping.
Finally, the solid particl et Onmorwluaseurdicjinaiant ed t
temperature effectjvith a temperature ramp of 10 °C/min and under a nitrogen flow of 100
mL/min. Based orthe percentage mass content of M, the resulting composites were denoted as
wt.%M/TNTs@AC.

The following synthesis conditions were varied: carbon source-D2M412, NAC1240,
HD820, D60, and F400), carbon mass contents as wt.% (33%, 40%, 50%, 60%8YaALCH
hydr ot her mal treat ment temperature (130, 150,
time (24 , 48, and 72 h), and calcination tem
2.2.3.Characterization

Most promising materials were characterized toeusind the relationship between material

characteristics and the photocatalytic activity. The surface morphologies and microstructures were
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characterized by scanning electron microscopy (SEA8@, Hitachi, Japan].he crystal phases
of the materials weridentified through Xay diffraction (XRD) analysis using a Rigaku Ultima
IV powder diffractometer (Tokyo, Japan) with Cy Kadiation { p® 1 pBlI XRD spectra
were collected between 5° to 80° ttfeeta angles with a 2 °/min scan speed. Th&hMnauer
EmmettTeller (BET) SSA and pore volume of the materials were analyzed by nitrogen
adsorptiordesorption (Micromeritics ASAP 2460, USA). The photoluminescence (PL) spectra
were obtained on an FLS1000 photoluminescence spectrometer (Edinburgh Instrurkgnts, U
equipped with a xenon source at an excitation wavelength ohi@54The U\tvis diffuse
reflectance spectrometry (UDRS) analysis was performed on a Shimadzu-36@0i Plus
spectrophotometer.
2.2.4.Adsorption and subsequentolid-phasephotodegradationof PFOS

Adsorption test was performed in the dark using 40 mL-digimsity 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) | ocated in an incubator at 25

Upon PFOS adsorption equilibriynmearly all PFOS (100 pg/L) in the solution was
transferred and preoncentrated on the solid matesialpon removal of the solution, the PFOS
laden particles were transferred to a qudith along with10 mL of DI water, and then placed
into a quartzray (ODxH = 6x1.5 cmyvith a quartz cover. The photoreactor was then placed in a
Rayonet chamber UYeactor (Southern New England Ultraviolet CO., Branford, CT, USA)
equipped with 16 RPR537 A lamps The light intensity was 210/m?at theedge(1.5 inor 3.81
cm to the nearest lamp) of the quartz teayd 128 Wim? at the centerThe solids in the quartz

photoreactor were manually shaken intermittently to facilitate the UV exposure (for large reactors,
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the solidliquid slurry can be stirred continuously as commonly practiced in photocatalytic
processes). After-A UV irradiation, the mixtures were saccifilly filtered through a 0.22 pm
polyether sulfone (PES) membra(@%6 PFOS recovery)Then, the liquid was collected for
fluoride analysis. Duplicate experiments were carried out for each time Peiittiorination of
PFOS was quantified based on thefide 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 Fwas 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 limitwds0 . 0 0 N Dissdivédméalsin hqueous phassere
determined on an inductively coupled plasompical emission spectroscopy (ICFES, 716ES,
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 TIIAC can be strongly affected
by the metal dopant. To optimize the type and amount of the metals, a suite of commonly used
metal dopantsvasscreened at an identical concentration of 2 wt.%, including' MBL*, In*",
Co™, Fe*, Bi**, and G&". In all cags, the metal ions were first adsorbed onto TNTs@AC, and
uponoverd r yi ng, the composites wEigue 2-Ha& $thowsthed at

XRD patterns of the synthesized samples doped with the different metals. The XRD patterns for
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2%IN/TNTS@AC, 26BI/TNTs@AC,2%Fe/TNTs@ACand 2%Ga/TNTs@A@early 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 {ZIHDSo.
21-1272). Moreover, no typical diffracth 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@awas observed owing to the
substitution of T* by G&* (Zhu et al. 2021)However, a weak peak at 24.4° corresponding to
NaTiz07(JCPDSICDD No. 3:1392) 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%BiI/TNTsS@AC, two additional peaks emerged at 27.2° and 39.6° in
2%BI/TNTs@AC sample, which are consistent with the JGIRCIID No. 441246 representing
metallic Bi. Notably, XRD patterns for the samples doped with divalent metal iorfs, (Gug*,
andCc?*) 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 ictisRé&, Bi®*, and G&"). The

peaks at 24.4°, 31.7° and 43.9° are ascribed to soditfitatrate (NaTiszO;), whereas those at
32.7°, 45.5°, 47.6°, and 56.5° correspond te.daOg (JCPDSICDD No. 731400), suggesting

the coexistence of N&izO; and NasglizOs in 2%Mn/TNTS@AC, 2%Cu/TNTs@AC, and
2%Co/TNTs@AC(Chen et al. 2012)The formation of NgsTisOs might be owing to the
dehydration ofi nt er | ayered T1TOH from the" ibnstremaimt e n a
chemically bonded to [Ti€)octahedral layerDo s t ani | .Adacansequenzd)therystal
anatase phase was formed when the samples were doped by the trivalentvigtahe anatase

peak intensities decreased in the sequence of 2%Ga/TNTs@AC > 2%Fe/TNTs@AC >

2%BI/TNTs@AC > 2%In/TNTs@ACOnN the other hand, the divalent metal ions deposited on
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TNTs@AC (Mrt*, Cl#*, and Cd) facilitated the formation of the ttitanate phase, where
NaTisO7and NagTisOswere the dominant crystal structures. Generally, tHédnate phase was
transformednto the anatase phase upon the calcination, leading to a greater photocatalytic activity
due to the improved separation of phgenerated charge carriers (sodiurditanate has much
lower photocatalytic activity than anatase owing to the sodium cointéitanate and the higher
bandgap value (3.7 eV for BlEizO7 and 3.2 eV for anatas€}jaque et al. 2017; Vithal et al. 2013;
Zhang et al. 2015Besides, the anatase phase could facilitate light absofgtiang et al. 2012b)
(Figure 2-1b).

Figure 2-1b shows the UWis DRS spectra for the metdbped TNTs@AC. All samples
exhibited high light absorption in the UV range of ZED nm, where a slightly higher absorption
intensity was observed for the materials doped with trivalent metals. Overall,ithaldgprption
followed the order of [ff > G&* > C&?* > F&* > Bi** > Mn?*> CW?*. Notably, all composites
(except for Co/TNTs@AC) showed a sharp absorption edge at3&20m(Xu et al. 2014)
where the introduction of Bé and Mrf* resulted in much lowest light absorbandéus
2%Ga/TNTs@AC, the only one with pure anatase phase as confirmed by XRD, exhibited the
greatest light absorption throughout the UV and visible range §200hm).

Figure 2-2a depicts the PL spectra of the various M/ITNTs@AC composites. A prominent
peak at ~358 nm was observed in thmposites deposited with 8j F&*, and Ir#*, which can be
ascribed to the emission of band gap transition related to the anatase structued Tdi€let al.
2016) This result is in agreement with the XRD anaysonfirming the anatase phase in the
samples. A new PL peak was observed for CU/TNTs@AC at 348 nm, which was from band edge
emissions resulting from the electrbale recombination of the free excitations in Cu/TNTs@AC

(Jamila et al. 2020)n addition, the PL spectra for Ga/TNTs@AC exhibited@devblue emission
30



PL peak at about34 nm, which originated from the recombination of excited electrons trapped in
the oxygen vacancies with the holes created above the valendbarashd Shim 2007; Vasanthi
etal. 2019) The observation i accord with the results reported blyu et al. (2021)though the
peak associated with the Galuced oxygen vacancies occurred at ~550 nm. Nevertheless, this
prominent peak at 3 nm was not observed for other materials, indicatthgt only
Ga/TNTs@AC generated the oxygen vacancies due to the embeddédiGa oxygen vacancies
facilitate the adsorption of molecular,Qvhich reacts with the phoiaduced electrons and free
electrons on the oxygen vacancies to generdé@d free up holes that are responsible for the
enhanced soligphase photocatalytic degradation of PFOS by 2%Ga/TNTs@EA0 et al.
2021)

Figure 2-2b compares the photocatalytic activities of the M/TNTs@c&athposites doped
with various metal when used for defluorination of-poebed PFOS. After 4 h of Ulght
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%, regdgcf2%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%) >
29%Bi/TNTs@F400 (60.3%) > ; > 2%Fe/TNTs@F400 (36)492%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, andibdiffuse reflectance spectra,
the superior photoactivity of Ga/TNTs@AC toward PFOStiibaited 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 ras’of

recombination and higher surfaadsorptive capacitgHurum et al. 2003)2) the enhanced UV
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light absorption; and 3) the generation of oxygen vacancieséaidoy the substitution of #fiby

Ga™, facilitating the separation of tlegh* pairs and generation o8
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Figure 2-2. (a) PL spectrgb) Defluorination of PFOS under-H UV irradiation by TNTs@AC
doped by various metal ion( wt.%) following the conditions irFigure 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 concentrationggAQ0
material dosage = 3 g/L, pH = 7 = 0.1, UV intensity = 210 Yheaction 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, D20
40, NAC 1240, D60, and HD 820. In all cases, 2 wt.% Ga was ddjpdde 2-1 givesthe BET
SSAs and particle sizes of these parent carbons. Notably, F400 gives the largestdS®ke
volumeof 1012.0 /g and0.570 cni/g, respectivelyln addition, the particle size for F400 (0-25
0.5 mm) was also smaller than most of the other &@ept for D60 (<0.15 mm).

However, 2%Ga/TNTs@F400, 2%Ga/TNTs@NAC1240, 2% Ga/TNTs@HD&2d,
2%Ga/TNTs@D60 showed a much decreased SSA of 341.03, 415.95, 407.72, and 3§6.41 m
respectively, while Ga/TNTs@DB#2 and Ga/TNTs@D280 exhibited a similar SS#£ that of
the parent carbon§éble 2-2). The results indicate that the alkaline hydrothermal treatment, the
subsequent Ga decomposition, and calcination has negligible effect on SSA of tHedaabon
(D4-12 and D2&40) and TiQ, whereas these modifitans resulted in notable alteration of the
pores and SSA for the other ACs. It can be deducedhbaeduction of SSA is attributed to the
blockage of the interior sites inside the parent ACs due to the hydrothermal treatment and the

conversion of largr pores of TNTs into smaller micropores in compo@iteet al. 2020a; Liu et
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al. 2016). As illustrated inFigure 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
tothe 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 photonsacaed 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 (nm)
(m?g)
2%Ga/TNTs@F400 341.03+3.71 5.87
2%Ga/TNTs@D412 293.21+4.58 7.02
2%Ga/TNTs@D2a10 434.78%3.77 6.63
2%Ga/TNTs@NAC1240 415.95+10.41 5.41
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 & 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%) > D2 (34.9%) > NAC1240 (33.6%) > HD820 (23.9%) >-D2!
(22.6%).

F400 has been known to offer higher adsorption rates for-dbam PFAS than other
common ACs(Gagliano et al. 2020)The smaller pre size of 2%Ga/TNTs@F400 can be
attributed to the formation of AGaTNTs mixed phases. Such microscale mixed phases can
facilitate a corporative adsorption mode through hydrophobic interactions between the tail of
PFOS and carbon particles and elecatistcomplexation interactions between the metal
(hydr)oxides and the head group of PHQIS:t al. 2002; Yuan et al. 2009Yloreover, the smaller
particle size of F400 is st beneficial for UV exposure because of elevated absorption and back
scattering of the lightPefia et al. 2001Besides, 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 fparent F400 to 2%Ga/TNTs@F400 indicates
the blockage of the interior sites upon the hydrothermal alkaline treatfigate 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 photgenerated charge carries andctea 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 UV irradiation by
2%Ga/TNTs@AC prepared with various carhdigerimental conditions for matergnthesis:
carbon mass content = 50%, hydrothermal treatment time = 72 h, hydrothermal reaction
temperature = 130 , NaOH concentration = 10 M, amd ci n
calcination duration = 3.5 h; Conditions for adsorption: initial PFOS cdrateon = 100 ug/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 anhbi©?2-3 lists the
SSAs of the resulting composites. The SSA increased from 130.9/y ror
2%Ga/TNTs@33%F400 to 349.42 2k 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 contenfFor Ga/TNTs@50%8, 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 XRDpatterns 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 soditmmate NaTizOy,
suggesting that N&isO; 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 (JCPDSYCDD No. 050628) (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 theptimal 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 (ffy)
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
. 25.0
a T: Na,Ti;O; A: Anatase 67% F400
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Figure 2-5. (a) XRD patterns ang@b) PL spectra of 2%Ga/TNTs@AC prepared with various AC
(F400) mass contents. Experimental conditions for matgrighesis: AC = F400, hydrothermal
treatment time = 72 h, hydrothermal reaction temperature =130 Na OH concentr ati

calcination duration = 3.5 h, and calcination temperature = 550
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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 nnfrigure 2-5b). Generally, a low PL intensitysiindicative of a high
separation efficiency af/h* pairs. Notably, all samples exhibited a similar broad peak centered
at approximately 34 nm, which can be ascribed to the oxygen vacancies owning to the substitution
of Ti** by G&* (Kim and Shim 2007; Lu et al. 2018)he highest emission peak intensity was
observed for Ga/TNTs@67%A@nd it decreased sharply when the AC content was decreased
to60 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/tiiepairs, resulting
extended lifetime of the charge carriéZéiu et al. 2021)

Figure 2-6 shows the defluorination rates of PFOS-poebed on Ga/TNTs@AC prepared at
different F400 mass contents afteh 4JV irradiation. In accord with the levels of the oxygen
vacancies, the heist PFOS defluorination (66.2%) was attained at.&2400 ratioof 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 thee/h* pairs excessive AC patched on the photabsts 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

phaoactivity 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 perbed on using 2%Ga/TNTs@AC
prepared with various AC (F400) mass contésitewing the conditions ifrigure 2-5. Canditions

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 = 21§ W/m
reaction time = 4 h. Data are plotted as mean of daigs 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/TNT&@sAC
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 defluorinatinrall cases, F400 was used at aJAC
ratio of 1/1, and Ga was doped at 2 wtRigure 2-7 shows the SEM images of Ga/TNTs@AC
prepared with various hydrothermal treatment durations and temper&igres. 2-7a shows that
at 130 °C for 24 h, the bulsrecursor materials (Ti¥) remained nearly intact, and no TNTs and

AC nano/microparticles formed. At 150 °C for 24Higure 2-7b), a fraction of the Ti@particles
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was apparently transformed into broken rods with some AC petals grafted. When the ydothe
temperature was i ncreased -likeostrutt@es grew langed with 8 0O
some nano or microscale AC particles attacheBigures 2-7c and 2-7d). Moreover, more

intensive rodike tubular structures were formed when the temperatuses el evat ed t o
(Figure 2-8). The results indicate that elevating the hydrothermal treatment temperature facilitated

the conversion of Ti@into the rodlike structures and particle breakage of AC into flovilkex

nane or microparticles.

Comparinghe samples prepared at 130 but with
(Figures 2-7a, 2-7e, and2-7i) reveals that much finer, wobke nanotubes were developed with
prolonged treatment times. Specifically, bundie clustered structures were ob&dnwith 48 h
treatment, though the AC and TNTs phases appeared largely separate. Increasing the treatment
time to 72 h resulted in the nanowiike nanotubes grafted onto the surface of AC. Meanwhile,
some carbon particles are attached on TNTs, formiagftdTsAC mixed micrephases. This
observation is in accord with the reportiBy et al. (2011j)hat increasing hydrothermal treatment
reaction time may increase the lengtlhaf TNTs. The results also agree with the measured change
in SSAs and the postulated cesfeell structureKigure 2-3).

Figures2-7d, 2-7h, and2-7is how t he SEM i mages of the samp
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; yg further increasing the treatment time to 72 h converted the fine nanotubes into larger
slabs as separate phases. Similar morphology was also obsetvéde s ampl es tr eat e
for 48 h and 72 hHigures 2-7g and 2-7k), while the mixeephases of adona and interwoven

TNTs were observed at the | ower hydr ot her mal
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(Figures 2-7] and 2-7i). These results suggest that the transformation from WANTs and
further to slabs is dependent on the hydrothermal tesatmuration and temperature, which is

also related a critical phaseansformation pressurélsanousi et al. 2007)

165.°C 72 h|

Figure 2-7. SEM images of 2%Ga/TNTs@AGnder 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

temper at ur e enatodduration=3dih.d c al
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Figure 2-8. SEM images of 2%Ga/TNTs@AC under hydrothermal treatment condition at 200 °C

for 24 hfollowing the conditions irFigure 2-7.

Figure. 2-9a shows the XRD patterns of the composites prepared at various hydrothermal
treatment temperatures but for fixed atime of2Ah. 1 3 0 , t he doff2t.3,acti on
31.7°,45.4°, 56.4°, 66.2°, and 75.3° belong to crystal NaCl, with only a XRBllpeak emerged
at 48.6° attributed to N&izO7. This result is in agreement with the observation from SEM image
(Figure 2-7a) where no obvious TNTs observed after
Notably, the peaks of Na@€anished completely whehe temperature was raised to 150 °C, while
the peaks for Ndi3O7 emerged at 9.8°, 24.4°, 28.3°, 48.6°, and 62.9°. Further elevating the
temperature to 165 l ed to the similar XRD
decreased slightly. At 180, t he di ffraction peaks at 25. 3A,
crystalline anatase phase. However, when the hydrothermal treatment temperature was elevated to
200 , the anatase peak intensity decgwased a
(101) plane of N&TizOrb e si des a mi n qReddy &t al.f2@16)ndicatird) éxcessaveé u e s

temperature could transfer the anatase phase backT:8ta
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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
peaksdue 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 imt® TNTSs.
Moreover, at elevai&d tempehatNa€ls (ad&Ks di s a]
NaTisO;peaks emerged .

Figure229cc ompar es t he XRD patterns of samples p
180 and with ahtrebhémentftamei of pFattern at
that of pure anatase phase. In contrast, at the higher temperatures, the diffraction peaks for the
anatase phase diminished, whereas thétanate phase emerged. This is attributed to the
suppession of anatase transformation by the excessititammate formed during the hydrothermal
treatmentdue to the low loading of Ga (2 wt.%Jhu et al. 2021)Zhu et al. (2021)nvestigated
that the presence of Ga altered thtaniate 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 condigios

24 h at various temperaturég) for 48 h at various temperature, afa for 72 h at various
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temperature. Experimental conditions for material synthesis: F400 mass contéxt N&0H
concentration = 10 M, calcination duration

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

Figure 2-10. Defluorination of PFOS under-i4 UV irradiation by 2%Ga/TNTs@AC prepared

with various hydrothermal reaction temperature and durdtibowing the conditions irFigure

2-9. Conditions for adsorption: initial PFOS concentration = 100 ug/L, material dosage = 3 g/L,
pH = 7 = 0.1, and adsorptioime = 4 h; Conditions for photodegradation: initial PFOS
concentration = 100 pg/L, material dosage = 3 g/L, pH = 7 + 0.1, UV intensity = 216, Afith
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-# difluorination rates of PFOS pearbed 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 temperaturgshobecatalytic performances

followed the ordeof: 1 3 0 sample (10.8%) < 150 AC sample
< 180 sample (55.5%) > 200 AC (38.1%) . Namel
180 : However, the defluorination was decr ea
hydrothemal tr eat ment ti me was increased from 24
addition, the defluorination was also lowered when the temperaturdesesasetd o 1 6 5 and
150 regardl ess of the hydr ot heely,mdadndingthe at me n
hydr ot her mal treat ment duration from 24 h to

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 hydrothermaticot i ons of 130 for 7
This is in accord with the above characterizations (SEM and XRD) as the composite prepared
at 130 Figure 2-7i) re&ulteld in the most reactive mixed phases of mi@articles
and flowerlike fine TNTs microstructureSuch micre or nanoscale carbefiNTs mixed phases
can facilitate cooperative adsorption and boost the subsequentplkalid photocatalytic
degradation of PFOS. Moreover, the higher content of the pure anataseRase2-9¢) further
boosts photocalgic 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 Nali307 and rutile phases due to the larger band gap or relatively shallower band of the

latter (Schulte et al. 2010)The transformation of titania hdseen known to be temperature
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dependen{Hanaor and Sorrell 2011pauvet et al. (2004) reporeted tipatre NaTisO; was
obtained at 937 K (Tez®7 decomposed inth Haiis@1aupon sindering i a |
at 1373 KLiu(etiall (@aD5prepared the Zi-doped TiQ nanoparticles through a sol
gel method found that the most photoactive catalyst was obtained with the material calcined at 500
and higher calcination t e myiceactwity,uwhieh wase sul t e
attributed to the transformati on offHuaagetal. ase t
2007) reported that the photocatalytic activity ofdéped TiQ increased when the calcination
temperature was el evated from 300 to 500 , b
to the formation of a mixturndabove. anatase and
To test the effect to calcination temperature, Ga/TNTs@AC was prepared at four different
calcination temperatures (350 , 450 , 550
then tested for the photocatalytic defluorination of PFOS uftiedV irradiation.
Figure 2-11 the N> adsorptiordesorption 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@2hm), with an H3 hysteresis lodpigure
2-11b shows the pore size distribution determined via the BJH method. The predominant pore size
for all samples was Am. The pore size distribution displayed a bimodal profile with another minor
peak at 7 nmforte sampl es calcined at 350 and 10 nr
cal cined at 5 5nibdal poresizesdisttibatyprewdth tlaree types of mesopores with
sizes centered at 4 nm, 5 nm, and 6.5 nm, and the composite showed the highest peratvblum
nm among all the photocatalys®able 2-4). The pore volumé or t he catal yst <cal
(0.50cn/gywas 108 % and 14% | argenf/g)t mand ©YBhdfg),at( 03 3@

respectively, whereas the povelume a t 650 cm/gf Owdas8 similar to th
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Mor eover, Ga/ TNTs@AC prepared at 550 2g)not

but also showed the smallest pore size (5.87 nm) that at 350, 450, and 650 esul t i ng i

adsorption sites and hybrid phases.
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Figure 2-11. (a) N2 adsorptiordesorption isotherms an¢b) pore size disthutions 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 aalcohation durdon = 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@F40350 127.54+3.71 0.24 7.52
2%Ga/TNTs@F40a50 272.30+1.98 0.44 6.39
2%Ga/TNTs@F40®50 341.03+3.71 0.50 5.87
2%Ga/TNTs@F40®50 226.28+2.35 0.43 7.63

Figure 2-12ashows the XRD patterns of the Ga/TNT@AC calcined at various temperatures.
The peaks at 9. 9A, 24.3A, 28.3A, and 48.3A wer
to NaTi30y. In addition, the characteristics peaks of crystal NaCl at 27.3°%,34574°, 56.6°,
66.2°, and 75.3° were also observed, indicating the coexistence ofaNd@aTizO; when
calcined at 350 . When the calcination temp
completely disappeared, while the crystal phase ef N@;remained, though the intensity of the
NaTizOrpeaks decreased notably. | n c ont-titanatd , upo
phase was transformed into the anatase phase with a tetragonal structure. Our pr{ghstetly
al. 2021)revealedthat 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 BBOUI t edvhi he

additional seven characteristic peaks emerged belonging to monoclinic sodium tetratitanate
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(Nao.eTis0s). N gTi4Og is thermally unstable, which can be converted teTiN®:3 at elevated
temperaturel Dost ani [ et -Baldfios ar®l Cadm@rgamado 20¢9) ¥ o

Figure 2-12b compares the-i PFOS mineralization rates by Ga/TNTs@p@pared at a
fixed Ga content of 2 wt. % and various cal cine
4-h UV irradiation. l ncreasing the calcination
increased the defluorination rate from 11.1% to 50.7A%&6.2%, respectively. However, further
el evating the temperature to 650 decreased
accord with the transformation of the more active anatase phase into the sodium titanate phase as
well as a significant racttion in the SSA and loss of mesoporous structure. Thus, the optimal
calcination temperature for Gal/ TNTs@AC was d:¢
observation agrees with the resultglbyet al. 2020a) who found that irordoped TNTs@AC

prepared at a calcination temper at ufoePFOA 550
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Figure 2-12. (a) XRD patterns andb) Defluorination of PFOS under-i UV irradiation of

2%Ga/TNTs@F400 prepared with variotacination temperaturtollowing the conditions in
50



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
concentratiore 100 ug/L, material dosage = 3 g/L, pH = 7 + 0.1, UV intensity = 210 3V/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 byroducts

As illustrated by previous studyhu et al. 2021)the intermediate products after 4 h of the
PFOS photocatalytic process by 2%Ga/TNTsS@AC included the shorter chain PFOA
(C7F15COOH), PFHpA (§13COOH), PFHXA (GF11:COOH), PFPeA (@COOH), PFBA
(CsF,COOH), PFPA (GFsCOOH), and TFA (CECOOH). 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$narestal
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), harmfut{@0.0 mg/L),
toxic (1.010 mg/L), and highly toxic (<1.0 mg/l()Chen et al. 2022; Xu et al. 200)7As shown
in Figure 2-13 PFOS was toxic to fish and daptinvhen 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
daphnidfor 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 byigure 2-13b, which displays the relationship betweatermediate products

arranged by increasing carbon numbers-8g{1/(EGoor LCso)). The result shows that the acute
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toxicity of intermediate products declined with decrease of the fluorinated eallagm length,
suggesting that the shorter carbdrainresults 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 envirozZimeat,

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 anddost TiQ, is an environmertiendly and
renewable material. It is ecotoxicologically effective for the treatment of PFOS, transforming to
lesstoxic shorter chain carboxylic acids during photodegradation process under UV irradiation.
Therefore, the 2%Ga/TNTs@AC can be used as an exicatlearptive 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 4og(1/(EGo or LCso)). EGo= Median effect
concentration, L& = Median lethal concentration, and ChV = Chronic value predicted by

ECOSAR V2.0 model.
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2.4. Conclusions
A series of metal iondoped TNTS@AC nanocomposites with different carbon (F400) mass
contents, carbon sources, hydrothermal treatment conditions efigtue and duration), and
calcination temperatures, were prepared and evaluated their photocatalytic performance on the
removal of the presorbed PFOS. The major findings are summarized as follows:
1) Comparing with the metal dopants, including®Gén®*, Fe**, Bi®*, Co**, Mn?*, and C4",
Ga’* exhibited highest PFOS defluorination rate. Based on the PL andidJdiffuse
reflectance spectra, the embedded*@at only facilitated light absorption, but also
induced the oxygen vacancies by the substitutioi®t Moreover, higher preorbed
PFOS mineralization rate was attained with trivalent metal ions than divalent, which is
attributed to the presence of anatase phase transformed fromtitta@ate phase upon the
calcination from XRD diffraction patternsvhile the highest defluorination rate was still
remained by the TNTs@F400 doped by 2 wt.%'Ga
2) 2%Ga/TNTs modified by FiltrosorB00® granular activated carbon (F400) shows higher
presorbed PFOS defluorination efficiency (66.2%) than other carbonesyundich 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 pathstBmmediate 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 1.2T@, and 1.2 g F400 as the precursor carbon

source exhibited higher psorbed PFOS defluorination (66.2%) unddr YV 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 ohet 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 tkgh™ pairs.

4) The highest PFOS defluorination rate remained at 66.2% under the hydrothermal
treatment conditions of 10 M NaOH at 130for 72 h.The nanowirdike nanotubes were
observed for 72 h-lika structurg grafted omto thelsurface 6f A@imw e r
SEM image. XRD diffraction pattern displayed apparent anatase phase in the sample of
2%Ga/ TNTs @F400 pirfoe7@ared at 130

55Referring to the calcination temperature,
temperature for the 2%Ga/TNTs@F400 witle 66.2% presorbed 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 pgorbedPFOS mineralization (66.2%) undeh4JV irradiation,

the opti mal val ues of synt hes72é, 5¢acarbanenss r s w-

content, GACF400 as the carbon source, calcination temperature of 5&@d G&" as the metal

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

Sulfonate in Water Using Gallium-Doped CarbonModified Titanate Nanotubes

PFOShas drawn increasing attention due to its omnipresence and adverse health effects. We
prepared a new adsorptive photocatalyst, Ga/TNTs@AC, based on activated carboramadTiO
tested the adsorption and subsequent giime photodegradation of PFOS. Ga/TNTs@AC
showed faster adsorption kinetics and higher affinity for PFOS than thet peCerand could
degrade 75.0% and mineralize 66.2% ofgwebed PFOS within-# UV irradiation. The efficient
PFOS photodegradation also regenerates Ga/TNTs@AC, allowing for repeated uses without
invoking chemical regenerants. The superior photoactisipttributed to the oxygen vacancies,
which not only suppressed recombination of tiie* eairs, but also facilitated H'generation.

Both h and Q” 'played critical roles in the PFOS degradation, which starts with cleavage of the
sulfonate group and owerts it into PFOA that is then decarboxylated and defluorinated following
the stepwise defluorination mechanism. Ga/TNTs@AC holds the potential for meedfeoste

PFOS degradation.
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3.1 Introduction

PFOA and PFOS are the most detected PFA&inking water(Li et al. 2019) A recent
survey revealed thadrinking water supplies for 6 million U.S. residents exceeded thelifgRife
health advisory (70 ng/L) for the sum of PFOA and PE$et & 2016) Amid mounting health
concernsthe 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 wate(Li et al. 2019) In the meanwhile, many US states have established or
proposed MCs and action levels for the PFAS in drinking water. For instance, several states have
recommended MCLs in the range of-1B ng/L (JDSUPRA 2019)While PFOA and PFOS are
both longchain (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 bieaccumulative, and more persidten various degradation procesggsPA
2017b)

Gallium (Ga) is one of the commonly used dopants in photocatalysis, electrocatalysis, and
sensorgManriquez et al. 2009; Mohammadi and Fray 20G8) (hydjoxides are considered non
toxic to the human and environmental health partially due to the low solBitibhulz et al. 2018)
and poor abgbability to biota(Gray et al. 2000; Schulz et al. 2018; Staff et al. 20A%)such,
gallium has been widely used for modifying Bi®lyilsamy et al. 2018)While relevant toxicity
data has been very limited, a recent study revealed the activities of tveoofyymécroorganisms
were not affected when exposed to up to 500 mg/L eOeaanoparticlegNguyen et al. 2020)
Myilsamy et al.(2018)used Ga to modify Tigand observed enhanced photocatalytic degradation
of Rhodamine B. They also reported that Ga doping induwegden vacaneis owing to the

substitution of Ti* by G&", facilitating the separation of tlegh* pairs. Guo et a(2018)reported
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that Gadoped Au/TiQ nanotubes exhibited superior catalytic activity and stability over plain
AU/TiO2 nanotubes, and they also attributed the phenomenon to the defects associated with the
Gainduced oxygen vacancies. Apart from acting as anpmallium oxide (G#z) itself is a
photoactive semiconductor. Shao e(2013)observed that needlei kGeaOfexhibited a 16.8
times higher degradation rate for PFOA than fdDe to more favorable interactions between
Ga03 and PFOA.Zhao et al.(2015) reported that synthetib-GaOs nanorods were able to
mineralize 56.2% of PFOA in an anaerobic atmosphere. However, there has been no report on
photocatalytic degradation of PFOS usingdaped TiQ or GaOs as a photocatalyst.

Several adsorptive photocatalysts have been studied, includinglomed ACGsuppated
titanate nanotubes (Fe/TNTs@AC) and carbphere (CS) modified ferrinydrite or bismuth
phosphate compositéki et al. 2020a; Xu et al. 2020a; Xu et al. 2020e new adsorptive
photocatalysts may enable a new concentiatedestroy strategy, where legoncentrations of
PFAS are first adsorbed on the photocatalytic sites, and then degradedJMnadesolar light.
Namely, adsorption is used to treat the bulk water, whereas photodegradation is only applied to
the PFASladen solid. This arrangement is expected to be more epéfiggnt compared to
conventional photocatalytic processes that apiptyphotodegradation 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 argfh* separation, we could expect that -Gaped
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 wasfdbricate a novel Gambedded 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 hydrothermadalcination method, (2) test the adsorption kinetics and capacity
of Ga/TNTs@AC for PFOS, (3) determine the sqllthse photodegradation rate of-poebed
PFOS, (4) examine the effects of pH, (5) evaluate the material reusability, and (6) elucidate the
undetying reaction mechanisms.
3.2. Materials and methods
3.2.1. Chemicals

NancTiO2 (P25, 80% anatase and 20% rutile) was obtained from Evonik Industries AG,
Germany, and FiltrosorB00® granular activated carbon-400 GAC) was acquired from Calgon
Carbon Corporation (PA, USA) (density = 2.1 ¥/isize = 0.25.5 mm, and specific surfa@rea
= 10561200 nt/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 physicahemical properés of PFOSodium
perfluora1-[**Cg] octanesulfonate (M8BPFOS) 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 analytigadde or higher. All solutions were prepared

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

Molecular Formula CsF17 O3S 2-D structure
Molecular Weight (g/mol) 500.13
i F F'-}\' ‘\/
% F._\//\ X /\\F f
Watersolubility (25°C) (mg/L) 680 XN T
_./\\.. i
Organic carbon partition coefficientK 2.57 3-D structure

b T
o :;
Vapor pressurat 25C (mm Hg) 0.002 _%_*

3.2.2 Synthesis of Ga/TNTs@AC

First, TNTs@ACwas prepared through a modified estep hydrothermal methddiu et al.
2016) In brief, 1.2 g of AC and 1.2 g of Tgvere mixed in 66.7 mL of a 10 M NaOH solution.
After magnetic stirring for 12 h, the mixture was transferredani@flon 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 reachddt 0.5, and then dried at 105 °C. No
PFOS was detected in the utsrg 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 GaG@olution (5 g/L) was added dropwise into the TNTs@AC
suspension. After stirring for 3 h, the mixture was separatedrbgving the supernatant, and then

ovendried at 105 °C. Based on the initial and final concentrations of Ga in the aqueous phase,
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>09.7% of G& was taken up by TNTs/AC. In addition, <0.01 % of Ti was dissolved in the
supernatant during the Giping. Basd on the Ga percentage mass content, the resulting
composites were denoted as 1%Ga/TNTs@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 aagen 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 (FSEM, JEOL, JEM7600F) and higiiesolution transmission electron
microscopy (HRTEM, TF20, JEOL 2100H)he crystal phases tfie materials were identified
through Xray diffraction (XRD) analysis using a Bruker D2 PHASERray diffractometer
(Bruker AXS, Germany) with Cu Kradiation{ p® 1 pByi The elemental compositions and
oxidation states were analyzed via AXUltra X-ray photoelectron spectroscopy (XPS, Kratos,
England) with the AKU -fdy at 15 kV and 15 mA. The standard C 1s peak (Binding energy,
Er=284.80 eV) was used to calibrate all the peaks and eliminate the static charge effects. The
BrunauerEmmettTeller (BET)surface area was measured on an ASAP 2010 BET surface area
analyzer (Micromeritics, USA) in the relative pressupéP() range of 0.08.20. The pore size
distribution was obtained following the BardynerHalendermethod. 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-K880 Zetasizer (Malvern

Instrument, Worcestershire, UK). Electrparamagnetic resonance (EPR) analysis was performed
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to monitor surface defects of the materials using a Bruker EPR-A3QQ spectrometer (center
field = 3500 G, sweep width = 1000 G, microwave frequency = 9.82 GHz, field modulation
frequency = 100 kHz,ral 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 satering was excited by a 514.5 nm line@oled 20 mW argon ion laser using a
Renishaw inVia Raman microscope system.

Based on the defluorination performance, the material characteriz&imrsed on
2%Ga/TNTs@AC, although Raman, XRD and BET analysa® werformed 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 dad out in the dark using 40 mL higlensity
polypropylene (HDPE) vials. The reaction was initiated by mixing 40 mL of a PFOS solution (100
Mg/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 (100gm) 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 thieA(2aied
TNTs@AC were also obtained in the same manAdsorption isotherms were performed in a
similar fashion, wherehte mixtures were equilibrated for 24 h ahd initial PFOS concentration
was varied from 5 td00 mg/L while the Ga/TNTs@AC dosage wapt 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 mixturesevieft still
for 1 h to allow the composite material to settle by gravity. Then, ~95% of the supernatant was
pipetted out, and the remaining seliguid mixture was transferred into a quartz photactor
with a quartz cover reactor. Subsequently, 8 Dilwater 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 UYeactor (Southern New England Ultraviolet CO., Branford, CT, USA)
equipped with 16 RPR537 A mps at the distance of 1.5 in (3.81 cm) and with a light intensity
of 210 W/nt. A cooling fan was mounted at the bottom of the photoreactor to keep the temperature
inside the chamber in the range of8D°C. The solids in the quartz phetactor were maually
shaken intermittently to facilitate the UV exposure (for large reactors, theligolid slurry can
be stirred continuously as commonly practiced in photocatalytic processes). At predetermined
times {.e., 1, 2, 3, and 4 h), the mixtures were dagally 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 80f6C8 h to determine the remaining PFOS and
reaction byproducts ithe 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 agtie®us
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 neutraliyeal >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 presasice specific radical scavenger, including 10 mM of
potassium iodide (Kl), isopropanol (IPA), and benzoquinone (BQ) to probe the roles of the holes
(h%), hydroxyl radical‘(OH), and superoxide radical {b', respectively.

3.2.6. pH effects

Theeffects 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 solutionggHvaried 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 adjusteaim 3.5+ 0.1 to 12.0 £ 0.1 during the photodegradation
process.

3.2.7. Reusability of Ga/TNTs@AC

Following the photodegradation experimentSegtion 2.5, the photeregenerated
Ga/TNTs@AC was collected and then reused in another cycle of adsorptipincodegradation
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 rumsler the same batch adsorption conditions
but without the photwegeneration 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. Chemial analysis

PFOS in solution was determined using an tpggormance LC system (UPLC, ACQUITY,
Waters Corp., USA) equipped with an electrospray ion source operated in the negative mode and
coupled with a quadrupole tirgd-flight mass spectrometer (QTEMS, QTOF Premier,
Wat ers) . The instrument detection | imit was s
Aqueous F was analyzed by ion chromatography (Dionex, CA, USA) equipped with an anion
exchange column (Dionex lonpac AS22) and an anion dynagniegiénerated suppressor (ADRS
600, 4mm). The detection limitwds0 . 0 0 N Dissdlved Ga gnd I[i were determined on
an inductively coupled plaswaptical emission spectroscopy (ICFES, 716ES, Varian, USA),
with a detection limit ob @g/L for bah elements.
3.29. Analysis of PFOS by LCQTOF-MS

PFOS concentration and its photodegradation intermediates were determined using an ultra
performance LC system (UPLC, ACQUITY, Waters Corp., USMupled toelectrospray
ionization (ESI) with a quadrupole tirgd-flight mass spectrometer (QT@WS, Q- Tof Premier,
Waters) in the negative modéC8 PFOS (20 ug/L) was used as the internal standard for PFOS
analysisBr i efl y, a sample et egstamdarada Cl1l@ c£b) umas (
100 i, 2 T 50 mm with a 2 I Gradienhetution was pedformed r t r i c
using a mobile phase consisting o2 anM ammonium acetate aguesou solution (pH = ds7)
solvent A and 100% acetonlgrias solvent BThe 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, aiedudibrat 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 temperasuperformed at
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100 AC, and the desol vead iatn 3Z00OmplkC awiutrhe awagsa sm
The TOF/MS scan was 1 s from 150 to 600 m/z with a 0.02 ssoger 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 ning 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 LEQTORMS system was performed each time of analysiag at least
five PFOS standards in the linear concentration range of 1 to 90 pg/lrel@hige standard
deviation (%RSD) of the response factors (RFs) for all analysts must be within + 20% or the linear
regression Rmust be? 0.99, based on initialadibration (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
thesequence, 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 mikkvel calibration concentration.
3.3. Results and discussion
3.3.1 Characterization of Ga/TNTs@AC

Figures 31a and 31b show the FESEM images of 2%Ga/TNTs@AC calcined at 360
The particle surface appeared as clusters of aggregated patrticles, with interwoven or interfused
TNTs patched with decomposed AC particles. Gallium oxide and/or AC particles were found
randomly attached to the shdi&ke structure.Figure 3-1c presents tb 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 nanopatrticles
resulting fromthe decomposition of the parent AC were blended with TRiggIfe 3-1d). Figure
3-1leshows 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 crys&a(@28) of titanate
(Wang et al. 2018)In additon, 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)Zzhao et al. 2016b Besides the nanotubular structure, some partially rolled
titanate slabs were also observEdy(re 3-1f).

The modifications of TNTs by AC nanoparticles and Ga were expected to induce multiple
synergistic interactions with PFORcluding electrostatic and metigand interactions with the
head sulfonate group, hydrophobic interactions with the tail group, and-anioro-CF
interactions between the electrdeficient aromatic skeletons of AC and theCH: and
sulfonate group$Liu et al. 2015b; Wang et al. 2012a; Xu et al. 2020bxddition, the AC and

Ga modifications also facilitate light absorption and electron transfer and inhibiellecteon

recombination.
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Figure 3-1. (a, b)FE-SEM images an(t) EDS mapping of 2%Ga/TNTs@AC; a(di e, ) TEM

images of 2%Ga/TNTs@ACXGa/TNTs@AC was calcined at 530.

Figure 3-2a shows the M adsorptiordesorption 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 pradortiy mesoporous (20 nm)(Liu et
al. 2016) which was also evident fronkigure 3-2b. The pore size distribution of
2%Ga/TNTs@AC displayed a bimodal profile with a major peak at ~ 4 Figure 3-2b).
Compared to TNTs@AC, 2%Ga/TNTs@AC showed a lower peak at ~4 nm and more changes in
dVv/dD from 4 to 10 nm, indicating that the pore volume distribution of TNTS@AC (0.58tm
was broader than that of 2Ga/TNTS@AC (0.52/gin Furthermore, the specifiaigace areas
of TNTS@AC and 2%Ga/TNTs@AC were 3481649 and 244.43 ffg, respectively. The values
were much lower than that of the parent AC (1069’&)r{Walker and Weatherley 1998)ut
similar to that of neat TNTs (272.3%fg) (Liu et al. 2016) Taken together the SEM/TEM data,
the surface area change, andatisorption dataSection 3.3.2, it can be deduced that the alkaline
hydrothermal treatment of the parent AC and JT#éhd 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,handeshphotoactivity,
despite the lower specific surface ar€able 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; howeweeasing the Ga
content from 2 wt.% to 3 and 5 wt.% decreased the surface area from 6/§2atM42 and 0.36

cm®lg, respectively; and moreover, 2%Ga/TNTs@AC exhibited the largest pore volume among
the Gadoped composites. The observation indicatesthi@Gadoping caused notable structural

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

Figure 3-2. (a) N2 adsorptionrdesorption isotherms arftl) pore size distributions of TNTs@AC

and 2% Ga/TNTs@AC calcined at 5%0D.
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Table 3-2. BET-based specific surface areas and pore volumes of various composite materials.

Material BET surface area (fg) Pore Volume (criig)
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 carriedtto investigate the macrostructural change of TNTs@AC upon
the Ga doping.Figure 3-3a shows theRaman spectra of uncalcined TNTs@AC (uncal
TNTs@AC) and calcined TNTsS@AC and Ga/TNTs@AC with various Ga coniemsRaman
spectra for uncalcined TNTs@AC diaged four prominent peaks at 197, 284, 442, and 700 cm
! which are attributed to sodium-titanate with a chemical formula dfaH2«TizO7 (x depends
on the sodium contenffGajovic et al. 2009)After calcination at 550C, no new peaks were
observed in the spectra of TNTS@AC, although a broad peak at 70@asrshifted to 680 cth
which can be associatedttvithe thermal expansion and changes in the population of the vibration
energy level at elevated temperat(@ajovic et al. 2009) The observation indicates that the
calcinationpresents little effect on the sodiumttitanate phase, which agrees with the literature
report(2003) In contrast, four neweaks occurretbr Ga/TNTs@AC at 198, 398, 519, and 639
cmt, which are assigned to thg, Big, A1g+B1g, and i modes of the anatase phase, respectively
(Ohsaka et al. 1979; Zhang et al. 2008bpeneral, the first Raman peak of thertbde of anatase

occurs at 144 cr but the wavenumber for Ga/TNTs@AC was shifted to 150, amhich is
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attributed to the phonon confinememidainternal stress in the photocatal{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 transiomd thetri-titanate phasmto
anatase upon the calcination, but excessive?@av(.%) may inhibit the phase transformation.

Figure 3-3b shows the XRD spectra of the materials. &ocalcined TNTs@AC, the peaks
at ~10°, 24°, 28°, 48°, and 61° arkadcribed to sodium ttitanate(Wang et al. 2018; Zhao et al.
2016b) The basic skeleton of titanate is composed of triple-etlgang [TiQ] octahedron with
Na" and H attached at the interlayers serving as exchangeable countéMiames al. 2017)and
the peak at 26° is attributed to the crystal plafrgraphite (002), confirming that AC nanoparticles
were intermingled with TNTELiu et al. 2016) The XRD patterns for calcined TNTs@ A@arly
resemble those of uncalcined TNTs@AC, though the peaksigaricantly weakened and the
interlayer peak at 10° was shiftéal 11° due to the partial breakage of the tubular and layered
structures during the calcinatigdhao et al. 2016b)For Ga/TNTs@ACthere are five peakat
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 (JCHBBSD 21-1272), respectively, indicating that the preseuice
Ga altered the titanate lattice after the calcinatismail et al. 2018)The increased crystallinity
of the anatase phase predicts a greater photocatalytic activity due to improved separation of the
photogenerated charge carrigiidaque 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 G®s was obseved. These observations support the notion that Ga
existed in the amorphous form, and®Gans were embedded/doped into the lattice of anatase by

substituting Ti" in an octahedral coordination environmgatrtially due to the adjacent ionic
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radius (0.@ A for G&* and 0.68 A for Ti*) (Myilsamy et al. 2018)and more GH 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 conditiorf€ (B5N>). This
agrees with the general consent th606-°C is the region of the onset temperature for the

transformation of anatase to rutile in @tanaor and Sorrell 2011)
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Figure 3-3. (@) Raman spectra anitl) 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, TNTs@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-& times greater surface area, the AC showed slower kinetics, and the
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adsorption equilibtim 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 thmddified TNTs or

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

showed the best defluorination effectiven&esction 3.3.3, it was further tested in the subsequent

experiments.
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Figure 3-4. (a) Adsorption kinetics and isotherms based(bpunit-mass uptake angt) unit-

surfacearea uptakeof PFOS by treated AC, TNTs@AC, and 2%Ga/TNTs@/AfDd (d)
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adsorption isotherms of PFOS by neat AC, uncalcined TNTS@AC, and neat ERpEsimental
conditions for kinetic tests: initial PFOS concentration = 100 pg/L, material dosage = 3 g/L, pH =
7 £ 0.1; @nditions for isotherm tests: initial PFOS concentratior 6 mg/L, material dosage
=1g/L,pH=7£0.1. TNTS@AC and 2%Ga/TNTs@AC were calcined atGHData are plotted

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

Figure 34b compares the adsorption isotherms of PFOS for treated AC, TNTs@AC, and
2%Ga/TNTs@AC using the mabased PFOS uptakes. Because of the different densities (4.23
glen? for TiO,, 2.10 g/cm for AC) and specific surface areas of the materé:ion 33.1), the
isotherm data are also plotted based on the specific surfaceRigeas 3-4¢). In addition,Figure
3-4d shows the adsorption isotherms for neat AC, neat TNTs, and uncalcined TNT$@AC

classical Langmuir and Freundlich isotherm models weeel to fit the experimental data:
no— AT Gl GEAG (1)
n 0o &OAOCARI EAI 2)
where Guax (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, Kmg/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. Bestfitted isotherm model parameters for adsorption of PFOS by neat AC, uncalcined

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

Adsorbents
Treatec 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(Mmg/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 bedit Langmuir and Freundlich parameters. Based on the coefficient
of determination (B, 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 madsased isotherms, neat AC provided a.f 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 Qg/g), while TNTs@AC offered a&Qxof 73.0mg/g. Noting that TNTS@AC wamposed
of 50% of TNTs and AC, this capacity value is 28% higher than the averag€59.2 mg/q)

based on the Qxvalues 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 mod##ach other, rendering the ron
adsorptive TNTs more favorable towards PFOS. Uncalcined TNTs@AC offeregkaf(@1.7

mg/g, which is comparable to that of calcined TNTS@AC, indicating that the calcination had a
negligible effect in the adsorption capacity 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/TNTs@AC offered higher uptake in
the relatively lower concentration range: €C15 mg/L), indicating that th&a-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 Qax At a sufficiently lowCe (e.g., < 100 ug/L), the Langmuir model (Eg. 1) reduces to

n wov 0 (3)

As such, the overall adsorption is governed by the product of b andBased on the bxx
values Table 3-3), the materials can be ranked in the sequence of: 2%Ga/TNTs@AC (12.15) >
AC (9.109.50) > TNTS@AC (5.0%6.23).

At elevated PFOS concentrationse(€ 5 mg/L), AC may adsorb more PFOS than
2%Ga/TNTs@AC, which can be attributed to therdased specific surface area and pore volume
of the latter §ection 3.3.1L In addition, because trenatase surface 2%Ga/TNTs@ACwas
only partially modified by the AC nanoparticles, it can only take up a limited amount of PFOS as

pure anatase is knowa be a poor adsorbent fBFOS(Chen et al. 2011)
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Table 3-4. Isotherm model parameters based on isotherms using sarize@ormalized uptakes

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

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

The muchenhanced affinity of 2%Ga/TNTs@Afor PFOS can be more clearly revealed
when the isotherm data are plotted based on the stafaeaaormalized uptakeg={gure 3-4c,
Table 3-4). For instance, the maximum PFOS uptake per surface area by 2%Ga/TNTs@AC (0.225
mg/n?) is 2.1 folds higher tharhat for AC (0.107 mg/r). 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 eletrostatic interactions between the maiaildes and the head group of PFOS and
hydrophobicandanieh i nt er acti ons bet ween AC @metlalt he pe
2010; Wibowo et al. @)7; Yu et al. 2009]SeeSection 3.3.%. Moreover, the praccumulation
of PFOS on the photoactive sites facilitates the subsequenpbealgd photocatalytic degradation
of PFOS.
3.3.3 Photodegradation of PFOS

Figures 3-5a and 35b show the photocatalytic degradation kinetics of PFOSagdsarbed

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
modestdegradation 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 41.29%6.2%.

2%Ga/TNTs@AC, namely TNTs@AC doped with 2.%tof Ga, exhibited the highest
photoactivity and was able to degrade 75.0% and defluorinate 66.2% of t&ipee 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% a6d.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 resufgygre 3-3b), and 2) excessive Ga may act as a
recombination center of the charge carriers, impeding the separation eftthpairs(Liu et al.
2013b) Section 3.3.6gives details about the important roles of Ga in the photocatalytic

degradation of PFOS.
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Figure 3-5. (a) Photodegradatigr{b) defluorination kinetics of PFOfre-adsorbed on neat AC,
TNTs@AC, and Ga/TNTs@A@repared at various Ga conteraad(c) defluorination of PFOS
presorbed 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, 4 = 7.0 = 0.1; Conditions for photodegradation: UV intensity = 210 ¥\ =
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 mateadFOS ratio) during thadsorption also
affected the PFOS photodegradatibigure 3-5c compares the-# defluorination of PFOS pre
loaded on 2%Ga/TNTs@AG@t 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 a less photoactive and less reachable by the photons andgeim&i@ted holes and
radicals Section3.3.6). However, further increasing the material dosage from 3 to 5 g/L gained

only 5.2% of additional defluorination, indicating that the reaction wasmger limited by the
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easily accessible photoactive sites at the higher material dosagesequently, the subsequent
experiments were carried out usiBg/L of 2%Ga/TNTs@AC to concentrate PFOS.
3.3.4. pH effect

Figure 3-6ashows 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 -dfB%within 2 hFigure 3-6b
shows the masured zeta potential of 2%Ga/TNTs@AC, which gives axpbif ~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 carborepantidithe
tail of P Fa@d@ intenaationd betereen the electdwiicient aromatic system on the
AC surface and PFOS. Conversely, at lower pH, the adsorption of PFOS becomes favorable for
electrostatic interactions between the positively chasgei@dce 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¢c shows the photocatalytic defluorination of PFOS on 2%Ga/TNTs@AC at
various pH levels during the photodegradatioompared with the PFOS defluorination of 66.2%
at the neutral pH, the-d 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 lgs 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’®which favors PFOS degradatidection 3.3.6) (Fang
et al. 2013; Mirkhani et al. 20094nd 2) the higher pH suppresses the protonation’gt®HO"
and HO> according to Egs (4) and (Bliu et al. 2014; Mirkhani et al. 2009Taken together,

Ga/TNTs@AC can faction 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.
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Figure 3-6. (a) Effect of pH on PFOSdsorption by 2%Ga/TNTs@A(b) Zeta potential of
2%Ga/TNTs@AC as a function of peind(c) effect of pH on photalefluorination of PFOS pre
sorbed on 2%Ga/TNTs@AC. Experimental conditicadsprption): initial PFOS concentration =

100 pg/L, material dosag= 1 or3 g/Lin (a) = 3 g/L in(c), adsorptiontime =2 h,andpH =7 +
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0.1; Experimental conditiongpfotodegradation): UV intensity = 210 Wimeaction time = 4 h,
pH = 3.5to 12.0. Data are plotted as mean of duplicates with errandaating 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 remainedble 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 stobwin intermediates produced in the
previaus 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 shbaerdaughter products.
It is noted that some of the PFOS and the degradation byprodusisripeel 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 aftedtlgcles. 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,tican be easily rdoped if needed.

Figure 3-7b shows that when the same 2%Ga/TNTs@AC was reused in 4 consecutive
adsorption runs without the phetegeneration after each run, the material was still able to
consistently adsorb >99% of PFOS (100 pg/Leach 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 pteaded on the material before the photodegradation/regeneration. In terms
of defluorination, aboub4% of PFOS collected from the four adsorption runs was defluorinated
after 4h UV irradiation, which is ~8% lower than that when phdégradation was implemented
after each adsorption run. The observation suggests that it can be makenbsie to mée best

use of the adsorption capacity before the pluggradation/regeneration is practiced.
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Figure 3-7. (a) Adsorption andsolid-phasedefluorination of PFOS during four consecutive runs
using the same 2%Ga/TNTs@Adhd (b) adsorption of PFOSluring 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¢g/L, pH7.0 + 0.1; Conditions for

photodegradation: UV intensity = 210 Wimeaction 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, thecphaytic
degradation of PFOS by 2%Ga/TNTs@AC was carried out in the presence of Kl, IPA, and BQ as

scavengers ofit (kO 1 .4NI"&1 OH (k = 1.9x10 MIs1), and Q*'(k = 1.1x16 MsD),
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respectively(Van Doorslaer et al. 2012; Zhu et al. 20285 shown inFigure 3-8, 75% of
adsorbed PFOS was degraded after 4 mwimeinhibitor was present, while thehddegradation
was lowered to 72%, 51%, and 30% in the presence of IPA, Kl, and BQ, respectively. The results
indicate that both the holes and superoxide radicals played important parts in the PFOS

degradation, whersdOH played an insignificant role.
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Figure 3-8. Photodegradation of PFQ8e-sorbed on 2%Ga/TNTs@A@ the presence of various
radical scavengers (IPA, Kland BQ) Experimental conditionsa@sorption): initial PFOS
concentration = 100 ug/L, material dosage = 3 g/L, adsorption time = 2 h, and pH =7 £ 0.1;
Experimental conditiongppotodegradation): UV intensity = 210 Wimeaction time =4 h, 7.0 +

0.1; and scavenger concentration = 10 riMta 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 XPSHigure 3-9). The XPS survey spectra confirmed the presence of Ti, Ga, and
O in thecompositegFigure 3-9a). For both TNTs@AC and 2%Ga/TNTs@AC, the deconvolution
of the Ti 2p spectrumHigure 3-9b) yielded two peaks at binding energies of ~459.4 and 465.2
eV representing the Ti 2p and Ti 2p, orbitals, respectivelyAmdeha et al. 2020which are
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characteristic of T. Likewise, the Ga 2p spectruf@igure 3-9c) was deconvoluted into the 2p

and 2p. peaks centered at 1145.5 and 1118.6 eV, respectively, which are typicaP'of Ga
(Myilsamy et al. 2018)The XPS results showed that'Tivas the dominant oxidation state of Ti

and Ga was present asiGaBesides, the O 1s peak was deconvoluted into two pEaks¢ 3-

9d). For INTs@AC,he peak at ~531.0 eV is attributed t
and the other oxygen peak at 533.0 eV is ass
(Banerjee et al. 2012However, for Ga/TNTs@AC, the binding energy of the regular lattice
oxygen shiftedslightly 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 téotimeation of

oxygen vacancies upon the Ga dop(Bgak et al. 2017; Qi et al. 2014Jhe generatin of the

oxygen vacancies is attributed to the incorporation of* @do the TNTS@AC structure by
substituting Tt*, which induced a loss in the local charge neutrality in the lgtliedos Santos et

al. 2014) Surface defects can serve as charge carrier traps as well gstiadssites where the

charge transfer to adsorbed species can inhibitherecombination.
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Figure 3-9. (a) XPS surey spectraand high-resolution XPS spectr@) of Ti 2p, (c) of Ga2p,

and(d) O 1sfor 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 treatellC, 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 2%Ga/TNTs@AC,
indicating the premnce of paramagnetic defects. According to the g value, the defects can be

attributed to thexygen vacancief.i et al. 2008yather than P (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)bserved a sharp symmetrical signal at a g factor of 2.004 t3i@0OV
due tooxygen vacanciegnd Nakamurat al.(Nakamura et al. 200@bserved a sharp signal at
2.004 for plasmdreated TiQ, which was identified as the electrons trappedxygen vacancies
The energy level of thexygen vacancies was reported tdoeéw the conduction band of titania
(Myilsamy et al. 2018; Nakamura et al. 2006pr exampleCronemewgr (Cronemeyer 1959)
determinedhe oxygen vacancy stategere located ab.75 1.18 eVabove the valence band for
anatase. Thegseewly 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 recombinatioheaf/b™ 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 e(20.18)reported a bandgap of 2.98
eV for TiO, doped with 1.0 wt.% of Ga, which is ~0.19 eV below the conductiod bétitania.

To further investigate the effect of Ga, PL emission spectra were obt&igere( 3-10b).
The PL spectra reflect the luminescence emitted during the recombination cimhatede/h*
pairs, i.e., the PL intensity is directly proportiot@the rate of electrdmole recombination. All
samples exhibited an emission peak at 550 nm, and in all cases, Ga/TNTs@AC displayed weaker
peaks than TNTs@AC, indicating tb&ygen vacanciesnhanced the separation rate of difle”
pairs, and thus incread 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 egnt
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Figure 3-10. (a)EPR spectra of treated AC, TNTs@AC, and 2%Ga/TNTs@AQ@HMRL spectra
of TNTs@AC and Ga/TNTs@AC with various Ga contents. TNTs@AC and 2%Ga/TNTs@AC

were calcined at 55 in all cases.

Based on the forgoing analysésgure 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 workgLi et al. 2020a; Xu et al. 2020a; Xu et al. 202Qbg integration of metals and
carbon particles facilitates mujtioint sideon binding of PFOS due to concurrent hydrophobic,
ligand € X ¢ h a n g @nion @arattions, and such an adsorption mode is conducive to the
subsequently electron transfer and redox reactions. Second, the substitutfohpiGa@* results
in oxygen vacancie® maintain charge neutrality. The oxygen vacancies act as electron acceptors,
which capture the photoelectrons, thereby suppressirgytheecombination and rendering more
h* available for degrading PFQShoudhury and Choudhury 2018 the other hand, ¢hoxygen
vacancy defects facilitate adsorption of molecular oxygen, which reacts with theipthated

electrons and the free electrons on the oxygen vacancies to gernéﬁm:CQTrojanowicz et al.
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2018) Bothh* and Q* 'were responsible for the solghase photocatalytic degradation of PFOS
by 2%Ga/TNTs@AC. It is also possible that some of the electrons captured on the oxygen

vacancies may be diry 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 L&QTORMS chromatogram, showing the intermediate products
after 4 h of the PFOS photocatalytic process, which included the shbaiarperfluorooctanoic
acid (GFisCOOH), perfluoroheptanoic acid {&:COOH), perfluorohexanoic acid
(CsF11COOH), perfluoropentanoic acid {&COOH), perfluorobutanoic acid §E;COOH),
pentafluoropropionic acid EsCOOH), and trifluoroacetic acid (GEOOH). Based on the above

analysis and the intermediate products, the photodegradation pathway of PFOS by

88



29%GalNTs@AC is proposed as follows. First/(andh*c | eave the CI S bond
into GsF17A  ( E (Ku et &1.)2020b; Yang etal. 2013) Di r ect oxi dati b'n of
and Q’“appears unlikely due to the high oxidation potential demahd @6 eV)(Yang et al.

2013) Subsequently, the unstableFGA r e @hcH.G to generate £1sCOF with one F
converted to F (Egs. 7 and 8). Upon further hydrolysis;FGCOF converts into PFOA
(C/F1sCOOH) (Eq. 9). The PFOA then undergoes the decarboxylatibhdyO* to form GFisA |

which is then converted tosE13COF (Xu et al. 2020h)The unstable &13COF is then converted

into shorterchain perfluoroheptanoic acid {€:COOH) witha CE unit eliminated, and the same

stepwise defluorination then continues until complete defluorination.

CFi8Q+ "0 Y ¢ A+A S0 (6)
CeFiA +OYH £ 0H + H (7)
CsFiOH VeFLEOF *+ W (8)
CsFiEOF ® MFEOOH *# K (9)
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Figure 3-12.LC-QTORMS chromatogram of ion peaks assigned to the intermediate products of
PFOS photodegradation by 2%Ga/TNTs@AC after 4 h UV irradiationerfitrpntal conditions
during adsorption: initial PFOS concentration = 500 ug/L, 2%Ga/TNTs@AC =3 g/L, pH=7.0 £
0.1; Conditions for photodegradation: UV intensity = 210 Wi/maction time =4 h, pH = 7.0 +
0.1. The intermediates were extracted from tHelsafter the photodegradation following the

same hotmethanol extraction method.

3.4. Conclusions

A new adsorptive photocatalyst, Ga/TNTS@AC, was prepared, characterized, and tested for
adsorption and subsequent sgditase photocatalytic degradationRFOS. The major findings

are summarized as follows:

1) Ga/TNTs@AC can be easily prepared based on commercially availablarid@ctivated

carbon/charcoal.
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2)

3)

4)

5)

6)

7

Ga/TNTs@AC appeared as clusters of aggregated particles, with interwoven TNTs
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, ectron transfer, and hekdectron separation.

The integration of TNTs with AC decreased the specific surface area of the parent AC by
>4 times andhifted the adsorption sites from the deep pores of neat AC to the outer shell
consisting of AC/Ganodified 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 providedurther evidence that Ghions were embedded in the titanate lattice by
substituting Tt* in an octahedral coordination environment.

Ga/TNTs@AC was able to rapidly adsorb PFOS, thereby effectively concentrating PFOS
on the photoactive sites. Ga/TNTs@ACwsted much higher adsorption capacity and
affinity for PFOS than the parent AC. Effective adsorption was observed over a broad pH
range of 3.510.5.

2%Ga/TNTs@AC exhibited the highest photoactivity and was able to degrade 75.0% and
mineralize 66.2% of PFO$re-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 chemicatmegants. After 4 cycles of
repeated uses with or without the photgeneration in each cycle, 2%Ga/TNTs@AC

remained highly reactive in both adsorption and photodegradation.
91



8) The superior photoactivity of 2%Ga/TNTs@AC is partially attributed to the oxygen
vacancies resulting from the substitution of*Tiy G&*. The oxygen vacancies not only
suppressed recombination of thh* pairs, but also facilitated generation of*®Both
holes and @“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 OT which converts PFOS into PFOA that is then decarboxylated and
defluorinated following the stepwise defluorination mechanism.

The findings unveil thgotential of Ga/TNTS@AC as an adsorptive and pheg@nerable
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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Chapter4.Phot ocat al ytic Degradation of PF&S i n Fi

Destroyod Technol ogy

PFAS are ubiquitous in field water, due to their widespread applications in various industrial
andconsumer products, and health concerns. Yet, aetfesitive technology has been lacking for
the degradation of PFAS due to their resistance to conventional treatment. Thus, we developed a
novel 60C&Deentopgbdet echnol ogy talysu(€a/TNgGs@AQ) oo r pt i v
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 10hnand 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%-cbpcentrated PFOS
(100 pg/L) on Ga/TNTs@AC (3 g/L) was degled, 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 Fé" added in the systeincreased PFOS degradation to 80.4%, corresponding with the
mineralization of 70.0%. The superior photoactivity is attributed to the concurrent complexes,
including the F& complex with DOM and the complex betweer'Fand PFOS. Additionally,
acidic condgtion is favorable for not only PFOS adsorption in field water onto Ga/TNTs@AC, but
also PFOS degradation in the presence 8fFe The 6 GC&Desntowpdet echnol og
promising for more costffective removal and degradation of PFAS in fieldevatr PFASladen

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 (Rsia 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, respectiflstyn 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 ~150/8), and River Phone in France 6lng/L; ~1500 r#is),
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 (inoos et al. 2009)A study
reported that Alabama State in USA has the fehbrgmest concentration of PFAS in its water
supply behind California, New Jersey, and North Caroliddabama 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 chénmto the Tennessee River
(STEEEP 2019; Sunderland et al. 201%he 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-aetectable (< 25 ng/L)o 404 ng/L
(Hansen et al. 2002Moreover, 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 MeEgat Lawrence Water
Authority, Gadsden Water Works and Sewer Board, Centre Water and Sewer Boardpiin
Anon West Point Water Systems Inc., West Lawrence WataspCdNortheast Alabama Water
District, Rainbow City Utilities Board, and Southside Water Works and Sewer Board, affecting

hundreds of thousands of AlabamidgA®PH 2016) For instance, # measurements of drinking
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water from 2012 015 from the EPAO6s Unregulated Cont s
program indicated that the levels of PFOS and PFOA in drinking water from the Wet Mgagian

Lawrence Water Authority reached 130 and 100 nggkpectively(EPA 2017a; Newton et al.

2017) Likewise, the Guin Water Works and Sewer Board (GWWSB) in Guin, Alabama measured
the PFAS | evel i n unitalityds water treatment
were above the advisory level of iWQ/L established by EPA.AGIAPPE 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 Poydateek (AL

2020; LAGIAPPE 2022)Rivers are the source of drinking water, gthis 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
technicalef ect i veness o&-Dé¢ hiter oCoOnceahmategy for r em
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 phétbicadagradation 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*Fen subsequent PFOS photodegradation.

4.2. Materials and methods
4.2.1.Chemicals

NanoTiO2 (Degussa P23B0% wt.% anatase and 20 wt.% rutile) was purchased from Evonik
(Worms, Germany). Filtrosos##00° granular activated carbon-@#00 GAC) was obtained from
Calgon Carbon Corporation (Pennsylvania, USA). PFOS, calcium chloride, sodium chloride,

potassium cldride, magnesium chloride, iron (lll) chloride hexahydrate, anhydrous gallium
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chloride, methanol, and sodium hydroxide were acquired from VWR International (Radnor, PA,
USA). Sodium perfluord-[3Cg] octanesulfonate (MBPFOS biCs-PFOS) were purchasedm
Wellington Laboratories Inc. (Guelph, Ontario, Canada Perfluoro) and were used as isotopically
labeled internal standard and surrogate, respectively. All chemicals were anghgdmlor
higher. All solutions were prepared using deionized (DI) wdte8 ( 2-crylY

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 kdghsity polypropylene (HDPE) containers in
refrigerator at 4 for the future use. To ana
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) wadlsysized by integrating a commonly
used AC and titanate nanotubes through a modifiedstame hydrothermal treatment approach
(Liu et al. 2016; Zhu et al. 2021)ypically, 1.2 g of 400 GAC and 1.2 g of Ti©were added to
66.7 mL of a 1M NaOH solution. After stirring for 12 h, thraixture was transferred into a 00
mL Teflon reactor enclosed in a stainkss$sel cup and heated at 130 °C forh72hen cooled
down to room temperature. After gravity settling for 1 h, two distinct layers were observed. The
upper layer was removed, wias the bottom black precipitate, i.e., TNTS@AC, was washed with
DI water to neutral pH and ovatried 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 g €ah@ion
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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. Nealy all composite materials were settled and the color of the aqueous solutionfafter 1
gravity-settling was clear. Upon separation of the solids, the materials wer@ogdrat 105 °C
for 8 h, and the resulting particles were calcined at 550 °C fdr % 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. Adsorptionkinetics 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 comfmcause 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 samplespiked 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 622 polyether sulfone (PES) menaine (>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 ensurequilibrium. 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 performduk \sante
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, Ca@td MgC}. The specitc
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 pHwas 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 RayonetORRR/-
reactor (Southern New England Ultraviolet CO., Branford, CT, USA) equipped with 12BFPR
A lamps. The system was faooled and maintained at a temperature of ~3Ftllowing the
adsorption equilibrium, the mixtures (PFA&len Ga/TNTs@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 £.8xm) with a quartz cover. Then, 10 mL
DI water was added into the phetactor. The mixture was placed at the center of the photoreactor
chamber. The light intensity was 210 W/at the edge (1.5 in or 3.81 cm to the nearest lamp) of
the quartz tray ah128 W/nt 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 werkcsaltyifiltered through
0.22uym PES membrane to determine the fluoride. To measure the residugbrsdel PFOS
concentration, the solids were subjected terhethanol extraction using 40 mL methanol at 80
°C for 8 h in an overfLi et al. 2020a) The total PFOS recovery was ¥85No 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 F& effect on PFOS photodegradation

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

To examine the impact of Feon PFOS photodegradationfiald water, FeG solution was
added in the photodegradation stage at various concentrations (25, 40, 50, 60, 80, and 100 uM as
Fe*") 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
Orbitrapmass spectrometéOrbitrap Exploris TM120, Thermo Fisher) using thegative mode
electrospray ionization (ESI). A delay column was placed between the pump and autosampler
(HypersilGOLD, 1.9um, 175A, 3x50mm). The instrument detection limit we4 pg/L.
MBPFOS 2 g/ L) was wused as t he Wweeanalyied viaRakruW@ 1 n t
performance liquid chromatograptgndem mass spectrometer (URMS/MS). Aqueous Fwas

analyzed byon chromatographgDionex, CA, USA) equipped with an anion exchange column
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(Dionex lonpac AS22) and an anion dynamically regateel suppressor (ADRS 600p¥n). The
detection limit was 10.08 0.01pg/L. TOC was analyzed on a TOC analyzer (model IQC
Shimadzu, Kyoto, Japan). Leachate pH was determined using a pH meter (PH800 Digital, Apera
Instruments, US)Cationic ions and camon parameters analyses in FFW were conducted by the
Auburn University Soil Testing Lab.
4.27. PFOS analysis with LGMS/MS

PFOS concentration and its photodegradation intermediates were determined using a
Vanquish Flex Binary UHPLC system (Therfsher) 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 ausampler (HypersilGOLD, 1.9 pm, 175 A, 3 x 50 mm) and the system was
enabled for PFAS analysi$’C8 PFOS (20 ug/L) was used as the internal standard for PFOS
anal ysi s. Briefly, a sample or standard (10 ¢
3 OMOoO j, 2 I 50 mm with a 2 [ GHadienrelutipruveas d c ar
performed using a mobile phase consisting @M ammonium acetate aquesou solution (pH =
4.7)as solvent A and 100% acetonitrile as solventiige flowrate of mobile piise 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 timfe7 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 tempasature
performedal 00 AC, and the desolvation temperature
of 6K Dhe TAOF/MS scan was 1 s from 150 to 600 m/z with a 0.02 ssicei@r 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 sourceepanasuch as the
source temperature (gas and sample cone), mobile phase flow rate, and cone voltage were kept
constant throughout the study.

The calibration of LEAQTORMS system was performed each time of analysis using at least
five PFOSstandards in the linear concentration range of 1 to 90 pg/Lrélaegve standard
deviation (%RSD) of the response factors (RFs) for all analysts must be within £ 20% or the linear
regression Rmust be? 0.99, based on initial calibration (ICAL) criterad 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 consecutoadibration 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 mikkvel calibration concentration.
4.3.Results and discussio
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 watéhe PFAS concentrations in the OFW sample were (mean +
standard deviation): PFOS (60+10 ng/L) > PFHXS (21+3 ng/L) > PFBA (11.5+0.3 ng/L) > PFOA
(8.3+1.2ng/L) > HFPEDA (8.2+0.7 ng/L) > PFBS (5.6+0.8 ng/L) > PFHXA (<5 ng/L). The total
PFAS (sum of all th&FAS) amounted to 119.6 ng/L. Upon the filtration, the PFAS levels only
slightly decreased (3.5% < absolute relative errors < 16.6%), however,-BRR©Oncentration
value detected in FFW was wunusually high su

filtration process. Namely, PFOS was the dominant compound accounting for ~50% of the total
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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 obsemwasuggests 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 comp@RA 2000) Notably, shorchain PFAS accounted
for ~23% of the total PFAS in the OFW, which is attributed to 1) the use ofctart substitutes
in the global fluoropolymer industrg§Sunderland et al. 2019)2) the conversion of the longer
chain homologues and/or PFAS precursors following the stepwise-sihaiteningprocess,
induced by the biogeochemical process in filed water and chemical and photochemical process
under natural field condition&i et al. 2019; Tian et al. 2021)

Table 4-2 shows key compositions irfFwV, 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 GaNTs@AC due to the suppressed negative surface potential and cation bridging
effects (Se&ection4.3.2) (Tian et al. 2021)Additionally, chloride was the predominant anion
(2.04 mg/L) followed by nitrate (1.40 mg/L) and fluorideQ®.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@ASeeSection4.3.3).
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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 C4F7O;' 11.5+0.3 9.6+1.0
PFBS 4 C4FoOsS 5.6 +0.8 54+0.8
PFHXxA 6 CsF110,' <5 <5
PFHxS 6 CoF1303S 21+3 18 +3
PFOA 8 CgF1507' 8.3+12 7412
PFOS 8 CgF1703S 60 + 10 63+9
HFPODA 6 CsF1104' 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 | Hardnes® 7.67 £0.47
Potassium  1.17 + 0.05 Nitrate 1398.92 + 18.08 Alkalinity © 12.77 £0.19
Sodium 247 +£0.17 TOCH 3.35+0.44
pH 4.56 = 0.02
A<o i ndi ccncensatidn tvas below thelimit of quantitation
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ffo TDS: Total dissolved “ oAlildasl i niequiyalemss Ca CO
0 Hardness as CacCoO f'6 TOC: Total organic

4.3.2.Adsorption tests
4.3.2.1 Adsorption kinetic and isotherms

Figure 4-la shows the timeourses of spike®FOS adsorption in FFW by
2%Ga/TNTs@AC. PFOS was rapidly adsorbed within 10 min, with ~98% of Rp@fe, 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 corepgle 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/TNTsS@AC, which is also evidenEigure 4-1b.

To gain insight ito 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.

N —— (1)

N o+#7 (2)
Where, Qax - the Langmuir maximum adsorption capacity (mg/g); the Langmuir

coefficient related to affinityof binding sites (L/mg), K- 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 toatbes of the
coefficient of determination @, both the Freundlich model and Langmuir model were able to
adequately interpret the data obtained in FFW because of the sifm{f-R0.962 and 0.975 for
Freundlich and Langmuir model, respectively), wiile Freundlich model was more consistent
with experimental data in pure waterréR0.985). As a consequendéggure 4-1b shows that the
fitting lines of the Freundlich adsorption isotherm in both cases nearly coincide. The Freundlich
capacity coefficienfor the FFW (29.75 mg/g-(L/md)) 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 capacitiesafQwere also comparable for both
cases, 8.70 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 slighiti, i& attributed to the
concurrent metal ions. Compared to the concentration of cations measured iT&b&/4(2),
the concentrations of divalent cations @gnd C3&") in FFW after 24n adsorption by
Ga/TNTs@AC were lower than quantitation limit (£1ang/L), whereas the *Kconcentration
decreased from 1.17 to 0.1 mg/laple 4-4). It is noteworthy that the unusually high concentration
of Na" (45.67 mg/L) in filed water after 24 PFOS adsorption by Ga/TNTs@AC was detected,
which may be attributed tbla" leaching from titanate networf@siamtsouri et al. 2018)rhe
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 tbe(lowalue (~4.6), which

is favorable for PFOS remal by Ga/TNTs@AC (SeSection4.3.2.2. 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 handthe high adsorption capacity of Ga/TNTs@AC is due to: (1) the great specific surface
area (244.43 #fig), offering more adsorption sites for PFOS, (2) the mutual modifications
(hydrothermal alkaline treatment, Ga deposition, and calcination) aothposite, 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 nadfligand interactions with the head sulfonate group, hydrophobic
interactions with the tail group of PFOS, and arion o-CF interactions between the electron

deficient aromatic skeletons of AC and thex(Ci= and sulfonate groug&hu et al. 2021)

1004 201 A Diwater p
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— 60 [ S/
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Figure 4-1. (a) Adsorption kinetics an¢b) adsorption isotherm of spiked PFOS in filtered field
water and pure water by 2%Ga/TNTs@AEXperimental 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 =2DImg/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.

106



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
Ke(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 Hardnes$ <0.1
Magnesium <0.1 pH 7.0x+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 vaditional 1
mM and 10 mM cations (such a¢a’, K*, Mg?*, and C&") were spiked into the solution,
respectively as shown irFigure 4-2. Compared with 77.6% adsorb&FOS in FFW without
additional cationsPFOS uptake increase.3%, 80.9%, 88.4%. and 87.8% in the presence of 1
mM Na', K*, C&*, and Md", respectively, wlreasraising cations concentration to 10 mM
resulted in higher PFOS removal efficien®08%for Na', 93.5% forK*, 96.6% forC&*, and
96.3% Mg?"). The above observation suggests that increasing ionic strength promoted PFOS
adsorption in field water on Ga/TNTs@AOverall, the presence of cations increased PFOS
adsorption on Ga/TNTs@AC, while dieat cations spiked in field water caused slight increase

of PFOS adsorption than monovalent cations.

100{ 241 mM
| A 10 mm - % ; N
- 7
01 g % 7 % z
9 NN N 7
< 60- / 7 g %
= 7 N
= 40 ; % 7 ;
4 7 7 7
7 7 %
AN A ]
% %
4
7 7 7% 7
0 / Z 4
Control Na* K* Ca?t Mg?*

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 concentratidv and10 mM.
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At neutral pH, the negative material surfaBe(( 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
hydrophobic reaction between the carbon particles and the carbon chain ifZPe@$al. 2021)
Meanwhile, the electrostatic repulsioccurs between PFOS anions and Ga/TNTs@AC, because
the adsorbent surface charge is of the same sign as the function group oftPFOEPFOS =
T 3. @Biboke et al. 2004 However the cationic counterions (e.g., NK") 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 catidix@ao et al. 2011) Additionally, the enhanced PFOS
adsorption rate in the presenmfedivalent cations such as €and Md¢" is attributed to not only
the neutralized surface negative charges of adsorbents and surface complexation, but also the
divalent catiorbridging effect between the PFOS anions and 2%Ga/TNTs@AC at neutral pH
(Egs. @) and (4)XWang and Shih 2011yVang and Shih (2011¥ported that the divalent cations
(Mg?* and C&") could seve as bridge between two PFOS/PFOA molecules and initiate the
potential complexes with them, while only PFOS was able to be bridgecPbgiu@eo the higher
covalent nature of magnesiuhao et al. (2016apeculated that increasing Kgoncentration
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 bet@demroup of PFOS
molecule and negatively charged membrane surface (NF270). Bekigeset al. (2016)
investigated that th@ / group of PFOS was the active sitetthaund to the positively charged
Na", Mg?*, and Fé&", leading to the formation of bridge structures. Moreover, satiirigeffect
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 Farrell1®). For instanceyou etal. (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 hylnbpr interaction between carbon particles
and the G 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 betwemionic 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.
#H&#H& 3/ +#HA=#HM&# & 3/ (3)
H&H#& 3/ +- C =- CH&# & 3/ (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 adsorbEmgare 4-3 shows the PFOS removal
efficiency upon adsorption equilibriunnoim the solution over a broad pH range of-B000 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%i 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 th tovalue of PFOS
(1T 3 .(Rrabke et al. 2004)On the contrary, the surface charge of adsorbents is strongly

dependent on pH of the solution. B of 2%0Ga/TNTs@AC was reported at around(Ziéu
et al. 2021) hence, the surface of 2%Ga/TNTs@A@&sxcharged positively at pHB:(  hwhile

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
metatligand interactions leveen the head sulfonate group and positively charged adsorbents,
hydrophobic interactions with the tail group of PFOS and carbon particles, and aniarCF
interactions between the electrdaficient aromatic skeletons of AC and ALF~ and sulfonate

groups. Conversely, at higher pH, the electrostatic interaction was suppressed, while hydrophobic
andanionfn i nteractions were predominant for 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

=24 h.

4.3.3.Photodegradation tests

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

2%Ga/TNTs@AC. Under-A 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 &8%/&atower

than PFOS photodegradation (75.0%) and mineralization rates (66.2%) in pure water under same
experimental conditions, respectivgéBhu et al. 2021)The above observation is in line with other
reports. For example, the degradation of PFR@Ahe wastewater significantly retarded by the
needlelike GaOs under UV irradiation (~2.67 times longer than pure water), due to high
concentration of TOC (18.9 mg/L) in wastewai®hao et al. 2013Besides, the presence of HA

at 2.0 mg/L in the solution decreased the PFOS decomposition rate constant from™0.10 h

0.05 ht, which was ascribed to an inhibitory effect of HRyu 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) Photalegradation an¢b) defluorination kinetics of PFOS in FFW paglsorbed

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/nt, 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: initiapiked 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 cati¢actor that affects photodegradation process
due to the generation of DOMerived oxidative intermediates, light screening, and their
physicochemical quenching effeqi®i et al. 2022; Xu et al. 2017alrigure 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
adsorbent s Vi a hy dr op hirdebatians witm tcagbora particles nirs and
Ga/TNTs@AC(Wang et al. 2021)While it had negligible effect on PFOS adsorptibig(re 4-
1), the adsorbedOM occupies the photoactive sites at the surface of the Ga/TNTs@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 photodegrad#&tmrstantinou and
Deligiannakis 2013; Zhu et.&2022; Zhu et al. 2021 Additionally, DOM may interfere with the
photolysis of organic contaminants by screening reactive wavelengths ofXdighet al. 2019)
Concretely,Walse et al. (2004)eported that DOM was the variable that decreased fipronil
degradation due to comjiete light absorptioni(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 spgtiester et al. 2013; Liang et al. 201&ypically, DOM

was transformed to triplet excited statéB@QM") by adsorbing light uret UV irradiation, which

could react with @via energy or electron transfer mechanism to generate reactive oxygen species
such as singlet oxygetd), hydroxyl radicals’OH), and hydrogen peroxide {E) (Lester et al.

2013) However, none of these radicals played a role in PFOS photodegradation by
Ga/TNTsS@AC, because holég) and Q* 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 &f thaies, but

also facilitated @ 'generation(Zhu et al. 2021)Conversely, pradsorbed DOM may compete

for the electrons and oxygen, resulting in lesé ‘@eneration through the reaction between
electrons and oxygen. Apart from the transformation from DONDIOM®, the reaction between
DOM and ’OH could occur at pH = 7.0, which produced reduced DOM (B&OMy fast one
electrontransfer in the initial stag@va et al. 2019)Meanwhile, the unstable DONteacted with

O 'generating K02 to complete a catalytic dismutation cycle, seming avaible and accessible

O "and further leading to lower PFOS photodegradation by Ga/TNTs@W& 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. Thed 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 comparediveitbne reported ¥hu 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 betwedria®d H. In light of pH effect on PFOS
degradation iFFW by Ga/TNTs@AC, the matrix effect (DOM) needs to be taken into account.
As illustrated inSection 4.3.3.1, the preadsorbed DOM not only acted as electron trapper
producing photanduced radicals, which played negligible roles on PFOS degradationisbut a
reacted with & 'generating KO, (Ma et al. 2019) However, in addition to &' h* was also
participating in PFOS photodegradation by Ga/TNTs@AC under UV irradi@fanet al. 2021)
It is noteworthy that lower pH is favorable for generatifig thus, h* is considered tde the
predominant oxidizing species in acid condition, which may result in superior PFOS

photodegradation at pH < 7(Bu et al. 2017a)
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Figure 4-6. Effect of pH on spiked PFOS photodegradation by 2%Ga/TNTs@A&Qerimental
conditions (adsorption): Spiked PFOS concentration = 100 pg/L, material dosage = 3 g/L, and pH
= 7.0 £ 0.1; Experimental conditis (photodegradation): material dosage = 3 g/L during

adsorption, UV intensity = 210 WhAyreaction time = 4 h.

4.3.3.3. Fe** effect on PFOS photodegradation

While 2%Ga/TNTs@AC was able to degrade 61.2% ofspreedPFOS 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 gBhu et al. 2021)To enhance PFOS degradation by Ga/TNTs@AC
and eliminate the negative effect of DIOFe** 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 & (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 spectraatedti that PFOA
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decomposition reaction was initiated by electt@nsfer from PFOA to F& 97.8% + 1.7% of

50 &M PFOA degr aded w-chaimintermegidies dnd flusride Jfintthe s h or t

Fe** and sunlight system, with an overall defluoripati e x t e nt  qlfiu etlaR20Ma)N 0. 5 %
Figure 4-7a shows the prsorbed PFOS photodegradation and mineralization by

Ga/TNTs@AC in the presence of¥Fat various concentrations undeh4JV irradiation. Notably,

the presnce of F& significantly increased PFOS photodegradation from 61.2% without addition

Fe** to 80.4% at pH = 3.5. Firstly, DOM could form complexes with"Ferhich has a positive

effect on the degradation of organic pollutai@s et al. 2022) Specifically, the light irradiation

of Fe* complexes with DOM generates bdi* via a ligandto-metal charge transfer (LMCT)

reaction and DOM radical$(/ - ¥ (Eq. 5)(Gaberell et al. 2003B8ubsequently$ / - #reacts

with oxygen o generate @1( /% (Eq. 6)(Song et al. 2005)which could attack PFOS anions to

decarboxylate rad defluorinated PFOS following the stepwise defluorination mechanism.

Meanwhile, the redox reactions betweeR*Fes** are initiated. The producéd® ( /% radicals

could be transformed into 8, either by reaction with F& (Egs. 7 and 8) othrough self

disproportionation (Eqgs. 9 and 10); thenCHreacts with F& to produce®OH radicals (Eq. 11),

which causes the generation ofFEEq. 12)(Song et al. 2005)Therefore, the redox cycle of

Fe?*/Fe** and photegenerated holes/electrons facilitates the productionzdfa@d’OH, as well

as suppresses electrbole recombination, resulity in enhanced photodegradation of PROIS

et al. 2020a)Secondly, the enhaament of presorbed PFOS photodegradation by Ga/TNTs@AC

in the presence of Bemight be also ascribed to the generation of complex between PFOS and

ferric ion upon UV radiatioiCheng et al. 2014)The F&" complex with PFOS could be directly

excited by UV light and photolyzed to #e&nd an organicadical through LMCT. Subsequently,

the unstable PFOS radical is subsequently desulfonated to form a perfluoroalkyl(dauietdl.
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2014) In the meanwhile, B&can be recovered to #an the presence of oxygédin et al. 2014)

Then, the prfluoroalkyl radical may react withX to generate f£:5sCOF with one F converted

to F and convert to PFOA that is then decarboxylated and defluorinated following the stepwise
defluorination mechanisnZzhu et al. 2021) Taken together, the presenct Fe* not only
suppresses the inhibitory effect of DOM, but also forms complex with PFOS, resulting in the

enhanced photocatalytic activity toward 4s@bed PFOS degradation under UV irradiation.

&A s/ - &A $/ -F (5)
$/-% | O/BXCIE $/ - (6)
&A ¥ ¢ o&A (1 (7)
&A (/F ( 9&A (1 8)
IE (/B (o) (1 (9)
(/5 (/Fo ) (1 (10)
&A (/1 ©&A ’OH+OH (11)
'OH &Aoo &A | ( (12)

On the other handkigure 4-7a also displays that increasing¥eoncentration from 40 pM
to 60 pM resulted in higher PFOS degradation from 57.6% td%80.corresponding to
mineralization rates of 44.% and 70.0%, respectively, while further elevatii(8BauM) led to
lower PFOS photodegradation rate (68.3%) witt6%2mineralization efficiency. Moreover, the
defluorination of PFOS decreased to 36.4% and 25.4% whé&hcdétecentration was 25 pM and
100 uM, respectivelyRigure 4-7b). The above observation indicates that 60 uM' #&s most
beneficial for enhancing ¢hphotodegradation of PFOS. However, excess ferric ion inhibited the

PFOS decomposition efficiency, which is attributed to the phitaitation phenomenoZhang
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and Anderson 2013)In this study, photons may be sadbed by DOM, PFOS, and/or
Ga/TNTs@AC, as well as the addition ferric ion, and other reactions influence the consumption
rate of the target reactaifvang et al. 2008; Zhang and Anderson 20IR)erefore, the
competition of photons among the components adsorbed onto Ga/TNTs@AGccur at high
ferric ion concentrations, resulting in the reduction of direct photolysis and photocatalytic

degradation efficienc{Cheng et al. 2014)
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Figure 4-7. (a) Photodegradationand (b) defluorination and of PFOS presorbed 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.®M4; Experimental conditions (photodegradation): material

dosage = 3 g/L, UV intensity = 210 Winteaction time = 4 h, pH = 3.5+ 0.2.

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

a clear decreasing trend toward PFOS degradation efficiency as increasing pHh HO&
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decompositiomate 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 D@Bheng et al. 2014; Wang et al.
2008) Due to the lowd value (4.0 10%%) of Fe(OH} (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 = 371 4) i s phetadegradatioh ia thé poesence &'@BEGa/TNTsS@AC.
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Figure 4-8. Effect of pH on PFOS photodegradation 2%Ga/TNTs@AC in the presence of 60 uM
Fe**. Experimental conditions (adsorption): spiked PFOS concentration = 100 pg/L, material
dosage = 3 g/L, adsption time = 2 h, and pH = 7.0 = 0.1; Experimental conditions
(photodegradation): material dosage = 3 g/L during adsorption, UV intensity = 213) M#ction

time = 4 h, F&" concentration = 60 pM.
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4.4.Conclusions

A novel 6 Conc einDesattreoy 6 technol ogy was i nvest
photocatalyst for enhanced removal of PFAS from field water. The major findings are summarized
as follow:

1) Seven PFAS were detected in the field water, with the most predominant PFAS bein
PFOS. Additionally, filed water contained high concentrations of DOM, chloride, nitrate,
and metalsd.g, N&, K*, C&*, and Md").

2) Adsorption experiments using the filtered field water spiked with 100 pg/L PFOS, where
2%Ga/TNTs@AC at a dosage of 1 gllas able to remove ~98% of PFOS from filed
water within 10 min. In addition, 2%Ga/TNTs@AC offereda,@f 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 potentyatdncurrent cationic ions.

3) The addition cations (10 mM NaK*, C&* 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 conigimation 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.

4) Acidic condition is favorable for PFOS adsorption in field water onto Ga/TNTs@AC,
owing to the synergistic reactions, including electrostatic and #igaaid interactions,
hydrophobic interactions, and anidbn oCF interactions.

5) The subsequent photodegradation was tested, where 2%Ga/TNTs@AC was able to

degrade 35.5% PFOS, corresdimg to 25.8% defluorination rate. The reduced PFOS
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photodegradation efficiency was ascribed to the inhibitory effect of DOM. However, the
material worked better at lower pH.

6) The presence of ferric ion could increase PFOS photodegradation to 8Qu#d6=a.5
with the defluorination rate of 70.0%, which is due to the concurrent complexes, including
the F€" complex with PFOS and the complex betweefi Bed DOM. Lower pH was

beneficial for PFOS decomposition by Ga/TNTs@AC with*aelded.
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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 adsorptiveapdigtd
by depositing a small amount (3 wt.%) of bismuth (Bi) onto activatgdon supported titanate
nanotubes, BI/TNTs@AC, and tested the material for adsorption and subssgligphase
photodegradation of GenX. Bi/TNTs@AC at 1 g/L was able to &#dSanX (100 ug/L, pH 7.0)
within 1 h, and then degrade 70.0% and mineralize 42.7% sfgobeed GenX under UV (254 nm)
in 4 h. The efficient degradation also regenerated the material, allowing for repeated uses without
chemical regeneration. Material chetexizations revealed that the active components of
BI/TNTs@AC included activated carbon, anatase, and Bi nanoparticles with a metallic Bi core
and an amorphous s shell. Hectron paramagnetic resonarg@ntrapping,UV-vis diffuse
reflectance spectroatry, andphotoluminescence analyseslicated the superior photoactivity of
BI/TNTs@AC was attributed to enhanced light harvesting and generation of charge carriers due
to the UVinduced surface plasmon resonance effect, which was enabled by the niatallic
nanoparticles®H radicals and photogenerated hole (vere 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 g, and the resulting intermediates weransformed into shortarhain
fluorochemicals following the stepwise defluorination mechanism. Bi/TNTs@AC holds the
potential for more cosffective degradation of GenX and other-p@nd polyfluorinated alkyl

substances.
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5.1. Introduction

The health corerns prompted manufacturers in Europe and North America to replace PFOA
and PFOS with shortethain PFAS in the early 200QSunderland et al. 2019Fhe most notable
subgitute is the chemical known as GenX, which is also known as hexafluoropropylene oxide
dimer acid (HFPEDA) or perfluore2-propoxypropanoic acid (PFPrOPrA). GenX was introduced
in 2009 by DuPont de Nemours, Inc. In addition, from 2003 on, 3M Companyed@&©OS with
perfluorobutanesulfonate (PFBS) in several of its major prodGtisstensen et al. 2019)

GenX has been widely detected in rivers impdcby fluorochemical plants in the
Netherlands, Germany, China, and United States, with the highest concentrations at 812, 86.1,
3100, and 4500 ng/L, respectivégrandsma et al. 2019; Gebbink et al. 2017; Heydebreck et al.
2015; Sun et al. 2016The GenX concentrations in these drinking water sources far exceeded the
US EPAOGs | i f esdrylewa of ROeng/Ll for the suwh of iPFOA and PFOS in drinking
water(EPA 2016a; h)A recent study reported that GenX was detected in 659 out of 837 private
wells surrounding a fluorochemical manufacturing facility in North Carolind) thie maximum
GenX concentration reaching 4000 ng/ L, and Ge
drinking water health goal of 140 ng((North Carolina Department of Environmental Quality
DEQ 2018)

Bismuthbased photocatalysts haveem found effective for degrading persistent organic
pollutants (POPSs), including PFA®ong et al. 2015; Weng et al. 2013ong et al. (2017)
reported that BiOCl 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 comme&xcial In
and TiQ, respectrely. Yang et al. (2021preparedBisO71/ZnO heterojunction microspheres and

found the material degraded 91% of PFOA aftdnr 6f visible light irradiation owing to
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heterojuntion structures formed upon calcination at 400 °C, which also extended the photo
response to the visible light region and increased the separation efficiezidly’ phirs.

Metallic Bi can also act as an excellent cocatalyst to facilitate cltarger separation of
Bi®*-based photocatalys{®ong etal. 2014a; Dong et al. 201,%lthough its role has not been
explored for photocalgic degradation of PFASong et al. (2015)nvestigated a semimetal
organic Bi g-CsN4 nanohybrid, which showed some unique visible light photocatalytic properties
when used for NO removal. The superior photoactivity was ascribed to the surfanemtas
resonance (SPR) endowed by Bi metal to enhance visible light harvesting and charge separation.
While these works have revealed the potential GfBE8i*-based photocatalysts, especially the
SPRenhanced photocatalytic activity, these materials hatdbeen explored for treatment of
PFAS.

The overall goal of this study was to develop and test an adsorptive photocatalyst,
BI/TNTs@AC, for enhanced adsorption and subsequent degradation of GenX in water. The
specific objectives were to (1) synthesize tlesired catalyst through a tvetep hydrothermal
calcination method, (2) measure the adsorption kinetics and capacity of BII TNTs@AC for GenX,
(3) evaluate the material stability and reusability, and (4) elucidate the reaction pathway and the
underlying mehanisms 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

NanoTiO2 (Degussa P25) (Evonik, Germany) consisted of anatase (80 wt.%) and rutile (20
wt.%). Filtrosorb400® granular activated carbon -#90 GAC) was purchased from Calgon

Carbon Corporation (Pennsylvania, USA). Bismuth nitrate pentahydrate (B§N&®I) (purity
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hydroxi de s@H)a OH®9 A .00%)%) ,

(BQ) (NaN

ethylenediaminetetraacetic disodium salt (EDTA) (99%), and GenX in the form of undecafluoro

O 98%), sodium i snmoept rhc

(ISA) (70%), benzoquinone (99%), sodium azide (099. 7%) ,

2-methyl3-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 HFPOMA and its mass labeled compound, 2,3f@8afluore2-(1,1,2,2,3,3,3

hetafluoropropoxy)*Cs-propanoic acid (M3HFPA), which was used as an internal standard

(IS), were purchased from Wellington Laboratories Inc. (Guelph, Ontario, Canada). All solutions

were prepared using demoni zed (DI) water (18.
Table 5-1. Key properties of GenX.
Molecular Formula CoF1103 2-D structure
Molecular Weight (g/mol) 329.04
2,3,3,3Tetrafluore2-
(1,1,2,2,3,3,3 FFF F O
hetafluoropropoxy)propanoic ac| | | | [
Synonyms FRE-903 F || ] O \\O
H-28307 FFFFTF
C3-dimer (acid) F
GenX Acid
pKa 2. 84 (USHPA.2@MY)
pKp 8.1 (USEPA. 2018) 3-D structure
Boiling Point 129 (USEPA. 2018) } 09 ?
"B
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5.2.2.Preparation of B/ TNTs@AC

First, TNTs@ACwas synthesized through a modified, @tep, hydrothermal methddiu
et al. 2016; Ma et al. 201.7)ypically, 1.2 g of GAC and 1.2 g of Tivere added to 66.7 mL of
a 10M NaOH solution and stirred for 12 h. The mixture was transferred into -senL00eflon
reactor enclosed in a stasbksteel cup and heated in an oven at 130 °C fdn. 7Rvo 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 rea¢hed
+ 0.5, and then ovedried at 105 °C for 8 h. Upon proper grinding and sieving, the particles in the
size range o150/ 425 um were used in the subsequent experiments. No fluorine or fluoride was
detected in the resulting material.

Furthermore, 1 g of the prared TNTs@AC was dispersed in 80 mL DI water. Separately,
1.16 g Bi(NQ)sT 5.8 (5 g/L as Bi) was dissolved in a solution consisting of 20 mL of
concentrated HNgand 80 mL of DI water. Then, a known volume ( 2, 4, 6, 8, and 10 mL) of
the Bi(NQ)3T 5.8 solution was added dropwise into the TNTs@AC suspension. The mixtures
were equilibrated under stirring for 3 h, at which nearly all Bias adsorbed on TNT ().

Upon separation of the solids, the supernatant was analyzed for residual Ti andliBiases
<0.01% of Ti and <0.01% of Bi were detected in the supernatant. Hoad:d 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 andr@gen 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%BI/TNTS@AC, respectively. To inform the pernmance of the composite materials, treated

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

The properties of the crystal phases were analyzed using a Bruker D2 Phaser X
diffractometer (XRD) (Brukr AXS, Germany) with Cu Kradiation [, 1.5418 A) The surface
morphology and elemental composition were examined by scanning electron microscopy (SEM,
SuU8010, Hitachi, Japan) equipped with enedgpersive Xray spectroscopy (EDS). The
microstructural characteristics were analyzed by-nggolution tansmission electron microscopy
(HRTEM, JEOL, JEM2100F, Japan). The elemental compositions and oxidation states were
determined via Xay photoelectron spectroscopy (XPS, Thermo Scientdffdpha, UK) with Al
KU -Ray Irradiation at 15 kV and 15 mA. Thiasdard 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 etaing depths were 50 and 150 nm for the XPS analyses, corresponding to an
etching time of 250.4 s and 751.2 s, respectively. ThBrNnauerEmmettTeller (BET) specific
surface area (SSA) and pore volume of the materials were analyzed through the nitrogen
adsorptionrdesorption procedure (Micromeritics ASAP 2460, USA). The pore size distribution
was obtained following the Barr@bynerHalender (BJH) method. Zeta potential was determined
by a NaneZS90 Zetasizer (Malvern Instruments, UK). The electronic gntigs 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 vétioa source at
an excitation wavelength of 2%4n. The U\tvis diffuse reflectance spectrometry (LDRS)

analysis was performed on a Shimadzu-8800i Plus spectrophotometer.
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5.2.4.Adsorption kinetic and isotherm tests

Adsorption kinetic experiments wereonducted in 48nL 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 initiatedy adding 0.04 g Bi/TNTs@AC to 40 mL of a 100 pg/L GenX solution
with an initial pH of7.0+ 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 thraugh a
em polyether sulfone (PES) membrane, the filt

Adsorption isotherms were measured in a similar manner, but the mixtures were equilibrated
for 24 h to ensure equilibrium. The initial GenX concentration was véred0.1, 0.4, 1, 3, 5,
20, 50, 80, 100 mg/L), while the dosage of B/ 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. Noie Bi was detected in the supernatant during the
kinetics and isotherm experiments.
5.2.5Photodegradation of presorbed GenX

The photocatalytic degradation experiments were carried out in a Rayonet(RPR/-
reactor (Southern New England Ultraviolet CBranford, CT, USA) equipped with 16 RPPR37
A lamps. The system was f@ooled and maintained at a temperature of ~35 °C. Following the
adsorption equilibrium, the Genldden Bi/TNTS@AC was separated by gravity settling for 1 h
(>99% settled). Subsequity, ~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. Theemixtur

was placed at the center of the photoreactor chamber. The light intensity was 214t Wihedge
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(1.5 in or 3.81 cm to the nearest lamp) of the quartz tray and 128& Wt/the center. At
predetermined times.€., 1, 2, 3, and 4 h), the mixtures weeeficially filtered through a 0.22

pm PES membrane (>99% GenX recovery), and the filtrates analyzed for GenX and fluoride. To
measure the residual sclithase GenX concentration, the solids were extracted using 20 mL
methanol at 80 °C for 4 h in a watbath. 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 ttal 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 catried o
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) atdase 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 #.0.1 (material dosage = 2 g/L, initial GenX = 100 pg/L), while the
pH during the photodegradation was varied from 3.5 + 0.1 to 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 cyle.
5.2.8.Roles of U\Vinduced reactive species

The contribution of common Whduced reactive species to the photocatalytic degradation
of GenX was assessed using various scavengers. In particular, EDTA, ISA, BQ, anaédaN
added to experimental mixtures to quench photogenerated hd)esydroxyl radicals’bH),
superoxide radicals @), and singlet oxygen!@.), respectively. The same experimental
procedures were followed for the adsorption and photodegradasts égcept 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 ecassparison among the
scavengers and with literature data for othetemas.
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 gdckagé 202Q)
The geometry optimization and singdeint energy calculations were carried out via the B3LYP method
with the 631+G(d,p) basis setheFukui function based on the density functional theory (DFT) was
used to predicthe regioselectivity of radical$( “OH) acting on GenX. All of the calculations
were performed using the Gaussian 16 C.01 softwhresch et al. 2003) The geometr
optimization and singkpoint energy calculations were carried out following the B3LYP method
with the 631+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 tleliption of reactive sites of
electrophilic, nucleophilic, and general radical atta@ar and Yang 19845pecifically, Fukui
function is defined as:
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"Qi (1)

where” 1 is the electron density at a point r in space, N is the electron number in the system,

and the constant termin the partial derivative is the external potential. In the condensed version
of the Fukui function, the atomic population numbeasused to represent the electron density

distribution around an atom. The condensed Fukui funetascalculated afollows:

Electrophilic attack: TN n (2)
Nucleophilic attack: NN (3)
Radical attak: G — (4)

whereny is the charge of atom A at the corresponding state.nidrereactive sites on a
molecule usually have larger valuestloé Fukui index.h*, “OH, andO,™ have been classified as
electrophilic, which are more likely to attack the sites that can readily lose ele¢bens
Vleeschouwer et al. 2007y hus, we calculated the Fukui index of GenX for electrophilic attacks.
The natural population analysis (NPAJas used to study the reactive sites, adals been
considered one of the most suitable methods to calcthlateukui index(Olah et al. 2002)A
color gradient fora set of Fukui valuesvas generated using the conditional formatting tool in
Microsoft Excel 2019.
5.2.10.Chemical analysis

Aqueousphase GenX concentrations were analyzed by a Vanquish Flex Binary UPLC

system (Thermo Fisher, USA) coupled witlquadrupolerbitrap 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 pm, 175 A, 3 x 50
mm). M3HFPGDA (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 -@xicimange column
(Dionex lonpac AS22) and an anion dynamically regenerated suppressor (ADRS 690;T4he
detection limit was 10.00 + 0.01 pg/L. Dissolved Bi and Ti were measured by inductively coupled
plasmaoptical emission spectroscopy (€S, 716ES, Varian, USA), with a detection limit of
100 pg/L and 50 pg/L, respectively.
5.2.11. GenX analysiswith LC -MS/MS

GenXanalysis was performed on a Vanquish Flex BinaWRUC system (Thermo Fisher)
coupled with a quadrupole orbitrap mass spectrometer (Orbitrap Exploris TM120, Thermo Fisher)
with electrospray ionization (ESI) ithe negative modeand using the Xcalibur software
(V4.4.16.14). A delay column was placed between the pump and autosampler (HypersilGOLD,
1.9 um, 175 A, 3 x 50 mm) and the systermsenabled for PFAS analysiSypically,1 0 &L o f
the standard or sample was injecietb aC18 col umn (Luna C18(2), 3
with 2 x 4 mm guard cartridge, Phenomenex) wi
solution A (2 mM ammonium acetate in water) and solution B (100% acetonitrile) beginning at
15% B for the first0.3mut e to 95% B at 9 min, held at 95%
and reequilibratonr esul ti ng a tot al run ti me -80m/A25 min

with aresolution of 120,000, standard AGC target, 70% RF lens, maximum injection time aut
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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 286.9846x@@2used for quantitation.
M3HFPO-DA wasusedfor quantitation analysisiI3HFPODA (20 ug/L) as internal standard.

The calibration othe system was performed each time of analysis using at leasbém
standards in the linear concentration range ofaDtpg/L. Therelative standard deviation (%0RSD)
of the response factors (RFs) ik analyss must be within + 20% or the linear regressigmist
be20.99, based otheinitial calibration (ICAL) criteriaandtheir true valus. The second source
standard wasgsedafterthelCAL 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 standasdsre analyzed bre next sample analysis with
analyte concentrations within £ 3006 their true valuegrom the Limit of Quantitation (LOQ)
(0.5 pg/L) to the midlevel calibration concentration.

GenX and its photodegradatiproductstrifluoroacetic acid (TFA) angentdluoropropionic
acid (PFA), were further confirmed by an UltiMate 3000 LC coupled to a Thermo TSQ Quantum
Access Max triple quadrupole tandem mass spectroni€leseparation oGenX, TFA, and PFA
was achieved with a Waters XBridg=8 column (2.1x150 mm, 2.5 pranda guard column
(2.1x10 mm, 3.0 um) containing the same material. The mobile phase was comprised of (A) LC
MS grade water withtO0 mM ammonium acetat¢pH 6.9 and (B) methanolwith 10 mM
ammonium acetate he mobile phasflow rate was set t800 uL/minunder an isocratic elution
with 40% A and 60% BThe column compartment was maintained at@The overall method
run time wa$ minutes, and0 L of sample was injectedhe regativeESI mode vas applied to

GenX, TFA,and PFA The spray voltage wa800 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 collisidnced dissociatiopressure was 1.5

mTorr (argon). The precursor ion aatlleast oneharacteristic product ioneveidentified for

each analyte. The optimized detector parameters and ion transitions are summaidbdel 5-2.

Table 5-2. LC-MS/MS operatingparameters 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 - 17 90 > 0.99 0.5
M3HFPODA  286.9846 + 0.02 - - - -
LC-MS/MS
(tandem)
284.9 Y -8 .
GenX 328 9 V 5 17 50 > 0.99 0.1
286.9 Y -8
M3HFPODA 331 .9 ¥ 5 - - -
PFA 162.9 ¥ 10 ] ] ]
TFA 112.9 ¥ 10 ] ] ]

a: the first product ionkjold) was used foguantitation, and the second product ibalics) was used
for confirmationif available
b: limit of detection
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5.3.Results and discussion
5.3.1.Material phases and chemical composition

Figure 5-1ashows 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 trititanate with a chemical formula of ¥ xTi3O7 (x depends on the sodiumrdent)
(Wang et al. 2018)The basic skeleton ofi{titanate was composed of edgjearing triple [TiQ]
octahedrons with Naand H attached at the interlayers as exchangeable counteNianst al.
2017) The intensity of the diffraction peaks of TNTsS@AC were notably decreased compared to
those of uncalcined TNTs@AC and uncalcined 3%Bi/TNTs@Ri@ure 5-1b), which canbe
attributed to breakage of the tubular and layered structures during calciirdzaiti et al. 2012)
partial collapse of polymerized Ti species-HTi species), and/or decrease in isolated Ti species
with higher coordination numbe¢¥ang and Li 2002)Moreover, the XRD diffraction pattern for
calcinedTNTs@AC showed a red shift compared to thatincalcined TNTs@ACe(g, from
~9.8 to 10.5) (Figure 5-1b), indicating a decrease in interlayer distance due to theseelda
water molecules(Qamar et al. 2008)Compared to calcined TNTs@AC and uncalcined
BI/TNTs@AC, the XRD patterns for calcined Bi/TNTs@AC witlfifelient Bi contents displayed
five characteristic peaks withrdZ/alues 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 RICBD$lo. 21-1272),
respectively. This result indicates that sodiurtitainate was transformed into anatase wuBi
doping and calcination. The adsorption of'Bons on TNTS@AC partially replaced Nens,
which is conducive to the formation of anatase upon calcinéflanet al. 2017)In addition, for
BI/TNTs@AC (Figure 5-1a), the characteristic peaks at 22.87.2, 39.6, 44.6, 46.0, 48.7,

64.2, and 70.8confirmed the existence of the rhombohedral phase of metallExBDSICDD
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No. 44-1246). In contrast, no evidence of metallic Bi peaks was observed folcineda
BI/TNTs@AC (Figure 5-1b), indicating that the calcination facilitated the reduction &f Bito
Bi®. The XPS analysis confirmed that®Bon TNTs@AC was reduced intoBiith AC as the
electron donor at 550 °C.

Figure 5-1aalso indicates that incasing 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%BiI/TNTS@AC demonstrated the highe&enX defluorination
efficiency Section5.3.4) and was, thereforeglected 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 materia¢ urththe
other after Arion etching at depths of 50 and 150 rifigure 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 etElmogg
5-2b), the peaks centered at 164.0 and 158.7 eV aradeaistic of Bf* in bismuth oxides and
are ascribed to Bi 46 and Bi 4%, respectivelyLan et al. 202Q)in conjunction with the XRD
results,which showed no gstalline BkOs on BI/TNTS@AC, the Bz identified by XPS was
amorphous.

The two Bi 4f peaks ifrigure 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 sesults ¢
be attributed to the partial reduction of BspeciegLiu et al. 2017) Two additional peaks were
present at 161.6 and 156.3 eV afttez 50 nm etching , and these peaks were attributed-Bo Bi
bonds and confirmed the presence of metallic Bi in the compd&tey et al. 2020)The BiBI

peak intensity was stronger for thB0 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
Bi2Oz shell on the surface of B/ TNTs@AC.

The binding energies were corrected by the C 14deate284.8 eV as a reference. The C 1s
spectraFigure 5-2c) measured at the surface of the pristine sample can be deconvoluted into three
peaks corresponding to-@ (286.0 eV), C=0 (287.2 eV), and@=0 (289.6 eV) bonds, which
were also present after the 150 nm etching with the exceptiorGf@bondgGopiraman et al.

2017) After the 50 nm etching, the oxygenated carbon groups disappeared, and two additional
peaks occued at 284.6 eV and 286.6 eV. The peak at 284.6 eV highlights the existenég of C
groups(Wang et al. 202Q)whereas the peak at 286.6 eV was attributed to carbonyl or quinine
groups(Ma et al. 2015)In addition, the O 1s XPS spectfagure 5-2d) highlighted the presence

of Bi-O bonds at 529.7 eV and the regular lattice oxygerOfTi) at 531.3 eMAlImeida et al.

1998; Dong et al. 2015¥he peaks at 458.2 eV and 464\ in Figure 5-2e belong to Ti 2pe

and Ti 2ps, respectively, which are characteristic of*TLi et al. 2020b)
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Figure 5-1. XRD patterns ofa) TNTs@AC and Bi/TNTs@AC preparegith 1-5 wt.% Bi and

(b) of uncalcined TNTs@AC and uncalcined 3%Bi/TNTs@AC.
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Figure 5-2. (a) XPS survey spectra andgh-resolution XPS spectra @) Bi 4f, (c) C 1s,(d) O
1sand(e) Ti 2p for 3%BI/TNTs@ACat the surfacebeforeand after etching. 3%BI/TNTs@AC

were calcined at 55TC in all cases.

5.3.2.Morphological characterization

Figures 5-3a and3b show the SEM images of 3%Bi/TNTs@Alcined at 550 °C, where
the surface displayed a flowkke structure with interwoven TNTs grafted on the AC petals.
Micro- or naneAC particles were attached to welkéfined TNTs Figures5-4a andFigure 5-3b).
This observation indicates that the hyithermal treatment under alkaline conditions not only
converted TiQ into TNTs, but also altered the structure of the AC, resulting in mutual

139



modification of AC and TNTs. The EDS mappiggures5-3cand5-3d) revealed that five major

elementsi(e., C, O,Ti, Na, and Bi) were uniformly distributed on 3%Bi/TNTS@AC, drable

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 B/ TNTs@AC.

Figures 5-4a-c present the TEM images of 3%Bi/TNTs@AEigure 5-4a confirms the

hybridization of TNTs and AC nanoparticles. The coated carbon particles on TNTs are beneficial

and facilitate hydrophobic interactions with GenX and afiioni nt er act i ons

electrondeficient aromatic skeletons of AC. The interlayer distance of TNTs was 0. #&igume(

bet wee

5-4c), which agrees with the crystal plane (020) of titarfdtang et al. 2018)whereas the lattice

fringe spacing of 0.35 nnF{gure 5-4b) conforms to the (101) plane of anatase. Prior work on

TNTs@AC showd that no transformation from iiitanate to anatase would occur upon

calcination without a metal dopafhu et al. 2021)This observation suggests that Bi on TNTs

facilitated transformation from titanate to anatase, while TNTs retained its narsttubture with

an inner diameter of ~5 nm and an outer diameter of ~1ZFigure 5-4c). In addition, the lattice

spacing (0.328 nm) shown 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

electronhole pairs $ection5.3.4).

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

Element Weight %
C 19.2
@) 34.1
Ti 36.2
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Figure 5-3. (a, b) FEESEM images (scale bars = 1.00 and 2.00 um, respectivelyERS

mapping, andd) SEM-EDS spectraf 3%Bi/TNTs@AC.
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(@) (b) (©)

Figure 5-4. (a, b, c)TEM and HRTEMimages of 3%Bi/TNTs@ACalcined at 550C. Scale

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

Figure 5-5a shows the Nadsorptiordesorption 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 myemetaultiiayer adsorption.
Subsequently, the H3 type hysteresis loops appeared at &tgrd0.40, suggesting that another
adsorption mechanism, such as capillary condensation, occurred in the nanotubes and/or
mesoporous channglsiu et al. 2016) When the Bi cont& was increased from 1 to 5 wt.%, the
hysteresis loop became larger, which aligns with the capillary condensation medtastdraikh
et al. 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 atl®.9nm. 3%Bi/TNTs@AC showed the most
uniform pore size distribution of the Bioped composited.able 5-4 summarizes the SSA dn
pore volume for all materials. The SSA of TNTs@AC was 243.7d,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 wih3l 4, and 5 wt.% of Bi, the
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SSA was increased from 243.7Z/gnfor 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 incréabésT-4)
resulting from the Bmediated phase tramsfation and restructuring of TNTs and AElqure

5-3) (Subramaniam et al. 201 & xcessive Bi doping resulted in a slight decrease in SSA due to
the increased crystal sizes of anatase and metallic Bi, which partially blocked nan®pbtes (

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 photoactiveodihe thybridization of

Bi, TNTs, and AC.

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

BET surface ared Pore volume
Material

(m?/g) (cm®/g)
AC 591.38 £ 9.28 0.801
TNTs@AC 243.77 £ 3.77 0.330
1%BI/TNTs@AC 307.50 £ 3.75 0.462
2%BI/TNTs@AC 279.60 £ 4.60 0.347
3%BI/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 areaascalculated usinghe BET equation * relative deviation from the
mean;and (b)Pore Volume: total pore volume estimated at a relative pressure of 0.99.

143



Table 5-5. Crystal size and structure for B TNTs@AC prepared at various Bi contents.

Relative pressure (FP/P,)

(@)

Pore diameter (nm)

(b)

Material Crystallite size (nm) Crystal structure (wt.%)
10.9 Anatase (89%)
1%BI/TNTs@AC
2.4 Metallic Bi (11%)
14.5 Anatase (69%)
2%BI/TNTs@AC
94.4 Metallic Bi (31%)
22.8 Anatase (59%)
3%BI/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%)
900 N, Adsorptien N, Desarption 0 1 6
s O TNTs —~ TNTs@AC
o 800- :mﬁﬁ%@m ——:}Jyugiﬂ%?rcs@ﬂ\c 0 o : 1%Bu@NTs@AC
b T WATINGAC . MeMmTegAC . & . edbilly
i uu! s v 3%Bi 5| o - %Bi/ H
o ") Ihner LR o o 0.12- . < sammax
[} 600- i / /\W}?Q‘ & \,Cr ;] | L] Bl S
E oc@wvowmw@'ggﬁﬁgg L ol E J
3 X0 oc—oor:}cf&ﬂﬂ‘{}gg 00% y % 0.08 - ot Toeesenes,
£ 400 sasbiiinine - S e - M
'@ 300 AT aﬂv*if‘vﬁi"""ﬁ'r;"v‘r‘q'{‘q. E swtul eete e =
© k PV T L]
2 = -'#'iﬂiﬂﬁ:ﬂiu4‘Z'I‘_‘;“l 5 0.04 4 I . p
.‘E o geeert ;i.‘ﬁ’:.;;,l, g Uln Mg <
S 1001 "rﬂi’ﬁii‘i.: o @ s WEma"tt " < <
¢, T inimilsia ; ; : S 0.00 = , —
60 02 04 06 08 10 =i 10 100

Figure 5-5. (a) N> adsorptionrdesorption isotherms arftl) pore size distributions of TNTs@AC

and Bi/TNTs@ACwith various Bi contents calcined at 5%D.
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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 hydrothermaletreaitmal
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 shoavetbwer 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 €0 m
3%BI/TNTs@AC displayed clearly faster adsorption rate than the treated Th@. results
confirmed that the Bi loading notably improved the adsorption rate of GenX due to (1) suppression
of the negative surface potential of TNTs (Bn¢ of TNTs and 3%Bi/TNTs were 2.#&nd 6.3,
respectively), and (2) Lewis acizhse interactions between Bi and the carboxylate group of GenX.
The pseuddirst-order (Eq.5) and pseudsecondorder (Eq.6) kinetic models were utilized
to interpret the kinetic data:
n 1 nA@DPQo (5)
N — (6)
wheren andn (ug/g) are the solipphase GenX concentrations at time t (min) and
equilibrium, respectively, an@ (min) andQ (g/(ng - min)) are the respective rate constants.
Table 5-6 summarizes the kinetic parameters for both models. The psegdadorder

model gave a better goodness of fit, as evidence by2heém®9 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-Band TNTsmodifications 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%BITE@AC over a broad range of equilibrium
concentrations, namely G100 mg/L Figure 5-6¢). The classical Langmuir (Eq/) and
Freundlich (Eq8) isotherm models were tested to fit the experimental data:

n —— ()
oo’ 8

where Ghax (Mg/g) is the Langmuir maximum capacity, b (L/mg) is the Langmuir affinity
coefficient, K= (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 (B, both models were able to adequately fit the experimental data, though the
Freundlich model offered better fitting for AC and TNTs@AC, suggesting a heterogamsore
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 2.4dneater than that of
3%BI/TNTsS@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 creatiyer 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 wakvealed when the isotherm data are plotted based on the
surfaceareanormalized 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#(O 2  mi@ud tiedted AC and TNTS@AC. The SBased Qax values
(mg/n?) followed the order of: 3%BiI/TNTS@AC (0.35) > TNTsS@AC (0.33) > AC (0.18). Treated
AC offered higher GenX uptake only when the GenX concentration is very high ZGng/L)
(Figure 5-60) due to i much larger SSA (591.382). The enhanced performance of
3%BI/TNTS@AC can be attributed to synergistic adsorptin interactions between anionic GenX
and 3%BiI/TNTs@ACi(e.,hydrophobic, Lewis acitbase, andanieh i nt er acti ons) ,
hydrophobidnteraction 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 subsequenipbealgd photocatalyticegradation

of GenX.

Figure 5-8 shows the measured zeta potential of 3%BI/TNTsS@AC, which exhibied a

of ~3.8. Hence, in the circumneutral pH range, the adsorption of GenX aflors 2.8) by
3%BI/TNTs@AC would not be favorable due to electrostamutsion, although the loading of
Bi suppressed the surface negative potenfilufe 5-8). While the tail group of GenX is not

expected to interact with TNT®( = 2.6), the Bi deposited on the surface of B/ TNTs@AC

may react with GenX through concunmteelectrostatic and Lewis aelthse interactions between
Bi**and the hydr ophi l)ofGen¥(khardandSidadiqui2G21; (it eCaDZD15a;

Liu et al. 2016) which is in lire 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 phasesSection5.3.2), which enables hydrophobic reactions between tie cbain of
147
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GenX (except ne oxygen atom in the carbon chain) and the AC surface; furthermore; anion
interactions may also occur between GenX anions and aromatic groups on the AC(Xurfetce

al. 2020) The presence of AC and Bi in the composite materials, therefore, enabled cooperative
hydrophobic, Lewis acitbase, andanieh i nt er acti ons, not only enha
for GenX, but also facilitated a sibe adsorption mode which is conducive to thesitu

photochemical degradation of paesorbed GenXLi 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

Q(min?) 0.32 0.16 0.27

Pseudefirst-order N (uo/g) 99.30 96.21 98.40

R? >0.99 0.98 0.99

Ox10% g ( Og'r 1 17.82 3.46 9.20

Pseudesecond
N (ug/g) 100.33 100.47 100.46
order

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

TNTs@AC, and 3%BTNTs@AC.

Adsorbents
Model Parameter Treated AC TNTsS@AC 3%Bi/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/Qg) 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 suréseanormalized uptake of GenX by

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

Material
Treated
Model Parameter TNTs@AC 3%Bi/TNTs@AC
AC
Qmax
0.18 0.33 0.35
Langmuir (mg/n?)
b (L/mg) 0.002 0.028 0.033
R? 0.996 0.973 0.974
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Figure 5-6. Adsorption kineticga) and(b) andequilibriumisothermsased on unimassuptake

(c) and unit surfacarea uptakéd) 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 inb), pH = 70 £ 0.1; Conditions for isotherraxperimentsinitial

GenX concentration 8.1-100 mg/L, material dosage = 1 g/L, pH £ 0.1. Data are plotted as

mean of duplicates with error bars indicatietptivedeviation from the mean.
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