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ABSTRACT 
	Per- and polyfluoroalkyl substances (PFAS) pose a significant global threat to water security because of their extreme persistence, mobility, and proven adverse health effects. Their strong carbon-fluorine (C–F) bonds provide high stability, resulting in widespread environmental contamination from industrial sources or indirectly through landfill leachates and wastewater discharges. The urgent need for effective cleanup has made adsorption a leading strategy, with carbon-based materials—especially graphene oxide (GO) and its derivatives—emerging as highly promising adsorbents. This review thoroughly examines the molecular-level adsorption mechanisms of PFAS on graphene-based nanomaterials, aiming to link material properties with removal efficiency.
By synthesizing evidence from experimental studies—including isotherm and kinetic analyses, FTIR, XPS, and XRD characterization—and computational molecular dynamics (MD) simulations, we clarify the main interactions responsible for PFAS sequestration. Our study confirms that adsorption is mainly driven by a combination of electrostatic attraction and hydrophobic interactions. Electrostatic forces, strengthened by amine functionalization (e.g., in MAGO nanocomposites), enable quick removal (>95% for PFOS in 30 minutes) and are essential for capturing short-chain PFAS. At the same time, hydrophobic interactions with the graphene basal planes favor long-chain compounds, with MD simulations showing adsorption energies as high as -171 kcal/mol for PFOS. Advanced materials like polyamine-coated GO (PAGO) exhibit record-breaking capacities (~3070 mg/g for PFOS), while β-cyclodextrin-modified GO targets short-chain PFAS with 65% removal of PFBA within 15 minutes, surpassing traditional activated carbon.
We conclude that strategically functionalizing GO to enhance its surface charge and hydrophobicity is essential for achieving high-efficiency, broad-spectrum PFAS adsorption. This mechanistic insight offers a vital basis for designing next-generation water treatment technologies capable of tackling the persistent issue of PFAS contamination.
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1. INTRODUCTION 
“Access to clean water is essential for human health and sustainable development, yet the global water supply is under increasing pressure owing to rapid urbanization, population growth, and climate change”.(Van der Bruggen 2021; Behroozi et al., 2025; Kasili et al., 2025) “The rising demand for water, coupled with the declining availability of freshwater resources, has heightened the importance of efficient water treatment technologies. Per- and polyfluoroalkyl substances (PFAS) contamination is primarily associated with industrial manufacturing and waste disposal, which leads to their accumulation in groundwater and, consequently, drinking water supplies”.(Yadav, Ibrar et al. 2022; Behroozi et al., 2025) PFAS are synthetic chemicals consisting of carbon-fluorine (C–F) bonds. Beyond PFAS, other persistent organic pollutants such as synthetic dyes also pose significant threats to water quality and aquatic ecosystems.(Nath 2025) PFAS molecular structure typically consists of a chain of 2 to 16 carbon atoms, with each carbon atom bonded to one or more fluorine atoms. PFAS are a category of chemicals utilized in numerous applications including aqueous film forming foams, cosmetics, adhesives, nonstick polymers, waterproof and stain-resistant coatings, paints, oxidative protective coatings, inert surfaces for semiconductor etching, polishes, thermally stable lubricants, and a variety of other everyday items.(Herzke, Olsson et al. 2012, Verma, Lee et al. 2022) “PFAS are released into the environment. PFAS may contaminate freshwater and drinking water resources directly or indirectly via secondary sources, such as landfill leachate and effluents from wastewater treatment plants. PFAS are highly stable, resistant to chemical and thermal degradation, and do not readily break down in the environment. This environmental persistence results in widespread contamination and ever-increasing concentrations of PFAS in water, soil, and air”.(Johnson 2022, Ackerman Grunfeld, Gilbert et al. 2024) “PFAS are also detected in wildlife, fish tissue, and human blood”.(Skoda, Dudek et al. 2014, Masoner, Kolpin et al. 2020) “Humans and ecosystems are threatened by PFAS contamination, which spreads to all aquatic environments. Long-term exposure to certain PFAS can lead to negative effects, including liver, immune system, and developmental and reproductive toxicity, as well as cancer”.(Pelch, Reade et al. 2019) Considering the extensive utilization of PFAS, their resistance to breakdown, longevity in the environment, and harmful health impacts, there is a need for efficient and affordable adsorbents to eliminate perfluoroalkyl and polyfluoroalkyl substances (PFAS) from water supplies. Materials based on carbon present a promising option for PFAS adsorption, especially graphene-based membranes (graphene oxide and reduced graphene oxide) due to their large surface area. The presence of oxygen-containing functional groups on graphene oxide also enhances interactions with PFAS molecules.(Wang, Zhang et al. 2023) 

2. per- and Polyfluoroalkyl Substances (PFASs) 
Perfluoroalkyl and polyfluoroalkyl substances (PFASs) are a group of synthetic organo-fluorine compounds made up of fully or partially fluorinated alkyl chains that end in polar acid groups, such as phosphonates, carboxylates, or sulphonates.(Buck, Korzeniowski et al. 2021) These substances feature a carbon chain with strong C–F bonds (536 kJ/mol), giving them high chemical and thermal stability;(Dean 1990) as a result, they do not decompose naturally and persist in the environment.(Jian, Chen et al. 2018) Figure 1 shows the molecular structures of four representative PFAS: perfluorooctanoic acid (PFOA), perfluorooctane sulfonic acid (PFOS), Perfluorobutanesulfonic acid (PFBS), and perfluorobutanoic acid (PFBA). The structures highlight the hydrophilic head groups (carboxylate or sulfonate) and hydrophobic fluorinated tails, which are key to understanding their environmental behavior and removal mechanisms. They are mainly used as surfactants in a wide range of industrial and consumer products, including firefighting foams, alkaline detergents, paints, non-stick cookware, carpets, upholstery, shampoos, floor waxes, fume suppressants, semiconductors, photographic films, pesticide formulations, food wrappers, masking tape, denture cleaners, and more.(Moody and Field 2000) “PFAS generally fall into two categories: long-chain and short-chain. Typically, long-chain PFAS are perfluoroalkyl sulfonic acids with more than six carbons, such as perfluorooctane sulfonic acid (PFOS), and perfluoroalkyl carboxylic acids with over seven carbons, like perfluorooctanoic acid (PFOA)”.(Pulster, Wichterman et al. 2022) Short-chain PFAS have fewer carbons, such as perfluorobutanoic acid (PFBA).(Li, Duan et al. 2020) Both types are produced either directly or through the breakdown of more complex PFAS.
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Fig. 1. Chemical structures of common PFAS.


2.1 ENVIRONMENTAL PERSISTENCE AND MOBILITY 
PFAS are highly durable, resistant to both chemicals and high temperatures,(Dhanasinghe, Lin et al. 2025) and do not easily break down in the environment. This persistence leads to widespread contamination and increasing levels of PFAS in water, soil, and air,(Wang, Tsogbadrakh et al. 2025) which can enter the environment and directly contaminate freshwater and drinking water supplies, or indirectly through secondary sources like landfill leachate and discharges from wastewater treatment facilities.(Johnson 2022, Ackerman Grunfeld, Gilbert et al. 2024) PFAS are also found in wildlife, fish tissues, and human blood.(Masoner, Kolpin et al. 2020) Both humans and ecosystems are at risk from PFAS contamination, which infiltrates various aquatic ecosystems.(Zhong, Ou et al. 2025) “Long-term exposure to certain PFAS may cause harmful effects, including liver damage, immune system disruption, reproductive and developmental toxicity, and cancer”.(Pelch, Reade et al. 2019)  

2.2 OCCURRENCE IN THE AQUATIC ENVIRONMENT
Giesy and Kannan(Giesy and Kannan 2001) were among the first researchers to document the widespread presence of PFASs, which are released into the environment during manufacturing and use, as well as from leaching and degradation of consumer products. Ultimately, PFASs enter wastewater treatment plants (WWTPs), and these facilities have been identified as major point sources of PFAS to surface waters(Boulanger, Vargo et al. 2005) and the atmosphere.(Ahrens, Shoeib et al. 2011) Additionally, the release of PFASs in industrial waste or biosolids has been linked to contamination of surface and groundwater.(Paustenbach, Panko et al. 2007) The high solubility of most PFAAs in water, along with their hydrophobic/hydrophilic properties and low volatility, enables their presence in all aquatic habitats and even in rainwater. Although about 40 different PFASs have been detected in water,(Ahrens, Shoeib et al. 2011) most studies have focused on PFOS and PFOA, as these compounds are most frequently detected in water samples, often at higher levels.(Yamashita, Kannan et al. 2005) Other commonly found PFASs include PFBA, PFHxA, PFHpA, PFNA, PFDA, PFHxS, and FOSA. Common PFAS levels in water vary from Low pg/L to low ng/L. Nonetheless, elevated level (5,200 ng/L) has been observed in surface and groundwater after firefighting operations or explosions,(Moody, Hebert et al. 2003) as well as in certain waters near fluorochemical production sites.(Hansen, Johnson et al. 2002)
2.3 REGULATION AND REMEDIATION EFFORTS 
“Over the years, the use of PFAS has evolved; the production of long-chain PFAS has decreased as new environmental regulations have been implemented. In several countries, perfluorooctane sulfonic acid (PFOS) and PFOA have been phased out of manufacturing. Regulatory agencies have recently lowered the permissible levels of PFAS in the environment. For example, Health Canada has set concentration limits in drinking water at 200 ng/L for PFOA and 600 ng/L for PFOS”.(Health 2024) Meanwhile, the limit established by the USEPA(Cooper, Glenn et al. , Glenn, Hines et al. 2016) is 70 ng/L for each compound and their combined total. Additionally, Health Canada published a recent report stating that the total concentration of all PFAS in drinking water should not exceed 30 ng/L,(Health 2022) while the USEPA has a health advisory level of 4 ng/L for both PFOA and PFOS in drinking water.(U.S.Government-Publishing-Office 2024) Detecting and treating such low concentrations presents significant challenges. As a result, there is a need to develop cost-effective, efficient materials and methods to comply with environmental regulations. The transport and behavior of PFAS in environmental media remain poorly understood.

2.4 GLOBAL DISTRIBUTION AND RESEARCH NEEDS
Many regions have taken steps to regulate or gradually eliminate specific PFAS. Current technology struggles to detect and monitor PFAS in the environment. The United States Environmental Protection Agency(USEPA 2009) has issued guidelines for PFAS levels in drinking water. Both national and international health and environmental standards for PFAS across various media are being increasingly adopted.(Abunada, Alazaiza et al. 2020, Langenbach and Wilson 2021) Therefore, sources and pathways of PFAS should be controlled, restricted, and eliminated where possible, and contaminated media need treatment. For water contamination, several methods like adsorption, membrane separation, and degradation are used to remove PFAS.(Berg, Crone et al. 2022) Advanced treatment technologies for PFAS removal continue to evolve, with recent reviews highlighting both efficacies and mechanistic insights into various remediation approaches.(Ahmed, Alam et al. 2020) However, existing technologies are still inadequate; the goal is to develop effective, environmentally safe, and affordable methods for PFAS cleanup.


3. graphen- based adsorbent for pfas removal
Adsorption is widely recognized as a leading strategy for PFAS removal due to its simplicity, cost-effectiveness, and high efficiency, with extensive research focusing on carbon-based adsorbents including activated carbon and, more recently, graphene-based materials.(Vu and Wu 2020) Graphene is a single layer of carbon atoms arranged in a two-dimensional honeycomb-like lattice. Its high conductivity and flexibility make it a promising candidate for various water purification applications, especially because it is easily functionalized. It has shown exceptional effectiveness in removing many pollutants, including microorganisms and heavy metals, from water. Awawdeh and others(Awawdeh, D’Alessio et al. 2025) systematically evaluated graphene’s potential as an adsorbent for six PFAS compounds (PFOA, PFNA, GenX, PFBS, PFOS, and PFHxS) by performing Molecular Dynamics (MD) simulations to investigate the adsorption behavior of these compounds both individually and in a multicomponent system. For these compounds individually, the results indicated that PFAS compounds with higher molecular weights exhibited stronger adsorption, with PFOS showing the highest interaction strength (500 g/mol, −171 kcal/mol). Regarding functional groups, PFAS compounds with sulfonic acid head groups generally demonstrated stronger adsorption energies, such as PFOS (−171 kcal/mol) and PFHxS (−153 kcal/mol), compared to those with carboxylate head groups like PFNA (−152 kcal/mol) and PFOA (−147 kcal/mol). Furthermore, the presence of graphene typically enhances diffusion coefficients, indicating improved mobility in a graphene-water medium. In the multi-component PFAS system, the correlation between molecular weight and adsorption strength was weakened by competitive adsorption, which reduced the individual adsorption energies. Nonetheless, graphene maintained a strong overall adsorption capacity, confirming its robustness even under complex and realistic conditions.(Awawdeh, D’Alessio et al. 2025) A summary of key graphene‑based adsorbents and their performance is provided in Table 1.
These results largely align with those of Mahpishanian and colleagues, who developed and tested a magnetic graphene oxide (MAGO) nanocomposite functionalized with amino groups for removing four PFAS compounds (PFOA, PFOS, PFHxS, and PFBS) from water. For individual PFAS compounds, the findings indicated that long-chain PFAS had higher removal efficiency, with PFOS showing the highest removal rate (>95%). Concerning functional groups, PFAS with sulfonate head groups demonstrated higher removal efficiency (PFOS >95%, PFHxS >90%) than those with carboxyl groups (PFOA >90%). Short-chain PFBS exhibited relatively lower removal efficiency but still remained significant (>85%). Additionally, the incorporation of amino functional groups and Fe₃O₄ nanoparticles notably enhanced both the adsorption capacity and separation efficiency.(Mahpishanian, Zhou et al. 2024)
In another study, Xu and colleagues developed a novel polyamine-coated graphene oxide sorbent (PAGO) by applying an ultra-thin, 1-nanometer-thick layer to remove perfluoroalkyl substances (PFAS) from water. The researchers synthesized the sorbent by covalently grafting polyethyleneimine (PA) onto graphene oxide nanosheets, resulting in a stable, positively charged, two-dimensional structure. Concerning PFAS adsorption performance, the results showed an exceptionally high adsorption capacity, reaching a record concentration of approximately 3070 mg/g for PFOS. This adsorption capacity is dozens of times greater than that of pure graphene oxide and commercially available activated carbon. Regarding removal rate, PAGO demonstrated near-instant adsorption, reaching 57–95% of its equilibrium capacity within one minute and removing nearly 100% of PFAS from contaminated water within a few minutes.(Xu, Ding et al. 2025)
Regmi et al. developed an nZVI/rGO nanocomposite that combined adsorption with photocatalytic degradation, by evaluating the performance of nZVI/rGO hybrid nanocomposites in PFAS removal through cascade adsorption and photodegradation experiments. The results for individual PFAS compounds showed that PFAS with sulfonate functional groups exhibited superior removal efficiency, with PFOS showing higher adsorption affinity and faster degradation kinetics compared to PFOA. Long-chain PFAS (PFOS, PFOA) demonstrated significantly higher adsorption capacities and fluorine removal rates than shorter-chain degradation intermediates. Furthermore, the nZVI/rGO nanocomposite exhibited enhanced photoactivity under oxygen-free conditions, where hydrophobic electrons played a key role in cleaving C-F bonds. In the combined and competitive environment, both PFOS and PFOA maintained high removal efficiency. However, their degradation pathways differed considerably—PFOS proceeded via reduction and oxidation mechanisms, while PFOA relied primarily on reductive fluorine removal. However, the nZVI/rGO hybrid compound maintained a strong overall PFAS removal capacity, confirming its robustness even under complex processing conditions.(Regmi, Sarker et al. 2025) 
Tunioli tested a novel sorbent—β-cyclodextrin-modified graphene oxide (GO-Cₙ-βCD)—to improve the removal of perfluoroalkyl and polyfluoroalkyl substances (PFAS), particularly short-chain PFAS such as perfluorobutanoic acid (PFBA). The results showed that GO-C₆-βCD effectively removed both short- and long-chain PFAS from a mixture of nine PFAS compounds. GO-C₆-βCD (with a hexyl linker) achieved the best PFBA removal of approximately 65% in just 15 minutes, outperforming both pure GO and granular activated carbon (GAC) under similar conditions. GAC removal was only around 70% after 24 hours, highlighting the slow kinetics of conventional sorbents.(Tunioli, Marforio et al. 2023)
Ahmad and colleagues developed a new reduced graphene oxide/activated carbon (RGO/AC) composite using a one-step synthesis process with lyophilized cassava peels as a green cross-linker, aimed at improving the removal of per- and polyfluoroalkyl substances (PFAS) from drinking water. The composite showed superior performance for both short- and long-chain PFAS at environmentally relevant concentrations. The RGO/AC composite demonstrated significantly higher adsorption rates—1.67 to 2.52 times greater than AC alone—and stronger adsorption affinities, with removal efficiencies reaching up to 96% for PFOS and 69% for PFBA in ultrapure water.(Ahmad, Liu et al. 2025)
Based on the research by Mahofa and others, the potential of a β-cyclodextrin-modified graphene oxide (GO-βCD) membrane for the targeted removal of short-chain PFAS was systematically evaluated by combining permeation experiments with Molecular Dynamics (MD) simulations to investigate the separation behavior of these compounds individually and in a mixture. For individual PFAS compounds, the results showed that the GO-βCD membrane created high energy barriers that significantly hindered transport, with PFAS binding affinity to β-cyclodextrin being a key factor. MD simulations revealed that short-chain PFAS exhibit ~20% stronger binding affinity to βCD compared to αCD. Furthermore, the incorporation of β-cyclodextrin into the graphene oxide nanochannels enhanced water permeance, indicating an improvement in water transport through the modified membrane. While in the multi-component PFAS system, the membrane demonstrated remarkable simultaneous retention of over 90% for a mixture of PFBA, PFPeA, PFHxA, and PFOA.(Mahofa, El Meragawi et al. 2025) 
Mancinelli, Martucci, and others did structural evolution of graphene oxide (GO) and silver-functionalized graphene oxide (AgGO) during thermal treatment, both before and after loading with perfluorinated compounds (PFOA and PFOS), was systematically evaluated by performing in situ synchrotron X-ray powder diffraction (XRPD) and thermal analysis (TG/DTG/DTA) to investigate the adsorption behavior and thermal stability of these materials. For the individual PFAS compounds, the results showed that PFAS loading into the GO structure is mainly revealed by a shift of the (001) diffraction peak to higher 2θ values, indicating a decrease in interlayer spacing (d-spacing) due to the interaction of PFOA and PFOS with GO interlayers. Regarding the functional groups, the presence of silver in AgGO further decreased the d-spacing values (AgGO-PFOA, AgGO-PFOS < AgGO < GO-PFOA, GO-PFOS < GO), suggesting that silver enhances the interaction and compacts the GO layers. Furthermore, the thermal analysis indicated that the decomposition of PFOA and PFOS occurs between 375 and 400 °C, with PFOA showing lower thermal stability compared to PFOS. While in the multi-step thermal decomposition process, both GO and AgGO underwent a partial but significant reduction to reduced graphene oxide (rGO) around 350 °C, accompanied by the removal of oxygen functional groups and intercalated water. The presence of PFAS and silver influenced the temperature and progression of these structural changes, yet the GO-based materials maintained their layered structure and adsorption functionality throughout the thermal treatment, confirming their robustness and potential for PFAS removal even under high-temperature conditions.(Mancinelli, Adami et al. 2025) 
Based on the research by Boonchata, Boontanon, and others, the photocatalytic degradation efficiency of a titanium dioxide/graphene oxide/polyvinyl alcohol (TiO₂/GO/PVA) nanocomposite film for the removal of perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) was systematically evaluated by performing laboratory experiments to investigate the degradation behavior under various operational parameters. For the individual PFAS compounds, the results showed that the nanocomposite film exhibited high degradation efficiency, with PFOS and PFOA removal rates reaching approximately 96% and 97%, respectively, under optimal conditions. Regarding the functional groups, the formation of Ti–O–C bonds, confirmed by FT-IR analysis, indicated a strong interaction between GO and TiO₂, which enhanced charge separation and reduced electron-hole recombination. Furthermore, the presence of GO in the nanocomposite generally enhanced the photocatalytic activity by acting as an electron acceptor and adsorbent, thereby improving the degradation performance under ultraviolet irradiation. While in the multi-parameter optimization, the correlation between GO concentration and degradation efficiency was evident, with a GO content of 25 wt% relative to TiO₂ showing the highest performance. However, excessive GO loading (100 wt%) led to agglomeration, which reduced the active surface area and slightly decreased the degradation efficiency.(Boonchata, Boontanon et al. 2024) 
Using an experimental approach, researchers developed a hybrid nanocomposite, PVA@UIO-66-NH2/GO, for the adsorptive removal of perfluorooctanoic acid (PFOA) from water. The synthesized composite demonstrated a high adsorption capacity of 9.904 mg/g, as determined by the Langmuir isotherm model, achieving equilibrium within 80 minutes. The results confirmed that the adsorption process is spontaneous and exothermic, primarily governed by electrostatic and hydrophobic interactions between the PFOA molecules and the adsorbent's surface.(Van Thang, Tran Duy Nguyen et al. 2024)
Table 1.	Summary of graphene‑based adsorbents for PFAS removal.
	Adsorbent
	Target PFAS
	Maximum Capacity (mg/g)
	Key Findings

	MAGO(Mahpishanian, Zhou et al. 2024)
	PFOS, PFHxS, PFOA, PFBS
	>95% removal in 30 min
	Amino‑functionalization enhances electrostatic attraction, Fe3O4​ aids separation.

	PAGO(Xu, Ding et al. 2025)
	PFOS
	~3070
	Ultra‑thin polyamine layer, near‑instant adsorption.

	GO-C₆-βCD(Tunioli, Marforio et al. 2023)
	PFBA (short‑chain)
	65% removal in 15 min
	β‑cyclodextrin cavity enhances short‑chain PFAS uptake.

	RGO/AC(Ahmad, Liu et al. 2025)
	PFOS, PFBA
	96% (PFOS), 69% (PFBA)
	Green synthesis, superior to AC alone.

	nZVI/rGO(Regmi, Sarker et al. 2025)
	PFOS, PFOA
	High removal via adsorption & degradation
	Combined adsorption‑photocatalysis, effective C–F bond cleavage.

	GO‑βCD membrane(Mahofa, El Meragawi et al. 2025)
	PFBA, PFPeA, PFHxA, PFOA
	>90% retention
	Enhanced water permeance, strong β‑cyclodextrin binding.

	AgGO(Mancinelli, Adami et al. 2025)
	PFOA, PFOS
	Enhanced thermal stability
	Silver functionalization reduces interlayer spacing; maintains structure up to 400 °C.

	TiO₂/GO/PVA film(Boonchata, Boontanon et al. 2024)
	PFOS, PFOA
	~96–97% degradation
	Photocatalytic film; optimal at 25 wt% GO; Ti–O–C bonding enhances charge separation.

	PVA@UIO‑66‑NH₂/GO(Van Thang, Tran Duy Nguyen et al. 2024)
	PFOA
	9.904 mg/g
	Hybrid composite; adsorption driven by electrostatic/hydrophobic interactions; equilibrium in 80 min.



4. Mechanisms of PFAS Adsorption
The adsorption of PFAS onto graphene‑based materials is governed by a combination of molecular interactions, each contributing differently depending on the adsorbent’s properties and environmental conditions. These mechanisms—including electrostatic attraction, hydrophobic interactions, hydrogen bonding, ligand exchange, and pore filling—are summarized in Table 2, which compares their driving forces, key influencing factors, and typical evidence. Understanding the interplay of these mechanisms is essential for designing optimized adsorbents for PFAS removal.

4.1 ELECTROSTATIC INTERACTIONS 
[bookmark: _Hlk217494319]Electrostatic interactions are a fundamental and often dominant mechanism governing the adsorption of anionic PFAS onto graphene oxide (GO)-based materials. Their importance is greatly influenced by material functionalization and environmental conditions. A key strategy to improve adsorption is to impart a positive surface charge to GO, thereby attracting the negatively charged head groups of PFAS molecules via electrostatic interactions. This can be achieved by functionalizing GO with amine groups, such as ethylenediamine (MAGO) or polyethyleneimine (PEI-GO), thereby creating protonable, positively charged sites,(Mahpishanian, Zhou et al. 2024) or by using cationic surfactants such as CTAC.(Pervez, Jiang et al. 2024, Choong, Jun et al. 2025) These strong electrostatic attractions are essential for rapid removal, particularly for short-chain PFAS (e.g., PFBS, PFBA), which are typically difficult to capture due to electrostatic repulsion from the negatively charged, unmodified GO surface.(Tunioli, Marforio et al. 2023, Mahpishanian, Zhou et al. 2024) The strength of these interactions depends on the oxygen content of GO, with a higher O-C ratio leading to stronger electrostatic forces.(Behroozi, Meunier et al. 2025) The importance of electrostatics is further supported by pH-dependent studies, which show optimal adsorption under acidic to neutral pH (3-7) when the surface is positively charged, while effectiveness decreases at higher pH levels due to increased electrostatic repulsion as the surface becomes more negative.(Van Thang, Tran Duy Nguyen et al. 2024, Ahmad, Liu et al. 2025, Mancinelli, Adami et al. 2025) This pH-dependent behavior is also seen in photocatalytic degradation, where a positively charged TiO₂/GO surface at low pH promotes PFAS adsorption and degradation.(Boonchata, Boontanon et al. 2024) Beyond experimental data, molecular dynamics simulations and energy decomposition analyses confirm that electrostatic interactions are a key, consistently attractive component of the total adsorption energy. Their strength varies among PFAS molecules and is notably enhanced in competitive, multi-component systems.(Awawdeh, D’Alessio et al. 2025, Behroozi, Meunier et al. 2025) In membrane applications, electrostatic repulsion acts as a primary rejection mechanism for anionic PFAS in nanofiltration and reverse osmosis, although this can be hindered at high ionic strengths.(Mahofa, El Meragawi et al. 2025, Yu, Teng et al. 2025) Therefore, adjusting the surface charge of GO materials to optimize electrostatic attraction—or, in membrane systems, repulsion—is a widely validated and vital approach to improve PFAS adsorption efficiency and selectivity.(Liu, Pignatello et al. 2024, Regmi, Sarker et al. 2025, Xu, Ding et al. 2025)  

4.2 HYDROPHOBIC INTERACTIONS
Hydrophobic interactions are a primary and often dominant mechanism for PFAS adsorption on graphene oxide (GO)-based materials,(Trifoglio, Mantovani et al. 2025) driven by the affinity between the hydrophobic perfluorinated tails of PFAS and the carbon basal planes of graphene or the specific hydrophobic domains of modified adsorbents.(Behroozi, Meunier et al. 2025, Choong, Jun et al. 2025) On pristine graphene, molecular dynamics simulations indicate that hydrophobic interactions predominate, with the perfluorinated tails consistently positioning themselves closer to the surface than the hydrophilic head groups.(Barbosa and Turner 2023, Awawdeh, D’Alessio et al. 2025) The strength of these interactions is directly related to PFAS chain length, with longer-chain PFAS exhibiting significantly stronger adsorption due to increased hydrophobicity.(Mahpishanian, Zhou et al. 2024, Choong, Jun et al. 2025) This mechanism is entropically driven, facilitating the displacement of PFAS molecules from the aqueous phase to the less-hydrated GO surface.(Jiang, Wang et al. 2021, Liu, Pignatello et al. 2024) Material design significantly enhances these interactions; for example, thermal reduction of GO produces more carbon-rich, hydrophobic domains that strongly adsorb PFAS through van der Waals forces,(Ahmad, Liu et al. 2025, Regmi, Sarker et al. 2025) while functionalization with cationic surfactants or the formation of polyamine adlayers introduces electrostatic sites and boosts overall material hydrophobicity.(Pervez, Jiang et al. 2024, Choong, Jun et al. 2025) A sophisticated approach involves functionalizing GO with β-cyclodextrin, whose hydrophobic cavity acts as a host for the PFAS chain via strong van der Waals interactions, particularly effective for short-chain PFAS. This can be fine-tuned with an alkyl linker to optimize orientation and accessibility.(Tunioli, Marforio et al. 2023, Mahofa, El Meragawi et al. 2025) Moreover, hydrophobic interactions are not limited to the adsorbent-PFAS interface but also encompass F-F interactions among neighboring adsorbed PFAS molecules, promoting high-capacity, multilayer adsorption.(Liu, Pignatello et al. 2024, Xu, Ding et al. 2025) The importance of hydrophobic forces is further demonstrated through their synergy with other mechanisms; they work alongside electrostatic attraction on materials like cationic surfactant-modified GO (GO-CTAC) and amine-functionalized GO (MAGO), ensuring strong performance across different pH levels and ionic strengths, and becoming the primary mechanism at higher pH when electrostatic forces weaken(Pervez, Jiang et al. 2024, Van Thang, Tran Duy Nguyen et al. 2024) Therefore, engineering the hydrophobic properties of GO materials is a key strategy for achieving high and resilient PFAS adsorption capacity.(Boonchata, Boontanon et al. 2024, Mancinelli, Adami et al. 2025) The adsorption behavior can also be influenced by the specific head groups of the PFAS molecules, with some head groups promoting stronger hydrophobic interactions than others.(Zhang and Yazaydin 2024) 

4.3 HYDROGEN BONDING 
Hydrogen bonding to PFAS is a contributing mechanism in PFAS adsorption on graphene oxide (GO)-based materials.(Ahmad, Liu et al. 2025) However, its importance is often overshadowed by electrostatic and hydrophobic forces and is sometimes questioned due to the lack of direct evidence. While several studies suggest hydrogen bonding as a potential interaction(Jiang, Wang et al. 2021, Ke, Wei et al. 2023) particularly involving the oxygen-containing functional groups on GO (e.g., hydroxyl, epoxy, carbonyl)(Trifoglio, Mantovani et al. 2025) and the anionic head groups (e.g., -COO⁻, -SO₃⁻) or fluorine atoms of PFAS,(Boonchata, Boontanon et al. 2024, Liu, Pignatello et al. 2024) explicit experimental or computational validation is not always provided.(Mahpishanian, Zhou et al. 2024, Behroozi, Meunier et al. 2025) However, certain investigations provide more direct evidence; for example, the disappearance of hydroxyl peaks in FTIR spectra after PFAS adsorption onto a reduced GO/activated carbon composite, together with competitive inhibition by other anions, strongly suggests that hydrogen bonding is a key mechanism.(Ahmad, Liu et al. 2025) Additionally, in engineered materials like polyamine-adlayer GO (PAGO), a combination of FTIR, ¹⁹F-NMR, and DFT calculations has confirmed the formation of hydrogen bonds between the C-F groups of PFOA and the N-H groups of the polyamine.(Xu, Ding et al. 2025) Similarly, in β-cyclodextrin-modified GO (GO-βCD) membranes, the hydroxyl pendant groups on the cyclodextrin enable strong hydrogen bonding with the polar head of PFAS, which works together with hydrophobic inclusion to improve retention.(Mahofa, El Meragawi et al. 2025) Despite these confirmed cases, it is widely recognized that in aqueous environments, hydrogen bond formation can be hindered by strong solvation effects, making it a less dominant mechanism compared to others.(Choong, Jun et al. 2025) Therefore, while hydrogen bonding can contribute to the overall adsorption energy—especially in specifically functionalized materials(Mancinelli, Adami et al. 2025, Regmi, Sarker et al. 2025) it is generally not considered the primary driving force for PFAS adsorption on most GO-based adsorbents.(Mahpishanian, Zhou et al. 2024, Awawdeh, D’Alessio et al. 2025) 

4.4 LIGAND EXCHANGE AND SURFACE COMPLEXATION 
The role of ligand exchange and surface complexation in PFAS adsorption onto graphene-based materials is highly dependent on the specific adsorbent composition and functionalization. For instance, studies of pristine, non-functionalized graphene or certain GO composites, such as MAGO, have found no direct evidence for these mechanisms and instead attribute adsorption primarily to electrostatic attraction and hydrophobic interactions.(Mahpishanian, Zhou et al. 2024, Awawdeh, D’Alessio et al. 2025) However, the incorporation of metal oxides can introduce these pathways, as demonstrated with Fe₂O₃-modified MWCNTs where ligand exchange forming inner-sphere complexes was identified as a contributing factor.(Behroozi, Meunier et al. 2025) Similarly, ion exchange, a form of ligand exchange, was concluded to be significant when a chloride-loaded surfactant was used, with XPS analysis showing PFAS anions displacing chloride ions.(Pervez, Jiang et al. 2024) Surface complexation driven by electrostatic attraction is also a key mechanism in some systems; for example, FTIR shifts indicated the deprotonation and complexation of PFOA's carboxyl group with protonated amine groups on a modified GO surface.(Xu, Ding et al. 2025) It is important to note that the presence of metal sites does not guarantee these mechanisms will be dominant. While ligand exchange and Lewis acid-base complexation are possible in composites containing zirconium or iron,(Choong, Jun et al. 2025) detailed characterization using XPS and FTIR in other studies has provided no evidence for such interactions, effectively ruling them out as major pathways in those cases.(Van Thang, Tran Duy Nguyen et al. 2024)

4.5 DIFFUSION AND PORE FILLING 
The role of diffusion and pore filling in PFAS adsorption onto graphene-based materials largely depends on the specific textural and structural properties of the adsorbent. For example, a porous, three-dimensional architecture in GO aerogels and hydrogels helps PFAS molecules diffuse into internal surfaces, where they are retained, showing that pore filling is important in such hierarchical structures.(Choong, Jun et al. 2025) This idea is supported by studies on composites like RGO/AC, where a higher mesoporous ratio improved mass transfer, significantly speeding up the adsorption rate.(Ahmad, Liu et al. 2025) Direct evidence of pore filling often comes from textural analysis, such as the notable decrease in surface area and pore volume of a composite after PFOA adsorption, indicating PFAS molecules occupy the pores.(Van Thang, Tran Duy Nguyen et al. 2024) Likewise, X-ray diffraction studies have found a reduction in the interlayer spacing of GO when PFAS is loaded, suggesting pore filling within the interlamellar space is a key mechanism.(Mancinelli, Adami et al. 2025) Additionally, molecular dynamics simulations show that graphene's hydrophobic surface can greatly boost PFAS diffusion by disrupting the nearby water structure, allowing molecules to reach adsorption sites faster.(Awawdeh, D’Alessio et al. 2025) Structural changes in the adsorbent also support this enhanced diffusion; for instance, the formation of a denser, more uniform GO network after adsorption has been suggested to help adsorbates diffuse through cavities.(Pervez, Jiang et al. 2024) However, these mechanisms are not always the main ones. For non-porous, 2D GO sheets, rapid kinetics are often due to the exposure of all adsorption sites, which avoids the rate-limiting step of intraparticle diffusion.(Xu, Ding et al. 2025) As a result, kinetic studies of several non-porous or specific nanocomposites usually show that uptake-versus-time plots do not pass through the origin. This indicates intraparticle diffusion is not the main rate-controlling step and that chemisorption or other surface interactions determine the process.(Mahpishanian, Zhou et al. 2024) While pore filling is a key mechanism in intentionally porous carbon-based sorbents (7), its role in GO-based materials depends on deliberate engineering to create porous networks. Often, it is combined with other mechanisms and is not explicitly identified as the dominant pathway in many studies.(Behroozi, Meunier et al. 2025, Choong, Jun et al. 2025) 

Table 2.	Comparison of adsorption mechanisms for PFAS on graphene‑based materials.
	Mechanism
	Driving Force
	Key Factors
	Typical Evidence

	Electrostatic
	Attraction between opposite charges
	Surface charge, pH, functional groups
	pH‑dependence, zeta potential, MD simulations

	Hydrophobic

	Affinity between hydrophobic tails & surface
	Chain length, hydrophobicity, material design
	MD simulations, adsorption isotherms

	Hydrogen Bonding
	H‑bond formation between donor & acceptor
	Functional groups (‑OH, ‑NH2, C‑F)
	FTIR, NMR, DFT calculations

	Ligand Exchange
	Anion exchange or complexation
	Metal oxide presence, surfactant loading
	XPS, FTIR, competitive anion studies

	Pore Filling
	Physical entrapment in pores/interlayers
	Porosity, interlayer spacing, textural properties
	BET, XRD, adsorption kinetics



5. Conclusion
This review thoroughly examines the effectiveness and mechanisms of graphene oxide (GO) and its derivatives as advanced adsorbents for removing per- and polyfluoroalkyl substances (PFAS) from water. The evidence conclusively shows that graphene-based materials, especially when selectively functionalized (e.g., with amine groups, β-cyclodextrin, or metal oxides), demonstrate exceptional adsorption capacities and fast kinetics, greatly surpassing traditional materials like activated carbon for a broad range of PFAS, including difficult short-chain compounds.
[bookmark: _GoBack]A synergistic interplay of multiple mechanisms governs the adsorption process. Electrostatic interactions are essential for the initial capture of anionic PFAS, especially on positively functionalized surfaces under acidic to neutral conditions. Hydrophobic interactions between the PFAS fluorinated tail and the carbon basal planes of graphene are a dominant, entropically driven force, with strength proportional to the PFAS chain length. While hydrogen bonding and ligand exchange can contribute in specifically engineered systems, their role is often secondary. Additionally, diffusion and pore filling within three-dimensional GO architectures enhance mass transfer and adsorption capacity.
Despite the promising results, challenges persist for real-world applications. Future research should focus on: (1) scaling up the synthesis of functionalized GO materials in a cost-effective and environmentally friendly way; (2) testing performance in complex water matrices with high levels of natural organic matter and ions; (3) examining the long-term stability, regenerability, and safe disposal of used adsorbents; and (4) deepening the understanding of competitive adsorption at the molecular level in multi-PFAS systems through advanced simulations. In conclusion, graphene-based adsorbents are a versatile and powerful platform for addressing the widespread issue of PFAS contamination, offering significant potential for developing next-generation water treatment technologies.
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