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Abstract

Per- and polyfluoroalkyl substances (PFAS), and the short-chain representative perfluoro-
hexanoic acid (PFHxA), are persistent environmental pollutants that pose serious health
risks due to their resistance to degradation, mobility, and widespread presence in aquatic
systems. This study investigates the adsorption of PFHxA onto graphene-based materials
synthesised from graphite using a scalable, resource-efficient route and compares their
performance with three commercial reduced graphene oxides. The graphene samples were
characterised by BET surface area analysis, SEM, XPS, and Raman spectroscopy, revealing
significant differences in surface area, pore volume, and surface chemistry that govern
adsorption behaviour. Batch adsorption experiments in different water matrices (tap water,
river water, and treated wastewater) under controlled pH conditions showed that graphene
materials with higher surface area and optimised oxygen-containing functional groups
achieved enhanced PFHxA removal, even in complex, real-world waters. Based on the
physicochemical properties of both the adsorbent and adsorbate, hydrophobic interactions
may contribute to adsorption alongside pore-filling effects, hydrogen bonding, and other
intermolecular forces. Among the tested sorbents, the SG-X material, with its high BET
surface area and hydrophobic character, and the CG-A material, which retained high per-
formance across a broad pH range, exhibited the most promising adsorption capacities and
operational robustness. These findings demonstrate the potential of engineered graphene-
based adsorbents as a sustainable remediation option for short-chain PFASs, supporting
circular and low-chemical-intensity approaches to protecting water quality under diverse
environmental conditions.

Keywords: graphene; PFAS; PFHxA; adsorption; sustainable water treatment

1. Introduction
Per- and polyfluoroalkyl substances (PFAS) are a large group of synthetic chemicals

defined by the European Chemicals Agency (ECHA) as substances containing at least
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one fully fluorinated methyl (CF3) or methylene (CF2) carbon atom. In perfluoroalkyl
substances, all C–H bonds are replaced by C–F bonds, whereas polyfluoroalkyl substances
retain at least one C–H bond [1]. The exceptional strength of the C–F bond (≈488 kJ/mol [2])
imparts high chemical and thermal stability, making PFASs highly resistant to degrada-
tion. Owing to their surfactant-like properties, PFASs have been widely used in industrial
processes and consumer products, including firefighting foams, non-stick coatings, and
water-repellent materials [3]. As a consequence of their widespread use and persistence,
PFASs are now ubiquitously detected in environmental compartments, including surface
water, groundwater, soils, and biota. Human exposure occurs primarily through drinking
water and food consumption, with additional contributions from inhalation and dust in-
gestion [3]. These concerns have led to increasingly stringent regulatory actions. In 2024,
the U.S. Environmental Protection Agency (EPA) established maximum contaminant levels
(MCLs) of 4–10 ng/L for several PFASs in drinking water and designated perfluorooctanoic
acid (PFOA) and perfluorooctanesulfonic acid (PFOS) as hazardous substances under CER-
CLA (Comprehensive Environmental Response, Compensation, and Liability Act) [4–6].
Similar regulatory limits have been adopted in multiple countries [5]. Notably, regulatory
attention is progressively shifting toward short-chain PFAS, which are increasingly used
as replacements for legacy long-chain compounds but remain environmentally persistent
and mobile.

Perfluorohexanoic acid (PFHxA; C6HF11O2) is a short-chain perfluorinated carboxylic
acid (PFCA) that is frequently detected in natural waters, wastewater effluents, and drink-
ing water sources [3,7,8]. Toxicological assessments indicate that PFHxA exposure can
induce hepatic, developmental, haematopoietic, and endocrine effects [7]. PFHxA has been
detected in human tissues, including liver and brain, and in biological fluids of patients
with hepatocellular carcinoma [9,10]. Due to its resistance to hydrolysis, photolysis, and
biodegradation, PFHxA exhibits long environmental persistence, with an estimated half-life
of 417 days in agricultural soils [7]. These characteristics underscore the need for effective
treatment technologies targeting short-chain PFASs.

Among available PFAS removal technologies, including ion exchange, membrane
filtration, electrochemical methods, and advanced oxidation, adsorption remains the most
widely studied approach due to its operational simplicity and cost-effectiveness [11]. PFAS
adsorption onto carbonaceous materials is governed by a combination of hydrophobic in-
teractions, electron donor–acceptor interactions, electrostatic forces, and charge-assisted hy-
drogen bonding [12]. However, conventional adsorbents such as activated carbon generally
exhibit reduced affinity toward short-chain PFASs because of their lower hydrophobicity
and weaker intermolecular interactions, leading to rapid saturation and limited removal
efficiency [13,14]. This limitation motivates the development of alternative carbon-based
sorbents with tailored surface chemistry [15].

Graphene-based materials, including graphene oxide (GO) and reduced graphene
oxide (rGO), have attracted increasing attention as PFAS adsorbents due to their high
surface area, two-dimensional structure, and tunable surface functionalities [14,16–19].
Surface defects, edges, and oxygen-containing functional groups can enhance water–solid
interactions and provide adsorption sites for polar contaminants [20]. Previous studies
have demonstrated that heteroatom doping (e.g., N, S, or F) can further modulate ad-
sorption performance through enhanced electrostatic interactions, hydrogen bonding, or
hydrophobicity [21,22]. While graphene-based adsorbents have been extensively studied
for long-chain PFASs such as PFOA [14,16,23], systematic investigations into the removal
of short-chain PFASs, particularly PFHxA, from environmentally relevant water matrices
remain limited. Moreover, the influence of graphene physicochemical heterogeneity on
PFHxA adsorption has not been clearly elucidated. In this work, we investigate PFHxA
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adsorption using multiple classes of reduced graphene oxide, including commercially
available materials and rGO synthesised in-house. Rather than directly benchmarking
“performance,” this comparison is intended to elucidate structure–property–function rela-
tionships, specifically how differences in surface chemistry, reduction degree, and structural
characteristics influence PFHxA adsorption behaviour. To the best of our knowledge, this
study provides the first systematic comparison of commercially available and laboratory-
synthesised reduced graphene oxide materials for the adsorption of the short-chain PFASs
PFHxA under environmentally relevant conditions. By correlating PFHxA removal per-
formance with differences in graphene physicochemical properties, this work advances
mechanistic understanding beyond prior studies that focused primarily on long-chain
PFASs or single graphene materials.

The objectives of this study are (i) to evaluate the removal of PFHxA from different wa-
ter matrices using rGO-based adsorbents, and (ii) to investigate the kinetics and adsorption
mechanisms governing PFHxA interaction with graphene-like materials.

2. Materials and Methods
2.1. Adsorbent’s Preparation and Characterisation

A graphene sample was synthesised following the detailed nitration–oxidation proce-
dure described in our previous work [20]. Briefly, graphite was oxidised using a mixed acid
and chlorate system under controlled temperature, then quenched, washed to neutral pH,
and dried. The resulting GO was thermally reduced in an argon-purged muffle furnace
at 900 ◦C for 1 min (0.5–1 L/min) to obtain thermally reduced graphene (TRG, denoted
SG-X). For comparative evaluation of how graphene’s physical and chemical properties
influence removal performance, SG-X was benchmarked against three commercial reduced
graphene oxides (CG-A, CG-B and CG-C) obtained from Asbury (Quebec, QC, Canada),
First Graphene (Henderson, WA, Australia) and Standard Graphene (Ulsan, Republic of Ko-
rea). The characterisation of SG-X, CG-A, CG-B, and CG-C was conducted using Renishaw
InVia Raman Spectrometer (Gloucestershire, UK) to observe the D and G bands, which
correspond to defects and the graphitic structure. This was achieved with the use of Raman
spectroscopy in 5 different regions of materials and seven tests for making an average. Ad-
ditionally, the BET surface area and pore size analyses were performed in a Quantachrome
Autosorb (Quantachrome Instruments, Boynton Beach, FL, USA) using low-temperature
nitrogen adsorption–desorption (BJH for pore size distribution, p/p0 ≈ 0.99 and surface
area calculated in the range 0.05–0.3 with 40-point adsorption and 40-point desorption).
These methods provided detailed insights into both the structural and surface properties of
the material, highlighting the presence of specific defects, alongside comprehensive data on
porosity and surface characteristics. The graphene surfaces were examined using scanning
electron microscopy (SEM) to assess their structural properties, layer bonding, and inter-
layer porosity. The SEM Supra 55VP (Carl Zeiss, Oberkochen, Germany) microscope was
utilised for this analysis. The XPS technique (UVH Prevac, with prssure below 2 × 10−8 Pa,
using a Kα-Al anode) was employed to examine the surface chemical properties of the
samples (Thermo Fisher, Waltham, MA, USA).

2.2. Adsorption Studies

PFHxA and acetic acid (AA, Suprapur®) were purchased from CPAchem (Trappes,
France) and Merck (Darmstadt, Germany), respectively. Ultrapure water (UW) was pro-
duced using a Millipore Direct Q 3UV water purification system (Millipore, Molsheim,
France). Adsorption was performed using the batch technique according to the protocol
applied in our previous studies [21] with slight modifications. In the studies of PFHxA
removal from different water matrices (tap water, TW, river water, RW, and treated wastew-
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ater, TWW, Table 1), the sorption was performed without and with pH correction (using
AA). The adsorption experiments were conducted at pH 3 to ensure analytical stability and
reproducibility of PFHxA quantification. An amount of 1 mg of material was contacted
with 1 mL of a solution containing 10 mg/L of PFHxA for kinetic studies (m/v ratio was
kept constant). For isotherm modelling, the concentrations 0.5 mg/L, 1.0 mg/L, 2.5 mg/L,
5.0 mg/L, 10.0 mg/L, and 20 mg/L of PFHxA were applied. For kinetic studies, the samples
were collected after 1, 3, 6, 16, 24, and 48 h. For the isotherm modelling, the time was
set at 24 h. It should be noted that the PFHxA concentrations employed for kinetic and
isotherm experiments were higher than environmentally relevant levels. This approach
was necessary to ensure accurate quantification and robust modelling of sorption processes.
However, PFASs behaviour may vary under lower, environmentally realistic concentrations.
Therefore, while the present study provides important mechanistic insights into PFHxA
adsorption, extrapolation to natural systems should be done cautiously, and future research
should validate these findings under environmentally relevant conditions. All samples
were mixed using an IKA MS5 basic mechanical stirrer (Woburn, MA, USA) (1500 rpm,
room temperature). Although it was noted that PFASs can adsorb to certain filter materials
(e.g., polypropylene), which may introduce bias during sample preparation [24], in this
study, samples were filtered using 0.22 µm polypropylene filters (Bioanalytic, Gdansk,
Poland) and 98.35–102.78% recoveries were noted. The clear solutions were placed into PP
chromatographic vials and analysed via high-performance liquid chromatography coupled
with electrospray ionisation/single-quadrupole mass spectrometry (HPLC-ESI-MS). All
experiments were performed in duplicate at room temperature in PP containers according
to the US EPA protocol [25]. The amount of adsorbed target compound (qmax, µmol/g)
was calculated considering the decrease in the PFHxA content after the adsorption process.
For kinetic and isotherm modelling, the well-known models—pseudo-first-order (PFO),
pseudo-second-order (PSO), Elovich (E), intraparticle diffusion (IPD), and Langmuir (L),
Freundlich (F), Temkin (T), and Dubinin–Radushkevich (DR), respectively—were applied.

Table 1. The properties of the tested water matrices.

Matrix pH EC
[µS/cm]

TOC
[mg/L]

NO3−

[mg/L]
Cl−
[mg/L]

Na
[mg/L]

Ca
[mg/L]

Fetotal
[mg/L]

TSS
[mg/L]

TW 7.1 771 2.97 1.942 34 10.8 148.6 67 6.4
RW 7.5 488 4.36 2.323 19 20 100 0.7 302
TWW 7.2 599 95 10.72 968 25 100 0.74 670.5

EC—electric conductivity, TOC—total organic carbon, TSS—total suspended solids.

2.3. Quantification of PFHxA by HPLC-ESI-MS

PFHxA was determined according to the procedure described in [21]. Clear samples
were analysed three times using an HPLC system (1200 series) connected to a mass spec-
trometer (single-quadrupole, model 6120) purchased from Agilent Technologies (Santa
Clara, CA, USA). Chromatographic separation was achieved on the Zorbax Eclipse Plus
C18 (4.6 × 100 mm, 3.5 µm) analytical column (PN 959961-902, Agilent Technologies, Santa
Clara, CA, USA). The mobile phase consisted of solvent A (5 mM HCOONH4 (LC-MS
grade, Sigma-Aldrich, St. Louis, MO, USA) in ultrapure water) and solvent B (acetonitrile,
LC-MS grade, Merck, Germany). For elution, the following gradient programme of the mo-
bile phase was used: 0–3 min, 30–70% solvent B and 3–5 min, 70–30% solvent B (post-run:
2 min). The injection volume and the column temperature were 2 µL and 40 ◦C, respec-
tively. Ions were generated using an electrospray ionisation source (API-ESI) in negative
ion mode. The conditions for PFHxA ionisation and detection were detailed in [1]. For
adsorption studies, the concentration of PFHxA was calculated from the calibration curve,
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which was constructed by analysing standards containing the analyte in the concentration
range from 0.51 to 20 mg/L (standards prepared in distilled water with pH = 3, R2 = 0.9999).
The detailed procedure of PFHxA analysis was described in [21]. Blank was routinely
monitored. In the case of analysis of real samples, the standard addition method was used
for PFHxA quantification.

2.4. Statistical Analysis

PFAS concentrations at different points were expressed as relative concentrations and
were reported as mean values ± standard error. Analysis of variance (ANOVA) was used
to assess significant differences between treatments at a confidence level of p < 0.05.

3. Results and Discussion
3.1. Physicochemical Properties of Tested Sorbents

The results of the surface area analysis are presented in Figure 1 and Table 2. The
surface area of the samples varies depending on the technology, precursors, and processing
conditions developed by the supplier. The commercial rGO samples used in this study
were produced by different suppliers using proprietary methods based on the chemi-
cal reduction of graphene oxide. In general, these routes involve oxidation of graphite
to graphene oxide, followed by reduction (thermal and/or chemical) and subsequent
drying and post-treatment steps [26]. Each supplier employs distinct precursors, oxidation–
reduction conditions, and thermal treatments, which are not fully disclosed but are known
to significantly influence the resulting porosity and surface chemistry. The differences in
rGO characteristics reported in Table 2 arise from these variations in technology, precursors,
and processing parameters. As a result, the commercial samples show relatively lower BET
surface areas (all below 500 m2/g) and smaller pore volumes. In contrast, our synthesised
graphene, prepared via an optimised route specifically targeting high porosity, achieved
a BET surface area of 928 m2/g. The CG-A sample also exhibited a higher pore volume
than the other commercial materials, which provides greater potential for adsorption and
removal applications.

Table 2. The BET test result of the graphene samples.

Sample BET Surface Area (m2/g) Pore Volume (cc/g) Pore Size (nm)

CG-A 396.9 0.51 3.51
CG-B 35.8 0.09 1.15
CG-C 451.7 1.14 1.96
SG-X 928.1 2.15 1.95

The results of Raman spectroscopy are presented in Figure 2. It is evident that the
synthesised graphene exhibited a higher graphitic structure with fewer defects. The ID/IG
ratio in Raman spectroscopy is a key metric used to quantify the structural disorder, defects,
and crystallinity in carbon-based materials. This is indicated by the ID/IG ratio of this
sample being below 1, whereas all other samples had a ratio above 1.

Regarding the XPS results (Figure 3), CG-A exhibited the highest C-O bond concentra-
tion compared to other samples, followed by CG-C and SG-X. The presence of C-O bonds
can enhance the adsorption and removal of PFAS molecules.

The presence of oxygen-containing functional groups (e.g., C–O, –OH, –COOH) on
the graphene surface does not directly enhance PFAS adsorption via electrostatic attraction,
since both the PFAS molecules and the surface are negatively charged at environmentally
relevant pH values, leading to electrostatic repulsion. Instead, these functional groups
contribute indirectly by increasing surface hydrophilicity, polarity, and hydrogen-bonding
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potential. Such effects can promote PFAS partitioning through hydrogen bonding between
oxygenated surface groups and the fluorinated carbon backbone or carboxyl groups of
PFASs, as well as by modifying the overall sorption environment. Similar mechanisms
were recently highlighted by [27].

Figure 1. SEM imaging of graphene samples ((A) CG-A, (B) CG-B and (C) SG-X); isotherm and pore
volume/pore size distribution of graphene samples (D,E).
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Figure 2. RAMAN results showing the ID/IG of different samples.

The oxygen-containing bonds on the surface create a negatively charged surface, which
can engage in electrostatic interactions with the negatively charged PFAS molecules. Sample
CG-B presented the highest O/C ratio but very low surface area, which minimised its
adsorption capacity for PFASs removal. O/C ratio is a common indicator of the hydrophilic
character of the carbonaceous materials [28].

Figure 3. Cont.
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Figure 3. (a) XPS Full Spectra of all graphene samples. (b) C1S spectra—all graphene samples. (c) XPS
results: O/C, carbon chemical bonds of graphene samples.

The hydrophobic surface of SG-X may favour the adsorption of hydrophobic sub-
stances. The surface properties of SG-X, in comparison to other materials, make it a better
adsorbent: it has a high available surface area, high pore volume, and a median pore size
(~2 nm). The topological surface area of PFHxA is 37.3 Å2, which suggests that pore filling
is not the predominant mechanism. Among the tested physicochemical parameters of the
adsorbents, some trends can be observed. At higher C content, higher SBET, and lower S
content, the maximum adsorption capacity was increased.
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3.2. Sorption Studies
Sorption of PFHxA from Water Samples

The results of the sorption studies are presented in Tables 3–6 and Figure 4.

Table 3. Heatmap presenting the highest adsorption capacities among different treatments.

no pH Correction [µmol/g]
RW TW TWW DW

CG-A 3.543 4.671 3.493 24.733
CG-B 0.073 0.128 0.571 1.578
CG-C 0.426 1.172 1.236 17.97
SG-X 0.523 1.142 0.945 15.303

pH Correction [µmol/g]
CG-A 3.466 4.7 4.003 24.733
CG-B 0.073 0.32 0.345 1.578
CG-C 1.591 2.359 3.414 17.97
SG-X 3.999 4.298 3.222 15.303

Table colors represent an activity heatmap. Green indicates the highest value (maximum adsorption capacity),
and red indicates the lowest value (minimum adsorption capacity).

Table 4. Partition coefficients (Kd) of PFHxA in various water matrices.

CG-A CG-B CG-C SG-X

Kd
[L/µmol]

DW 7.93 a 0.224 d 4.35 b 3.45 c
RW 15.9 a 0.055 c 0.354 b 0.450 b
cRW 8.53 a 0.041 d 1.419 c 7.20 b
TW 29.9 a 0.081 c 0.944 b 0.923 b
cTW 11.2 a 0.204 d 2.53 c 5.91 b

TWW 5.30 a 0.372 d 0.953 b 0.677 c
cTWW 9.55 a 0.219 d 3.66 c 4.43 b

The same letters (a–d) in columns are assigned to the same homogeneous groups, n = 3.

Table 5. Kinetics of the sorption of PFHxA onto tested materials.

PFO PSO ELOVICH IPD

qmax
[µmol/g]

k1 (×103)
[min−1]

qe
[µmol/g]

R2

[-]
k2
[g/µmol min]

q2
[µmol/g]

R2

[-]
α
[µmol/g h]

β
[g/µmol]

R2

[-] k R2

[-]
Kd
[L/µmol]

CG-A 25.68 1.39 0.833 0.8898 2.388 25.71 0.9998 7.70 × 1012 1.474 0.7713 0.0500 0.5990 7.928
CG-B 2.358 1.37 0.663 0.8568 1.567 2.379 0.9505 0.1008 3.292 0.8516 0.0262 0.9024 0.224
CG-C 21.70 1.12 1.45 0.9937 1.056 21.86 0.9994 1,008,429 1.015 0.9714 0.0828 0.9817 4.352
SG-X 20.08 1.82 2.18 0.8373 0.568 20.10 0.9937 29,570 0.963 0.8162 0.0930 0.9362 3.448

Table 6. Isotherm modelling.

L F T DR

QL KL R2 RL KF n R2 QT B R2 QD E B R2

[µmol/g] [L/µmol] [-] [-] [µmol/g] [-] [-] [L/µmol] [-] [-] [mg/g] [kJ/mol] [mol2/kJ2] [-]

CG-A 76.31 0.044 0.9999 0.228 3.24 0.843 0.9933 1.515 275.4 0.9213 17.51 1180.9 2.201 0.7847
CG-B 9.62 0.021 0.9735 0.831 0.210 0.785 0.9623 1.762 5330 0.9492 1.037 1198. 2.138 0.8292
CG-C 81.90 0.029 0.9994 0.295 2.29 0.908 0.9978 1.316 299.7 0.8406 13.79 1153.3 2.307 0.7482
SG-X 35.03 0.099 0.9994 0.225 3.07 0.752 0.9910 1.698 379.2 0.9231 13.90 1245.7 1.978 0.7944
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Figure 4. The removal of PFHxA (A) from real water samples, (B) the sorption kinetics, (C) isotherms
of PFHxA adsorption onto tested materials, (D) fitting to the PSO kinetics, (E) fitting to Langmuir
isotherm model. DW—distilled water, cDW—distilled water with corrected pH, RW—river wa-
ter, cRW—river water with corrected pH, TW—tap water, cTW—tap water with corrected pH,
TWW—treated wastewater, cTWW—treated wastewater with corrected pH; cs—adsorbed PFHxA
[µmol/g], ce—final PFHxA concentration in the solution [µmol/L], dashed line represents fitting to
the respective model.
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PFHxA in the environment is present as an anion (pKa = −0.16), and its environmental
fate is primarily associated with adsorption onto sediments or transport with water, rather
than volatilisation [29]. Similarly, PFHxA lacks functional groups typically prone to hy-
drolysis, such as ester or amide linkages; therefore, any observed indications of hydrolytic
degradation in the environment are unexpected and warrant further investigation. The
removal of tested pollutants was performed in real water samples under optimal sorption
conditions (an acidic environment) or without pH correction (Figure 4A). It can be seen that
the tested materials revealed significant differences in the removal of the target compound.
The highest sorption (gmax ~25 µmol/g) was noted on CG-A across all water types, particu-
larly for DW, TW and cTW. SG-X showed high sorption only for TW and TTW, with and
without pH correction, with significantly lower values in other water matrices, whereas
CG-B and CG-C were less effective in all water matrices. CG-C and SG-X, values for PFHxA
adsorption in RW, TW, and TWW are very similar. The effect of pH correction was observed
for SG-X and CG-C, mainly. CG-A, the most effective material, was not affected by the
solution pH. Although zeta potential measurements were not available for the GO samples
in this study, the literature consistently reports that GO becomes increasingly negatively
charged with increasing pH due to deprotonation of surface carboxyl and phenolic groups.
Therefore, the adsorption differences observed between pH 3 and pH ~6.4 can be partially
attributed to changes in hydrophobic partitioning, fluorocarbon–graphitic interactions, van
der Waals forces, pore-filling effects, and surface chemistry-dependent interactions. It was
noted that the amount of adsorbed PFHxA onto tested materials was negatively correlated
with the content of S (RW, p < 0.01, TW p < 0.05) and Cl (RW p < 0.05). Similarly, higher
pore size induced adsorption (p < 0.05 using RW or TWW or even p < 0.02 for TW). In
general, the maximum adsorption capacities for PFHxA were changed in the following
order: DW CG-A > SG-X ≈ CG-C > CG-B, RW CG-A > SG-X > CG-C > CG-B, CG-A > SG-X
≈ CG-C > CG-B, and TWW CG-A > CG-C > SG-X > CG-B, whereas under pH correction
was DW CG-A > CG-C > SG-X > CG-B, RW SG-X > CG-A > CG-C > CG-B, TW CG-A >
SG-X > CG-C > CG-B, and TWW CG-A > CG-C > SG-X > CG-B (Table 3).

Considering the type of the water matrix, adsorption in RW and TWW was similar,
stressing the role of organics and inorganic ions in the sorption process. RW was more
effective, which results from the presence of natural ions such as Na+, Ca2+, or Cl−, and
dissolved organic matter, which can compress the electrical double layer on the surface
of adsorbents and the PFAS molecules (or other contaminants/water components), re-
ducing electrostatic repulsion [30], stressing therefore that multiple processes may occur
simultaneously, including ionic strength effects (double-layer compression), specific ion in-
teractions (e.g., Ca2+ bridging), and competitive adsorption or surface coating by dissolved
organic matter.

The role of dissolved organic matter is more complex [31]. On one hand, DOM
may compete directly with PFAS molecules for adsorption sites or form a coating on the
sorbent surface, thereby reducing the number of accessible adsorption sites. On the other
hand, certain DOM fractions may interact with PFASs through hydrophobic associations,
potentially affecting their transport and availability for adsorption. In treated wastewater
(TWW), where DOM concentrations are typically higher and more chemically diverse,
these competitive effects likely contributed to the slightly lower adsorption efficiencies
observed compared with RW. Similar observations have been reported for activated carbons
and biochar-based sorbents, where organic matter reduced PFAS adsorption by blocking
micropores and occupying high-energy adsorption sites (Table 7).

Therefore, the surface of the adsorbent is much more available for PFASs to be ad-
sorbed. Additionally, some cations (like Ca2+ or Mg2+) may form bridges between nega-
tively charged PFAS molecules and slightly negatively charged adsorbent surfaces. There-
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fore, the hydrophobic interactions were enhanced with increased ionic strength and in
the presence of cations [32]. Also, the solvation of PFAS molecules in the presence of ions
was lower, resulting in a stronger interaction of the hydrophobic tail of PFHxA with the
hydrophobic surface of the sorbent [33]. Among the tested physicochemical parameters
of the water matrix, the increase in EC of the water matrix shows a decreasing trend for
the adsorption on both CG-A and SG-X. The results clearly indicate that both the sorbent
and water matrix greatly affect adsorption efficiency. CG-A was the most effective overall,
likely due to favourable surface chemistry or structure. The presence of dissolved organic
matter (mainly) in TWW hindered the adsorption.

The values of partition coefficients were calculated according to [34] and stressed that
CG-A revealed a strong affinity towards PFHxA (Table 4, Kd >> 1). What is interesting,
pH correction increased partitioning when CG-C and SG-X were used. The effect of pH
correction was contrary when CG-A was used, and the adsorption was performed in RW
and TW. The affinity of the adsorbent to PFHxA is connected with the chemical nature of the
adsorbent. The hydrophilic heads are ionised in water, whereas the hydrophobic tails are
responsible for hydrophobic properties. Therefore, the adsorption of PFASs onto positively
charged potential and/or hydrophobic adsorbent surfaces should be enhanced [35].

3.3. Sorption Mechanism

To elucidate the mechanism of PFHxA adsorption on the tested graphene-based mate-
rials, kinetic and equilibrium studies were performed. Kinetic analysis (Table 5, Figure 4B)
showed that PFHxA adsorption was relatively rapid, reaching equilibrium within 6 h for
most sorbents, with 80–90% removal. CG-B was less effective, achieving only 63% removal
after 6 h, consistent with its lower maximum adsorption capacity (qmax = 2.358 µmol/g)
and slower PSO rate constant (k2 = 1.567 g/µmol min). In general, the adsorption capacities
followed the order: CG-A > CG-C > SG-X > CG-B. PSO provided the best fit among tested
kinetic models, suggesting adsorption proceeds via a multi-step process and is not purely
first-order in nature [36].

CG-A, characterised by medium SBET, hydrophilicity, and surface doping with nitro-
gen and oxygen, exhibited the highest adsorption (qmax = 25.68 µmol/g; Kd = 7.93 L/µmol).
This suggests that heteroatoms such as nitrogen enhance PFHxA uptake, likely by pro-
viding additional sites for electrostatic interaction or hydrogen bonding, as also predicted
by molecular dynamics simulations [16]. Correlation analysis further supported this in-
terpretation: the PSO rate constant k2 negatively correlated with sulfur (p < 0.05) and
chlorine (p < 0.001), highlighting the role of surface heteroatoms in modulating adsorp-
tion. The weaker performance of S-doped graphene may stem from its low sulfur content
(≤1.2 wt.%), explaining the apparent discrepancy with literature reports [37,38].

Equilibrium isotherm modelling (Table 6, Figure 4C) indicated that the Langmuir
model (R2 = 0.9999 for CG-A) provides a good empirical description of the equilibrium
data. PFHxA’s amphiphilic structure underlies its interaction with graphene surfaces: the
hydrophobic fluorocarbon tail associates with nonpolar graphitic regions (fluorocarbon–
carbon interactions), while the negatively charged headgroup interacts electrostatically
indirectly via adsorbed dissolved organic matter [39]. The ion-mediated interactions (e.g.,
Ca2+ bridging) can also participate in PFHxA adsorption. The oxygen-containing func-
tional groups primarily influence surface polarity, wettability, hydrogen-bonding capability,
and interactions with dissolved ions rather than directly enhancing electrostatic attrac-
tion toward PFHxA. Increasing ionic strength may promote adsorption through electrical
double-layer compression and cation bridging mechanisms. Collectively, hydrophobic
interactions, electrostatic interactions with water constituents, and hydrogen bonding
dominate PFHxA sorption on graphene-based sorbents (Table 6) [40] in real water matri-
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ces. The adsorption mechanism is therefore hierarchical [34]. Hydrophobic interactions
associated with the perfluoroalkyl chain primarily drive sorption, particularly on CG-A
and CG-C. Electrostatic interactions, modulated by solution ionic strength and pH, play
a secondary but significant role, especially for short-chain PFASs. Finally, adsorbent sur-
face chemistry, including oxygen- or nitrogen-containing functional groups, modulates
affinity via hydrogen bonding or specific site interactions. This framework provides a
coherent mechanistic explanation for the observed adsorption behaviour across sorbents
and experimental conditions.

In summary, the adsorption of PFHxA onto the tested graphene-based materials
is governed by a combination of hydrophobic and fluorocarbon–graphitic interactions,
and hydrogen bonding, with surface heteroatoms (N, O) playing a key role in enhancing
sorption. Kinetic analyses indicate rapid uptake for CG-A and CG-C, following pseudo-
second-order behaviour, while intraparticle diffusion contributes to rate-limiting steps in
SG-X and CG-B. Equilibrium isotherms demonstrate predominantly monolayer adsorption
on energetically favourable sites, with CG-A exhibiting the highest Langmuir capacity and
Kd values across all water matrices. Importantly, the performance of CG-A is robust across
diverse environmental conditions, including variations in pH, ionic strength, and dissolved
organic matter, highlighting its potential applicability in real-world water treatment.

These findings provide mechanistic guidance for the rational design of next-generation
GO-based adsorbents, emphasising the importance of hydrophobic graphitic domains and
surface functionalisation in PFAS removal. From an environmental perspective, such
materials offer a promising strategy for mitigating the mobility and persistence of short-
chain PFASs, like PFHxA, in surface water, groundwater, and treated wastewater, ultimately
contributing to improved water quality and reduced ecological and human exposure to
these persistent contaminants.

Table 7. Comparison of the obtained results with data from the literature.

Adsorbent Pollutants qmax Kinetics Isotherm References

CG-A PFHxA 25.68 µmol/g
(8.065 mg/g) PSO L These studies

MgAl-carbonate layered
double hydroxide PFHxA

89.54%, 0.1 g CLDH at
65 ◦C for 30 min in 30 mL
PFHxA of 0.3592 g/L.

PFO [41]

GAC and GAC adsorption
followed by microfiltration PFHxA 43 µg/g GAC

rGO + MF 138 µg/g [42]

Douglas fir biochar and its
Fe3O4 hybrids PFOS, PFOA PFOS 7.4–14.6 mg/g PFOA

3.8–652 mg/g PSO [43]

Activated carbon from
Vitis vinifera PFOS ~8 µg/g PFO F [44]

GO modified by a cationic
surfactant,
cetyltrimethylammonium
chloride (CTAC)

11 PFASs Σ11 PFASs
48.47 mg/g PSO Sips [23]

N-doped porous carbons 255.9 mg/g [40]

4. Conclusions
The results presented the potential of various graphene-based materials, including

a synthesised graphene (SG-X) and three commercial graphene samples (CG-A, CG-B,
CG-C), for the sustainable adsorption and removal of short-chain PFAS representative—
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PFHxA from different environmental water matrices. Considering the material properties
of graphenes, the synthesised graphene (SG-X) exhibited the highest BET surface area
(928 m2/g) among the tested samples, as well as a favourable pore size distribution (~2 nm),
supporting its potential for effective adsorption processes. XPS and Raman analyses
confirmed variations in oxygen-containing groups, hydrophilicity, and structural defects
among the samples, all influencing adsorption behaviour. Among the tested materials,
CG-A demonstrated the highest PFHxA adsorption capacity (~4.5 µmol/g) across all tested
water matrices, regardless of pH adjustment. SG-X also showed significant adsorption in
tap water, particularly after pH correction. In contrast, CG-B and CG-C were less effective,
particularly in river water and treated wastewater. The effectiveness of PFHxA removal
was strongly dependent on the type of water matrix and pH. Acidic conditions (pH ~ 3)
improved adsorption performance for certain materials, highlighting the role of solution
chemistry in PFHxA removal efficiency. Higher carbon content, greater specific surface area
(SBET), and lower sulfur content correlated positively with maximum adsorption capacity.
The presence of oxygen-containing functional groups and larger pore sizes also enhanced
PFHxA uptake. The findings emphasise the potential of advanced graphene materials,
particularly CG-A and SG-X, as promising sorbents for mitigating PFAS contamination in
various water sources. Future research should focus on solving key problems, including
the removal of mixed PFASs from environmental samples, the development of regenerated
sorbents for longer application, and the effective detoxification of spent sorbents.
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