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A B S T R A C T

Per- and polyfluoroalkyl substances (PFASs) are exceptionally stable chemicals due to their strong C�F bonds.
Nanoscale zero-valent iron (nZVI) particles have the potential to remove and degrade PFASs through redox activity.
In this study, we deposited nZVI onto two-dimensional reduced graphene oxide (rGO) nanosheets and tested these
synthesized rGO-nZVI nanohybrid (NH) for the treatment of a mixture of short- and long-chain PFASs in water with
and without H2O2. All PFASs were removed at a higher efficiency by the rGO-nZVI NH than by the parent materials
rGO and nZVI. Notably, the long-chain PFASs were removed at a faster rate than the short-chain PFASs. After a 10
min exposure to the rGO-nZVI NH without H2O2, the long-chain PFASs (perfluorooctane sulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA)) were removed by 85 % and 39 %, respectively, while short-chain PFASs
(perfluoropentane sulfonic acid and perfluoropentanoic acid) were removed by 19 % and 18 %, respectively. The
addition of H2O2 enhanced the PFAS treatment performance by 10–18 %, which can be attributed to the generation
of reactive oxygen species by the rGO-nZVI NH. Liquid chromatography high-resolution mass spectrometry analysis
confirmed the formation of unique shorter chain and partially defluorinated PFAS-Fe complexes from both PFOS and
PFOA.

A R T I C L E I N F O

Keywords:
Per- and polyfluoroalkyl substances (PFASs)
Advanced oxidation process
Heterogeneous fenton reactions
Graphene
Nanomaterial-enabled treatment

1. Introduction

Per- and polyfluoroalkyl substances (PFASs) are synthetic chemicals
characterized by strong C�F bonds, and the presence of a hydrophobic
carbon chain and a hydrophilic head group. PFASs possess exceptional
properties suitable for a wide range of uses in commercial products and
various industrial applications (e.g., non-stick coating, fire-fighting
foams, food packaging) (Kucharzyk et al., 2017,Kim et al., 2015, Gallen
et al., 2018). These unique physicochemical properties also cause PFASs
to be persistent and bio-accumulative in the environment, leading to their
frequent detection in drinking water sources worldwide (Gui et al., 2019,
Post et al., 2013, Kaboré et al., 2018, Guardian et al., 2020) The
toxicological effects of PFAS are wide ranging, and include endocrine
disruption, cancer, immunotoxicity, and developmental delay to name a
few (Hekster et al., 2003, DeWitt, 2015, Lau et al., 2006). Therefore, the
development of effective treatment technologies for the removal of PFASs
from the environment is warranted.

Recently, different nanomaterial-enabled treatment techniques have
been studied for removing PFASs from water (Saleh et al., 2019; Zhang

et al., 2019a). Many of these approaches involve non-destructive phase
transfer (e.g., adsorption, filtration) of PFASs from water resulting from
the high surface area of nanomaterials (Deng et al., 2012, Meng et al.,
2014, Gao and Chorover, 2012a). However, the ultimate outcome desired
from utilizing nanomaterials is to transform or degrade PFASs into non-
toxic by-products. Studies that attempted to transform or degrade PFASs
using nanomaterials have used photocatalytic (Chen et al., 2011),
electrochemical (Xue et al., 2015), or microwave-assisted setups (Li et al.,
2017) that require high energy input.

Nanoscale zero-valent iron (nZVI; Fe�) is the most used nanomaterial
for contaminated soil and water remediation in the United States Zhao
et al., 2016a, and is a promising candidate for PFAS removal via both
adsorption and degradation. Recently, surface-modified nZVI has been
shown to perform reductive defluorination of PFASs due to its high
reductive capacity (standard reduction potential, E� = �0.44 V) (Adusei-
Gyamfi and Acha, 2016). Furthermore, nZVI has been shown to perform
oxidative degradation of a long-chain PFAS (perfluorooctanoic acid
(PFOA)) in the presence of common oxidants e.g., hydrogen peroxide
(H2O2) (Parenky et al., 2020). This is possible due to the ability of nZVI to
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act as a heterogeneous Fenton catalyst and generate reactive oxygen
species (ROS) by activating H2O2 without external energy input.
However, neither of these above-mentioned studies identified the
unknown byproducts of PFAS degradation.

In addition, the reactivity of nZVI in aqueous media is known to be
hindered by their aggregation and surface passivation. One major
approach of improving nZVI’s reactivity is the usage of carbon-based
materials as solid supports (Aich et al., 2018). Our recent studies
demonstrated that hybridization of nZVI with two-dimensional carbona-
ceous nanomaterials such as graphene oxide (GO) or reduced graphene
oxide (rGO) resulted in enhanced removal of pharmaceuticals, heavy
metals, and dyes from water relative to using only nZVI (Masud et al.,
2020a, Masud et al., 2018, Mehrabi et al., 2019). Conjugation of nZVI
with rGO (or GO) resists nZVI’s aggregation, improves nZVI’s redox
activity due to the presence of delocalized electrons on the rGO (or GO)
nanosheets, and enhance the interaction of nZVI with the contaminants
by adsorbing them on rGO (or GO) surface (Gu et al., 2018). Furthermore,
GO and rGO have recently been reported as competent adsorbents for
PFASs (Meng et al., 2014; Zhao et al., 2016b). Thus, the nanohybrid of
rGO and nZVI, i.e., rGO-nZVI NH, has the potential to facilitate the
removal of PFASs through increased adsorption, reduction, and/or
advanced oxidation in the presence of H2O2.

This study aimed to evaluate the efficacy of PFAS removal in water by
rGO-nZVI NH in comparison with that by the parent nanomaterials rGO
and nZVI – both in the absence and presence of H2O2. To achieve this aim,
a mixture of short- and long-chain PFASs in water were treated with either
rGO-nZVI NH, rGO or nZVI. Subsequently, the decrease in concentrations
of these PFASs in water at different time intervals were evaluated
using liquid chromatography coupled to tandem mass-spectroscopy
(LC–MS/MS). The tested PFASs include short-chain perfluoropentanoic
acid (PFPeA; C4F9COOH) and perfluoropentane sulfonic acid (PFPeS;
C5F11SO3H), and long-chain perfluorooctanoic acid (PFOA; C7F15COOH)
and perfluorooctane sulfonic acid (PFOS; C8F17SO3H). This study also
aimed to identify unknown PFAS degradation byproducts and elucidate
degradation pathways. To achieve these aims, we used liquid chroma-
tography with high-resolution mass spectroscopy (LC-HRMS) and ion
chromatography (IC) to analyze PFAS solutions treated with the
nanohybrids.

2. Materials and methods

The details regarding the synthesis and characterization of rGO-nZVI
NH and parent materials, rGO and nZVI, were described in our previous
studies (Masud et al., 2020a, Wang et al., 2018). Details about the PFAS
removal experiments with the nanomaterials and quantification by
LC–MS/MS analyses are provided in the supplementary information
(SI, Section 1).

2.1. Determination of degradation byproducts

Individual PFOA and PFOS samples with initial concentrations of
400 mg/L were exposed to rGO-nZVI NH without and with H2O2

treatment, as described in Section 1.2 of the SI, and aliquots from these
samples were collected immediately after nanomaterial addition and
after 30 min. For determining PFOA and PFOS degradation byproducts,
these aliquots, after centrifugation, were analyzed using a LC-HRMS
Thermo Scientific Q-Exactive FocusTM with Thermo Scientific UltiMate
3000 UHPLCTM, operated in negative electrospray ionization (-ESI).
Chromatographic separation was performed using the column and mobile
phases discussed in Section 1.3 of the SI. Detailed acquisition parameters
for HRMS analysis were described elsewhere (Guardian et al., 2021). In
addition, IC was also performed to detect formate and acetate formation
during the removal tests (refer to Section S1.5 in SI for details). The
presence of formate and acetate in the reaction mixture is indicative of
carbon-chain shortening and hence, PFAS degradation (Singh et al.,
2019). Treated PFAS solutions were also analyzed for the presence of

F� ions, however, the detection limit of the ion chromatography with a
conductivity detector was too high to detect formation of F� ions.

3. Results and discussion

3.1. Mixed PFAS removal by rGO-nZVI NH, rGO, and nZVI without and with
H2O2

Fig. S1 presents the normalized concentrations (C/C0) at different
time intervals for the 4 PFASs in the mixed PFAS solution treated with the
rGO-nZVI NH and the parent materials rGO and nZVI in the absence and
presence of H2O2. In addition, the values of fraction removal i.e., 1- C/C0

for all 4 PFASs after 10 min of treatment are presented in Fig. 1. The rGO-
nZVI NH is presented as NH in all figures and tables onwards.

For all 4 PFASs, the rGO-nZVI NH showed a faster decrease in
concentrations compared to rGO and nZVI separately, both without and
with H2O2 (Fig. S1). Fig. 1 shows that treatment by rGO-nZVI NH results
in a greater PFAS removal than by rGO and nZVI individually. For
example, in the absence of H2O2, 84 % of PFOS is removed by rGO-nZVI
NH while rGO and nZVI removed only 73 % and 65 % of PFOS,
respectively. The higher removal efficiency provided by rGO-nZVI NH
can be attributed to the resistance against nZVI aggregation, the
resistance against restacking of rGO nanosheets, and the adsorption by
rGO in the hybrid (Jang et al., 2013; Peik-See et al., 2014). Notably, PFAS
removal efficiencies by the nanomaterials was dependent on the PFAS
chain length and type of head group. Long-chain PFASs were better
removed than short-chain PFASs, and PFASs with sulfonic acid groups
were better removed than those with carboxylic acid groups (Fig. 1). The
observed effects of PFAS structure (i.e., the effect of carbon-chain length
or head groups) on their removal by these nanomaterials are consistent
with those observed in other adsorbents, e.g., granular activated carbons
(Zhang et al., 2019b) and carbon nanotubes (Deng et al., 2012). For
example, PFAS removal after a 10-min exposure to rGO-nZVI NH in the
absence of H2O2was the highest for PFOS with 84 % removal followed by
removal of 39 % PFOA, 19 % PFPeS, and 18 % PFPeA. This trend in
structural dependence of PFAS removal was also true for rGO and nZVI.

The results presented in Fig. 1 also helped to elucidate the role of H2O2

in facilitating advanced oxidation (Masud et al., 2020a) and in enhancing
PFAS removal by rGO-nZVI NH. Fe� reacts with H2O2 at the nZVI surface –
via a two-electron transfer process – to produce surface bound Fe2+ ions.
These Fe2+ ions further react with H2O2 to generate ROS which facilitate
degradation of contaminants (Masud et al., 2020a; Xu and Wang, 2011).
For the carbonaceous parent nanomaterial rGO, addition of H2O2 did not
enhance the PFAS removal performance suggesting no catalytic activity
of rGO. Rather, the removal decreased slightly (6 %–12 %) for all the
4 PFASs, which can be attributed to the competitive adsorption of H2O2

instead of PFASs (Düzenli, 2016, Amirfakhri et al., 2014, Majidi and

Fig. 1. Fraction removal (n = 3) of mixed PFASs i.e., PFPeA, PFPeS, PFOA, and
PFOS by rGO-nZVI NH, rGO, and nZVI in the absence and presence of H2O2. The
rGO-nZVI NH is presented as NH in the legend. [Initial concentration of individual
PFASs = 200mg/L in DI water, volume of sorbate =10 mL, Adsorbent dose =5 mg,
pH = 3, dissolved oxygen = �8 mg/L, ionic strength = �1 � 10�7 M), exposure
time =10 min at room temperature].
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Karami, 2014). However, the addition of H2O2 enhanced the performance
of nZVI by 30 % and 20 % for long chain PFOA and PFOS, respectively,
suggesting that nZVI acts as heterogeneous Fenton catalyst in the
presence of H2O2. Most importantly, the rGO-nZVI NH with H2O2

outperformed both rGO and nZVI. In the presence of H2O2, rGO-nZVI NH
resulted in a 95 % removal of PFOS after 10-min of treatment. In contrast,
only 84 % of PFOS was removed in the absence of H2O2. The presence of
H2O2 enhanced the PFAS removal efficiencies of rGO-nZVI NH after
10-min treatment by 17 % for PFOA, 12 % for PFPeS, and 18 % for PFPeA.
Furthermore, the estimated pseudo first order removal rate constants
(Table S2) for rGO-nZVI NH were 24–62 % higher in the presence of H2O2

for all 4 PFASs than that in the absence of H2O2.
To better understand the synergistic effects of hybridization on PFAS

removal, we used the mass composition ratio of rGO and nZVI in the
synthesized rGO-nZVI NH along with the individual removal efficiencies
of parent rGO and nZVI to determine the expected efficiency of rGO-nZVI
NH. The mass ratio of rGO and nZVI in the rGO-nZVI NH was found to be
1:3.2, as reported in our previous studies (Wang et al., 2018; Masud et al.,
2020b). Fig. S2 presents the comparison of the expected efficiency
(predicted additive fraction removal) and the experimental values of
fraction removal by the rGO-nZVI NH, with and without H2O2. The
experimental values were much higher than the predicted values for all
four PFASs by up to 28 % and 31 % in the absence and presence of H2O2,
respectively. This indicates that the rGO-nZVI NH produces a positive
synergistic effect for enhanced PFAS removal that cannot be predicted
from the additive performances of individual parent materials. Similar
synergistic effect of hybridization of rGO and nZVI has been observed in
our previous study with a different sorbate – a mixture of pharmaceuticals
(Masud et al., 2020b).

Although different mechanisms are involved in the PFAS removal by
these nanomaterials, adsorption is one of the major mechanisms
responsible for the observed variability in removal efficiencies for
different PFASs. Adsorption of PFASs by nanomaterials can be driven by
both hydrophobic and electrostatic interactions (Li et al., 2017; Zhao
et al., 2016a; Wang et al., 2018). The higher removal performance for the
long chain PFASs, i.e., for PFOA and PFOS, especially by rGO-nZVI NH
and rGO, relative to their short chain counterparts with same terminal
functional groups (i.e., PFPeA and PFPeS, respectively) can be attributed
to the hydrophobic interactions associated with the longer perfluoroalkyl
chain (Li et al., 2017; Majidi and Karami, 2014). Short-chain PFPeA and
PFPeS have lower octanol-water partition co-efficients, log D, (0.406 and
0.950, respectively) than long-chain PFOA and PFOS, thus are less
adsorbed by the rGO-nZVI NH (Guardian et al., 2021; ChemAxon
ChemAxon, 2020). The higher adsorptive removal for PFOS than
for PFOA can be attributed to the higher hydrophobicity of PFOS (log
D = 3.054) compared to that of PFOA (log D = 1.584) (Kelly et al., 2009;
Arp et al., 2006), that can be attributed to the fact that PFOS has one more
-CF2moiety than PFOA even though they have the same number of carbon
atoms in the carbon chain backbone (ChemAxon, 2020; Ateia et al.,
2019).

Electrostatic interaction can also play a role in the adsorptive removal.
Due to having very low pKa values (<1), all 4 PFASs remain as anions in
the experimental condition of pH � 3 (Deng et al., 2012; Goss, 2008; Zhou
et al., 2010; Steinle-Darling and Reinhard, 2008; Zhang et al., 2019c).
This pH was selected for PFAS removal experiments because it is known as
optimum pH for heterogeneous Fenton catalysis (Li et al., 2017; Masud
et al., 2020b; Masud et al., 2020a). The plot for zeta potential at different
pH values indicates the surface of rGO-nZVI NH and nZVI are positively
charged (�22 mV and 21 mV, respectively) at the experimental pH 3, with
point of zero charge at �3.8 (Fig. S3). This suggests that electrostatic
interactions between the positively charged rGO-nZVI NH or nZVI and the
negatively charged PFASs contribute to the adsorption of PFASs. On the
other hand, rGO possessed negative charges (�33 mV) at experimental
pH. However, rGO has high adsorptive capacity for PFASs compared to
nZVI because of the strong hydrophobic interactions with carbon-based
rGO nanosheet, which outweigh the electrostatic repulsion and hence, the

Donnan exclusion force. To further elucidate the adsorption mechanism,
additional PFOA and PFOS removal tests were carried out at pH 7
(Fig. S4). In the absence of H2O2, rGO-nZVI NH performed similar or
better adsorptive removal for PFOS and PFOA at pH 7 than at acidic pH 3;
although electrostatic repulsion exists between negatively charged rGO-
nZVI NH surface (�40 mV) and PFASs at neutral pH. This suggests
hydrophobic interactions, instead of electrostatic interactions, could be
the dominating adsorptive removal mechanism for rGO-nZVI NH. In
addition to hydrophobic interaction, PFAS complexation with oxide/
oxyhydroxide surfaces of nZVI can also be attributed to the adsorptive
removal of PFASs by rGO-nZVI NH at neutral pH, which cumulatively
offset the electrostatic repulsion and results in similar or better PFAS
removal compared to acidic pH. (Gao and Chorover, 2012b; Zhang et al.,
2018; Wu et al., 2017a; Wu et al., 2017b). In the presence of H2O2,
however, the PFOA and PFOS removal efficiency of rGO-nZVI NH at pH 7
were respectively 9 % and 11 % lower than that at pH 3 due to the
formation of passive oxide layers, and thus, reduced Fenton reactivity at
neutral pH (Rezaei and Vione, 2018; Wang et al., 2016; Keci�c et al., 2018).

3.2. PFOA and PFOS degradation by rGO-nZVI NH without and with H2O2

To identify the PFAS degradation byproducts, individual PFOA and
PFOS solutions treated using rGO-nZVI NH with and without H2O2 were
collected at 0 and 30 min and analyzed using HRMS and IC. Mixed PFASs
were not used in this case because the presence of multiple PFASs in the
same solution will make it challenging to ascribe the byproducts to their
origin and determine the degradation pathways. Because PFOS and PFOA
had high removal rate, their degradation byproducts were further
identified.

Previous reports discussing PFOA and PFOS have identified shorter
chain perfluoroalkyl carboxylic acids (PFCAs) and perfluoroalkyl sulfonic
acids (PFSAs) as byproducts of different advanced oxidation/reduction
treatment techniques applied to PFOS and PFOA (Park et al., 2016;
Gomez-Ruiz et al., 2018; Cui et al., 2020). In ESI- HRMS analysis, PFCAs
can be identified by a neutral mass loss, corresponding to CO2 and
characteristic loss of –CF2 units, with m/z = 118.9925 (which
corresponds to CF3CF2–) as a common fragment ion observed in the
MS2 spectra. Similarly, PFSAs can be characterized by a loss of the
common ions m/z = 79.9573 and 98.9557 during MS2 fragmentation,
corresponding to SO3– and FSO3–, respectively (Guardian et al., 2021).
However, in the ESI-HRMS analyses of the rGO-nZVI NH-treated PFOS
and PFOA samples, all these common fragments of PFCAs and PFSAs were
observed only in the same exact retention time of PFOA and PFOS,
indicating the absence of any new PFCA and PFSA formed from
degradation of PFOA and PFOS.

Instead, two unique masses (m/z 422.9337 and 392.9251) were
observed in the HRMS data of the PFOA and PFOS samples treated by rGO-
nZVI NH for 30 min – both without and with H2O2 (Table 1A). None of
these ions were present in the blank samples, or in the initial rGO-nZVI
NH-treated PFOA and PFOS samples (collected at 0 min). This indicates
the formation of new degradation byproducts during PFOA and PFOS
treatment with rGO-nZVI NH. Manual annotation was performed to
determine the most probable molecular formula corresponding to each
m/z (Table 1A), which appeared to be shorter chain PFAS-Fe complexes:
C7H4O2F13Fe (m/z = 422.9337) and C6H2OF13Fe (m/z = 392.9251).
Metal complexes with organic compounds can be identified in ESI-HRMS
based on the isotopic signature of the metal species (Tsednee et al., 2016).
Iron is characterized by an isotopic pattern of m/z = 53.93961
(M-2 at 6.3 %), m/z = 55.93494 (M at 100 %), and m/z = 56.9354
(M + 2 at 2.4 %) (Poitrasson, 2011). The isotopic pattern corresponding
to an iron-ligand complex was observed in the MS of both of the proposed
degradation by products, C7H4O2F13Fe and C6H2OF13Fe (Fig. 2),
confirming the presence of iron in the complex. Moreover,
negative mass defects identified in HRMS (Fig. 2) – often used as a
preliminary filter to identify PFAS compounds in non-targeted screening
– confirms the presence of fluorinated alkyl moiety in these complexes
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(Liu et al., 2019; McCord and Strynar, 2019). The MS2 spectra of these
PFAS-Fe complexes and the putative formula of their fragments are shown
in Fig. S5. The PFAS-Fe complexes identified here have shorter
fluorinated alkyl chains than PFOA and PFOS, confirming degradation
by rGO-nZVI NH. The relative abundances of PFAS-complexes were
higher in samples treated in the presence of H2O2 than in the absence of
H2O2, which corroborated with the proposed enhancement of degrada-
tion by rGO-nZVI- H2O2 catalyzed processes.

Previous studies involving nZVI-based removal of PFASs also
indicated the possibility of PFAS-Fe complex formation, wherein the
degree of complexation was measured by comparing PFAS mass in
aqueous phases in the presence and absence of Fe (Park et al., 2018) or by
consumption of Fe as monitored by UV–vis spectrometry (Xia and Liu,
2020). In this work, Equations 1–5 present the proposed pathways of
PFAS-Fe complex formation of the degradation byproducts identified.
The rGO-nZVI NH initiated reduction and oxidation can transform PFOS
into PFOA, and in the process, shorten perfluorinated carbon chain
releasing two fluorine atoms (Eqs. 1–4) (Singh et al., 2019; Gu et al.,
2016). The pathway of desulfurization and hydroxylation of PFOS (Eqs. 1
and 2) followed by defluorination and carboxylation (Eqs. 3 and 4) to
form the PFAS-Fe complexes are shown below:

PFOSð Þ C8F17SO3
� þ e� ! �C8F17 þ SO3

2� (1)

C8F17 þ ROS ! C8F17OH (2)

�C8F17OH ! C7F15COF þ Hþ þ F� (3)

C7F15COF þ H2O=ROS ! C7F15COOH þ Hþ þ F� (4)

The formation pathway of the proposed PFAS-Fe complex resulting
from PFOA can be explained in two steps. In the first step, two sequential
H/F exchanges occur on a-position C�F bonds (nearest to the functional
group) by the reactive species generated by rGO-nZVI NH forming
partially defluorinated C6F13�CH2�COOH

PFOAð Þ C7F15COOH þ reactive species þ 2Hþ

! C6F13CH2COOH þ 2F� (5)

In the second step, decarboxylation of these partially defluorinated
PFASs occur, where the carboxyl functional group is replaced with iron
species to form the PFAS-Fe complexes. The two PFAS-Fe complexes
that were identified include [C6F13Fe(H2O)]� corresponding to m/z =
392.9251, in which both decarboxylation and chain-shortening by one
–CH2 moiety occurred, and [C6F13CH2OFe(H2O)]� corresponding
to m/z = 422.9337 where only decarboxylation occurred.

Fig. 2. Experimental isotopic abundance of the precursor ion for the unique m/z identified (A: m/z = 422.9337; B: m/z = 392.9251) during high-resolution mass
spectrometry analysis of PFOA and PFOS treated with rGO-nZVI NH. The isotopic pattern confirms presence of Fe in the compound and the negative mass defect confirms
presence of fluorinated alkyl moiety.

Table 1
(A) Summary of the identified degradation byproducts of PFOA and PFOS treated with rGO-nZVI NH and their corresponding identity and peak areas obtained from
LC-HRMS analyses. (B) Quantity of formate and acetate detected by IC in PFOA and PFOS samples treated with rGO-nZVI NH. (NF: not found; NH: rGO-nZVI NH).

A. LC-HRMS Results

Peak Area

m/z
observed

Proposed
Formula [M-H]
�

mass
error,
ppm

PFOA PFOS

Blank PFOA
only

PFOA + NH +
H2O2 (0 min)

PFOA + NH
(30 min)

PFOA + NH +
H2O2 (30 min)

PFOS
only

PFOS + NH +
H2O2 (0 min)

PFOS + NH
(30 min)

PFOS + NH +
H2O2 (30 min)

422.9337 C7H4O2F13Fe �4.9 NF NF NF 1.68E+07 4.66E+07 NF NF 7.45E+07 2.21E+08
392.9251 C6H2OF13Fe �0.25 NF NF NF 1.30E+07 6.36E+07 NF NF 5.53E+06 2.87E+07

B. Ion Chromatography (IC) Results

Ion Concentration (ppb) at 30 minutes

PFOA Control PFOA + NH PFOA + NH + H2O2 PFOS Control PFOS + NH PFOS + NH + H2O2

Formate NF Detected (Below LOQ of 5 ppb) 276.3 NF 28.63 433.15
Acetate NF Detected (Below LOQ of 2 ppb) 11.73 NF Detected (Below LOQ of 2 ppb) 25.24
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The cleavage of the carboxyl functional group can be initiated by ROS
generated by rGO-nZVI NH in the presence of H2O2, including high valent
oxoiron or ferryl species (Shen et al., 1992; Zepp et al., 1992), which
ultimately forms these unique PFAS-Fe complexes. As noted previously,
these PFAS-Fe complexes were also detected, although in comparatively
lower abundance, for removal tests with rGO-nZVI NH in the absence of
H2O2. This can be attributed to the limited ROS generation capacity of
rGO-nZVI NH during corrosion reaction of nZVI with dissolved oxygen of
water, even without the presence of H2O2 (Wang et al., 2018; Pang et al.,
2011). In order to further confirm this mechanism, we characterized the
rGO-nZVI NH before and after the PFOA and PFOS removal tests using X-
ray diffraction (XRD) and Fourier transform infrared (FTIR) spectroscopy.
While the XRD spectrum for rGO-nZVI NH before PFAS removal test
(Fig. S6a) shows only a sharp peak for Fe�, the XRD spectra for rGO-nZVI
NH after PFAS removal tests show peaks for Fe2O3 and b-FeOOH
(lepidocrocite) (Vernekar and Jagadeesan, 2015; Wang et al., 2015) in
the absence of H2O2 and peaks for an amorphous FeOOH (d-FeOOH) layer
(Mei et al., 2015) in the presence of H2O2. FTIR spectra (Fig. S6b) show
multiple small peaks at �450�800 cm�1 and 1020 cm�1 confirming the
presence of Fe-O on the rGO-nZVI NH for the treatment solution where
H2O2was not present. On the contrary, a much sharper and high intensity
peak at 560 cm�1 corresponding to Fe-O confirms the higher production
of Fe(II)/Fe(III) species on the nZVI surface in the presence of H2O2 than
in the absence of H2O2 (Mei et al., 2015; Tavares et al., 2020).

The proposed pathway for carbon-chain shortening of PFOS and PFOA
through decarboxylation can form other byproducts including formate
and acetate. Table 1B shows that the quantities of formate and acetate
generated by PFAS treatment with rGO-nZVI NH in the presence of H2O2

were respectively 1 and 2 orders of magnitude higher than that in the
absence of H2O2. This observation is consistent with the higher PFAS
removal and higher relative abundances of the PFAS-Fe complexes using
rGO-nZVI NH with H2O2 than in the absence of H2O2. Previous studies on
PFAS degradation also correlated formate and acetate generation as an
indirect measure of PFAS degradation and carbon chain shortening
(Singh et al., 2019; Bacha et al., 2019); therefore, the results of formate
and acetate generation presented here confirm the proposed mechanism
of rGO-nZVI-catalyzed oxidation of PFASs and their enhanced
degradation.

In summary, this study presents the potential of rGO-nZVI NH for
the enhanced removal and degradation of PFASs. The rGO-nZVI NH
exhibited higher efficiencies for PFAS removal than the parent
nanomaterials – rGO and nZVI. Long-chain PFOS and PFOA were
removed to a greater degree and at a faster rate than short-chain PFPeS
and PFPeA. The PFOS and PFOA removal by the rGO-nZVI NH obtained
in this study were also faster than similar contemporary micro- and
nano-adsorbents that have been listed and compared in Table S3. Most
importantly, the treatment of PFOA and PFOS by rGO-nZVI NH yielded
unique shorter chain PFAS-Fe complexes – more so in the presence of
H2O2. The stability and potential for degradation of these unique PFAS-
Fe complexes, that have been identified and confirmed for the first time
in this study using LC-HRMS analysis, need to be studied further to
realize the effectiveness of rGO-NZVI NH based redox treatment in
degrading and mineralizing PFASs.
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