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ARTICLE INFO ABSTRACT

Editor: Baoliang Chen This study focused on three of the most studied PFAS molecules, namely perfluorooctane sulfonate (PFOS),
perfluorooctanoic acid (PFOA) and perfluorobutane sulfonate (PFBS). They were compared in terms of their

Keywords: adsorption capacity onto graphite intercalated compound (GIC), a low surface area, highly conductive and cheap

;1:82 adsorbent. The adsorption on GIC followed a pseudo second order kinetics and the maximum adsorption capacity

using Langmuir was 53.9 pg/g for PFOS, 22.3 pg/g for PFOA and 0.985 pg/g for PFBS due to electrostatic
Adsorption attraction and hydrophobic interactions. GIC was added into an electrochemical oxidation reactor and >100 pg/
Graphite intercalated compound L PFOS was found to be fully degraded (<10 ng/L) leaving degradation by-products such as PFHpS, PFHXxS,
Electro-chemical oxidation PFPeS, PFBS, PFOA, PFHxXA and PFBA below 100 ng/L after 5 cycles of adsorption onto GIC for 20 min followed
by regeneration at 28 mA/cm? for 10 min. PFBS was completely removed due to degradation by aqueous
electrons on GIC flakes. Up to 98 % PFOA was removed by the process after 3 cycles of adsorption onto GIC for
20 min followed by regeneration at 25 mA/cm? for 10 min. When PFBS was spiked individually, only 17 % was
removed due to poor adsorption on GIC. There was a drop of 3-40 % by treating PFOS, PFOA and smaller
sulfonates in a real water matrix under the same electrochemical conditions (20 mA/cmz), but PFOS and PFOA
removal percentage were 95 and 68 % after 20 min at 20 mA/cm?.
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1. Introduction

PFAS (per- and polyfluoroalkyl substances) are anthropogenic
chemicals displaying strong carbon fluorine bonds that provide unique
properties, such as their resistance to heat, water, and oil. They are
widely used in food packaging, lubricants, cosmetics and firefighting
foams. PFOS (perfluorooctane sulfonate) is the most commonly used
PFAS, but has been replaced by its shorter 4 carbon version PFBS in 2003
(Sundstrom et al., 2012). PFOA (perfluorooctanoic acid) specifically has
been used in the production of non-stick cookware, water-repellent
clothing, stain-resistant fabrics, and in certain firefighting foams,
particularly those used at air bases and airports. PFOA is employed for
polymerization in the manufacturing of various fluoropolymers, which
have been applied in various industrial and consumer products such as
Gore-Tex and Teflon (Mojiri et al., 2023). The widespread use of PFAS in
various products and industrial processes has led to their presence in the
environment, including water sources, soil, and even in the bodies of
animals and humans. PFOS and PFBS was found to impair reproduction
and alter offspring physiological function in Caenorhabditis elegans (Yue
et al., 2020). Concerns about their persistence, potential health effects,
and environmental impact have led to increased scrutiny and efforts to
mitigate their presence and use in various applications. Elevated con-
centrations of PFOA (up to 120 x 10° ng/L), especially in wastewater,
can result from industrial discharges, runoff from areas where PFAS-
containing products are used, or improper disposal practices (Lei
et al., 2022). PFBS was detected in drinking water at 10.7 ng/L in South
Korea (Kim et al., 2020) and at 15 ng/L in Ireland (Harrad et al., 2019).
The EPA health advisory level is currently fixed at 2000 ppt for PFBS
(EPA, 2022). PFBS has also been detected at much higher levels in
ground water from USA (9.25 pg/L) (Cui et al., 2020), and landfill
leachate from China (80.22 pg/L) (Yan et al., 2015).

In 2016, the U.S. Environmental Protection Agency (EPA) issued a
health advisory level of 70 ng/L for PFOA and PFOS combined in
drinking water (EPA, 2016), but some states require a maximum PFOA
level in drinking water at 14 ng/ L (Dadashi Firouzjaei et al., 2022).
PFOA was found in Australian drinking water at ng L ™! levels in 44 % of
all samples tested in South East Queensland (Thompson et al., 2011), but
concentration in groundwater around army bases have been reported at
ug/L levels. For instance, The average aggregate concentration of PFOS,
PFOA, and PFHxS (perfluorohexanesulfonic acid) at an army site in
Australia being reported as 4.92 pg/L signifies a notable presence of
these PFAS in that particular environment (Leung et al., 2022).

Many existing technologies, like polymeric resins (Kothawala et al.,
2017), reverse osmosis (Tang et al., 2006) and activated carbon (Szabo
et al., 2017) are effective at capturing PFAS from water sources. How-
ever, these methods do not actually destroy PFAS molecules; instead,
they transfer them to another phase or medium, which does present a
risk of potential re-pollution if not managed properly. Thompson et al.
(2011) even reported that the RO concentrate containing PFAS was
released in a nearby river. Media such as activated carbon or resins must
be incinerated or disposed of in landfills (Stoiber et al., 2020).
Destruction technologies include sonolysis using ultrasonication (Cheng
et al., 2008), microwave (Chou et al., 2013), alkaline hydrolysis (Hao
et al., 2021), advanced oxidation processes (Vecitis et al., 2009) and
supercritical water oxidation (Pinkard et al., 2021). In the case of
treatment at 200 kHz under atmospheric air conditions for one hour, the
removal rate for PFOA was reported as 28 %. Similarly, at a lower fre-
quency of 20 kHz but for a longer duration of six hours, the removal rate
for PFAS was recorded at 14.6 % (Lei et al., 2020). Microwave is the least
effective method for PFOA degradation as 3.1-5 % removal efficiency
was reported at a power in the range 90-140 W and temperature of
130 °C for 8-12 h (Lee et al., 2009; Chou et al., 2013). Photocatalysis
was reported to remove up to 46 % PFOA in wastewater using zero-
valent iron at acidic pH (Xia et al., 2022). Ozonation could remove up
to 85 % PFOA in aqueous solutions under alkaline conditions (Lin et al.,
2012). Tenorio et al. (2020) treated PFAS foams using UV activated
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sulphite reactions under alkaline environment and obtained 98 % and
93 % removal for PFOS and PFOA after 49 h, but short chain PFAS such
as PFBS were still present. Li et al. (2023) used ultraviolet with sulphite
to degrade PFOS but it was inefficient for PFBS. They developed a hybrid
vacuum UV/sulphite/Iodide process which was found to degrade about
90 % PFBS due to the generation of aqueous e~ under alkaline condi-
tions. It was found that this advanced reduced process can generate e;q
which can reductively convert C—F bond to C—H bond. There was also a
higher degradation in the absence of oxygen because dissolved oxygen
can easily eliminate reductive radicals such as eq. Plasma was also
shown to be inefficient towards PFBS due to its poor hydrophobicity
(Isowamwen et al., 2023), however, by adding a cationic surfactant
which formed a complex with PFBS, up to 67 % PFBS was degraded at
the plasma liquid interface due to solvated electrons (e;q).

The electrochemical oxidation (EO) technique holds several advan-
tages over traditional wastewater treatment processes. Its high energy
efficiency, scalability, and modularity make it a promising method for
treating wastewater. Unlike some other methods, EO can operate at
ambient temperature and atmospheric pressure, reducing the need for
energy-intensive conditions or specialized equipment. Additionally, its
minimal reliance on chemicals earns it the label of “green technology,”
aligning with environmentally friendly practices. The simplicity of
setting up and operating EO systems further contributes to its appeal as
an efficient and eco-friendly wastewater treatment solution (Radjenovic
et al., 2020). The application of electrochemical oxidation (EO) with
low-cost graphene sponge electrodes, as reported by Duinslaeger and
Radjenovic (2022), demonstrated 16.7 % to 67 % destruction of C4-C8
PFAS. Using boron-doped diamond (BDD) film electrodes, Liao and
Farrell (2009) observed that between 44 and 70 % PFOA in wastewater
was destroyed at 2.3-21.4 mA em 2 (Liao and Farrell, 2009), while at
75 mA cm_z, Pierpaoli et al. (2021) achieved 80 % removal of PFOA in
landfill leachate.

The implementation of electrochemical oxidation (EO) on a large
scale can indeed face challenges due to the complexity of manufacturing
and associated costs. Electrodes play a crucial role in EO processes, and
several anodes materials such SnO5, BDD, PbO,, TiOs, Ti4O7 have shown
promising results but potential issues such as a lower active surface area,
the release of toxic heavy metals (in the case of some electrodes like
PbOy), surface fluorination, potential fragility leading to flaking of
coatings, and a relatively short service life. The requirement for constant
monitoring to determine when electrode replacement is necessary adds
to operational complexity.

Using graphite intercalated compound (GIC) as a combined adsor-
bent and conductive material within an electrochemical system for PFAS
removal presents an intriguing method. This method offers continuous
regeneration of the adsorbent while applying an electric current,
creating a synergistic adsorption and electrochemical oxidation (EO)
process. The concept of electrosorption, where an electric field enhances
the adsorption capacity of PFAS molecules, has been explored in various
studies (Li et al., 2011). Even though there are numerous studies on the
adsorption of PFAS or electrochemical oxidation of PFAS by electrodes,
the combined adsorption and electrochemical oxidation of individual
PFAS and PFAS mixture using GIC has not yet been explored in the
literature. The comparison between long and short chain PFAS (i.e.
PFOS and PFBS) as well as the comparison between perfluoro sulfonate
and perfluoro carboxylic acids has not yet been investigated using this
process. The removal efficiency in real environmental matrices is also
often lacking from research studies on PFAS degradation. The aim of this
paper was therefore to quantify the adsorption capacity of GIC towards
individual PFAS, asses the degradation of three different PFAS through
electrochemical oxidation and compare it the performance of the pro-
cess using real environmental matrix.
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2. Methods and materials
2.1. Adsorbent and adsorbate

Expandable graphite intercalation compound (GIC) in the form of
flakes was obtained from Sigma-Aldrich (P/N: 808121). Perfluorooctane
sulfonic acid (PFOS, CgHF17KO03S, 538.15 g/mol) was purchased from
Fluka (P/N: 77282). Perfluorooctanoic acid (PFOA, CgF1500H, 414.2 g/
mol) was purchased from Fluka (P/N: 77260, > 90 % purity). Per-
fluorobutane sulfonic acid (PFBS, C4F9KO3S, 338.19 g/mol) was pur-
chased from Wako (P/N: 324-61491). Three different stock solutions
containing approximately 10 mg/ L was prepared for each of the three
studied compounds. Properties of these 3 PFAS are listed in supple-
mentary material S1.

2.2. Batch adsorption tests

Batch adsorption experiments to evaluate the adsorption capacity of
graphite for PFOS, PFOA and PFBS in separate experiments. The ex-
periments were carried out in 250 mL Erlenmeyer flasks at a controlled
temperature of 25 °C. To conduct the tests, a volume of 100 mL of
deionized water containing 3 g of graphite was prepared. Various vol-
umes of a stock solution containing PFOS, PFOA or PFBS were added to
the flasks to achieve different initial concentrations. These flasks were
then placed on an orbital shaker at 150 rpm to facilitate mixing and
interaction between the graphite and the PFOA solution. Samples were
withdrawn from the flasks at different time intervals to monitor the
adsorption process until equilibrium was reached. To analyze the sam-
ples, they were filtered using a 0.22 pm filter to separate the graphite
from the solution before analyzing the remaining concentration of PFOS,
PFOA or PFBS. The amount of PFAS adsorbed at equilibrium, q. (mg/ g)
was calculated as:

_ C,-C,

9e w x v 1)

where, C, and C, (mg/ L) are the liquid-phase concentrations for initial
sorbate and equilibrium, respectively. V is the volume of the solution (L)
and M is the mass of graphite used. The Langmuir and Freundlich models
were used to interpret the adsorption isotherms. The Langmuir model
assumes monolayer adsorption on a surface with uniform sites, while the
Freundlich model suggests heterogeneous adsorption onto a surface
with multiple sites of varying energies (Mohammed et al., 2011). Kinetic
models, such as pseudo first-order and pseudo second-order, were
applied to describe the rate at which the adsorption process occurs over
time (Trzcinski et al., 2011).

2.3. Electrochemical oxidation reactor

The reactor used to study the combined adsorption and regeneration
of graphite is made of Perspex acrylic plastic in a Y-shape. Its technical
drawings were reported elsewhere (Mohammed et al., 2012). Details of
the experimental set up can be found somewhere else (Trzcinski and
Harada, 2023). The catholyte compartment is approximately 500 mL tap
water containing 3 % NaCl and HCl to pH between 1 and 2 (unless
mentioned otherwise). About 100 g of graphite was added to fill the
regeneration zone (12 cm deep and 5 cm thick). The volume of the
reactor chamber is about 6 L, but only 3 L tap water was used for the
experiments. The anodic and cathodic compartments were separated by
a semipermeable Daramic Membrane (Daramic.com, USA). The current
was adjusted using a digital power supply (0-3 A, 0-30 V, GPS-3030DD,
Instek, Taiwan). First, an air pump was used to keep the graphite in
suspension and promote adsorption for 20 min, then the pump was
stopped, and the graphite was allowed to settle in the regeneration zone
for 2 min, after which the current was switched on for 10 min.
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2.4. Liquid-liquid extraction of PFAS compounds

The following procedure outlines the method used for the extraction
and analysis of PFAS from a sample using a series of steps involving
extraction, evaporation, and derivatization for analysis via gas chro-
matography-mass spectrometry (GC-MS). In a 2 mL Eppendorf centri-
fuge tube, a 200 pL sample was mixed with 200 pL of an ion-pairing
buffer, in this case, Tetrabutylammonium hydrogensulfate. Then, 400
uL of methyl tert-butyl ether (MTBE) was added to extract all PFAS
compounds. The tube was manually shaken to mix the contents thor-
oughly and then centrifuged at 5000 rpm for 3 min. After centrifugation,
the MTBE layer, which contains the extracted PFAS, was carefully
transferred to a glass tube. This extraction procedure was repeated 3
times to ensure all small chain PFAS were extracted. The MTBE in the
glass tube was evaporated at 80 °C under a stream of nitrogen to remove
the solvent and concentrate the extracted PFAS. 20 pL containing 1 ng of
11H-perfluoroundecanoic acid was added as internal standard to the
concentrated sample and evaporated again. Derivatization was achieved
using 200 pL of Bis(4-tert-butylphenyl)-iodonium hexafluorophosphate
(BtBPI) in acetonitrile (1 % w v~ ) was then added to the glass tubes, and
then transferred to a GC-MS vial for analysis.

2.5. GC-MS analysis

The analytical setup for the analysis of PFOA using gas chromatog-
raphy-mass spectrometry (GC-MS) involved a DB-5MS capillary column
(30 m long, 0.25 mm internal diameter, and 0.25 pm film thickness)
installed in an Agilent 6890 GC-5973MSD instrument. The injection
volume for the samples was set at 1 pL as described in (Harada et al.,
2020). The coefficient of variance was 6 % (n = 3).

3. Results and discussion
3.1. Adsorption of PFOS, PFOA and PFBS using GIC

Fig. 1A shows the adsorption kinetics whereas Fig. 1B, C and D show
the adsorption isotherms models fitted to the data of PFOS, PFOA and
PFBS, respectively. The adsorption capacity was the highest for PFOS
which reached 54 pg/g, followed by PFOA with 22.3 nug/g and PFBS with
2.6 pg/g. This is due to the higher hydrophobicity of longer PFAS.
Despite the same length, PFOS is also more hydrophobic than PFOA due
to the more hydrophilic head on PFOA which is consistent with many
studies that studied the adsorption of PFAS onto activated carbons
(Zhang et al., 2016). However, activated carbon can achieve signifi-
cantly higher adsorption loadings: 15.8 mg/g, 10.3 and 7.5 mg/g for
PFOS, PFOA and PFHpA, respectively (Zhang et al., 2016). The sorption
equilibrium on GIC is relatively fast for PFOS which required 1-2 h,
whereas PFOA and PFBS require only 20-60 min (Fig. 1A). This is
significantly faster than activated carbons which require 24 h for PFOS
and 120 h for PFOA and PFHpA (Zhang et al., 2016). It is worth noting
that these adsorption capacities are higher than what can be achieved
with biochar amended soil which has been reported to adsorb
0.025-0.139 g PFOA g~ ! and 0.094-0.223 pg PFOS g~ ! (Askeland
et al., 2020).

In order to better understand the factors controlling sorption rates,
the kinetic data were fitted with pseudo first and second order kinetic
models. The curves in Fig. 1A represent the pseudo second order kinetic
model which fitted the data better than the first order kinetic model. The
coefficients for both kinetic models are given in Table 1 where the
estimated correlation coefficient (R = 0.99) confirmed the better fit of
the second order kinetic model for all 3 PFAS studied. The adsorption
capacity at equilibrium (q.) was found to be 56.18 pg/g for PFOS, 10.05
ng/g for PFOA and 3.85 pg/g through data fitting, which were close to
the experimental data (53.92 pg/g for PFOS, 9.87 pg/g for PFOA and
3.75 ng/g for PFBS). The rate constant ky depends on the properties of
the sorbate and sorbent and is inversely proportional to the sorption rate
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Fig. 1. (A) Pseudo- second order kinetic model (curve) fitted to the adsorption data (points) of PFOS, PFOA and PFBS. (B) Langmuir and Freundlich adsorption model
fitted to the data of PFOS adsorption on GIC. (C) Langmuir and Freundlich adsorption model fitted to the data of PFOA adsorption on GIC. (D) Langmuir and
Freundlich adsorption model fitted to the data of PFBS adsorption on GIC. The error bars represent the standard deviation (n = 3).

Table 1
Parameters of kinetic models fitted to the experimental data.

PFAS Pseudo first-order Pseudo second-order

ky (min~") 1 (ug/ 8 R? ky (g pg ' min ") ez (Hg/8) h (ug/ g min~") R?
PFOS 0.0062 30.6 0.3430 0.0002 56.18 0.771 0.9899
PFOA 0.1437 9.1319 0.9556 0.0261 10.0503 0.435 0.9970
PFBS 0.009 2.3953 0.6312 0.0051 3.8521 0.076 0.9963

(Zhang et al., 2016). The rate constants were found to be 0.0002, 0.0261
and 0.0051 g pg~* min~! for PFOS, PFOA and PFBS, respectively, which
confirms the higher sorption rate of PFOS, followed by PFBS, then PFOA.
The coefficient h in Table 1 represents the initial sorption rate when t =
0 and can be calculated as kz.qg. It was found that the h value for PFOS
was 10 times that of PFBS confirming the higher electrostatic attraction
of PFOS for GIC due to a higher hydrophobicity. The initial sorption rate
of PFOA was 0.435 pg/ g min~ ' due to PFOA being less hydrophobic
than PFOS because PFOS has one more carbon-fluorine bond in its
perfluoroalkyl chain (Li et al., 2011). The pseudo second order model
assumes that the rate-limiting step involves chemisorption, which en-
compasses electron sharing or exchange between the sorbent (GIC) and
sorbate (PFAS) (Sharma and CF Forster, 1996). The finding that the
pseudo-second order rate model fits well our data suggests that there
might indeed be electronic interactions happening between PFAS and
GIC. This could imply a stronger chemical bonding or exchange of

electrons between these substances during the adsorption process,
reinforcing the idea that the rate-limiting step involves chemisorption.

Previous studies have highlighted the significance of electrostatic
interactions in the sorption of PFOA and PFOS to GAC (Deng et al.,
2015).The observation that PFOS exhibits greater sorption both in terms
of rate and quantity despite having the same carbon chain length as
PFOA suggests that the hydrophilic head group present in PFAS signif-
icantly influences their sorption behavior on GIC. The differences in
sorption between PFOS and PFBS, despite reaching equilibrium within
the same timeframe, can be attributed to their varying degrees of hy-
drophobicity. The results comparing PFOS and PFBS show that hydro-
phobicity plays a pivotal role in the interaction between these
compounds and the GIC surface. Our results are surprisingly similar to
(Wang et al., 2015) who showed a high sorption capacity for PFOS on
boehmite, while almost no PFBS was adsorbed suggesting that hydro-
phobic interactions was dominant on boehmite and GIC.
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The sorption isotherms of PFOS, PFOA and PFBS are shows in Fig. 1B,
C and D, respectively. Langmuir and Freundlich coefficients were
calculated using the linearization method and are shown in Table 2. It
can be seen that Langmuir model represented PFOS and PFOA adsorp-
tion better than Freundlich model, whereas PFBS was not well repre-
sented by neither of the models. This can be attributed to the fact that
PFBS was not adsorbed by GIC. The Freundlich constant Ky represents
the adsorption capacity which followed the order PFOS > PFOA > PFBS.
The higher value of 1/n for PFOA indicates a more homogenous distri-
bution of the adsorption site energies. Langmuir model can predict the
maximum adsorption capacity of GIC which was higher for PFOS (53.93
pg/g) than PFOA (22.28 pg/g). PFOS, PFBS and PFOA also form an anion
at a wide range of pHs which can explain the electrostatic interactions.
Lower pH can increase the positive charges on GIC, increasing the
adsorption potential for PFBS, but adsorption was insignificant in this
study even at pH 4. Even though initial concentrations were similar for
the 3 PFAS, the equilibrium concentrations were smaller for PFOS
demonstrating a better affinity towards GIC. Given the better fit with
Langmuir, monolayer adsorption on homogeneous GIC is more likely
and the data for PFOS showed that some desorption could have taken
place which indicates that chemical bond with GIC was unlikely. It is
more likely that the preferred mode of adsorption was through elec-
trostatic attraction and hydrophobic interaction with GIC. Aggregation
through bilayer and hemimicelle is also possible, but only at concen-
tration greater than at least 0.001 % of the critical micelle concentration
(CMCQ) (Du et al., 2014). Harada et al. (2005) reported a CMC for PFOS
and PFOA of 8 mM and 25 mM, respectively, indicating that micelles
were not formed, but that hemimicelle formation were plausible for
PFOS and PFOA in the current study. Increased hydrophobicity due to
longer perfluoro chains promotes the formation of surface aggregates
and the potential for PFOS aggregates was therefore much stronger than
for PFBS.

3.2. Electro-chemical oxidation of PFOS

In this experiment, 3 mL of the PFOS stock solution was spiked into
the electrochemical oxidation reactor after each adsorption and regen-
eration cycle to investigate the removal of PFOS and potential accu-
mulation of PFOS breakdown by-products. It is important to note that
unlike most electrochemical oxidation studies, the reactor was spiked
multiple times as shown by the red arrow in Fig. 2A, not just at time 0.
Fig. 2A shows the concentration of PFOS after each adsorption and
regeneration step of each cycle, while Fig. 2b shows the concentration of
PFOS degradation by-products, i.e. PFHpS, PFHxS, PFPeS, PFBS, PFOA,
PFHxA and PFBA. At a current density of 28 mA/cm?, PFOS removal was
98.9 % after the first cycle demonstrating a remarkable efficiency to-
wards PFOS. The concentration dropped further below the detection
limit of the instrument (< 10 ng/L) after cycle 5. PFHxS was the main
by-product with a concentration of 10.5 pg/L, but it decreased to non-
detectable levels (< 10 ng/L) after the first cycle. Similarly, PFHpS,
PFPeS and PFBS were detected respectively at 343 ng/L, 240 ng/L and
109 ng/L (Fig. 2B), but decreased further to non-detectable levels after
the first cycle, demonstrating the high efficiency of the process towards
PFOS and smaller perfluoro sulfonates. It is worth noting that PFBS was
completely removed to non detectable levels in this experiment which is

Table 2
Parameters for the adsorption models of PFOS, PFOA and PFBS adsorption onto
GIC.

Sorbate  Langmuir Freundlich

Ki(ig/  bL(L R? Kp (ug' /" L"  n R?

8) g™ g
PFOS 53.9 0.002 0.99 0.1612 1.108 0.981
PFOA 22.3 0.0012 0.9951 0.044 1.011 0.935
PFBS 0.985 0.025 0.4271 0.029 1.372 0.875
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somewhat unexpected because it was found that its adsorption capacity
on GIC was very limited (Fig. 1D). The results imply therefore that PFOS
remained adsorbed on GIC until it was fully degraded. Because the
current density was sufficient, all adsorption sites were regenerated to
make place for additional PFOS which remains adsorbed and degraded
while adsorbed on GIC flakes. The degradation taking place is known to
be due to a combined action of hydroxyl radicals, e;q and electro-
chlorination but the exact contribution of each and preferred point of
action is not known. Chlorine can also react with hydroxyl radicals to
generate primary and secondary radicals such as C1°, CIOH®, CI3 but
these are known to be inefficient towards PFBS (Zhang et al., 2022).
PFBS is notoriously hard to degrade compared to PFOS and previous
research showed that alkaline ultraviolet coupled with sulphite and io-
dide could generate e,q that could convert C—F bond to C—H bonds in
PFBS (Li et al., 2023). This suggest that e,q were produced at the surface
of GIC particles when the current is applied and that PFBS was degraded
on GIC before it could desorb. If PFBS had desorbed in the bulk solution,
its degradation would not have been possible because high dissolved
oxygen concentration would have likely inhibited e;q species.

It is known that PFOS can also break down to form PFOA which in
turn breaks down to smaller perfluoro carboxylic acids such as PFHpA,
PFHxA, PFPeA, PFBA, etc. Fig. 2B also shows that PFOA could be
degraded as its concentration decreased from 91 ng/L to 26 ng/L, but
smaller perfluoro carboxylic acids such as PFHxXA and PFBA were found
to accumulate slowly in the reactor to 95 ng/L and 83 ng/L after 5 cy-
cles, respectively, indicating that smaller perfluoro carboxylic acids
were more difficult to adsorb onto GIC due to being less hydrophobic
than longer chain PFAS. This accumulation was also due to the multiple
PFOS spikes in the reactor which constantly produced smaller by-
products. During the degradation of PFOS, it was also revealed that
short-chain perfluoro sulfonates were easier to remove than the corre-
sponding short-chain perfluoro carboxylic acids under the same condi-
tions, possibly due to desorption.

When the generation of e,q is dominant compared to other reactive
oxygen species such as *OH, Hy0,, O3, *05 and H30™, the degradation of
PFOS via one-electron transfer mechanism become dominant due to e;q
high reduction potential of —2.9 V (Deng et al., 2021). When an electric
field is applied, an electron from PFOS is initially transferred to the
anode to form a PFOS radical according to the following reaction:

C8F17S037-) .CgF”SO} +le”
The radical would then decompose according to:
*C4F17S0; +H,0 *CyFy; + S0, 2 +2HT

Subsequently, *CgF17 will react with hydroxyl radicals to undergo a
stepwise elimination of CFy subunits (Deng et al., 2021). According to
that mechanism, after the C—S scission of 'C8F17SO§’, it will decompose
into CgFy7 followed by the production of CgF17;0H, which is subse-
quently converted to PFOA (Gu et al., 2016). On the other hand, *CgFy7
may be formed in the desulfonation reaction, before being transformed
to PFOA (Bentel et al., 2019). It can be seen in Fig. 2B that PFOA was
indeed produced from the degradation of PFOS which confirms the
degradation pathway during the combined adsorption and electro-
chemical oxidation process using GIC. In the first pathway, *CgF17 will
react with hydroxyl radicals to yield CgF170H which will then decom-
pose into HF and C;F15CFO. The latter will then hydrolyze into
C;F15CO0~, HF and H™. This leaves us with a carboxylic acid which will
undergo successive steps: firstly, Kolbe decarboxylation (releasing
-COy), radical reaction involving *OH, intramolecular rearrangement
(releasing -HF) and hydrolysis (releasing -HF) to get rid of one CF; unit
(Niu et al., 2012). The same cycle is then repeated until PFCAs are finally
mineralized to CO and HF. In the second pathway with an excess of
oxygen, the radical CgF;700° is produced. It can react with other radi-
cals with a general form of RFOO® to yield CgF170°, RFO® and O,.
CgF170° will then decompose into C;Fis and COF,. The latter will
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Fig. 2. (A) Time dependence of PFOS concentration in tap water after 5 cycles of adsorption onto GIG for 20 min followed by regeneration at 28 mA/cm? for 10 min.
The red arrow represents a 3 mL spike of PFOS stock solution into the electrochemical reactor (B) Time dependence of PFHpS, PFHxS, PFPeS, PFBS, PFOA, PFHxXA
and PFBA concentration in water after each adsorption step (denoted by the letter A) and regeneration step (denoted by the letter R).

hydrolyze into CO, and HF. The radical C;F{s will then undergo the
same pathways until complete defluorination.

3.3. Electro-chemical oxidation of PFOA

Fig. 3A shows the degradation of PFOA at a current density of 25
mA/cm? after multiple spikes and the PFOA concentration dropped from
14.8 pg/L to 281 ng/L after the first cycle achieving a remarkable 98 %
removal. However, the concentration slightly increased after the third
cycle to 449 ng/L indicating an incomplete removal and saturation of
GIC active sites after the second and third PFOA spike. The degradation
of PFOA was confirmed by Fig. 3B showing the presence of PFHpA at a
concentration of 2.687 pg/L stabilizing to 0.9 pg/L after 3 cycles. PFBA
was also detected up to 282 ng/L and was not fully removed. Interest-
ingly, PFHXA and PFPeA were not detected under these experimental
conditions. The higher concentration of perfluoroheptanoic acid
(PFHpA) observed during the degradation process implies that the
breakdown of PFHpA might have been the limiting factor in the
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electrochemical oxidation of perfluorooctanoic acid (PFOA) on the
graphite intercalation compound (GIC). The results suggest that PFOA
and smaller perfluorocarboxylic acids (PFCAs) degradation requires
more GIC and longer regeneration time than PFOS. The fact that smaller
PFCAs are more difficult to degrade is consistent with Niu et al. (2012)
who also obtained a PFOA half-life of approximately 15 min, but we
went further by spiking the reactor a second and third time, and we
showed that GIC could be regenerated in situ by electrochemical
oxidation without affecting the performance after the second and third
successive spike. This observation implies that as PFOA and its by-
products underwent degradation, more adsorption sites on the
graphite became available during successive regeneration cycles.
Consequently, the decrease in concentration observed in the water
samples suggests that PFOA and its by-products remained adsorbed on
the graphite surface until they underwent breakdown or degradation.
This indicates a dynamic process wherein the adsorbed compounds
remained attached to the GIC until they were effectively degraded,
without leaching or desorbing back into the water over time.
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Fig. 3. (A) Time dependence of PFOA concentration in tap water after 3 cycles of adsorption onto GIC for 20 min followed by regeneration at 25 mA/cm? for 10 min.
The red arrow represents a 3 mL spike of PFOA stock solution into the electrochemical reactor (B) Time dependence of PFHpA, and PFBA concentration in water after
each adsorption step (denoted by the letter A) and regeneration step (denoted by the letter R).
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The proposed process for the adsorption, removal, and degradation
of PFOA involves several mechanisms that operate in tandem. Firstly,
when GIC immersed in an electrolyte solution is subjected to an external
electrostatic field, the particle surfaces acquire either a positive or
negative charge (Zhang et al., 2013). This charge on the GIC surfaces
leads to an electrostatic attraction between the charged PFOA anions
and the oppositely charged GIC flakes, resulting in a phenomenon
known as electrosorption. This process combines the adsorption facili-
tated by the hydrophobic nature of PFOA with electrosorption, effec-
tively enhancing the removal of PFOA onto the GIC surface. This
decrease in pH, especially in the absence of alkalinity, occurs due to a
combination of factors. Acid diffusion through the membrane and the
generation of acid at the anode contribute to this pH drop (Mohammed
et al., 2011). The resulting acidic medium creates conditions conducive
to the acquisition of a positive charge by PFOA molecules. These posi-
tively charged PFOA molecules are then attracted to the negatively
charged sides of GIC flakes or the negatively charged electrode.

The electrochemical oxidation process involves the generation of
hydroxyl radicals ("OH) and electron transfer reactions, playing key
roles in the degradation of perfluorooctanoic acid (PFOA). However,
hydroxyl radicals alone might have limitations in breaking the strong
C—F bonds present in PFOA molecules (Ambaye et al., 2022). When the
generation of hydrated electrons (e;q) is predominant compared to other
reactive oxygen species, such as hydroxyl radicals, hydrogen peroxide,
ozone, superoxide radicals, and hydronium ions, the degradation of
PFOA primarily occurs via a one-electron transfer mechanism due to ezq
high reduction potential of —2.9 V (Deng et al., 2021). This electron
transfer results in the conversion of the PFOA anion (C;F;5COO™) into
radicals (C;F15CO0®). Subsequent steps involve Kolbe decarboxylation,
radical reactions, intramolecular rearrangements, and hydrolysis,
gradually breaking down the PFOA molecules into shorter-chain per-
fluorocarboxylic acids (PFCAs) (Niu et al., 2012). In oxygen-rich envi-
ronments, reaction pathways involve the interaction of CyFi5 with
oxygen, leading to the formation of radicals like C;F;50°® and ultimately
resulting in the breakdown of PFOA molecules into smaller fragments,
including CF50, CgF13, and CO,. In hydroxyl radicals rich environments,
C;F15 can transform into C;F150H, leading to the formation of C;F150°,
which follows a similar sequence of reactions resulting in the degrada-
tion of PFOA into smaller components, eventually leading to the pro-
duction of COy and HF. The presence of PFOA by-products in the
experiment confirms these proposed degradation pathways. It suggests
that hydrated electrons (e,q) also play a role in the process, contributing
to defluorination and scission of the centermost C—C bonds in PFOA
molecules (Gu et al., 2016). This series of reactions eventually leads to
the breakdown and mineralization of PFOA and its by-products into
smaller, less persistent compounds and, ultimately, to CO, and HF.

3.4. Electro-chemical oxidation of PFBS

In Fig. 4, a single 3 mL spike of the PFBS stock solution was pipetted
into 3 L of tap water, a sample was taken, and the spiked water was then
poured into the reactor and 5 consecutives cycles of adsorption and
regeneration at 43 mA/cm? were carried out. It can be seen that PFBS
was hardly removed by physical adsorption, electrostatic attraction onto
GIC, electrosorption nor by electrochemical regeneration of GIC. The
GC-MS used in this study could unfortunately not detect PFAS with
fewer than 4 carbons. Only 17 % PFBS was removed by the process even
at a relatively higher current density of 43 mA/cm?. This is consistent
with Fig. 1A and D which showed that PFBS could barely be adsorbed
onto GIC. However, this contradicts Fig. 2B which showed that PFBS
could be totally removed when it appeared as a degradation by-products
of PFOS because PFOS can be adsorbed first onto GIC, and all subsequent
by-products remain adsorbed on GIC and are degraded before they have
time to desorb into the bulk . This shows that the electrochemical
oxidation of PFBS works only when the PFBS molecules are already
adsorbed onto GIC which is where the degradation takes place. It also
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strongly suggests that OH® radicals produced in the bulk are inefficient
towards PFBS and that only hydrated electrons (eaq) produced at the
surface at GIC or anode can degrade PFBS if it appears as a by-product of
adsorbed PFOS, but not when it is spiked as PFBS because it will not
adsorb onto GIC. This demonstrates that different mechanisms are
responsible for PFOS and PFBS breakdown in the electrochemical
oxidation process using GIC, and that different processes are therefore
required for the full degradation of PFAS: electrochemical oxidation of
long chain PFAS at acidic pH followed by an advanced reduced process
involving hydrated electrons (e,q) at alkaline pH for small chain PFAS.
Alternatively, novel adsorbent which can effectively adsorb long and
short chain PFAS must be developed. These novel adsorbents should
have large surface area to maximize adsorption and high electrical
conductivity in order to produce large quantities of hydroxyl radicals
and hydrated electrons (eaq) when a small electrical current is applied.

3.5. Electro-chemical oxidation of a mixture of PFOS, PFOA and PFBS

In this experiment, a single spike of PFOS, PFOA and PFBS was
injected in the water before taking a sample and turning on the air pump
and the power supply at the same time. By doing so, contaminants are
mixed with GIC to promote adsorption while they can be degraded when
the GIC is in the regeneration zone. Despite the air bubbles present in the
regeneration zone, a current density of 20 mA/cm? was still possible.
Fig. 5A shows a reduction of 83 % and 62 % for PFOS and PFOA,
respectively, while only 11 % PFBS was removed. The lower removal
can be explained by the competition between PFOS and PFOA for the
adsorption sites of GIC. Liang et al. (2018) also observed higher removal
of PFOS (91 %) compared to PFOA (32 %) when using a Ti4O7 anode,
indicating that there is a strong relationship between hydrophobicity of
PFAS and anode which affect mass and electrons transfer in the elec-
trochemical oxidation process.

Fig. 5B shows that PFHxS was the dominant by-products but its
concentration decreased from 14 to 4.43 pg/L (68 % removal). All the
other by-products were detected below 300 ng/L. Among them, PFHpS
decreased by 78 % and PFPeS by 33.7 %. It is clear that the smaller the
perfluoro sulfonic acid chain, the lower the removal efficiency of the
process. With regards to the perfluoro carboxylic acids, PFHXA con-
centration decreased by 36 %, while the concentration of PFHpA and
PFBA increased during the simultaneous adsorption and regeneration.

3.6. Electro-chemical oxidation of a mixture of PFOS, PFOA and PFBS in
real water matrix

The same experiment was repeated in a real water matrix taken from
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Fig. 5. (A). Time dependence of PFOS, PFOA and PFBS concentration in tap water during the simultaneous adsorption and regeneration process at 20 mA/cm? The
red arrow represents a 3 mL spike of PFOS, PFOA and PFBS stock solution into the electrochemical reactor. (B) Change in the concentration of smaller chain perfluoro
sulfonic acids and perfluoro carboxylic acids during the simultaneous adsorption and regeneration process.

a local pond (Heian Shrine, Kyoto, Japan). The water had the charac-
teristics listed in Table S2. Despite being relatively clear, the water
tested positive for E. coli and contained organic matter as shown by a
TOC content of 2.2 mg/L and suspended matter content of 2.6 mg/L. The
colour and turbidity indicated the possibility of natural organic matter
such as humic and fulvic acids being also present.

In this experiment using a real water matrix, the removal of PFOS
and PFOA dropped to 56 % and 51 %, respectively, whereas the con-
centration of PFBS increased notably which is due to the degradation of
PFOS to PFBS (Fig. 6A). This can be explained by the competition with
natural organic matter for electrosorption on GIC, and as a result more
PFOS remained unadsorbed or adsorbed on natural organic matter
instead of GIC, while still being degraded by hydroxyl radicals in the
bulk solution to smaller perfluoro sulfonates and carboxylic acid which
also remained in bulk. It is also possible that PFBS desorbed from GIC
due to competition with natural organic matter. The removal of PFHpS,
PFHxS and PFPeS was 75 %, 34 % and — 9 % indicating that the process
was less effective in real water matrix. There was a drop of 3-40 % by
treating PFOS, PFOA and smaller sulfonates in a real water matrix under
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the same electrochemical conditions (20 mA/cm?). This can be
explained by coexisting anions such as NO3, NOz, HCO3, Br™ and dis-
solved organic matter(Li et al., 2023) and carbonate hardness (Sukmilin
and Sangsirimongkolying, 2021) that are all scavengers of hydroxyl
radicals. Moreover, Barisci and Suri (2020) also observed a reduced
defluorination rate in long-chain PFAS (C > 7) in river water compared
to deionized water due to these radical scavengers. Adsorption of PFAS
on GIC was also affected by the competition with these anions for
positively charged sites on GIC. PFHpA, PFHxA and PFBA removal
percentages were 100 %, 18 % and 41 %, respectively, which was better
than what was achieved in tap water (Fig. 5B). However, the final
concentrations were similar in both matrices.

Finally, Fig. 7A and B shows the same experiment in real water
matrix, but by applying adsorption and regeneration sequentially
instead of simultaneously. This allows us to achieve a higher current
density of 40 mA/cm? as the GIC is allowed to settle down in the
regeneration zone for 2 min before applying the current for 20 min. It
can be seen that PFOS and PFOA removal percentage were 95 and 68 %
which is slightly better than in tap water, but in order to achieve this, the

B |[—e—rrHxs —=@=PFHpS PFPeS
0.35
PFHPA —=@— PFHXA —@—PFBA
8 T 0.3
<7 & 1
1]
= L I T T 0.25
-6 . - T
el = = I . oy
= 02 %
b= + 3
= 2
wv
24 0.155
o =)
S 3 g
2 0.1 €
T Q
w2 o
a. c
Ny 0.058
)
=
0 0 ©
0 5 10 15 20 30 40 60

simultaneous adsorption and regeneration (min)

Fig. 6. (A). Time dependence of PFOS, PFOA and PFBS concentration in real environmental water matrix during the simultaneous adsorption and regeneration
process at 20 mA/cm?. The red arrow represents a 3 mL spike of PFOS, PFOA and PFBS stock solution into the electrochemical reactor. (B) Change in the con-
centration of smaller chain perfluoro sulfonic acids and perfluoro carboxylic acids during the simultaneous adsorption and regeneration process.
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Fig. 7. (A) Time dependence of PFOS, PFOA and PFBS concentration in real environmental water matrix after 5 cycles of adsorption onto GIC for 20 min followed by
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dependence of PFHpS, PFHxS, PFPeS, PFHpA, PFHxA and PFBA concentration in real environmental water matrix after each adsorption (denoted by the letter A) and

regeneration step (denoted by the letter R).

current density was doubled from 20 to 40 mA/cm? and the regenera-
tion time was also doubled from 10 to 20 min. These operational con-
ditions corresponded to an energy consumption of 13 kWh/m® which is
significantly lower that what has been reported with ultrasonication:
1475 kWh/m? (Lin et al., 2016), sonolysis: 4045 kWh/m® (Moriwaki
et al.,, 2005), photodegradation-boiling: 1177 kWh/m? (Lyu et al.,
2015), microwave-hydrothermal: 2599 kWh/m® (Lee et al., 2009),
photocatalysis/Fenton: 171 kWh/m® (Ohno et al., 2014) and UV/KI
methods: 95 kWh/m? (Quetal., 2010). But it is higher than 5-7 kWh/m?
obtained with TisO7 reactive electrochemical membrane anode (Le
et al., 2019).

PFBS concentration was found to decrease from 58 to 40.5 pg/L, but
started to increase again after cycle 4 due to the degradation of PFOS by-
products. This is consistent with Maldonado et al. (2021) who also
observed an increase in short chain PFAS during the treatment of landfill
leachate at 200 mA/cm? due to the unzipping mechanisms reported in
the literature whereby a -CF; unit is released during the break down of
PFAS until smaller PFAS are obtained. This demonstrates that electro-
chemical oxidation is not adapted to short-chain PFAS such as PFBS. The
bottleneck of the process is therefore the adsorption and electrochemical
oxidation of 4 carbon PFAS which would require a conductive adsorbent
with higher affinity for more hydrophilic PFAS.

Fig. 7B shows the evolution with time of PFOS and PFOA breakdown
by-products. Again, higher removal percentages were achieved with
longer chains: PFHpS (89.8 %) > PFHxS (64.7 %) > PFPeS (37.4 %) >
PFBS (0.6 %). In multi-compounds solutions of PFAS, Wang et al. (2020)
also observed that long chain PFAS are degraded faster than short chain
PFAS with the same functional headgroup. Moreover, perfluoro car-
boxylic acids of the same carbon chain length were degraded slower that
perfluoro sulfonates.

These percentages were higher (PFHpS, PFPeS) or similar (PFHxS)
than those obtained in tap water, demonstrating that high removals can
be achieved in environmental matrix, but it required higher energy
input and longer treatment time. PFHpA and PFHxA removal percent-
ages were 67.6 % and 44.2 %, which was significantly better than during
the simultaneous adsorption and regeneration experiment in tap water
(Fig. 5B). PFBA concentration increased by 43 % showing again that
smaller by-products are more difficult to remove in this process even at
higher energy input and longer treatment time.

4. Conclusions

The adsorption of PFOS, PFOA and PFBS onto GIC occurred rapidly

within 2 h. With a maximum adsorption capacity of 53.9 and 22.3 pg/ g
for PFOS and PFOA, respectively. With 0.985 pg/ g GIC, PFBS was barely
adsorbed onto GIC. Despite multiple spikes in the electrochemical
oxidation reactor, PFOS could be removed completely, whereas PFOA
can be reduced to about 500 ng/L. PFBS could be degraded as a by-
product of PFOS degradation suggesting that it involved attacks by
aqueous electrons on GIC flakes instead of hydroxyl radicals attack in
the bulk. On the other hand, no significant removal of PFBS took place
when spiked individually. When these 3 PFAS were spiked together, the
PFOS and PFOA final concentration was still 1-2 pg/L. With regards to
breakdown by-products, the final concentration remained below 300
ng/L. GIC seems inefficient towards smaller PFAS once they reach
concentrations lower than 200 ng/L. Tests in real water matrix showed a
drop in removal between 3 and 40 % for PFOS, PFOA and smaller sul-
fonates compared to tap water. This hybrid approach may offer benefits
such as rapid removal of PFAS from pg/L to ng/L, potential treatment of
a wider range of PFAS compounds, and the possibility of reducing the
volume of waste generated compared to individual treatment methods,
but more work should be done on smaller PFAS and novel conductive
adsorbent targeting them.
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