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Abstract Perfluorooctanoic acid (PFOA) is ubiquitous
in the environment because of its wide applications in
aqueous film forming foam, food packing, waterproof
breathable fabrics, and Teflon products. Though it is
resistant to biodegradation, photocatalytic degradation
has been proven possible. In this study, zero-valent iron
nanoparticles (Fe® NPs), with or without 1% polyvinyl-
pyrrolidone (PVP) coating, were used for PFOA degra-
dation under ultraviolet C (UVC) light for the first time.
PFOA was degraded faster initially (e.g., <13 h) with
Fe® NPs than without Fe’ NPs under UVC light. In
addition, the degradation rate using Fe” NPs without
coating was higher than that with 1% PVP coating in
the initial 6 h, although the difference was diminished
afterwards. Both Fe** and Fe** ions were detected dur-
ing the process. Shorter-chain perfluorocarboxylic acids
(PFCAs), i.e., PFHpA, PFHxA, PFPeA, and PFBA,
were detected as main intermediates; fluoride ions (F)
were also detected. Rapid consumption of Fe** (plus the
lower UV—vis absorption intensity observed for a mix-
ture of PFOA and FeCl; compared to the intensity
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observed for FeCl; alone) indicated the possible forma-
tion of [C7F15CO0-Fe]**—a degradable complex. The
UV/Fe system is superior, with low toxicity of iron and
no introduction of other chemicals. Additionally, the
cost of Fe’ NPs is low, and the recycle of Fe’ NPs is
easy from the treated water by their magnetic properties.
The study provided an innovative, environment-friend-
ly, and low-cost method for PFOA degradation by Fe’
NPs under UVC light, which could be potentially ap-
plied for treatment of surface water and groundwater
contaminated by PFOA.
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Introduction

Per- and polyfluoroalkyl substances (PFAS), typically
perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic
acid (PFOS), are ubiquitous in the environment, e.g., surface
water, groundwater, sediment, soil, sludge, and air (Buck
et al. 2011; Giesy and Kannan 2002; Houde et al. 2011;
Houtz et al. 2013; Xiao 2017), and have received global
attention because of their persistence, bioaccumulation po-
tential, and possible adverse effects on living organisms
(Ahrens and Bundschuh 2014; Ahrens 2011). Therefore,
removal of PFAS from contaminated environmental media
is critically important.

Several water treatment technologies have been applied
for PFOA removal, such as coagulation, sand filtration,
adsorption (e.g., activated carbon), anion exchange, and
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membrane filtration (Takagi et al. 2011; Eschauzier et al.
2012; Flores et al. 2013; Ye et al. 2019a; Ye et al. 2019b).
However, these technologies are based on physical removal
processes, and the removed (e.g., by adsorption) PFOA still
requires further degradation. The best way is to develop a
method that can degrade PFOA to harmless species. Due to
the very strong C—F bond, PFOA cannot be degraded even
by advanced oxidation under mild conditions (Schroder and
Meesters 2005). In the last decades, several methods have
been developed for PFOA degradation, such as sonolysis
(Moriwaki et al. 2005; Cheng et al. 2008; Fernandez et al.
2016), persulfate oxidation (Bruton and Sedlak 2018), elec-
trochemical treatment (Schaefer et al. 2015), ultraviolet
(UV) photolysis (Chen et al. 2007; Giri et al. 2011), and
photocatalysis (Giri et al. 2011; Chen and Zhang 2006;
Wang et al. 2008; Gomez-Ruiz et al. 2018; Li et al. 2013;
Zhao and Zhang 2009). A composite of titanium dioxide
(TiO,) and reduced graphene oxide (rGO) (Gomez-Ruiz
et al. 2018), indium oxide (In,O;) nanoparticles (NPs) (Li
etal. 2013), and 3-gallium oxide (3-Ga,O3) NPs (Zhao and
Zhang 2009) have been used as heterogeneous
photocatalysts for PFOA photocatalytic degradation
(Wang et al. 2017). In addition, Fe* has been proven
effective in mediating PFOA degradation under both UVC
(185 nm or 254 nm) and natural light (Wang et al. 2008;
Wang et al. 2017); the degradation and defluorination per-
centages were 78.9% and 38.7% within 4 h under 254 nm,
respectively, and 97.8% and 12.7% in 28 days under natural
light, respectively. PFOA (C;F;sCOOH) degradation was
initiated by possible light-induced electron transfer, by
forming a complex of [C;F;sCOO-Fe]** from Fe** and
the dissociated perfluorooctanoate anion C;F;5COO"
(PFO") (Wang et al. 2008; Jin et al. 2014). Besides, the
UV-Fenton process—using the UV/Fe*/H,0, system was
reported to degrade PFOA efficiently: the defluorination
process was mainly due to the interactions between PFOA
and Fe®* ions (Tang et al. 2012). However, by introducing
Fe** with iron salts during the water treatment processes,
anions such as SO427, Cl', and NO; ™ were also brought into
the system, which may unnecessarily increase the ionic
content in the ecosystem—for example, increase the soil
salinity (Zhao et al. 2019).

Zero-valent iron (Fe) appears then as an alternative
to iron salts, which inclusively presents better perfor-
mance in the degradation of a variety of organic con-
taminants (Gehrke et al. 2015). Elemental iron has been
proved by the U.S. Food and Drug Administration for
biocompatibility test. A previous study also showed a
biphasic response—a manifestation of hormesis
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(Iavicoli et al. 2018) of bacteria cells exposed to Fe’
NPs: at relatively low concentrations of 1-100 mg/L of
Fe’ (aged 2 weeks), there was beneficial impact on
bacterial growth; however, under higher concentrations
of Fe’, i.e., > 100 mg/L, dosage-dependent toxicity be-
gan to show from reduced bacteria concentration (Liu
et al. 2013b; Liu and Vipulanandan 2013). In addition,
the cost of Fe’ NPs is relatively low at ~$1-25/kg for
sizes of 35-100 nm (Alibaba Group). A few studies
have tried to use bare Fe’ NPs to remove PFOA from
contaminated water in the dark, resulting in less than
20% PFOA removal (Arvaniti et al. 2015; Lawal and
Choi 2018). The main mechanisms for PFOA removal
in those studies were adsorption and Fe-complexation,
although a trace amount of fluoride ions (F") was ob-
served in one removal process (Arvaniti et al. 2015;
Lawal and Choi 2018; Park et al. 2018). However, bare
Fe® NPs are easy to aggregate and oxidize; therefore,
1% PVP was used to prevent aggregation of Fe” NPs, so
that the particles would have higher surface area, which
would potentially endow them with higher surface re-
activity (Mark and Wiesner 2017). Besides, the 1% PVP
coating was used to lower the degree of oxidation of
bare Fe” NPs, so that the particles would be more stable
and easier to store (Tian et al. 2020). However, the PVP
coating may also block some reactive sites on the sur-
face, e.g., prevent oxidation of Fe? to release ions. A low
value of 1% was used in this study to explore the effect
(i.e., positive or negative) of PVP coating on the PFOA
degradation process.

In this study, both bare and 1% PVP-coated Fe” NPs
were used for PFOA photocatalytic degradation under
UVC light for the first time. Different light conditions
(i.e., UVC and visible light) for PFOA degradation were
also studied. PFOA degradation by the UV/Fe” system
was compared to that by the UV/Fe’/H,0, system.
Besides, to elucidate the mechanism of PFOA removal,
intermediates formed during the degradation process
were analyzed. It was anticipated that Fe” NPs would
be oxidized to Fe’* in the presence of oxygen (Dutta
et al. 2014; Bautitz et al. 2012; Laine et al. 2008), then
the oxidized Fe** would form the [C;F;sCOO-Fe]**
complex for initiating PFOA photocatalytic degradation
under UVC light (Wang et al. 2008; Jin et al. 2014). In
comparison, PFOA would not be degraded under visible
light or in the dark. It was also interesting to study
whether the addition of H,O, would enhance PFOA
degradation in the UV/Fe? system like in the UV/Fe**/
H,0, system, or would bring no beneficial effect since
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PFOA could not be defluorinated by hydroxyl radicals
‘OH generated during photolysis of H,O, (Javed et al.
2020).

Materials and methods

In general, PFOA degradation was tested in both UV/
Fe® and UV/Fe”/H,0, systems. Both bare and 1% PVP-
coated Fe’ NPs were used. PFOA degradation under
UVC (254 nm) light alone was used as the control. Fe?*
and Fe** ions, fluoride ions (F "), and degradation inter-
mediates were quantified during the process.

Chemicals

PFOA, cetyl trimethylammonium bromide (CTAB),
and NaBH, were purchased from Sigma-Aldrich. M8-
PFOA, the mixed standards of PFOA,
perfluoroheptanoic acid (PFHpA), perfluorohexanoic
acid (PFHxA), perfluoropentanoic acid (PFPeA), and
perfluorobutanoic acid (PFBA), were provided by Wel-
lington Laboratories Inc., Canada. FeSO4 7H,0,
NH;O0H-HCI, H,0,, acetone (ACS grade), and metha-
nol (Optima™ LC/MS grade) were purchased from
Fisher Scientific. Alizarin fluorine blue, CH;COOH,
CH;COONa, La(NOj3)3;, NaF, and Ferrozine
(Co0H12N4NayO6S,) were purchased from Sigma-Al-
drich. PVP-coated (1% w/w) Fe® NPs (35-45 nm) were
purchased from U.S. Research Nanomaterials, Inc. Bare
Fe” NPs were produced by the precipitation method (see
Supporting Information) (Liu et al. 2013b). All water
used in this study was deionized (D.1.) water except the
Optima™ LC/MS-grade water for the mobile phase of
liquid chromatography with tandem mass spectrometry
(LC/MS/MS).

PFOA degradation experiments

Fe’ NPs were sonicated at 20 kHz for 30 min (Sonics
VC505, 500 W Ultrasonic Processor, Sonics & Mate-
rials, Inc., Newtown, CT, USA) for proper dispersion of
the particles, and reached a final concentration of
100 mg/L in reactors. In comparison, H,O, of 30 mM
was added to the Fe” suspension. PFOA of 10 mg/L (or
1 mg/L) was loaded in quartz vials, which were rotated
in a photoreactor (Luzchem, LZC-4X) equipped with 14
light bulbs (8 W each) to provide either UVC (254 nm)
or visible light (Fig. S4 in Supporting Information). A

high concentration of 10 mg/L of PFOA was chosen to
clearly detect the intermediates formed during the entire
degradation process. The light intensities of UVC and
visible light were 6.57 mW/cm? and 22.0 mW/cm?,
respectively. The experiments were also performed in
the dark by wrapping the vials with aluminum foil.
PFOA degradation under UVC light without addition
of Fe’ NPs and H,0, was used as the control. All
experiments were performed at room temperature (i.e.,
22 °C).

Analytical methods
PFOA sample preparation and analysis

During a 25-h irradiation period, 100 pL sample was taken
constantly from each reaction vial using a gastight
microsyringe, after vigorously shaking the vials. The sam-
ple was centrifuged at 14,000 rpm (i.e., 13,144g)
(Eppendorf MiniSpin plus Microcentrifuge) in a 2-mL
microcentrifuge tube for 20 min to separate the Fe” NPs
from the suspension. Afterwards, an aliquot of 20 uL of
the supernatant was transferred to 480 pLL of methanol in a
VWR® centrifugal filter with a 0.2-pm nylon membrane.
MS8-PFOA of 25 uL (1 mg/L) was spiked in the VWR
filter as an internal standard. Then the filter was centrifuged
at 3000 rpm (i.e., 604g) for 5 min. The filtered solution was
transferred to a liquid chromatography vial by a glass
Pasteur pipette, and capped with a pre-slit cap. In total, 5
samples (i.e., 500 uL) were taken from each vial, which
equaled 5% of the whole sample volume in the vial. All
experiments were conducted in duplicate.

An Agilent 1260 HPLC (Agilent Technologies,
Santa Clara, CA) interfaced with a 3200 Q trap triple
quadrupole/linear ion trap mass spectrometer (AB
Sciex; Toronto, Canada) and with an electrospray ioni-
zation detector was used to determine the concentrations
of PFOA and its degradation intermediates (Rhoads
et al. 2008). The information on PFCA retention time
and other MS parameters are given in Table S1 in
Supporting Information. An Agilent column (ZORBAX
Extend C18, 3.5 um, 80 A, 2.1 x 100 mm) was used for
the PFCA analysis. The injection volume was 5 puL. The
mobile phase was a mixture of 2 mM NH4Ac in Opti-
ma™ LC/MS-grade water and 2 mM NH,Ac in Opti-
ma™ LC/MS-grade methanol with a flow rate of
0.2 mL/min. The detailed LC mobile phase gradient
for PFCA detection is shown in Table S2 in Supporting
Information.
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Analysis of fluoride ion (F)

The concentration of fluoride ions (F ) was deter-
mined by a UV—vis spectrophotometer (Thermo Sci-
entific, Biomate 3S) based on measuring the fluo-
ride/lanthanum(IIl)/alizarin fluorine blue ternary
complex at a wavelength of 620 nm, following the
People’s Republic of China’s Environmental Protec-
tion Standards HJ 488-2009 (Environmental Protec-
tion Standard of China HJ 488-2009 2009; Shimada
et al. 2005). In brief, a sample of 2 mL was trans-
ferred to a 25-mL volumetric flask, then 10 mL
indicator—a mixture of alizarin fluorine blue solu-
tion (0.001 M), acetic acid—sodium acetate buffer
solution (pH=4.1), acetone, and lanthanum nitrate
solution (0.001 M) with a volume ratio of 3:1:3:3—
was transferred to the same volumetric flask, and
D.I. water was added to reach a total of 25 mL. D.I.
water of 2 mL was used in the same procedure as
the blank. After 30 min, the solution in the volumet-
ric flask was shaken vigorously to mix it well, and
the absorption of light was measured at 620 nm. The
F~ concentration was obtained based on a calibration
curve using NaF as the standard.

Analysis of Fe** and total Fe concentrations

Fe® NPs were separated from the suspension after the
reaction by precipitation for 30 min, followed by a
magnetic field separation. Fe** and total Fe (i.e., Fe**
and Fe** species) concentrations in the supernatant were
analyzed by the Ferrozine method using a UV—vis spec-
trophotometer (Viollier et al. 2000). Briefly, 100 puL of
the supernatant after removal of the Fe” NPs was added
into a cuvette, then 900 uL of D.I. water and 100 pL of
the Ferrozine solution (0.01 M) were added. The absor-
bance was recorded at 562 nm after 10 min to test the
Fe®* concentration. Then, 150 uL of reducing agent
NH,OH-HCI (1.4 M in 2 M HCI solution) and 50 uL
of NH4Ac buffer (10 M, pH 9.5) were added in the
cuvette. The solution was allowed to react for 2 h to
complete the reduction of Fe** to Fe**, and absorbance
at 562 nm was recorded for the total Fe concentration.
Fe?* and the total Fe concentrations in the samples were
obtained from their respective calibration curves, and
the concentration of Fe®* in each sample was obtained
by the difference of the total Fe concentration and the
Fe®* concentration.
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Determination of defluorination rate

The defluorination rate of PFOA was calculated by Eq.
1.

Cg-
R=T55Cox10 < 100 o)

414

R represents the defluorination rate of PFOA, %; Cr~
represents the concentration of F in solution, mg/L; C,
represents the initial concentration of PFOA in solution,
mg/L; the factor 15 corresponds to the number of fluo-
rine atoms contained in one PFOA molecule, the factor
19 is the atomic weight of fluorine, and the factor 414 is
the molecular weight of PFOA.

Results and discussion
Effect of light source on PFOA decomposition

Light source is critical for a photolytic process, as it
provides photons absorbed by contaminants for their
degradation (Li et al. 2017). Besides, hydrated electrons
(€aq ), which have demonstrated excellent performance
in cleaving C—F bonds, can be generated from H,O or
specific chemicals under UV irradiation (Bentel et al.
2019). UVC light (254 nm) was selected in this study
and compared to visible light and dark conditions. Nat-
ural light, which contains only 3—4% UV light, was not
tested. Under UVC (254 nm) light, removal of PFOA
(1 mg/L) was detected and reached 58 +2.0% at 25 h
(Fig. 1). In comparison, no PFOA removal was detected
under visible light or in the dark in 25 h (Fig. 1). This
was consistent with the discoveries in the literature that
PFOA was not decomposed in the dark (Liu et al.
2013a), and direct photolysis was not possible for PFOA
under visible light (Li et al. 2012). PFOA does not
absorb visible light (Wang et al. 2017), but it has a weak
and broad absorption of UV light from 220 to 270 nm
(Hori et al. 2004). The result also indicated no PFOA
adsorption happened in the reactor and during the sam-
ple preparation process. In this study, UV light intensity
of 6.57 mW/cm? was used, which was low compared to
the intensity reported in the literature of 17.57 mW/cm?
(Thi et al. 2013); thus, the PFOA degradation process
was less expensive but the degradation rate was com-
paratively lower. When the PFOA initial concentration
was increased to 10 mg/L, it was barely degraded in 9 h,
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then decomposed fast after 13 h, and the degradation
rate of PFOA reached 45.8 £ 6.5% at 25 h (Fig. 2). With
the same intensity of UV irradiation, the PFOA degra-
dation rate was lower for 10 mg/L compared to 1 mg/L
(Figs. 1 and 2); this should be due to the increased
concentration of PFOA that required more photons for
its degradation.

Decomposition of PFOA under UVC light with Fe°
nanoparticles

The PFOA (10 mg/L) degradation rate under UV light
irradiation alone was close to that achieved at 25 h in the
UV/Fe® system using 100 mg/L of Fe® NPs (with or
without 1% PVP coating) (Fig. 2). However, the
defluorination rate of the control (i.e., under UV light
alone) was only 9.6 +0.1% after 25 h, which was 44.0 +
11.3% and 41.7 =1.7% lower than adding 100 mg/L of
Fe® NPs with or without 1% PVP coating, respectively
(Fig. 3). In addition, higher PFOA degradation rates were
reached at 6 h using bare Fe° NPs, and at 13 h using both
bare and 1% PVP-coated Fe’ NPs, compared to the
control (Fig. 2). These increased rates should be related
to PFOA photocatalytic degradation brought by the re-
leased Fe’* ions from Fe” oxidation in the presence of
oxygen (Egs. 24, Fig. 4b) (Wang et al. 2017; Joo et al.
2004; Chang et al. 2011). Following the release of Fe**
and Fe*" ions after Fe” oxidation (Egs. 24, Fig. 4) (Chen
etal. 2017; Litter Marta and Slodowicz 2017; Rezaei and
Vione 2018), the concentrations of Fe** ions reduced

from 12 h, while the concentrations of Fe** ions slightly
increased or kept the same during the whole reaction (Fig.
4b), which indicated the possible formation of the
[C,F,sCOO-Fe]** complex from the dissociated PFO~
and Fe** (Eq. 5). Formation of this complex was also
indicated from testing the UV—vis spectra of PFOA,
FeCls, and the mixture of the two compounds: the ab-
sorption spectrum of the mixture of PFOA and FeCl; was
similar to that of FeCls, but the absorption intensity was
lower for the mixture of PFOA and FeCl; compared to
the intensity of FeCl; alone (see Fig. S5 in Supporting
Information). The same phenomenon was also observed
in a previous study (Wang et al. 2008). In comparison,
the absorption spectra of FeCl, alone and the mixture of
PFOA and FeCl, were almost coincident (see Fig. S5 in
Supporting Information), which indicated negligible
complex formation between PFO™ and Fe*. The formed
[C7F15COO-Fe]2+ complex could be decomposed to
Fe2+, an organic alkyl radical C;F,5-, and CO, under
UVC irradiation (Eq. 6) (Wang et al. 2017). And the
alkyl radical may react with water to form unstable
C5F50H, which could further react with water to form
PFHpA and release hydrofluoric acid (HF) for
defluorination (Eqs. 7 and 8) (Wang et al. 2008; Thi
et al. 2013; Wang et al. 2017; Trojanowicz et al. 2018).
The same loop of reaction would carry on for PFHpA to
form PFHXA and release HF and CO,. Eventually, CO,
and HF would be the final products of PFOA minerali-
zation. Schematic mechanism illustrations of PFOA deg-
radation by Fe” NPs under UVC light are shown in Fig. 5.

Fig. 1 PFOA removal under
UVC (254 nm) light, visible light, 1.0 \ﬁ; —i\i
and in the dark after 25 h. Cp,
proa =1 mg/L
0.8 =
< A
g 0.6 4
Qo”
@) —@— Visible light
0.4 —A—UVC \5
—&— Dark
0.2+
0.0 T y T y T y T y T
0 5 10 15 20 25

Exposure time (h)
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Fig. 2 Change in PFOA
concentration with time under
UVC irradiation by Fe’ NPs
without or with H,O,. Cy_ proa =
10 mg/L, Cy, g’ =100 mg/L,

Co 1,0, =30 mM

For 1 mg/L of PFOA, the concentration of PFOA

C/CO PFOA

0.4 4

0.2 H

0.0

—@— Bare Fe” NPs

—A— 1% PVP-coated Fe’ NPs
—O— Bare Fe’ NPs+H,0,
—A— 1% PVP-coated Fe’ NPs+H,0,
—#— Control

decreased rapidly in the first 3 h, then it went up, which
indicated possible PFOA adsorption removal by bare

Fe® NPs in the initial stage (see Fig. S3 in Supporting
Information). In comparison, for higher concentration of

10 mg/L of PFOA, this phenomenon of PFOA concen-
tration decrease then increase was minimized (Fig. 2),

which indicated likely concentration and time-

dependent sorption removal of PFOA by the UV/Fe°
system. PFOA removal by adsorption was also reported

in previous studies using Fe® NPs (Arvaniti et al. 2015;
Baldwin 2018; Liu et al. 2017).

Fig.3 PFOA defluorination rates
after 25 h reaction under UVC
irradiation by Fe® NPs without or
with H202. CO, PFOA = 10 mg/L,
Co, r’ =100 mg/L, Co 0, =

30 mM
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[C7F1sCO0-Fe]*t —C7Fs - +Fe?* + CO, (6)
C;F5 - +H,0—-C;F;sOH + H (7)
C7F;50H + H,0—C4 F13—COOH + 2HF (8)

Impact of coating of Fe” nanoparticles on PFOA
degradation

The degradation rate of PFOA using bare Fe® NPs was
higher than that using 1% PVP-coated Fe” NPs in the

initial 6 h, although the difference was diminished af-
terwards (Fig. 2). After 13 h, the degradation rate of
PFOA was the same using either bare or 1% PVP-coated
Fe” NPs (Fig. 2). One reason should be that some of the
active reaction sites on the surface of Fe” NPs were
blocked by the PVP coating, which would lead to re-
duced generation of Fe**, then Fe’* in the initial stage
(i.e., 6 h) during PFOA degradation (Fig. 4). In fact, the
concentrations of Fe** and Fe** were both higher in the
entire reaction duration using bare Fe® NPs compared to
using 1% PVP-coated Fe” NPs (Fig. 4). The Fe** con-
centrations increased to 2.77 and 0.75 mg/L after 24 h;
in comparison, the Fe®* concentrations increased first to

Fig. 4 Fe’* (a) and Fe** (b) 35
concentrations in the supernatant E
after 24 h of PFOA reaction under
UVC irradiation using Fe® NPs
without or with H202. CO, PFOA = 1
10 mg/L, Co, g’ = 100 mg/L,
Co 1,0, =30 mM

a

3.0

Fe™* concentration (mg/L)
— 5 N
i o W
I ) |

o
1

f=4
19
|

0.0 5

—e— Bare Fe’ NPs

—A— 1% PVP-coated Fe’ NPs
—0O— Bare Fe’ NPs+H,0,

—— 1% PVP-coated Fe” NPs+H,0,

T T T T T T T T
5 10 15 20 25
Exposure time (h)

Fe’* concentration (mg/L)

—@— Bare Fe” NPs

—A— 1% PVP-coated Fe” NPs
—O— Bare Fe’ NPs+H,0,

—— 1% PVP-coated Fe’ NPs+H,0,

T T T T T T T T
5 10 15 20 25
Exposure time (h)
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0.65 and 0.34 mg/L, then decreased to 0.46 and
0.16 mg/L after 24 h, using bare and 1% PVP-coated
Fe® NPs, respectively (Fig. 4). Compared to the coated
Fe® NPs, the uncoated Fe” NPs were more active in Fe”
oxidation reaction. In the later stage, i.c., after 6 h, the
surface of bare Fe® NPs would partially be covered by
iron oxyhydroxides, formed from Fe” oxidation, thus
reducing the difference in reactivity between bare and
1% PVP-coated Fe’ NPs (see Fig. S6 in Supporting
Information). Therefore, the difference of PFOA degra-
dation in the later stage between the two types of NPs
was diminished. Besides, the averaged smaller size of
the lab-produced bare Fe” NPs compared to the pur-
chased PVP-coated Fe® NPs (see Section S1.1. and Figs.
S1 and S2 in Supporting Information) can provide a
larger surface area for the bare NPs for PFOA degrada-
tion in the initial stage.

Decomposition of PFOA under UVC light with Fe°
nanoparticles and H,O,

A lower degradation rate of PFOA was reached in the UV/
Fe’/H,0, system compared to the control (i.e., under UVC
light alone), with only 12.8-28.4% of PFOA degradation
after 25 h (Fig. 2), and the defluorination rate of only 6.5—
8.6% was also reduced compared to the control (Fig. 3).
Besides, the concentrations of Fe?* in 24 h as well as Fe>*

in the initial 9 h in the UV/Fe’/H,0, system were also
lower compared to those in the UV/Fe? system (F ig.4), and
the concentrations of Fe>* in the UV/F eO/H202 system did
not increase then decrease as those shown in the UV/Fe”
system (Fig. 4); instead, Fe** concentrations kept increas-
ing, which should be partly due to the oxidation of Fe** to
Fe** by the presence of H,O,. Tiny bubbles were observed
with H,O, addition; these bubbles may be O, released by
partial decomposition of HyO,. The presence of these tiny
bubbles may slow down the formation of the [C7TF15COO-
Fe** complex consuming Fe** for PFOA degradation. The
decreased PFOA degradation rate in the UV/F eO/H202
system may be also caused by the decreased UV utilization
rate in the degradation process, as the UVC light could be
used for HO, decomposition (Javed et al. 2020) to form
-OH, which is not effective in PFOA defluorination, but is
capable of hydrogen atom abstraction from hydrocarbons
(Hori et al. 2004; Cataldo 2014; Thi et al. 2013; Javed et al.
2020; Droege and Tully 1987).

PFOA degradation intermediates

PFOA degradation intermediates of PFHpA, PFHxA, and
PFPeA were observed in all cases under UVC light
(Fig. 6). PFBA was also observed under UVC light with
or without 1% PVP-coated Fe® NPs (F ig. 6b—e). The molar
fractions of the degradation intermediates to initial PFOA

H,0/0
—— Fet'=
hv
H,0/0,| hv

R=C¢Fy3 0 0 o
R ﬂ L R ﬂ Fl_ " & ﬂ
\OH ~o” \0. + Fe2*
F F F F ¥ ¥
direey
New Shorter Llysis CO;
Chain Cycle

Co,
OH
R O HZO R\KO R\N/F HQO/-HI R . F
\K < Y
OH ; ¥ ; F K
HF HF

Fig. 5 Schematic mechanism illustrations of PFOA degradation by zero-valent iron nanoparticles (Fe® NPs) under UVC irradiation
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increased in most cases with time using bare or 1% PVP-
coated Fe NPs without or with H,0,, as well as for the
control (with only few cases reaching the plateau after 9 h)
(Fig. 6). In particular, the molar fraction of PFHpA in-
creased from 12.6% of the control to 28.6% and 15.8% for
using bare and 1% PVP-coated Fe” NPs under UVC light,
respectively, after 25 h (Fig. 6a—e). Besides, fluoride ions
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= 15.0 *
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2 10.0
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were detected in all cases (Fig. 3), and the molar fractions
of fluoride ions in PFCA intermediates to the initial PFOA
are presented in Fig. S7 in Supporting Information. The
generation of these intermediates proved PFOA degrada-
tion under UVC light with or without Fe” NPs, and agreed
well with PFOA removal under each case. Two pathways
were recently proposed for PFOA degradation upon

35.0
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< 300 1
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£ 250 1 —m—PFHxA
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.5 15.0
k3]
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Fig. 6 Changes in molar fractions of degradation intermediates (i.e., PFHpA, PFHxA, PFPeA, and PFBA) to initial PFOA with time under
UVC irradiation by Fe® NPs without or with H,O,. Co, proa =10 mg/L (24.2 uM), C, £2=100 mg/L, Cop,0, =30 mM
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reaction with hydrated electrons (e, ) generated from H,O
or specific chemicals under UV irradiation: one is the
decarboxylation—hydroxylation—elimination—hydrolysis
(DHEH) pathway; the other is the H/F exchange pathway
(Bentel et al. 2019). The PFOA chain shortening and the
accompanying F~ release pathway proposed in our study
(Fig. 5) follow the four similar steps as in the DHEH
pathway, except that the proposed pathway in our study
was initiated from PFOA oxidation by transferring an
electron of the carboxylate terminal group of PFOA to
the Fe(Ill)—carboxylate complex (Wang et al. 2017).

The UV/Fe? system developed in this study is feasible
for practical applications, since the concentrations of
PFOA in most contaminated waters are low in the ppt
(and some in ppb) scale: first, the F~ concentrations gen-
erated during the treatment process should be very low,
e.g., lower than the maximum contaminant level of
2.0 mg/L of the U.S. National Secondary Drinking Water
Regulations; second, studies have shown the reduced tox-
icity of shorter-chain PFCAs (Buhrke et al. 2013; Luz et al.
2019) that were generated during the PFOA degradation
process; and last, the reaction time may be largely short-
ened for treating low concentrations of PFOA in contam-
inated environmental media. Indeed, a positive correlation
exists between the carbon chain length of the PFCA and its
cytotoxicity (Buhrke, Kibellus et al. 2013, Gomis et al.
2018, Anderson, Luz et al. 2019, Luz, Anderson et al.
2019). For example, it was reported that PFHXA is not
carcinogenic, genotoxic, a selective reproductive or devel-
opmental toxicant, or an endocrine disruptor (Luz,
Anderson et al. 2019). Besides, the element iron is envi-
ronment friendly; even the sum of the concentrations of

Fe?* and Fe** in the solution after 25 h reaction in treating
10 mg/L PFOA in this study was lower than the recom-
mended maximum concentration of iron (5 mg/L) in con-
tinuously used irrigation waters to all soils (Pick 2011).
Our previous study also showed Fe® nanoparticles of
100 mg/L did not adversely affect the growth of
Arabidopsis thaliana (Liu, Weinholtz et al. 2017).

pH change

After the degradation reaction, the pH of the reaction
solution reduced with the released HF from 4.8 at the start
when only PFOA was dissolved in the solution, to a close
value of 4.7 in the UV/Fe” system after 25 h (Fig. 7). In
contrast, the pH was increased to 5.0-5.1 in the UV/F e/
H,0, system, and the pH of the control kept unchanged
(Fig. 7). As HF was released during PFOA degradation,
the slightly reduced pH indicated better PFOA degrada-
tion. Meanwhile, since Fe® NPs could generate hydroxide
when exposed to water and oxygen, this could potentially
resist the trend of pH reduction during PFOA degradation,
and may bring benefit to the treatment of PFOA-
contaminated environmental media—the pH of which is
normally in the neutral range.

Conclusion

PFOA degradation was investigated for the first time by
using Fe” NPs under UVC light. It was found that the
PFOA removal was accelerated in the initial hours (e.g.,
13 h) by introducing Fe® NPs, without or with 1% PVP

Fig. 7 Comparison of the pH of 7
the solution after 25 h reaction E
under UVC irradiation by Fe’ 6
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B 44
@
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coating under UVC light, whereas no PFOA removal was
observed either under visible light or in the dark. More-
over, the degradation rate using bare Fe’ NPs was higher
than that using 1% PVP-coated Fe® NPs in the initial 6 h.
PFHpA, PFHxA, PFPeA, and PFBA were detected as the
main intermediates. F~, Fe?*, and Fe** ions were also
detected in the UV/Fe® system. Rapid consumption of
Fe** indicated the possible formation of the [C,F;sCOO-
Fe]** complex that could initiate PFOA degradation. In-
troducing H,0, into the UV/Fe” system resulted in a lower
PFOA degradation rate and defloration rate, which sug-
gested that H;O, may counterproductively consume UV
irradiation and consequently hinder PFOA degradation.
By using Fe® NPs, no extra anions would be introduced
compared to using iron salts for PFOA degradation under
UVC light. Besides, the low toxicity and low cost of Fe’
NPs, and easy removal of Fe’ NPs by their magnetic
properties from the treated water, made the technology of
PFOA degradation by UV/Fe® attractive. Further studies
are necessary exploring the application of Fe® NPs under
UVC light to degrade PFOA in contaminated surface
water and groundwater.
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