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• Novel combined adsorption and elec-
trochemical oxidation of PFOS was 
described. 

• PFOS can be adsorbed with an adsorp-
tion capacity of 53.9 μg PFOS/g GIC. 

• By-products include smaller chain per-
fluoroalkane sulfonates and carboxylic 
acids. 

• Up to 99% PFOS removal after 40 min at 
a current of 0.5 A 

• By-products can be also broken down 
but require longer time and at least 1.7 
A  
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A B S T R A C T   

Perfluorooctane sulfonate (PFOS) is a highly recalcitrant perfluoro chemical belonging to the family of per- and 
polyfluoroalkyl substances (PFAS). Its adsorption and degradation was demonstrated in a novel PFAS remedi-
ation process involving the adsorption onto graphite intercalated compounds (GIC) and the electrochemical 
oxidation. The Langmuir type of adsorption was characterized by a loading capacity of 53.9 μg PFOS g− 1 GIC and 
a second order kinetics (0.021 g μg− 1 min− 1). Up to 99% of PFOS was degraded in the process with a half-life of 
15 min. The breakdown by-products included short chain perfluoroalkane sulfonates such as Per-
fluoroheptanesulfonate (PFHpS), Perfluorohexanesulfonate (PFHxS), Perfluoropentanesulfonate (PFPeS) and 
Perfluorobutanesulfonate (PFBS), but also short chain perfluoro carboxylic acids such as perfluorooctanoic acid 
(PFOA), perfluorohexanoic acid (PFHxA) and perfluorobutanoic acid (PFBA) indicating different degradation 
pathways. These by-products could also be broken down but the shorter the chain the slower the degradation 
rate. This novel combined adsorption and electrochemical process offers an alternative treatment for PFAS 
contaminated waters.   

1. Introduction 

Perfluorooctane sulfonate (PFOS) belongs to the family of per- and 
polyfluoroalkyl substances (PFAS) which have been widely used in 

manufacturing processes and in firefighting foams used around air 
bases. This has caused major pollution of groundwater and surface water 
at concentration levels exceeding recommended doses. Due to its 
toxicity and strong carbon-fluorine bond, this chemical accumulates in 
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the environment. The US environmental protection agency has recom-
mended health advisory level of 70 ng L− 1 for total PFOS and per-
fluorooctanoic acid (PFOA) (EPA, 2016), but some states require a 
maximum PFOS level in drinking water at 13 ng L− 1 and 14 ng L− 1 for 
PFOA (Dadashi Firouzjaei et al., 2022). PFOS was found in Australian 
drinking water at a concentration of 16 ng L− 1 (Thompson et al., 2011), 
but concentration in groundwater around army bases have been re-
ported at μg L− 1 levels. For instance, the average combined concentra-
tion of PFOS, PFOA and perfluorohexanesulfonic acid (PFHxS) in Oakey 
army site was 4.92 μg L− 1 (Leung et al., 2022). 

Several technologies for the capture of PFOS and other PFAS exist 
such as reverse osmosis (Tang et al., 2006), activated carbon (Szabo 
et al., 2017) and polymeric resins (Kothawala et al., 2017), but PFAS are 
not destroyed by these methods, only transferred to another phase 
which creates a risk of re-pollution. Media such as activated carbon or 
resins must be incinerated or disposed of in landfills (Stoiber et al., 
2020). Destruction technologies includes sonolysis using ultrasonication 
(Cheng et al., 2008), advanced oxidation processes (Vecitis et al., 2009), 
alkaline hydrolysis (Hao et al., 2021) and supercritical water oxidation 
(Pinkard et al., 2021). Ambaye et al. (2022) report that hydroxyl radi-
cals alone produced during advanced oxidation processes have limited 
capacity to break the C–F bonds. 

Complete cleavage of the C–F bond is required to avoid risks of re- 
contamination. Some technologies have been shown to breakdown 
PFOS, but some toxic short chain PFAS may still persist. Using super-
critical water oxidation for 60 min, 70% PFOS destruction was achieved 
at 500 ◦C (Pinkard et al., 2021). These methods have a high cost pro-
hibiting scale up of the technology. Compared to sonolysis (4000–11, 
000 kWh m− 3) and ultrasonication (1475 kWh m− 3), electrochemical 
oxidation (EO) has been reported to have much lower energy re-
quirements (5–132 kWh m− 3) (Sharma et al., 2022). Other advantages 
include normal temperature and pressure, possibility to scale up, higher 
removal efficiency and no requirement for external chemicals (Niu et al., 
2012). In the electrochemical oxidation process, a small amount of 
electrolyte is required to improve the reaction and provide hydroxyl 
radicals and other oxidative species. Carter and Farrell (2008) have 
applied electrochemical oxidation using boron-doped diamond film 
electrodes and reported a half-life of 5.3 min at current density of 20 mA 
cm− 2. Some authors have used metal ions to supplement anodes and it 
has been shown to result in better performance. For instance, Ce-doped 
nanocrystalline PbO2 resulted in the complete mineralization of C4 to C8 
perfluorinated carboxylic acids (Niu et al., 2012). Using boron-doped 
diamond film electrodes, mineralization of perfluorobutane sulfonate 
(PFBS) is believed to occur through a combination of direct electron 
transfer and reactions with hydroxyl radicals (Liao and Farrell, 2009). 
However, the complexity of manufacturing and cost may hinder the 
implementation on large scale. EO can be achieve using either active or 
non-active electrode. Active electrodes such as Pt, Ti/Ru–IrO2, and 
Ti/SnO2–Sb/MnO2, were found to be inefficient to mineralize PFAS, 
whereas up to 80% mineralization after 3 h was achieved using 
non-active electrodes such as tin oxide (SnO2), lead dioxide (PbO2), and 
boron-doped diamond (BDD) (Niu et al., 2013). This is because 
non-active electrodes have higher electron transfer ability, OH radicals 
generation and oxygen evolution potential (Niu et al., 2012). Possible 
limitations of these electrodes include low active surface area, release of 
toxic heavy metals in the water, fluorination of the electrode surface, 
fragile coating that can flake and the short service life of the substrate 
which means that these electrodes must be replaced after a short time 
(Niu et al., 2012). This also requires constant monitoring to know when 
changing the electrode is necessary. 

Instead of using singular electrodes, it has been suggested to use a 
graphite intercalated compound (GIC) which can act as both an adsor-
bent and a conductive material, which can be regenerated in situ when 
placed between an anode and a cathode, thereby creating a combined 
adsorption and electrochemical oxidation (EO) process where the 
adsorbent is continuously regenerated. Such GIC adsorbent coupled 

with EO has been proven successful to treat dissolved organic matter 
(Mohammed et al., 2011), greywater (Oki, 2015), azo-dye (Asghar et al., 
2012), phenol (Hussain et al., 2013) and a wide range of microorgan-
isms in water (Hussain et al., 2016b). Typical operating conditions 
include: 0.3% NaCl and HCl to pH < 2 in catholyte, current density of 20 
mA cm− 2, duration of regeneration 20 min. Researchers reported that 
electrosorption or the enhanced adsorption in the presence of an electric 
current is an interesting option for PFAS removal. For instance, Li et al. 
(2011) reported that 94 times more PFOS and 150 times more PFOA 
were removed when 0.6 V was applied. This electrical current increases 
the charge on PFAS molecules which induces their mobility and im-
proves their adsorption. Their LC-MS work also demonstrated that at 
0.6 V no degradation of PFOA or PFOS took place and that the only 
removal mechanism was therefore adsorption. The aim of this paper was 
therefore to determine the capacity and kinetics of PFAS adsorption onto 
GIC, and once adsorbed, evaluate the electrochemical oxidation through 
the monitoring of breakdown by-products. 

2. Methods and materials 

2.1. Graphite intercalation compound 

The adsorbent used in this study was an expandable graphite inter-
calation compound (GIC) in the form of flakes purchased from Sigma- 
Aldrich (P/N: 808121). A minimum of 75% of the flakes were larger 
than 300 μm. GIC is not porous and possess a low surface area of 
approximately 1 m2 g− 1 (Hussain et al., 2016a). It is highly conductive 
with 0.8 S cm− 1 (Asghar et al., 2012). 

2.2. PFOS 

A technical mixture of heptadecafluorooctane sulfonic acid 
(C8F17KO3S) was obtained from Fluka (P/N: 77282). A stock solution 
containing approximately 10 mg L− 1 was prepared for the experiments. 

2.3. Batch adsorption tests 

Batch adsorption tests were carried at 25 ◦C in 250 mL Erlenmeyer 
flasks to determine the adsorption capacity of graphite. A volume of 100 
mL distilled water containing 1 g graphite was prepared and various 
volumes of stock solution were pipetted in each flask to achieve different 
initial concentrations. The flasks were placed on an orbital shaker at 
150 rpm and samples were withdrawn over time until equilibrium was 
achieved. Samples were filtered using a 0.22 μm filter. 

The effect on the adsorption intake of PFOS onto graphite for 
different parameters such as contact time, the amount of adsorbent, and 
initial concentration of PFOS were investigated. The amount of PFOS 
adsorbed at equilibrium, qe (mg g− 1) was calculated as: 

qe =
Co− Ce

M
x V (1)  

where, Co and Ce (mg L− 1) 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. Models such as Langmuir and 
Freunlich were fitted against the data according to previous literature 
(Mohammed et al., 2011). Kinetic models such as pseudo first and sec-
ond order were fitted against the data according to previous literature 
(Trzcinski et al., 2011). 

2.4. Electro-chemical reactor 

The reactor used to study the combined adsorption and regeneration 
of graphite is shown in Fig. 1. It is made of Perspex acrylic plastic in a Y- 
shape. Its technical drawings were reported elsewhere (Mohammed 
et al., 2012). 
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The top part is where adsorption takes place due to mixing caused by 
pumping air, while the bottom part is the regeneration zone between the 
cathode and anode. The anode was a graphite block with dimensions 
100 by 70 mm and 5 mm thick. Its density was 1.72 g cm− 3, its specific 
resistance 8 μΩm and compressive strength 35 MPa (Grade PFR, 
Graphite Australia). The cathode was a perforated stainless steel with 
the same dimensions as the anode. The catholyte compartment is 
approximately 500 mL containing 3% NaCl and HCl to pH < 2 (unless 
mentioned otherwise). The active area of each electrode is 70 cm2. The 
distance between the anode and cathode is 6.3 cm and 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 was 
used for the experiments. The anodic and cathodic compartments were 
separated by a semipermeable Fumatech Anion Membrane (P/N: 
5041682 purchased from FuelCellstore, USA) which in theory allows 
OH− and chlorine anions to migrate across the membrane while 
excluding Na+ and H+ to avoid severe pH drop in the anodic compart-
ment which was reported in past studies (Hussain et al., 2016b). 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. For the experiments, three mL of the PFOS stock solution were 
injected in the 3 L reactor to give an initial concentration of approxi-
mately 10 μg L− 1 in order to simulate typical groundwater contamina-
tion found in Australia. For instance, Oakey air base reported an average 
combined concentration of 4.92 μg L− 1 for PFOS, PFOA and PFHxS 
(Leung et al., 2022). 

2.5. Liquid-liquid extraction of PFOS 

In a 2 mL Eppendorf centrifuge tube, a 200 μL sample was mixed 
with 200 μL of ion-pairing buffer (Tetrabutylammonium hydro-
gensulfate). 400 μL of methyl tert-butyl ether (MTBE) was then added to 
extract PFOS, mixed manually by shaking the tube, and then centrifuged 
at 5000 rpm for 3 min. The MTBE layer was then transferred carefully to 
a glass tube. The extraction, mixing and centrifuging steps were 
repeated using 200 μL MTBE. MTBE in glass tubes was then evaporated 
at 80 ◦C under nitrogen stream. 20 μL of an internal standard (1 ng of 
11H-perfluoroundecanoic acid) was then added and evaporated again 
before 200 μL of the derivatizing reagent Bis(4-tert-butylphenyl)- 

iodonium hexafluorophosphate (BtBPI) in acetonitrile (1% w v− 1) was 
added, mixed by pipetting and then transferred to a GC-MS vial for 
analysis. 

2.5. GC-MS analysis 

A DB-5MS capillary column (30 m, 0.25 mm i.d., 0.25 μm film 
thickness) was used in an Agilent 6890 GC-5973MSD. The injection 
volume was 1 μL. The full conditions have been reported in a previous 
publication (Harada et al., 2020). The PFOS mixture contained 8 
different isomers which were separated by the method. The 8 peaks were 
individually quantified, summed and reported as total PFOS. Three 
identical water samples spiked with PFOS were liquid-liquid extracted, 
injected on the GC-MS and the resulting average and standard deviation 
were found to be 10.92 μg L− 1 and 0.68 μg L− 1, respectively, corre-
sponding to a coefficient of variation (CV) of 6.2%. 

3. Results and discussion 

3.1. Adsorption kinetics 

The kinetics of PFOS adsorption onto graphite was studies at room 
temperature (25 ◦C) in batch experiments using various initial PFOS 
concentrations in the range 14–1292 μg L− 1 and a graphite concentra-
tion of 10 g L− 1. Fig. 2 shows the decrease in concentrations of PFOS 
following addition of graphite and it is clear that most of the removal 
occurred within 20 min of adsorption which is consistent with past 
studies on GIC (Brown et al., 2004; Hussain et al., 2015; Flores et al., 
2018). This is much faster than adsorption onto porous activated carbon 
and anion-exchange resins which can take more than 50 h to reach 
equilibrium (Du et al., 2014). 

Fig. 3 shows the PFOS loading onto the adsorbent which increased to 
a maximum of 65 μg PFOS g− 1 GIC after 3 h at an initial PFOS con-
centration of 1162 μg L− 1. As the PFOS concentration was increased 
from 14 to 1292 μg L− 1, the percentage removal at equilibrium 
decreased from 68% to 42% whilst the PFOS loading on GIC increased 
from 0.964 to 53.9 μg g− 1 (Fig. 3). The % removal efficiency shows a 
decreasing trend with an increasing concentration of PFOS which is in 
contrast with the adsorption capacity of the sorbent which increased 
with the increasing concentration. This is due to the increase in the mass 
transfer driving force and hence, the rate at which PFOS molecules pass 
from the bulk solution to the GIC (Caturla et al.,1998; Imagawa 
et al.,2000; Mondal et al., 2015). 

High adsorption capacity values have been reported in the literature 
for PFOS adsorption onto porous adsorbents: 120 mg PFOS/g magnetic 
biochar (Hassan et al., 2022), 62 mg PFOS g− 1 granular activated carbon 

Fig. 1. (a) Electrochemical cell used in this study and (b) power supply unit 
(0–3 A and 0–30 V). 

Fig. 2. Variation in the concentration of PFOS during the batch adsorption of 
PFOS on GIC (10 g L− 1) at 25 ◦C for a range of initial concentrations (1292, 
1162, 432, 128, 66.8 and 14.1 μg L− 1). The error bars represent the coefficient 
of variation of 6.2% and were omitted when smaller than the marker. 
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(Zhang et al., 2021), 2390 mg g− 1 ion exchange resin (Du et al., 2015). 
However, some studies have reported similar adsorption capacity of 
28.4 μg PFOS g− 1 GAC and 80 μg PFOS g− 1 resins (Senevirathna et al., 
2010). 

In order to investigate the pseudo first and second kinetic model, the 
graphite loading (qt) was calculated versus time for the data plotted in 
Fig. 2. Although the fit was not perfect, the second order kinetic model 
was better than the first order to describe the adsorption of PFOS onto 
GIC. The values of equilibrium loading obtained in the experiments (qe, 

exp) are closer to the values obtained with the pseudo second-order 
model than those from the pseudo-first -order model. Fig. 3 shows the 
curve obtained from the pseudo second order model fitted to the data. 
The values for the kinetic constant k2, the calculated equilibrium loading 
and the coefficient of determination (R2) obtained using the method of 
least squares fit are shown in Table 1. 

3.2. Adsorption isotherms and mechanisms 

The data was fitted to the Langmuir and Freundlich equations by 
linearizing the equations to determine the parameters for each model 
using the least squares method. The coefficient of determination R2 

shown in Table 1 indicates that the Langmuir model gave a better fit to 
the data than the Freundlich model suggesting a monolayer type of 
adsorption onto homogenous GIC where there is no interaction between 
adsorbed molecules and neighbouring adsorption sites. The Langmuir 
constant (bL) of the adsorbent was 0.00214 (between 0 and 1) demon-
strating that sorption was spontaneous and favourable. The value of n− 1 

in the Freundlich model was 0.9 indicating a desirable adsorption. The 
Freundlich constant (KF) value was 0.1612 indicating a low affinity 
between sorbents and sorbates. The maximum sorption capacity was 
calculated as 53.9 μg g− 1 using the Langmuir isotherm model which is 
two to three orders of magnitude lower than that which can be achieved 
using activated carbons (Zhang et al., 2021). 

Furthermore, Fig. 2 revealed an unstable adsorption suggesting that 

Fig. 3. Variation in the adsorbent loading of PFOS during batch adsorption on GIC calculated from data plotted in Fig. 2. The legend shows a range of initial 
concentrations (1292, 1162, 432, 128, 66.8 and 14.1 μg L− 1). The lines show the pseudo second order kinetic model fitted to the data. 

Table 1 
Kinetic rate constants for the adsorption of PFOS onto GIC (10 g L− 1), where qe1 and qe2 are the fitted equilibrium loadings for the first-order and second-order models, 
respectively. Langmuir and Freundlich isotherm constants for the adsorption of PFOS onto GIC.  

Experimental data First-order model Second-order model 

C0 (μg L− 1) qe,exp (μg g− 1) k1 (min− 1) qe1 (μg g− 1) R2 k2 (g μg− 1 min− 1) qe2 (μg g− 1) R2 

14 0.96 0.017 0.738 0.8921 0.0210 0.998 0.9989 
67 3.89 0.0159 3.05 0.6821 0.0050 4.06 0.9957 
128 6.12 0.0184 1.9 0.4002 0.0108 6.18 0.9996 
432 25.4 0.0053 13.9 0.2497 0.0005 26.5 0.9906 
1162 44.1 0.044 48.7 0.8283 0.0010 43.7 0.9962 
1292 53.9 0.0062 30.6 0.3430 0.0003 56.2 0.9899 

Langmuir kL (μg g− 1) bL (L μg− 1) R2 Freundlich KF (μg1-1/n L1/n g− 1) n R2  

53.92 0.00214 0.9968  0.1612 1.108 0.981  
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some PFOS molecules were desorbing over time from the surface of the 
GIC adsorbent. The surface of the GIC adsorbent is non-porous so there is 
no pore filling mechanism involved. PFOS molecules were weakly 
adsorbed onto the adsorbent by van der Waals’ attraction or other weak 
intermolecular forces. Mechanical stirring may have led to mild particle 
attrition and the release of weakly adsorbed PFOS from the surface of the 
particle electrode back into the bulk solution. PFOS is generally adsor-
bed through hydrophobic and electrostatic interaction (Elanchezhiyan 
et al., 2021). PFOS is in an anionic form at a wide pH range that can be 
sorbed through electrostatic interaction. However, the association of 
PFOS molecules with electrostatic interaction over the positive charge 
sites of the surface can be unsaturated to some extent because of 
repulsion behaviours among mobile and immobile PFOS molecules, 
resulting in some active sites remaining unsaturated. On the other side, 
two closely adsorbed molecules’ hydrophobic tails could form hemi-
micelle because of the strong hydrophobic bond between the hydro-
phobic tails of PFOS molecules. The critical micelle concentration (CMC) 
of PFOS is ~ 4573 mg L− 1 (Du et al., 2014; Hassan et al., 2020). For the 
formation of hemimicelle, the solution concentration should be about ~ 
0.01 to 0.001% of the CMC (Du et al., 2014). In this isotherm study, the 
initial concentration of PFOS molecules exceeded the concentration of 
the critical hemimicelle. Thus, hemimicelle could have formed over the 
cationic active sites of GIC. Additionally, the bilayer formation of PFOS 
molecules could have formed onto hydrophobic tail–tail interaction 
(Hassan et al., 2022). 

3.3. Electro-chemical oxidation of PFOS 

3.3.1. Single PFOS spike 
In this experiment, 3 mL of the PFOS stock solution was spiked in tap 

water, an initial sample was taken, then the water was poured in the 
reactor and the adsorption started by switching on the air pump. The 
aim of the experiment was to investigate the degradation of PFOS over 
successive adsorption and regeneration cycles and monitor the forma-
tion of PFOS degradation by-products. 

After a spike at time 0, it can be seen from Fig. 4a that the PFOS 
concentration quickly decreases from an initial concentration of 13.3 μg 
L− 1 to less than 0.85 μg L− 1 after the first adsorption/regeneration cycle. 
The concentration progressively decreases further to less than 0.13 μg 
L− 1 after 5 consecutive cycles (>99% removal). In comparison, the 
electron beam technology developed by Kowald et al. (2021) achieved 
only 16% PFOS removal in lab-spiked water and 41% in groundwater. 
Gu et al. (2016) achieved 98% PFOS decomposition after 30 min using 
hydrated electrons (eaq

− ) produced in a high photon flux UV/Sulfite 
system at pH 9.2 and 25 ◦C. Intermediates included PFOA, PFHpA, 
PFHxA, PFPeA and PFBA and the mechanisms involved defluorination, 
desulfonation and centermost C–C bond scission. 

Fig. 4b shows that PFOS was degraded to shorter chain PFOS such as 
perfluoroheptane sulfonate (PFHpS), PFHxS, perfluoropentane sulfo-
nate (PFPeS) and PFBS. Smaller chain perfluoroalkane sulfonates with 3 
and 2 carbons could not be detected using the method used in this study. 
After an initial increase during the first regeneration, it can be seen that 
the concentration of all four degradation by-products stabilized, but 
were not completely removed, except PFHpS. 

PFHxS was found to be the dominant PFOS by-product but decreased 
from 3.6 μg L− 1 to 0.758 μg L− 1, demonstrating that it could also be 
adsorbed and broken down in the process to shorter chain by-products 
such as PFPeS and PFBS. PFPeS appeared after the first regeneration 
and its concentration stabilized between 0.08 and 0.037 μg L− 1 without 
accumulating further or disappearing completely, indicating that it 
could be destroyed but not completely. Similarly, the 4 carbons by- 
product PFBS remained in water at concentrations ranging from 
0.157 μg L− 1 to 0.072 μg L− 1, indicating that it was more difficult to 
adsorb and break down than the larger by-products. It was also observed 
that the main by product was PFHxS which was detected at a concen-
tration 20 times greater than the other 3 by-products. 

This batch experiment demonstrated that PFOS can be adsorbed onto 
GIC rapidly and it can be broken down into shorter PFOS by-products. 
Among these by-products, PFHpS could be completely removed after 
the second adsorption regeneration cycle, but PFHxS, PFPeS and PFBS 
could not be totally removed. At the end of the fifth cycle, PFHxS con-
centration was still 0.758 μg L− 1 (88% removal), while PFPeS and PFBS 
concentrations were 37 ng L− 1 (71.1% removal) and 72 ng L− 1 (23% 
removal), respectively. In other words, the % removal decreased with 
smaller chain which can be due to lower adsorption capacity as smaller 
chain are more hydrophilic. A water sample was taken 12 h after the 
fifth cycle, and it was found that PFOS and its degradation by-products 
did not desorb into the water over time. At the end of the batch exper-
iment, a sample of graphite was taken and extracted using the same 
procedure as for water samples. It was found that PFOS and PFOS 
degradation by-products were still adsorbed on graphite after 5 cycles 
suggesting that as PFOS and by-products were degraded, more adsorp-
tion sites became available on graphite following successive regenera-
tion. Ultimately, the decrease in concentration in water indicates that 
PFOS and its by-products remains adsorbed on graphite until they were 
broken down. 

Several mechanisms can explain the adsorption, removal and 
degradation of PFOS in the proposed process. When an external elec-
trostatic field is imposed to GIC immersed in an aqueous electrolyte 
solution, the sides of the particle will gather positive or negative charge 
(Zhang et al., 2013). The charged PFOS anion is then attracted to the 
opposite charge on GIC flakes, resulting in the occurrence of electro-
sorption. The combination of adsorption due to hydrophobicity of PFOS 
and electrosorption effectively promotes the removal of PFOS onto GIC. 
In our experiment, the pH of tap water was found to decrease from 
around 7 to between 2 and 3 after 3 to 5 cycles depending on the current 
applied. In the absence of alkalinity, the higher the current, the faster the 
pH drop due to a combination of diffusion of acid through the membrane 
and generation of acid at the anode (Mohammed et al., 2011). The use of 
a Fumatech anion membrane in these experiments did not prevent the 
migration of H+ cations to the anodic compartment. Consequently, the 
acidic medium created conditions that allow a positive charge to be 
acquired by PFOS molecules which were then be attracted to negatively 
charged side of GIC flakes or onto the negatively charged electrode. 

Furthermore, electrochemical oxidation processes generate hydroxyl 
radicals with a high oxidation potential, but Ambaye et al. (2022) report 
that hydroxyl radicals alone produced during advanced oxidation pro-
cesses have limited capacity to break the C–F bonds. During electro-
chemical oxidation using electrodes, electron transfer reactions are 
involved. When the generation of e-

aq is dominant compared to other 
reactive oxygen species such as •OH, H2O2, O3, •O2

− and H3O+, the 
degradation of PFOS via one-electron transfer mechanism become 
dominant due to e-

aq 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:  

C8F17SO3
− → •C8F17SO3 + 1e− (2) 

The radical would then decompose according to:  

•C8F17SO3 + H2O → •C8F17 + SO4
2− + 2 H+ (3) 

Subsequently, •C8F17 will react with hydroxyl radicals to undergo a 
stepwise elimination of CF2 subunits (Deng et al., 2021). According to 
that mechanism, after the C–S scission of •C8F17SO3

2− , it will decompose 
into C8F17

− followed by the production of C8F17OH, which is subse-
quently converted to PFOA (Gu et al., 2016). On the other hand, •C8F17 
may be formed in the desulfonation reaction, before being transformed 
to PFOA (Bentel et al., 2019). It can be seen in Fig. 4c 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, •C8F17 will 
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react with hydroxyl radicals to yield C8F17OH which will then decom-
pose into HF and C7F15CFO. The latter will then hydrolyze into 
C7F15COO− , HF and H+. This leaves us with a carboxylic acid which will 
undergo successive steps: firstly, Kolbe decarboxylation (releasing 
–CO2), radical reaction involving •OH, intramolecular rearrangement 
(releasing –HF) and hydrolysis (releasing –HF) to get rid of one CF2 unit 
(Niu et al., 2012). The same cycle is then repeated until PFCAs are finally 
mineralized to CO2 and HF. In the second pathway with an excess of 
oxygen, the radical C8F17OO• is produced. It can react with other radi-
cals with a general form of RFOO• to yield C8F17O•, RFO• and O2. 
C8F17O• will then decompose into C7F15

• and COF2. The latter will hy-
drolyze into CO2 and HF. The radical C7F15

• will then undergo the same 
pathways until complete defluorination. 

As it can be seen from Fig. 4c, PFOA was broken down into per-
fluoroheptanoic acid (PFHpA), which was in turn broken down to per-
fluorohexanoic acid (PFHxA), perfluoropentanoic acid (PFPeA), and 
perfluorobutanoic acid (PFBA). Smaller chain perfluorocarboxylic acids 
(PFCAs) (less than 4 carbons) could not be detected using the method 
used in this study. PFOA was detected at 40 ng L− 1, then decreased to 
below 10 ng L− 1 (79% removal) confirming that it could be broken down 
during the process. PFHpA and PFPeA were below detection limit (~10 
ng L− 1) indicating that it could be readily degraded to PFHxA and PFBA, 
respectively. PFHxA and PFBA were detected at 63 ng L− 1 and 164 ng 
L− 1, respectively, and decreased slowly to 28 ng L− 1 (56% removal) and 
70 ng L− 1 (57.5% removal) over 5 cycles, indicating that even numbered 
short chain perfluoro carboxylic acids destruction was slower or limited 
by the availability of adsorption sites or low adsorbability. These results 
show that the electrochemical oxidation process using GIC was able to 
both break C–S bonds to lead to PFOA (Fig. 4c) as well as C–F bonds to 
lead to sulfonated by-products (Fig. 4b). The presence of PFOA and 
PFOA by-products confirmed the pathway described in the literature 
and suggest that hydrated electrons (eaq

− ) were also produced in the 
process leading to defluorination, desulfonation, and centermost C–C 
bond scission (Gu et al., 2016). Based on the higher concentration of 
PFHxS, it appears that the dominant pathway in the process was the 
shortening of PFOS molecules leading to smaller chain 
perfluoroalkanesulfonates. 

These results contradict most AOP degradation studies that reported 
short chain (C4–C7) PFCAs as the main by-products from PFOS treat-
ment, but not shorter chain perfluoroalkanesulfonates (PFSAs). During 
plasma treatment of PFAS contaminated water, Singh et al. (2019) re-
ported that PFOA, PFHxS and PFBS can all be by-products of PFOS 
degradation which is consistent with our work where short chain PFHpS, 
PFHxS, PFPeS and PFBS were detected in Fig. 4b and PFOA and its 
by-products were detected in Fig. 4c. Plasma technology works by 
producing highly reactive species such as •OH, O, H•, HO2

•, O2
•− , H2, O2, 

H2O2, and aqueous electrons (e−aq) using an electric field and the simi-
larity of Singh et al. results with our suggested that the electrooxidation 
method using GIC as adsorbent might be comparable to a milder plasma 
technology operating at 30 V instead of 30 kV. Singh et al. (2019) further 
explained that PFHxS and PFBS may be formed by the reactions of SO3

•−

with •C6F13 and •C4F9, respectively. They note that per-
fluoroheptanesulfonate (PFHpS) or perfluoropentanesulfonate (PFPeS) 
were not measured in their work due to a lack of analytical standards, 
but they said it is likely that they would also have formed following the 
proposed degradation pathway. The presence of PFHpS and PFPeS in our 
work suggests that this is correct. The work by (Rodriguez-Freire et al., 
2015) on sonolysis of PFOS also suggests that cleavage of the sulfonic 

(caption on next column) 

Fig. 4. (a). Evolution of PFOS concentration following one spike of concen-
trated PFOS stock solution into the electrochemical reactor. Each cycle com-
prises 20 min of adsorption and 10 min of regeneration at 0.489–0.544 A and 
30.6 V. A stands for adsorption and R stands for regeneration. The error bars 
represent the coefficient of variation of 6.2%. (b) Evolution of smaller chain 
perfluoroalkane sulfonates after a single PFOS spike at time 0. (c) Evolution of 
smaller chain perfluoro carboxylic acids after a single PFOS spike at time 0. 
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head does not take place and that shorter chain perfluoroalkyl sulfonic 
acids are formed as intermediates. 

In our experiment, the successive adsorption and regeneration steps 
were carried out in the same batch of water and as result, the pH of tap 
water was found to decrease from around 7 to between 2 and 3 after 3 to 
5 cycles depending on the current and voltage applied. In the absence of 
alkalinity, the higher the current, the faster the pH drop due to a com-
bination of diffusion of acid through the membrane and generation of 
acid at the anode (Mohammed et al., 2011). Under acidic (due to acid in 
the catholyte) and oxygen rich conditions (due to air sparging used for 
mixing), it is also possible the traditional pathways documented in the 
literature were affected and that fluorine atoms were replaced by 
hydrogen atoms following hydrofluorination reactions. This substitution 
reaction would occur at the location next to the sulfonic headgroup, but 
this normally happens during photochemical and thermal degradation 
of PFOS and not during electrochemical oxidation (Deng et al., 2021). 
The presence of chlorine in the catholyte solution in the form of NaCl 
and HCl may also lead to additional indirect oxidation that involved 
electrogenerated active chlorine species such as Cl2, HOCl and − OCl. 

3.3.2. Second single PFOS spike 
A second experiment was then conducted at a higher current of 

1.768 A and the decrease in PFOS concentration is shown in Fig. 5a. 
Again, the by-products included shorter chain perfluoroalkane sulfo-
nates (Fig. 5b), as well as PFCAs (Fig. 5c). 

During this second batch experiment, PFOS concentration decreased 
to 2.87 μg L− 1 after the first adsorption, and then to 1.525 μg L− 1 after 
the first regeneration indicating that the regeneration at 1.768 A was 
oxidizing adsorbed PFOS molecules and was regenerating some active 
adsorption sites on GIC. The decrease after regeneration can also be seen 
in the second cycle. The decrease after the first cycle was not as sharp as 
it was observed in the previous batch experiment presumably because 
more graphite adsorption sites were saturated after the first batch 
experiment. After 4 cycles, the concentration was still 0.136 μg L− 1. The 
decrease in degradation by-products in Fig. 5b indicates that PFOS was 
continuously broken down into shorter perfluorosulfonates and these 
were continuously adsorbed onto graphite or further broken down. The 
initial concentrations of PFOS degradation by-products were not zero 
due to residual by-products from the first experiment (Fig. 4a, b and c) 
still being present on the GIC as it was not possible to replace it with 
fresh GIC. Only PFHpS was non detectable after the second cycle. It was 
observed again that 3 degradation by-products PFHxS, PFPeS and PFBS 
could be broken down during the process, but were still detected at 
concentrations of 0.988 μg L− 1, 0.054 and 0.042 μg L− 1, respectively. 
Given the higher concentration of PFHxS during the degradation pro-
cess, it can be said that the degradation of PFHxS was the rate-limiting 
step during the electro-chemical oxidation of PFOS on GIC. 

Although PFOS, PFHpS and PFHxS could be broken down at a cur-
rent of about 0.5 A (current density of 7.8 mA cm− 2), it is clear from 
Fig. 5b that a higher current of 1.768 A (current density of 25 mA cm− 2) 
was much more effective especially for PFPeS (71% removal) and PFBS 
(74% removal) due to higher electrons transfer rates, hydroxyl radicals 
production and possibly other chlorine-based radicals generation. 
Fig. 5c shows the evolution of PFOA and shorter chain PFHxA and PFBA 
and although PFOA could be broken down to less than 18 ng L− 1 (71% 
removal), the degradation of PFHxA (36% removal) and PFBA (− 2% 
removal) was not significant even at a higher current density. In com-
parison, the removal percentage of PFOS, PFHpS, PFHxS, PFPeS, PFBS, 
PFOA, PFHxA and PFBA were 98.97%, >93.5%, 85.7%, 71.2%, 74.7%, 
71.1%, 36.4% and − 2.6%, respectively, after 4 cycles of 20 min of 
adsorption and 10 min of regeneration (total time of 120 min of com-
bined adsorption and electrochemical oxidation). In comparison, Singh 
et al. (2021) developed an enhanced contact plasma reactor and tested 
its performance on landfill leachate containing a range of PFAS 
including PFOA and PFOS, which was about 2000–3000 ng L− 1 in 
concentration. With a treatment volume of 500 mL and applied voltage 

of 30 kV, 90% of PFOA and PFOS were removed in 10 min of operation. 
In this experiment, the reaction kinetics followed a first-order for PFOS 
and the by-products, and the parameters including rate constants (k), 
half-lives (t1/2), and R2 determined using linear regression are summa-
rized in Table 2. 

As shown in Table 2, the k values are following this order: kPFOS ≈

1.06kPFHpS ≈ 2.2kPFHxS ≈ 3.2kPFPeS ≈ 3.32kPFOA ≈ 3.98kPFBS. According 
to the k values, the degradation t1/2 values were calculated as 15, 16, 33, 
49, 50 and 60 min for PFOS, PFHpS, PFHxS, PFPeS, PFOA and PFBS, 
respectively. The results confirmed that perfluoroalkane sulfonate and 
carboxylic acids chain length have a significant effect on the observed 
kinetics. In agreement with previous results, the degradation rates for 
PFOX (X = S or A) are faster than their corresponding PFBX (X = S or A) 
(Niu et al., 2012). Niu et al. (2012) achieved 96.7% PFOA removal using 
a Ce-doped modified porous nanocrystalline PbO2 film electrode. At an 
initial concentration of 100 mg L− 1, the kinetics also followed a first 
order with k = 3.7 × 10− 2 min− 1 and t1/2 = 18.7 min. These results 
suggest that the affinity of PFOA with the PbO2 film electrode was much 
better than with GIC used in this study. 

Despite not being able to completely remove PFOS and its by- 
products, the process has been shown to remove them quickly below 
the health-based guidelines values recommended by the Australian 
government (NHMRC, 2022) which stipulates a total sum for PFOS and 
PFHxS of 2 μg L− 1 and 10 μg L− 1 for PFOA in recreational waters. It can 
be seen that three cycles of adsorption/regeneration would result in less 
than 2 μg L− 1 for total PFOS and PFHxS. Unfortunately, the process 
would not be able to produce drinking water for which the health based 
guideline value is 0.07 μg L− 1 (NHMRC, 2022). The process showed 
however better efficiency towards PFOS, but is less efficient towards 
PFOA which would require an adsorbent with a better affinity. 

3.3.3. Single PFOS spike after each cycle 
During this experiment, 3 mL of the PFOS stock solution was spiked 

after each adsorption/regeneration cycle as indicated by the red arrows 
in Supplementary material S1. This was done to investigate the possible 
accumulation of PFOS or its degradation by-products in water. 

This experiment was initially conducted using 1.769 A and 19.7 V 
and it can be seen that PFOS concentration was below 95 ng L− 1 after 2 
cycles (99.6% removal) demonstrating the efficiency of the process to 
quickly adsorb and degrade PFOS. It is the electrical charge that drives 
the electrochemical regeneration, it is therefore important to maintain a 
constant current during the tests. The degradation of PFOS was 
demonstrated by the presence of short chain PFOS such as PFHxS, PFPeS 
and PFBS. After the second cycle, the current was reduced to 1 A in an 
attempt to reduce the production of chlorine gas and interestingly this 
led to a gradual accumulation of PFOS to 0.6 μg L− 1. This is still a 
remarkable 99% PFOS removal after 5 spikes and 5 cycles consecutive 
adsorption regeneration cycles. This indicates that 1 A and 14 V was 
insufficient to fully restore the adsorption sites on graphite. However, 
given the small increase in PFOS concentration after 5 spikes (equivalent 
to a cumulative total concentration of 50–60 μg L− 1), 99% of PFOS was 
either decomposed or adsorbed during the process. 

More significantly, the short-chain sulfonates started to accumulate 
as well under these conditions until the end of the experiment showing 
that the adsorbed PFOS was broken down into smaller fragments. This 
accumulation after the second cycle using a regeneration amperage of 1 
A is a sign that the current was not sufficient to oxidize all the molecules 
or produce sufficient hydroxyl radicals to attack all the molecules. As the 
molecules were not broken down sufficiently fast, the adsorption sites on 
the graphite became saturated and this led to an increase in the con-
centration in the water as it can be seen in Fig. S2. In addition, given the 
relative small increase in PFOS concentration (from 0.176 to 0.6 μg L− 1) 
compared to the increase in PFHxS (from 0.935 to 6 μg L− 1) during the 
last 3 cycles, it can be concluded that PFHxS was more recalcitrant to 
electrochemical oxidation whether it was by electron transfer, hydroxyl 
radical attacks or by electrochlorination confirming that the breakdown 
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Fig. 5. (a). Evolution of PFOS concentration following one spike of concentrated PFOS stock solution (red arrow) into the electrochemical reactor. Each cycle 
comprised 20 min of adsorption and 10 min of regeneration at 1.768 A (Constant current). The error bars represent a coefficient of variation of 6.2%. (b) Evolution of 
short chain perfluoroalkane sulfonates after a single PFOS spike at time 0. (c) Evolution of PFOA, PFHxA and PFBA after a single PFOS spike at time 0. 
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of PFHxS is the rate limiting step in the process. It also shows that 
although it is fairly easy to break down PFOS at a current of 0.5 A 
(Fig. 4a), a current of 1.7 A is required to break down PFHxS (fig. 5b and 
S2). Similarly, PFPeS and PFBS increased from 67.1 ng L− 1 to 418 ng L− 1 

and 93.8–553 ng L− 1, respectively, despite some reduction observed 
after the application of the current at R3 and R4 (Fig. S2). This indicates 
that 10 min regeneration was not sufficient to fully oxidize the by- 
products and regenerate the initial adsorption capacity of GIC. Simi-
larly to perfluoroalkane sulfonates (Fig. S2), PFOA, PFHxA and PFBA 
concentrations were found to increase several folds from 7.4 ng L− 1 to 
35.6 ng L− 1, 16.2–54.3 ng L− 1, and 41.8–135.3 ng L− 1, respectively, 
following the reduction in current to 1 A whereas their concentration 
was decreasing at 1.7 A (Fig. S3). This is consistent with past studies 
claiming that electrochemical oxidation is very efficient towards PFOS, 
but not PFOA for which Advanced Oxidation/reduction Processes (AOP/ 
ARP) activated with UV, ultrasound or ionizing radiation show much 
higher degradation efficiencies (Leung et al., 2022). This suggests that 
sequential process of electrochemical oxidation and AOP/ARP could 
provide a better solution. 

Ignoring the energy required for mixing and adsorption, the energy 
associated with the electrochemical oxidation of PFOS equates to 1.95 
and 7.8 kWh m− 3 water treated for 10 and 40 min treatment time, 
respectively, which is significantly less than other technologies such as 
ultrasonication which required 1475 kWh m− 3 water treated (Sharma 
et al., 2022). Moreover, this process does not require high temperature, 
pressure and harsh chemicals, but is efficient due to the in situ pro-
duction of hydroxyl radicals. However, the degradation is much more 
efficient at low pH which is consistent with past electrochemical 
oxidation studies (Leung et al., 2022). 

4. Conclusions 

This research showed that PFOS could be adsorbed rapidly onto GIC 
(within 20 min), but only 42–68% could be removed by adsorption only. 
The adsorption followed a second order kinetics and the adsorption 
isotherm followed a Langmuir model with a maximum adsorption ca-
pacity of 54 μg g− 1. Once adsorbed onto GIC, PFOS did not desorb 
significantly and was readily broken down following a first order ki-
netics (k = 0.0468 min− 1 and t1/2 = 15 min), achieving 99% removal 
down to 130 ng L− 1 using a current of 0.5 A after 5 cycles of 20 min 
adsorption followed by 10 min of electrochemical oxidation. Breakdown 
by-products included short chain perfluoroalkane sulfonates such as 
PFHpS, PFHxS, PFPeS, PFBS, but also perfluorocarboxylic acids such as 
PFOA, PFHxA and PFBA suggesting two independent degradation 
pathways. PFHpS, PFHxS, PFPeS, PFBS and PFOA could be broken down 
following a first order kinetics but required a higher current of 1.7 A 
achieving 93.5%, 85.7%,71.2%, 74.7% and 71% removal, respectively. 
The values of the relative rate constant (k) depended upon chain length 
kPFHpS (4.32 × 10− 2 min− 1; corresponding half-life 16 min) ≈ 2.1kPHxS 
≈ 3kPFPeS≈ 3.8kPFBS ≈ 3.1kPFOA. The process shows promising results for 
the rapid removal of PFOS from μg L− 1 levels to less than 100 ng L− 1 

levels in 10 min using less than 2 kWh m− 3 water treated, but further 

research is needed for the complete removal of short chain by-products. 
Cheap and conductive adsorbent with higher adsorption capacity, 
higher constant current or longer regeneration time will be needed to 
remove completely the residual by-products present at the ng L− 1 range 
following PFOS breakdown. 
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