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ABSTRACT: Water contamination with “forever chemicals” like per- and polyfluoroalkyl substances (PFAS) poses significant
toxicity to the environment. Since they are the most persistent synthetic chemicals that hardly degrade in the natural environment
and are carcinogenic to humans, there is an urgent need to discover novel processes for destroying PFAS. Herein, we report on the
design of a reduced graphene oxide (r-GO)/WOj; nanoflower (WO;-NF)-based heterostructure for harnessing 365 nm light-driven
photocatalytic oxidation and reduction process toward the photocatalytic degradation of perfluorononanoic acid (PFNA). Moreover,
reported data reveal that using an -GO/WO;-NF heterostructure photocatalyst, 100% PFNA degradation and 14% defluorination
can be achieved in the presence of isopropyl alcohol as the hydroxy radical (*OH) quencher or glucose as a hot hole (h*) quencher
after exposure to 365 nm light for 22 h. A reported mechanistic study shows synergistic oxidation and reduction processes are vital
for the complete degradation of PFNA, where the hydrated electron (eaq_) plays a key role as a reducing agent and h" and *OH act
as oxidation agents. Furthermore, the photocatalytic destruction mechanism study indicates that chain shortening via C—C bond
breaking and defluorination via C—F bond breaking are major pathways for PFNA degradation. A wavelength-dependent study
shows that only 22% degradation can be achieved after exposure to 532 nm light for 22 h, which is due to the lack of the formation
of hydrated electrons (e,,~). The current study sheds light on the construction of the --GO/WQO; NF heterojunction for the highly
efficient degradation of PFAS.

1. INTRODUCTION 123.4 kcal/mol),” >’ PFAS exhibit more than 50 years of half-

Per- and polyfluoroalkyl substances (PFAS) have been utilized life in the hur?_aﬁ) body and more than 500 years halflife in the
for over 70 vears in food packaging, automotive materials, fire- environment. Since those “forever chemicals” are resistant
fighting foar}rrls cosmeticsp and gco§i<ware 1-10 ag per the’ Us to degradation by conventional wastewater treatment in the
) ) . . . . .
Environmental Protection Agency (EPA), perfluorononanoic er.1v1ronment or in the human body, there is an urlgzeflztzneef;l to
acid (PENA) and perfluorooctanoic acid (PEOA) are often discover novel technology that can destroy PFAS. Driven
detected PFAS in the environmental samples in the range of by the need, in the current manuscript, we report the design of
6.5 ppm (ppm) in groundwater, which is 5 orders of reduced graphene oxide (r-GO)-WO, nanoflower (WO; NF)-

magnitude higher than the EPA health advisory level for the

drinking water (0.070 ppb).' 1 Received: January 2, 2025
As per the Centers for Disease Control and Prevention Revised:  February 9, 2025
(CDC), PFAS are found in the blood serum routinely and Accepted: February 13, 2025

have been linked with testicular, kidney, thyroid, and breast Published: March 4, 2025

cancer.” Since PFAS contain multiple highly stable C—F
bonds, whose bond dissociation energy is very high (117.8—
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Scheme 1. (A) Scheme of the Possible Pathways of the Photocatalytic Degradation of Perfluorononanoic Acid (PFNA) Using

the r-GO/WO; NF Heterostructure Catalyst
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based binary heterojunction for harnessing the light-driven
photocatalytic oxidation and reduction process for the
photocatalytic degradation of (PFNA).

Since PFAS exhibits strong absorption below 250 nm, direct
photodegradation using light above 300 nm is unrealistic.'’~>*
Among all of the recently reported photodegradation
technologies for PFAS, photocatalysis can be a promising
technology for PFAS destruction, where the hydrated electron
with extremely negative reduction potential (e,,~, Eg = —2.9V)
has been used for the effective degradation of C—F bonds.*™**
In the case of photocatalytic degradation using WO;, TiO,,
and other semiconductor catalysts, upon irradiation of light,
electrons are excited from the valence band (VB) to the
conduction band (CB).”>™ As a result, the above process
generates hot holes (h*) in the valence and hot electrons (™)
in the conductance band.”*~* Although hot holes (h*) and
hot electrons (e”) can be used for the degradation of organic
compounds due to the high recombination rate of photo-
induced electron—hole pairs, the practical performance of
WO;, TiO,, W;30,, and other semiconductor catalysts are
dissatisfactory.”” > To overcome the above problem, as
reported in Scheme 1, we have designed an r-GO/WO; NF-
based binary heterojunction, where the Schottky hetero-
junction formed between r-GO and the WO,; NF can
effectively separate photogenerated carriers. Since the above
process prevents the electron—hole pair recombination, it will
allow enhancing the photocatalytic efficiency for the
degradation of PFAS.*~*° Moreover, r-GO with a large specific
surface area has been used to improve charge carrier mobility,
where reduced graphene oxide acts as an efficient acceptor and
mediator for photoinduced electrons.' "% A fraction of these
photoinduced electrons is released into the solvent and formed
hydrated electrons (e,,") ,>~?° which are known to be the most
reactive nucleophilic species and have been used as a reducing
agent to cleave C—F bonds.” " Also, during photodegrada-
tion, the binary r-GO/WOj NF heterostructure that has been
used to produce oxidizing agents like hole (h*) and hydroxyl
radical (*OH), which has a huge potential to degrade
PFNA."""*° Tt is now well recognized that in the case of
PFAS degradation, due to the strong shielding effect induced
by the high electron cloud density around fluorine atoms, the
defluorination percentage is significantly weak.””>* To improve
the defluorination percentage, we used the r-GO/WO; NF
heterostructure-based photocatalyst wherein simultaneous
participation of reduction and oxidation processes can
substantially enhance the overall defluorination rate.*™’

2. EXPERIMENTAL SECTION

2.1. Synthesis of Reduced Graphene Oxide (r-GO).
Reduced graphene oxide (r-GO) was developed using two
stem synthesis procedures.”> **>™*” For this purpose, in the
first step, two-dimensional (2D) graphene oxide was
synthesized from natural graphite powder using the modified
Hummer method, as we and others have reported
before.”* >***~*" Experimental details are reported in the
Supporting Information. In the second step, for the develop-
ment of reduced graphene oxide (r-GO), we have reduced
freshly prepared §raphene oxide using ascorbic acid as a
reducing agent.”*”***>737 At the end, r-GO was characterized
by usin§ different microscopic and spectroscopic techni-
ques.”*™*’ Figure 1C shows the scanning electron microscopy
(SEM) morphology for freshly prepared r-GO.>>7>%%7%
Inserted high-resolution transmission electron microscopy
(HRTEM) images in Figure 1C show the lattice fringe spacing
to be around 0.34 nm, which is due to the (002) plane of
graphene oxide. Figure 1D shows the energy-dispersive X-ray
(EDX) spectroscopy mapping,”*~>***"*" which indicates the
presence of C and O in reduced graphene oxide. Figure S1 in
the Supporting Information shows the X-ray diffraction (XRD)
spectra from r-GO, which shows the broad (002) planes at
25.8° for r-GO (JCPDS card number 05-0664).% %>~

2.2. Synthesis of the WO; Nanoflower (NF). For the
development of the WO, nanoflower heterostructure, we used
the hydrothermal synthetic approach.”®*” Experimental details
have been reported in the Supporting Information. In brief, 0.6
g of sodium tungsten dehydrate (Na,WO,-2H,0) was
dissolved in 60 mL of deionized water while stirring at room
temperature to form a transparent solution.**” Then, 3 mL of
HCl (37%) was added to form a yellowish precipitate of
tungstic acid (H,WO,). Next, 0.30 g of oxalic acid (C,H,0,
2H,0) was added to the suspension at a high rate of stirring.
After that, the mixture was introduced into a Teflon-lined
stainless steel autoclave.”®*” In the next step, a hydrothermal
reaction was performed at 190 °C for 6 h. In the end, the green
precipitates of nanoflowers were dried at 60 °C for 3 h. After
that, the WO, nanoflower was characterized b}r using different
microscopic and spectroscopic techniques.2 -7 Figure 1A
shows the scanning electron microscopy (SEM) morphology
for the freshly prepared WO, nanoflower, which indicates that
the nanoflower has a diameter of 200 + 50 nm.**™>%*7%7
Figure S2 in the Supporting Information shows the energy-
dispersive X-ray (EDX) spectroscopy spectra,”>~>***~*" which
indicate the presence of W and O in WO; NF. Figure 1B
shows the tunneling electron microscopy (TEM) morphology
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Figure 1. (A) SEM image of the WO; nanoflower (WO;-NF) with a diameter of 200 + 50 nm. (B) Tunneling electron microscopy (TEM) image
of WO; NF with a diameter of 200 & SO nm. Inset: the HRTEM images show the lattice fringe spacing to be around 0.36 nm, which is due to the
(200) crystal plane of monoclinic WO;. (C) SEM image of reduced graphene oxide (r-GO). Inset: HRTEM images show the lattice fringes spacing
to be around 0.34 nm, which is due to the (002) plane of graphene oxide. (D) EDX mapping shows the presence of C and O in reduced graphene
oxide. (E) SEM image of WO;-NF decorated reduced graphene oxide (r-GO) (WO, NF/r-GO) heterostructure. (F) EDX mapping shows the
presence of W, C, and O in the heterostructure. (G) The HRTEM image from the WO; NF/r-GO heterostructure shows different lattice structures
around the interface between the WO, nanoflower and reduced graphene oxide. (H) Absorption spectra from WO, NF. (I) Emission spectra from
the WO, nanoflower and WO; NF/r-GO heterostructure. (J) Absorption spectra from the WO; NF/r-GO heterostructure. (K) X-ray diffraction
patterns from WO; NF/r-GO heterostructure show the (002) planes for r-GO and (200), (201), (220), and (221) planes for monoclinic WO;. (L)
Raman spectra from the WO; NF/r-GO heterostructure show the presence of D and G bands from r-GO, the O—W—O stretching and bending
band from WO,;-NF, the W—O symmetric stretching from WO,;-NF, and the W—O asymmetric stretching bands from WO,-NF.

for the freshly prepared WOj; nanoflower, which indicates that spacing to be around 0.36 nm, which is due to the (200)
the nanoflower has a diameter of 200 + 50 nm.”*~>***7%” The crystal plane of monoclinic WO;. The X-ray diffraction (XRD)
inset HRTEM images in Figure 1B show the lattice fringe patterns reported in Figure S4 in the Supporting Information
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Figure 2. (A) Plot shows how the time-dependent degradation efficiency for PFNA varies in the presence of the WO;-NF/r-GO binary
heterostructure with and without different scavengers after exposure to 365 nm light for different times. Glucose has been used as h* quencher,
isopropyl alcohol (IPA) has been used as *OH quencher, and silver nitrate has been used as an e,,~ quencher. (B) Plot showing how the
concentrations of CgF;,CO,” (PFNA anion) and C;F,CO,” (PFBA anion) vary with time during the degradation of PENA in the presence of the
WO;-NF/r-GO binary heterostructure and 365 nm light as an excitation source. (C) Plot shows how the defluorination % varies with time during
the degradation of PFNA in the presence of the WO;-NF/r-GO binary heterostructure when they are excited using 365 and 532 nm light as
excitation sources separately. (D) Plot shows how the PENA degradation % varies with hydroxy radical (*OH) quencher concentration during the
degradation of PFNA in the presence of the WO;-NF/r-GO binary heterostructure and 365 nm light. (E) Plot shows how the PFNA degradation %
varies with hot hole (h*) quencher concentration during the degradation of PFNA in the presence of the WO;-NF/r-GO binary heterostructure
and 365 nm light. (F) Plot showing how the PFNA degradation % varies with hydroxy radical (*OH) quencher and hot hole (h*) quencher
concentrations during the degradation of PFNA in the presence of the WO;-NF/r-GO binary heterostructure and 532 nm light. (G) Plot shows
how the PFNA degradation % varies with hydrated electron (e,,”) quencher concentration during the degradation of PFNA in the presence of the
WO;-NF/r-GO binary heterostructure and 365/532 nm light excitation separately. (H) Light-irradiated EPR spectra of 5,5-dimethyl-1-pyrroline N-
oxide (DMPO)-*OH indicating the formation of the hydroxyl radical (*OH), during the degradation of PFNA in the presence of the WO;-NF/r-
GO binary heterostructure after exposure of 365 nm light, when silver nitrate was used as an e,;~ quencher. (I) Light-irradiated EPR spectra of
DMPO-*0, indicating the formation of the superoxide anion-free radical (O,"~) during the degradation of PENA in the presence of the WO;-NF/
r-GO binary heterostructure after exposure to 365 nm light, when glucose was used as an h" quencher.

also show the presence of the (200), (201), (220), and (221)
planes for monoclinic WO; (JCPDS card No. 83-0950).>*>°
Figure S3 in the Supporting Information shows the Raman
spectrum of the WO; nanoflower, which shows the presence of
O—W=0O stretching and bending and W—O symmetric
stretching bands from WO;. Figure 1H shows the absorption

spectra for WO; nanoflower, which indicates strong absorption
around 350 nm.

2.3. Synthesis of the WO; NF/r-GO Heterostructure.
For the development of the WO3 NF/r-GO heterostructure,
we have used a surfactant-free solvothermal synthetic
approach. Experimental details have been reported in the
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Supporting Information. For this purpose, sodium tungsten
dehydrate (Na,WO,-2H,0) was dissolved in 60 mL of
deionized water while being stirred at room temperature.
After that, it was mixed with 25 mL (1.0 mg/mL) of graphene
oxide solution and 0.30 g of oxalic acid (C,H,0,2H,0). In
the next step, we have added 60 mL of 100% pure ethanol.
Then, the mixture was sonicated for 20 min and transferred
into a 100 mL Teflon-lined stainless autoclave. After that, the
sample was heated to 200 °C and kept for 24 h at a heating
and cooling rate of 5 °C/min. Next, the clear supernatant was
collected and separated at 10000 rpm for 30 min and then
washed with distilled water/ethanol (1:1) mixture several
times. In the end, the WO; NF/r-GO heterostructure was
characterized using different spectroscopic and microscopic
techniques,” ™ as reported in the Results and Discussion
section.

2.4, Photocatalytic PFNA Degradation Product Anal-
ysis. For the analysis of photocatalytic PFNA degradation
product, we have used liquid chromatography-mass spectrom-
etry (LC-MS) (Agilent Technologies), as reported by us and
others earlier."’"*° For this purpose, we have used the X
Bridge-C18 column (4.6 mm X 250 mm) (Waters
Corporation, Milford, MA), proceeded by a C18 guard column
(30 X 2.1 mm?) from the same manufacturer.”>”*° In this case,
we used the mobile phase flow at 1 mL/min. For the mass
spectrometric analysis, we used negative electrospray ioniza-
tion and multiple reaction monitoring (MRM) modes.* ¢
Figures S5 and S6 in the Supporting Information show the LC-
MS data for PFNA before and after photocatalytic degradation
using 355 nm light.

2.5. Measuring Fluoride lon Concentrations. The
amount of fluoride ions (F~) formed during the photocatalytic
degradation was measured using a Dionex-HPIC system
(Thermo Fisher Scientific), which is equipped with a
conductivity detector.”>~*°

3. RESULTS AND DISCUSSION

3.1. Microscopic and Spectroscopic Characterization
of the WO; NF/r-GO Heterostructure. Figure 1E shows the
SEM image of the WO;-NF/r-GO binary heterostructure,
which indicates that WO;-NF is decorated on reduced
graphene oxide (r-GO). Figure 1F shows the energy-dispersive
X-ray (EDX) spectroscopy mapping, which indicates the
presence of W, C, and O in the heterostructure. From the
above data, we can conclude that the lattice plane structure for
WO; was slightly affected inside the heterostructure. Figure 1G
shows the HRTEM image from the WO; NF/r-GO
heterostructure, which shows the different lattice structures
around the interface (shown in purple line) between the WO,
nanoflower and reduced graphene oxide. HRTEM images
show the lattice fringe spacing to be around 0.37 nm, which is
due to the (200) plane of monoclinic WO;. On the other hand,
the inserted HRTEM images from only the WO; nanoflower,
as reported in Figure 1B, show the lattice fringe spacing to be
around 0.36 nm for the (200) plane of monoclinic WO;. By
comparison of the above data, we can conclude that the lattice
plane structure for WO; was slightly affected inside the
heterostructure. Similarly, HRTEM images show the lattice
fringe spacing to be around 0.32 nm, which is due to the (002)
crystal plane of reduced graphene oxide. However, inserted
HRTEM images from only graphene oxide, as reported in
Figure 1C, show the lattice fringe spacing to be around 0.33
nm for the (002) plane of graphene oxide. By comparison of

the above data, we can conclude that the lattice plane structure
for GO was slightly affected by the heterostructure.

Figure 1] shows the absorption spectra from the WO; NF/r-
GO heterostructure, indicating that A, is around 365 nm,
which is due to the WO; NF. The absorption spectra also show
the broad absorption band until 800 nm, which is due to r-GO.
Similarly, Figure 1I shows the emission spectra from the WO,
NF/r-GO heterostructure and WO; NF separately, which
indicates that the emission from WO; NF is highly quenched
by graphene oxide. Figure 1K shows the X-ray diffraction
(XRD) patterns from the WO; NF/r-GO heterostructure,
which indicates the presence of the (002) planes for r-GO
(JCPDS card number 05-0664)>*7%° and the (200), (201),
(220), and (221) J)lanes for monoclinic WO; (JCPDS Card
No. 83-0950).>*7° Reported XRD data and HRTEM images
indicate the presence of monoclinic WO; in the hetero-
structure. Figure 1L shows the Raman spectra from the WO,
NF/r-GO heterostructure, which indicates the presence of D
and G bands from r-GO,”*° 0-W-0 stretching, and
bending band from WO;-NF,***° W—0 symmetric stretching
from WO;-NF*7?, and W—0O asymmetric stretching bands
from WO,-NF.>*7*

3.2. Determining the Perfluorononanoic Acid (PFNA)
Degradation Efficiency Using the WO;-NF/r-GO Binary
Heterostructure as a Photocatalyst and 365 nm Light
as the Excitation Wavelength. Since the “forever
chemicals” like perfluorononanoic acid (PFNA) are difficult
to degrade because of their strong carbon—fluorine (C—F)
bonds,'*~** we have performed PFNA degradation experiment
using the WO;-NF/r-GO binary heterostructure at 365 nm
light excitation. For the PFNA degradation experiment, we
have used 100 pug/L PENA. As shown Figure 2G, A, for the
WO; NF/r-GO heterostructure is around 365 nm, and as a
result, we have used a 365 nm diode-pumped solid-state
(DPSS) laser with a 150 mW/cm? laser power as an excitation
light source. To understand the wavelength-dependent PENA
photodegradation experiment, we used a 532 nm visible light
also. For this purpose, we used a 532 nm diode-pumped solid-
state (DPSS) laser with a 200 mW/cm?” laser power as the
excitation light source.”*™>° The overall defluorination

percentage was calculated using eq 1.°~*°
-
defluorination % = [F ] X 100
[CsH,CO,H]y X Nk (1)

where [F~] is the measured fluoride ion concentration using a
Dionex-HPIC system, [C4F,;CO,H], is the initial PFNA
concentration before the degradation experiment, and Ncg is
the total number of C—F bonds in the PFNA molecule. Using
eq 1 and fluoride ion concentration measurement using a
Dionex-HPIC system, we determined that the defluorination
percentage was ~14%.

3.3. Understanding the Role of Hydrated Electron,
Hot Holes, and ROS for PFNA Degradation Efficiency in
the Presence of the WO;-NF/r-GO Binary Heterostruc-
ture after Exposure to 365 nm Light as the Excitation
Light Source. As we have discussed before, the photocatalytic
efficiency of the WO; nanoflower is hindered by the short
lifetimes, as well as the mean free path of hot carriers is
decreased.””™*° In the r-GO/WO;-NF interface, the effective
charge transfer from WO;-NF to r-GO will avoid rapid
recombination and improve the probability of hot holes (h*)
and hot electrons participating in PFNA degradation. The
possible degradation mechanisms are shown below.
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WO,(NF) + hv (365 nm)

— WO,(NF)[1*(VB) + ¢ (CB)] 2)
WO, (e”) + r-GO - r-GO(e™) + WO, 3)
H,0 + r-GO(e™) — eq T1-GO (4)
-GO(e”) + 0, —» 0,°” + r-GO (5)
h" + H,0 - OH + H' (6)
PFNA + e,, — degradation product (7)
PFNA + *OH — degradation product (8)

As shown in eqs 2—8, during photochemical degradation in
the presence of the r-GO/WO;-NF heterostructure and 365
nm excitation light, hydrated electron and different reactive
oxygen species such as superoxide anion-free radical (0,*")
and hydroxyl radical (*OH) are formed, which plays an
important role in the PFNA degradation process. As shown in
eq 4, a fraction of the hot electrons interact with water as a
solvent and form hydrated electrons (e,,”),” *" which are
known to be the most reactive nucleophilic species to cleave
C—F bonds.’* Similarly, other hot electrons produce
superoxide anion-free radical (0,*”) from O,, as reported in
eq S. Moreover, as reported in eq 6, hot holes oxidize OH™ or
H,O to produce hydroxy (*OH) radicals.

It is now well documented that the quenching effect of
hydrated electron (e,,”) by H* can decrease the PFAS
degradation efficiency”™*% as a result, the reactivity of
hydrated electron (e ~) is higher under alkaline condi-
tions.” > For this purpose, we performed a photocatalytic
degradation experiment at a pH greater than 10. At this pH,
the PFNA (CgF,,CO,H) will exist as CgF;,CO,". Figure 2A
shows that the degradation efficiency is only ~11% when no
scavenger is added. Several recent reports indicate that the
quenching effect of the hydrated electron (e,~) by the
hydroxy radical (*OH) can decrease the PFAS degradatron
efficiency abruptly.” >* To avoid the above situation, we have
used isopropyl alcohol (IPA) as an *OH quencher.’”>* As
reported in Frgure 2A,D, in the presence of IPA as the *OH
quencher,®"*” the PFNA degradation efficiency is enhanced
abruptly. The concentration-dependent study reported in
Figure 2D indicates that the presence of 1 mM IPA is enough
to achieve 100% PFNA degradation. To understand better, we
have performed electron paramagnetic resonance (EPR)
analysis where we have trapped the hydroxy radical (*OH)
by using 5,5-dimethyl-1-pyrroline N-oxide (DMPO).°** A;
reported in Figure S7 in the Supporting Information, light-
irradiated EPR spectra of DMPO-*OH indicate that the
formation of the hydroxyl radical (*OH) is not observed
during the degradation of PENA when isopropyl alcohol (IPA)
as an *OH quencher is present. On the other hand, as reported
in Figure 2H, the formation of the hydroxyl radical (*OH) was
observed during the degradation of PFNA when IPA as an
‘OH quencher is absent and silver nitrate as an e,,~ quencher
is present.’”>* By comparing the degradation efliciency in the
absence of a quencher, which is only ~11%, we can conclude
that after *OH was quenched by IPA, the hydrated electron
utilization efficiency was significantly enhanced.”"** As a result,

we observed a huge enhancement in the degradation efficiency
(~100%) in the presence of IPA as a *OH quencher.

Moreover, as shown in Figure 2A,E, when glucose was used
as ah* scavenger,é_22 100% degradation was achieved in the
presence of the WO;-NF/r-GO binary heterostructure after
exposure to 365 nm light for 22 h. The concentration-
dependent study reported in Figure 2E indicates that 20 mM
glucose is enough to achieve 100% PFNA degradation. As
shown in Figure 1, h" oxidizes OH™ or H,O to produce
hydroxy (*OH) radicals. >* To understand whether h* has
been quenched or not in the presence of glucose, we
performed the EPR analysis.””>* As reported in Figure S8 in
the Supporting Information, light-irradiated EPR spectra of
DMPO-*OH indicate that the formation of *OH was not
observed during the degradation of PFNA when glucose is
present as a h* quencher. On the other hand, as reported in
Figure 2H, light-irradiated EPR spectra indicate the formation
of *OH during the degradation of PFNA when glucose is
absent as a h™ quencher, whereas silver nitrate is present as an
€,q quencher. We have also performed experiments with
superoxide dismutase (SOD) as an O,°” scavenger. We have
observed the negligible role of O, *~ in the PENA degradation
process.

Since the hot electron as well as hydrated electron produces
superoxide anion-free radical (O,*”) from O,, we trapped the
superoxide radicals O,*~ by using DMPO.°"** As reported in
Figure 21, light-irradiated EPR spectra of DMPO-°0, indicate
the formation of the superoxide anion-free radical (0,*”)
during the degradation of PFNA when glucose is present as a
h" quencher. As reported in Figure 2A, the degradation
efficiency is only 11% in the absence of any scavenger, which
clearly indicates that the h* scavenger is crucial for obtaining
high PENA degradation. From all of the quenching experi-
ments (*OH and h*), we can conclude that the hydrated
electron (e,,) plays an important role in the significantly
enhanced degradation efficiency of PFNA at 365 nm
excitation.

Next, to determine the role of a hot hole (h*) in the
degradation of PFNA in the presence of the WO;-NF/r-GO
binary heterostructure and 365 nm light, we used silver nitrate
as a quencher for the hydrated electron (e, ~) and H* 7 As
shown in Figure 2A,G, when silver nitrate was used as a
quencher for the hydrated electron (eaq_), 28% degradation
was achieved in the presence of the WO;-NF/r-GO binary
heterostructure after exposure to 365 nm light for 22 h.
Reported experimental data clearly indicate that even without
hydrated electron (eaq_), oxidizing species like hot holes (h*)
and the hydroxyl radical (*OH) can also degrade PFNA where
the hydroxyl radical (*OH) is potentially produced by hot
holes (h*), as reported in Figure 1. The concentration-
dependent study, as reported in Figure 2G, indicates that 40
mM silver nitrate is enough to achieve 28% PFNA degradation.
To understand this better, we performed electron para-
magnetic resonance (EPR) analysis where we trapped the
hydroxy radical (*OH) by using S,5-dimethyl-1-pyrroline N-
oxide (DMPO).c"** As reported in Figure 2H, the formation
of *OH during the degradation of PFNA is observed when IPA
as the *OH quencher is absent and silver nitrate as the e g~
quencher is present. From all of the quenching study and EPR
measurements, we can conclude that synergistic oxidation and
reduction are vital for the complete degradation of PFNA,
where the hydrated electron (e,,~) acts as a reducing agent and
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hot hole (h*) and hydroxyl radical (*OH) act as oxidation
agents.

3.4. Wavelength-Dependent PFNA Degradation
Pathways. To understand the PFNA degradation pathway,
the degradation products were screened using liquid
chromatography-tandem mass spectrometr%f (LC—MS/MS)
techniques, as we have discussed before.” >’ As reported in
Figures 3 and 4, as well as in Tables 1 and 2, two major types
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Figure 3. Possible degradation pathways of PFNA via the C—C bond
cleavage in the presence of the WO;-NF/r-GO binary heterostructure
and 365 nm light.
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Figure 4. Possible degradation pathways of PFNA via the C—F bond
cleavage and H/F exchange in the presence of the WO;-NF/r-GO
binary heterostructure and 365 nm light.

of degradation pathways are observed.””** As reported in
Figures 3 and 4, as well as in Table 1, through chain shortening
via C—C bond cleavage, a series of shorter-chain PFAS such as
C,F;sCO,~ (m/z = 413), CcF;CO,~ (m/z 363),
CF,,CO,~ (m/z = 313), C,F,CO,” (m/z = 263), and
C3F,CO,” (m/z = 213) are produced during the photo-
catalytic degradation of PFNA. We have not observed any
further degradation after C;F,CO,” (m/z = 213), which is
likely due to the higher stability of C;F,CO,”~ (m/z = 213) and
slower degradation kinetics in the presence of the WO;-NF/r-
GO binary heterostructure under 365 nm light. To understand
the chain-shortening pathway, we monitored how the
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Table 1. PENA Photocatalytic Degradation Product Was
Observed through Chain Shortening

365 nm
excitation

v

532 nm
excitation

v

Product

FFEFEFO
G
FFFFFFF
(m/z =413)
FFEFEF

FF EFF R.g
(m/z = 363)

E FEFE ©
E

F ]
FFFFF
(m/z =313)
e BE'F

5
“FFF o]
(m/z =263)
FFO
F. o
FF F~F
(m/z =213)

v
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X
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X

Table 2. PENA photocatalytic degradation product was
observed through the C—F bond breaking and H/F
exchange

Product 365 nm | 532 nm ex-
excitation | citation
FFRFFFFH
s |V X
F F FFFFFF QO

(m/z = 445)
FFFEFFFHH

X

F
FFFFFFF O

(m/z = 427)

FFRFREFHH
F. (o)

A TA T

(m/z = 409)

FFRFEFHH _
F. o}

FF FFFFHH O .
(m/z =391)

FFRFFEHHH
F. o

FL FrdFiH o

(m/z =373)

v
v
v
v

concentration of CgF;,CO,” (m/z = 463) and C;F,CO,”
(m/z = 213) varies with time during the degradation of PFNA
in the presence of the WO;-NF/r-GO binary heterostructure
at 365 nm light excitation. As reported in Figure 2B, we have
not observed C;F,CO,~ (m/z = 213) until S h of degradation,
which is due to the fact that for the formation of C;F,CO,~
(m/z = 213), several C—C band cleavages are necessary as
shown in Figure 3. After S h of PFNA degradation using the
WO;-NF/r-GO binary heterostructure and 365 nm light, the
concentration of C3F,CO,” (m/z = 213) is enhanced with
time.

Similarly, as reported in Figure 4 and Table 2, via C—F bond
cleavage and H/F exchange, a series of PFAS products such as

CsFisHCO,™ (m/z = 445), CgF;;H,CO,” (m/z = 427),
C¢F,H;CO,” (m/z = 409), CgF3H,CO,~ (m/z = 391),
CgF,H;CO,” (m/z = 409), C,F,HCO,” (m/z = 395),

https://doi.org/10.1021/acsomega.5c00054
ACS Omega 2025, 10, 10675—10684


https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=tbl2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c00054?fig=tbl2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c00054?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

C,F3H,CO,™ (m/z = 377), C,F,H;CO,™ (m/z = 359), and
C,F;H,CO,” (m/z 341) were produced during the
photocatalytic degradation of PFNA in the presence of the
WO;-NF/r-GO binary heterostructure at 365 nm light
exposure. We did not observe any further H/F exchange
after five fluorine atoms for C4F;,CO,~ (m/z = 463) and four
fluorine atoms for C,F,;CO,” (m/z = 413), which is mainly
due to the slower degradation kinetics in the presence of the
WO;-NF/r-GO binary heterostructure at 365 nm light
exposure. We have also not observed any H/F exchange for
C¢F13CO,~ (m/z = 363), C;F,;,CO,~ (m/z = 313), C,F,CO,~
(m/z = 263), and C;F,CO,~ (m/z = 213), which is also due to
the slower degradation kinetics in the presence of the WO;-
NE/r-GO binary heterostructure under 365 nm light exposure.
To understand the proposed H/F exchange pathway, we have
monitored how the concentration of fluoride ion (F~) varies
with time during the degradation of PFNA. As reported in
Figure 2C, the plot shows how the defluorination % varies with
time during the degradation of PFNA, which clearly indicates
that the defluorination % is enhanced with time and reaches
the maximum of ~14% after 22 h.

Next, to understand how the photocatalytic degradation of
PFNA varies with excitation wavelength, we performed a
PENA degradation experiment using a WO;-NF/r-GO binary
heterostructure under 532 nm visible light exposure. For the
PFNA degradation experiment, we used 100 yg/L PFNA and a
532 nm diode-pumped solid-state (DPSS) laser with 200 mW/
cm? laser power as the excitation light source. For the analysis
of the photocatalytic PENA degradation product, we used LC-
MS (Agilent Technologies) as reported by us and others
earlier." ™’ As reported in Figures 2G and S6 in the
Supporting Information, in the presence of silver nitrate
(e, quencher), the maximum PFNA degradation efficiency
reached ~22% even after exposure to 532 nm light for 22 h.
We also performed the same experiment in the presence of IPA
as the *OH quencher or glucose as the h* quencher. As
reported in Figure S9 in the Supporting Information, the
PFNA degradation efficiency was less than 1% even after
exposure to 532 nm light for 22 h. The reported experimental
data clearly indicates that hydrated electron (e,,~) is not
involved in the PFNA degradation in the presence of the WO,-
NF/r-GO binary heterostructure after exposure to 532 nm
light for 22 h. On the other hand, oxidizing species like hot
holes (h*) and the hydroxyl radical (*OH) are involved in the
degradation of ~22% PFNA in the presence of the WO;-NF/r-
GO binary heterostructure. As reported in Figure 4 and Table
1, through chain shortening via C—C bond cleavage, a series of
shorter-chain PFAS such as C,F;sCO,” (m/z = 413),
C¢F13CO,~ (m/z = 363), and CF,;CO,” (m/z = 313) are
produced during the photocatalytic degradation of PFNA
when exposed to 532 nm light for 22 h. We did not observe
any further degradation after C;F;;CO,~ (m/z = 313), which
was likely due to the slower degradation kinetics in the
presence of the WO;-NF/r-GO binary heterostructure at 532
nm light exposure. As reported in Figure 2, the defluorination
% is much less than 1% during the photocatalytic degradation
of PENA in the presence of the WO;-NF/r-GO binary
heterostructure at 532 nm light exposure for 22 h. As reported
in Figure 4 and Table 2, we have not observed any H/F
exchange product during the photocatalytic degradation of
PFNA in the presence of the WO;-NE/r-GO binary
heterostructure at 532 nm light exposure for 22 h, which
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may be due to the lack of the formation of hydrated electrons

(e )-

4. CONCLUSIONS

Herein, our findings reveal that 100% PFNA degradation can
be achieved in the presence of IPA as *OH quencher or
glucose as h* quencher when PFNA and r-GO/WO; NF
heterostructure are exposed to 365 nm light for 22 h. The
reported data show two major types of degradation pathways
for PFNA degradation in the presence of the r-GO/WO; NF
heterostructure at 365 nm light exposure. Experimental data
shows PFNA degradation via the C—C bond cleavage is a
major pathway, whereas PFNA degradation pathway via C—F
bond breaking and H/F exchange are the minor pathway.
Several experimental data using different scavengers and EPR
experiments show that the hydrated electron (e, ~) plays an
important role in obtaining a high degradation efficiency of
PENA at 365 nm excitation. The reported mechanistic study
reveals that synergistic oxidation and reduction processes are
vital for the complete degradation of PFNA, where the
hydrated electron (eaq_) acts as a reducing agent and hot hole
(h*) and hydroxyl radical (*OH) act as oxidation agent. A
wavelength-dependent study shows that only 22% degradation
can be achieved after exposure to 532 nm light for 24 h, where
chain shortening via the C—C bond breaking is the only
pathway. The current study shows the significant potential of
the photocatalytic r-GO/WO; NF heterojunction as a
promising platform for the high-efficiency degradation of
PFAS at 365 nm excitation.
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