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Oxidation vs. agglomeration: impact of graphene
oxidation on self-interactions and PFAS capture
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Per- and polyfluoroalkyl substances (PFAS), also known as “Forever Chemicals”, are a class of compounds

characterized by their extremely stable C–F bonds. These molecules possess desirable properties, which

has led to their widespread use in industry and household products. PFAS have been found in waterways

around the world. This is concerning because PFAS have also been found to have negative health impacts

on the human population. It is essential that effective adsorbent materials are developed to remove PFAS

from the environment. Carbon nanomaterials such as graphene oxide are often used for water remediation

and filtering purposes. Pure graphene is hydrophobic, but the presence of hydroxyl, epoxy, and carboxyl

groups increases its hydrophilicity. Meanwhile, PFAS have hydrophobic tail groups and hydrophilic head

groups. This work is focused on determining how the extent of oxidation in graphene oxide impacts the

capture of amphiphilic PFAS. Seven graphene oxide flakes are examined which contain an oxygen coverage

of 0.0, 2.4, 5.2, 7.6, 10.9, 14.5, and 17.5% oxygen by mass. In addition to becoming more hydrophilic as the

oxygen content increases, the self-interaction between flakes also changes. Both factors play a role in how

the materials interact with PFAS. Graphene oxide flakes with 5.2% and 7.6% oxygen by weight exhibited the

highest PFAS-affinity out of all flakes studied herein.

1. Introduction

Per- and polyfluoroalkyl substances (PFAS) are molecules that
are characterized by their interesting and unique properties.
They are formed by replacing C–H bonds with C–F bonds in
organic compounds, which changes their properties such
that they become extremely stable.1–3 Their fluorine tails
make them oleophobic and hydrophobic; meanwhile the
presence of the hydrophilic anionic headgroup makes the
species amphiphilic.1–3 The electronically dense fluorine
molecules can shield the alkyl chain, making degradation
difficult.2 Thus, fluorinated compounds have been developed
to exploit these properties for use in many industries

including electronics, metal coatings, aqueous firefighting
foams, food packaging, automotive, semiconductors, medical
applications, and aerospace, as well as in common household
products like cleaning supplies, toilet paper, and
cosmetics.2–8 While their melting and boiling points are
dependent on chain length, short chain PFAS have melting
points that range from 0–100 °C and boiling points between
100 and 150 °C.2 Further, short chain PFAS have higher
solubility and can spread easily through environmental
matrices.2 Their resistance to degradation combined with
their high mobility in the environment has led to PFAS being
detected worldwide, including remote locations like the
Arctic.9–13 PFAS can leach from landfills and industry, and
spread through atmospheric pathways, soils, solid waste, and
waterways.2,10–14 Humans are exposed to PFAS through air
pollution, diet, contaminated water, and consumer
products.7,11 Unfortunately, PFAS have been shown to have
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Environmental significance

Per- and polyfluoroalkyl substances (PFAS), otherwise known as “Forever Chemicals”, are a class of contaminant that has received much attention in the
last few years. Their properties make them ideal for industry and many applications; however, studies have repeatedly found that PFAS have negative
health impacts on humans and are highly persistent in the environment. It is essential to remove PFAS from waterways, but this is a difficult challenge as
the unique properties that make PFAS beneficial also make them uniquely hard to capture and degrade. This work has investigated the ideal oxidation
level of graphene oxide for optimal PFAS binding in water, paving the way for developing new carbon nanomaterials for PFAS remediation. In particular,
this study sheds light on the interplay between PFAS interaction with graphene oxide flakes and flake–flake self-interaction. It also illustrates how these
factors can be manipulated to increase PFAS capture from water.
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negative effects on human health including impacts on
reproductive hormones, breast milk, vaccine response, kidney
disorders, and some cancers.7,15–21

Given the widespread usage, contamination, and potential
health implications of PFAS, it is essential to address the
removal of PFAS from the environment. PFAS removal is
difficult because thousands of PFAS exist, they are very
mobile, they are amphiphilic, and they have strong C–F
bonds.1,22 Several materials have been examined with varying
degrees of success for PFAS capture including clays,23–27

activated carbon,28–33 modified cellulose,34–36 anion exchange
resins,37–39 zeolites,40–42 metal organic frameworks,43–46

covalent organic frameworks,46–48 hydrogels,49–51 and
cyclodextrin52,53 materials.9,54,55 Many of these materials have
been chosen due to their modifiable functionality and
properties. Increasingly, carbon nanomaterials such as
graphene and its functionalized derivatives have been
examined for PFAS removal.56–64 Lamb et al. used
computational methods to examine how PFAS bind to a
graphene sheet.60 They explored the aggregation of PFAS at
the surface of the sheet at neutral and acidic pH. Shrestha
et al. studied how using an alternating current can lead to
reversible adsorption of PFAS to graphite.56 Several
modifiable functionalized graphene materials have been
examined for improved PFAS removal. Mahpishanian et al.
studied improvements to PFAS capture with magnetic amine
functionalized graphene oxide.64 Lath et al. created an iron
oxide modified reduced graphene oxide composite that
performed well for PFAS removal.65 Trifoglio et al. examined
adding alkyl chains that were polar, charged, and
hydrophobic to measure the impact on PFAS adsorption.61

Our previous work examined different functionalities
(graphene, graphene oxide, partially fluorinated graphene
flakes, fully fluorinated flakes, and amine functionalized
flakes) and found that PFAS capture involved an interplay
between flake functionality and flake–flake clustering.62 In
our subsequent work, we examined how adding alkyl chains
to graphene oxide would affect PFAS capture through ideal
flake clustering.63 The addition of the alkyl chains impacted
clustering mechanisms to increase PFBA capture. This
indicates that flake–flake aggregation is a parameter than
can be tuned through functional modifications of the
graphene oxide to optimize PFAS capture.

One unresolved factor in the field of PFAS adsorption
revolves around the mechanisms by which PFAS are ideally
captured. Leung et al. stated that the potential interactions
include electrostatic, hydrophobic, π–π, fluorophillic,
hydrogen bonds, ion exchange, ion bridging, and van der
Waals interactions.1 Most studies in the literature have
found that the dominant interactions between PFAS and
adsorbents are electrostatic and/or hydrophobic
interactions.1,26–29,54,66,67 The debate revolves around
whether electrostatic or hydrophobic interactions drive PFAS
adsorption. It appears that the answer is dependent on the
adsorbents used and target PFAS. Willemsen et al. looked at
PFAS binding to smectite clay and found that adsorption

occurred on the hydrophobic portions of the clay.26 Park
et al. found that the hydrophobic interactions played a major
role in PFAS adsorption to activated carbon.28 Fabregat-
Palau et al. found that carbon materials capture PFAS
predominantly through hydrophobic interactions.67 On the
other hand, Cantoni et al. looked at PFAS adsorption to
activated carbon, and found that the role of electrostatics
was integral for PFAS removal.29 Dong et al. modified clays
with ionic liquids, and found that electrostatics were the
predominant interaction with PFAS.27 However they also
found that the hydrophobic interactions contributed more
as the PFAS chain length increased.

In this work, we explore the interplay between
electrostatic and hydrophobic effects for PFAS capture at
the molecular level through simulations of graphene oxide
with varying levels of oxidation. Findings uniquely highlight
mechanisms of flake aggregation and binding site quality
as competing factors in PFAS capture using graphene
oxides. Graphene oxide has shown promise for removing
contaminants from water.68,69 It has ideal features
including amphiphilic properties,70,71 has been shown to
bind amphiphiles,72 is easily synthesized and modifiable,68

and has a high surface area.68 The extent of oxidation on
graphene oxide can be controlled through parameters
within its synthesis method, such as the amount of
oxidizing agent used.68,73–75 Wang et al. examined varying
oxidation of graphene oxide for binding PFOA with
computational methods.57 They used a graphene oxide slab
with water and one PFOA molecule. They varied the
number of hydroxyl groups of their graphene oxide slab.
They found that PFOA adsorbed best to graphene, and that
the PFOA interaction decreased as oxidation increased. In
this work, we examined how flake clustering and PFAS
adsorption is impacted by varying the level of oxidation on
the graphene oxide flakes. We explored an under-studied
regime of graphene oxide flakes with low oxygen coverage
of 0.0, 2.4, 5.2, 7.5, 14.5, and 17.5% oxygen by mass. We
found the degrees of oxidation that optimize the competing
effects of the hydrophobicity of the flake backbone, and
the electrostatic interaction capacity of the functional
groups to adsorb PFAS. The number of epoxide and
hydroxyl groups are varied to match experimental
proportions. In each simulation we included 5 flakes, 5
molecules of perfluorooctane sulfonate (PFOS), five
molecules of perfluorooctanoic acid (PFOA), and five
molecules of perfluorobutanoic acid (PFBA). These
simulations allowed us to elucidate: (i) how long and short
chain PFAS compete for the graphene oxide flakes based
on the hydrophobicity of the flake, (ii) how the PFAS
headgroup impacts adsorption through the competition of
favorable and unfavorable electrostatic interactions and (iii)
how flake–flake clustering impacts PFAS adsorption,
providing valuable insight into the mechanisms of PFAS
capture. We find that there is an ideal oxygen coverage for
PFAS capture at 5.2% and 7.6% oxygen by weight.
Importantly, we show how capture is impacted by flake
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clustering, elucidating physical parameters which can be
tuned to enhance PFAS capture.

2. Methods

This work used a test set of three PFAS: PFOS, PFOA, and
PFBA. All were considered in their anionic form, because this
form tends to be more prevalent at environmentally relevant
pH values.2 The test set has short and long chain PFAS.
Carboxylic acid and sulfonic acid head groups are both
represented. In order to determine the impact that the extent
of oxygen coverage on graphene oxide has for PFAS capture,
seven flakes were generated. In our initial work, a graphene
oxide flake was built to be 10.9% oxygen by weight and have
dimensions of 30 × 40 Å2 (referred to herein as GOX 10.9,
Fig. 1).62 Further, pure graphene (referred to herein as GNX)
was made by removing all oxygen groups from GOX 10.9. The
edges of the flakes were terminated with a hydrogen border
to satisfy the edge valency. Both flakes are used in this study
to track trends in increasing oxygen levels. The number
following GOX indicates the percent oxygen by weight of the
flake. GOX 2.5, GOX 5.2, and GOX 7.6 were generated by
randomly removing functional groups from GOX 10.9, while
GOX 14.6 and GOX 17.5 were built by randomly adding
functional groups. Fig. S1 in the SI contains images of the
full flake (front, back, and side view) for each level of oxygen
coverage.

Table S1 shows how many hydroxyl, epoxy, and carboxyl
groups are present on each graphene oxide flake. The
literature shows that graphene oxide has a C/O ratio ranging
from 30 to 2.2.76–78 Every graphene oxide structure fits in the
experimental C/O ratio except for GOX 2.4. Its C/O ratio is
53.6, which is higher than the literature values. GOX 2.4 was
included to have a complete view of the reduction of the
flakes, though this structure would be difficult to obtain
experimentally. For each graphene oxide flake examined, a 90
× 90 × 90 Å3 cubic box was filled with 5 flakes, 5 of each

PFAS, 15 sodium counter ions, and water. The number of
PFAS and flakes were chosen to model capture at conditions
below the saturation point of the sorbent material and
minimize the PFAS–PFAS interactions for a straightforward
analysis, while also allowing for adequate sampling to
effectively probe how the oxidation level affects PFAS capture.
Table S2 shows the number of each molecule type for each
simulation set. The generalized Amber force field (GAFF)
force-field was used to describe PFAS and flakes.79 The same
parameters and point charges used on the functional groups
in our previous work were used herein.62 The total charge of
the flake was then distributed as point charges over the
remaining carbons of the flake to obtain a net zero charge
over the flake. TIP4P-Ew was used to describe water
molecules.80–82

Twelve starting configurations were generated for each
graphene oxide flake using Packmol.83 Packmol randomly
places molecules in the box, and thus 12 independent
simulations were executed. Having 12 replicas allows for
broad sampling and inclusion of confidence intervals for
data analysis. All simulations were executed in the AMBER
suite of packages.84 NPT equilibrium simulations at a
pressure of 1 atmosphere allowed for the relaxation of the
initial starting configuration and for the box to converge the
density. Once equilibrium was reached, production runs were
executed in the NVT ensemble at 300 K for 100 ns with
Langevin dynamics and a timestep of 2 fs.85 The SHAKE
algorithm was used to constrain hydrogen bonds.86 It takes
time for the flakes to agglomerate and for PFAS to reach the
flakes. As such, the analysis was performed on the last 50 ns
of the simulations. The CPPTRAJ toolkit was used to calculate
various properties such as the number of contacts, linear
interaction energies (LIE), Connolly surface areas, and radial
distribution functions (RDFs).87,88 Visual Molecular Dynamics
software was used to visualize trajectories and generate
images.89

3. Results and discussion
3.1. PFAS–flake interactions

In order to quantify the PFAS–flake interactions, the linear
interaction energy (LIE) was calculated. LIE is the sum of
electrostatic and van der Waals contributions between
interacting species. Fig. 2 depicts the LIE of PFAS with each
flake. The LIE is normalized by the molecular mass of the
PFAS. This accounts for the size effects of the various PFAS.
Normalizing the LIE makes the work more comparable to
experiments and regulations where concentrations are often
given on a per-mass basis (i.e. ng L−1, ppt) where partitioning
is with respect to the mass of the contaminant. Error bars
show the standard deviation between 12 independent
simulations. Different starting configurations of the graphene
oxide flakes result in different aggregate structures as the
flakes coalesce. Replicates within an oxidation level exhibit
similar motifs in stacking overlaps and surface areas exposed.
Variation in the binding interactions stems from samplingFig. 1 Molecular structure of GOX 10.9.
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numerous different orientations and sites for PFAS adsorption.
Large error bars are expected because there are many different
ways for each type of PFAS and flake to interact in the
simulation. Small changes in bonding orientation can cause
large changes in LIE. Moreover, PFBA is very mobile in all
simulations and thus has very large error bars.

Several trends can be observed based on the data shown
in Fig. 2. For all PFAS under investigation, the LIE becomes
more negative (an increase in favorability) from GNX to GOX
5.2. After the oxygen level is increased to 10.9% oxygen by
weight, the LIE trends towards less favorable interactions
with increasing graphene oxidation. At lower oxygen
coverages, the hydrophobic effects dominate (through flake–
flake aggregation and the PFAS tail over the flake), but as the
oxygen coverage increases electrostatics begin to play a more
important role (as will be discussed in more detail below).
Thus, the LIE indicates that there is an ideal oxygen coverage
for capturing long chain PFAS at around 5.2% and 7.6%
oxygen by weight. This is in contrast to Wang et al. who
found that the PFOA had the strongest interaction with pure
graphene, and the interaction decreased with increasing
oxygen.57 However, that simulation had one PFOA and a
graphene oxide slab. In systems with more than one
graphene surface, the oxidation level impacts how the flakes
aggregate and the surface area that is available for
interaction, and thus PFAS binding. This work includes
several flakes of the same type with very low oxidation levels
(GOX 2.4–GOX 7.6) in the simulations.

Our previous work, which only included GNX and GOX
10.9, did not show much aptitude for graphene oxide to
capture PFOA. PFOA is generally more difficult to capture
than PFOS due in part to its higher solubility in water.
However, this work shows a clear and strong improvement in
PFOA capture capabilities at low oxygen coverage (2.4% to
7.6% oxygen by weight). The lower oxygen coverage graphene
oxide flakes have larger hydrophobic domains than the
10.9% oxygen flakes. The 5.2% and 7.6% oxygen flakes also
have significantly more solvent-accessible surface area than
GNX or 2.4% oxygen flakes. If the flake has sufficient
hydrophobic surface and exposes binding sites through

dispersed aggregation, as is the case GOX 2.4–GOX 7.6, the
high solubility of PFOA can be overcome and achieve high
degrees of adsorption. When the oxygen content is greater
than or equal to 10.9%, the LIE for PFOA with GOX appears
less favorable with the increase in oxidation of the graphene.
At this point, the electrostatic interactions begin to take over
and PFOA water solubility dominates. Similarly, PFOS
binding affinity for GOX is less favorable at 10.9% oxygen by
weight. However, the weakening in LIE is more gradual,
meaning PFOS capture performance is not hindered as
quickly by the increase in oxygen coverage. This is in
accordance with the lower solubility of PFOS compared to
PFOA.90,91 At 10.9% oxygen content and above, many of the
hydrophobic binding sites on the graphene oxide are
somewhat obstructed by polar functional groups. For PFOS,
these mediocre binding sites are still thermodynamically
favorable compared to solvation in bulk water. In contrast for
PFOA, the tighter charge localization of PFOA around the
head group and slightly smaller overall molecular size of
PFOA compared to PFOS mean that PFOA is more sensitive
to even minor obstructions of binding sites and slight over-
oxidation can be enough to prohibit large percentage of PFOA
from binding. This is in line with the experimental findings
of Fabregat-Palau et al.67 who observed via changes in
response to tail length that hydrophobic interactions were
the most important followed by electrostatic interactions in
determining adsorption efficiency of PFAS to biochars.

It will be informative to look at the electrostatics of the
flakes to explain why PFAS binding strength grows to a point,
and then starts to decrease again. Fig. 3 shows the oxidized
flakes colored by charge. Fig. S2 shows the histogram of
charge counts per flake. The charges for functional groups,
secondary, and tertiary atoms are set based on RESP mapping
of DFT calculations and the total charge is normalized over
the remaining carbons, as described in the methods. Thus,
as can be seen in Fig. 3, the increase in the oxidation level
leads to an increase in the number of electronegative
functional groups present. In response, the graphene carbons
become more positive to accommodate the overall neutral
charge of the flake. GNX and GOX 2.4 have the fewest oxygen

Fig. 2 Linear interaction energy between the PFAS and GOX flakes. Left panel – data is sorted by PFAS. Right panel – data is sorted by graphene
flake. All LIEs are given in kcal kg−1 of PFAS.
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atoms and the carbon backbone is largely neutral with an
area for the flakes to stack with each other via hydrophobic
aggregation, minimizing the surface area available for PFAS
binding. GOX 5.2 and GOX 7.6 have pockets of charge density
and pockets of nearly neutral carbon backbone. This allows
for the PFAS head groups to be stabilized by the pocket of
positive charge of the hydrogen on the OH group, and the
carbon directly attached to the OH group while the PFAS tail
group can lay over the neutral carbon backbone, through
hydrophobic effects. The charged pockets take up more space
on the flake as the level increases. Therefore, two factors will
hinder PFAS binding. Firstly, the positively charged portions
of the flake are more difficult to reach, as the negatively
charge portions get closer together and repel the headgroup
of the PFAS. Secondly, the backbone becomes more positively
charged which hinders the hydrophobic aggregation of the
PFAS tail to the flake. These factors work in tandem to
prevent PFAS binding.

With respect to GNX and GOX 2.4, PFOA and PFOS have
strong and equivalent interactions with the flakes, while
PFBA has very little interaction. At these low oxidation levels,
the nonpolar aggregation between the PFAS tail group has
the dominant effect for PFAS capture. Both PFOA and PFOS
have an 8-carbon long tail compared to PFBA which has only
4 carbons. Moreover, PFBA has the highest water solubility,
and thus is more difficult to capture.91 For GOX 5.2 and GOX
7.6, PFOS has a stronger LIE for the flakes than PFOA. By
10.9% oxygen by weight, PFOA affinity has decreased
drastically and is on par with the PFBA–flake interactions.
This shift arises because the degree of electrostatic
interactions diminishes the number and access to

hydrophobic surface areas of the flake. While the LIE is less
favorable for PFOS after 10.9% oxygen by weight, it still has a
clear affinity for the flakes. By GOX 17.5, the LIE between
PFOS and the flake is on par with that of PFOA and PFBA.
The hydrophobic domains are virtually non-existent and the
water solubility of the PFAS is thermodynamically preferred
over adsorption to the flake. The number of contacts between
the PFAS and flakes is shown in Fig. S2, and it shows the
same trends described above.

Fig. 4 shows snapshots of the last step for three replicas
of the simulations. The snapshots help illustrate how these
trends occur. For GNX, GOX 2.4, and GOX 5.2, all PFOS and
PFOA are near the graphene flakes while PFBA is largely
found in solution. For GOX 7.6 all PFOS, PFOA, and some
PFBA are near the flakes and thus fewer PFBA molecules are
found in solution than in the lower oxygen level flakes. There
is a balance between electrostatic forces to capture PFBA
while maintaining a hydrophobic area on the flake for non-
polar interactions with the PFBA tail. With the oxidation
levels increasing to GOX 10.9–GOX 17.5, all PFAS have
revealed less affinity for the flakes.

3.2. Flake–flake interactions

In our previous work, we showed that PFAS capture by
functionalized graphene oxide flakes was dependent on the
type of functionalization as well as the clustering of the
flakes.62 It is well known that graphene is hydrophobic and
interacts with itself. Adding oxygen groups increases the
hydrophilicity of the flakes. Fig. 4 shows that the flakes still
cluster together at every level of oxidation examined. Fig. 5

Fig. 3 Oxidized graphene flakes colored by charge. Red indicates negative charge, white is neutral, blue is positively charged. From left to right:
top row – GOX 2.4, GOX 5.2, GOX 7.6 bottom row: GOX 10.9, GOX 14.6, GOX 17.5.
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shows the LIE of the flake–flake interactions normalized by
the mass of the flake, and the surface area of the
agglomerated flakes. On the timescales of MD, the flakes will
aggregate and stay aggregated indefinitely in whatever lowest
energy configuration was reached during relaxation dynamics
of the initial random packing. Therefore, the surface area of
the flakes was calculated for the last step of the simulation,
and then averaged over all twelve configurations for each
flake type. Simulations were executed on GOX 7.6 (12
replicas) without PFAS to estimate the impact of PFAS on
flake aggregation. The results are shown in section S5. Our
results show that at this concentration, the presence of PFAS
does not impact flake aggregation.

GNX has a very strong LIE with itself. The flakes are
stacked, and thus the available surface area for PFAS to
interact with is low. As the level of oxygen on the flake
increases the flake–flake LIE decreases. The flakes begin
to interact more with the surrounding water and less with
each other as oxygen on the flake increases. This is
intuitive, examining the electrostatics in Fig. 3. The lower
oxidized flakes have less polar electrostatics and a nearly
neutral carbon backbone that is vast for hydrophobic
aggregation between flakes to occur. As the oxidation
increases, the extent of polar electrostatics increases, and
thus the flake can interact with water more readily. This
trend mirrors the findings of Liu et al.77 and others who

Fig. 4 Snapshots of the last step of simulations for three configurations. PFBA is indicated in green, PFOA in pink, and PFOS is in blue.
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report experimental difficulties in dispersing lowly-oxidized
graphene sheets due to excessive hydrophobic aggregation.
The LIE plateaus at 10.9% oxygen by weight, at around
−8.0 kcal kg−1. Commensurately, the surface area of the
agglomerated flakes increases as the amount of oxygen on
the flake increases. The surface area plateau is also
reached at GOX 10.9. Fig. 6 shows a snapshot from the
last step of three configurations of the simulations. This
figure depicts the progression of flake clustering as oxygen
coverage increases. GNX has tightly stacked flakes. In GOX
2.4, the flakes start to spread out incrementally, having
less overlap between the flakes than GNX. By GOX 5.2 the
flakes have spread out more, but the main interaction
between flakes comes from stacking of the hydrophobic
carbon backbone. The GOX 7.6 flakes have spread out to
where the functional groups on one flake are interacting
with other flakes, causing separation between the
hydrophobic parts of the flakes and decreasing the tight
stacking motif. As the oxygen level rises from 10.9%
oxygen by weight to GOX 17.5, the flakes begin interacting
with each other predominantly through functional group/
electrostatic interactions rather than carbon backbone
stacking.

At 5.2% oxygen by weight, the minimal oxygen coverage
allows for the hydrogen border edges of the flakes to interact
with the functional groups on the surface of the flakes and
for carbon backbone stacking to occur. These interactions
create shelves where the PFAS head group can interact with
the hydrogen border (the hydrogen terminated edges of the
graphene flake), while the PFAS tail group has a hydrophobic
surface to lay over. Fig. 7 shows a snapshot example of this
binding mode. The flakes are off-set stacked – meaning they
are stacked, but not as rigidly as GNX.

GOX 7.6 allows for the head group of PFAS to interact
with functional groups on the surface of the flake, as well
as creating edges like in GOX 5.2, and continues to
increase the surface area for potential adsorption while
maintaining a hydrophobic backbone for the interaction
of the tail group of the PFAS. When the oxygen level is
greater than or equal to 10.9% oxygen by weight, the

hydrophilic functional groups (and thus, electrostatic
effects) begin to outweigh the available hydrophobic
carbon backbone patches, reducing the available surface
area for interaction with the PFAS tail resulting in
decreased PFAS capture. This mechanism is further
confirmed in subsequent sections. Moreover, Fig. S3 shows
the water–flake interactions and water–PFAS interactions
which further support that the exposed surface area is
maxed out.

3.3. Carbon backbone RDFs

Radial distribution functions (RDFs) were calculated for the
head and tail group of PFAS to all functional groups of the
graphene oxide flakes. These RDFs allow us to understand
how PFAS are distributed around distinct functionalities
including the hydrophobic carbon backbone, hydroxyls, and
edges of each of the GOX Flakes. We start with RDFs between
PFAS and the hydrophobic carbon backbone portions of the
GOX flakes. The head group was designated as the initial
carbon (for carboxylate head groups – carbon attached to the
oxygen atoms, for sulfonate – carbon attached to SO3

−). The
tail group was designated as the terminal carbon. Herein the
RDFs most relevant to PFAS binding are discussed while all
other RDFs are located in Fig. S4 to S6. Fig. 8 illustrates the
RDFs of PFAS head and tail groups to the carbon backbone
of the flakes.

The carbon backbone is defined as any carbon that is not
attached to a functional group, or adjacent to a carbon that
is attached to a functional group. These carbons make up the
hydrophobic domains of the flake. This definition of the
carbon backbone will lead to wide peaks (see Fig. 3 to view
the wide area of hydrophobic patches). Larger RDF values
indicate higher localized adsorption. In general, the RDFs in
Fig. 8 align with the interaction strength results in Fig. 2 for
the same functional reasons described in previous sections.
The PFAS adsorption to flakes increases as oxidation
increases to 5.9% and 7.6% oxygen by mass. Adsorption then
decreases as oxygen coverage increases further. On these
flakes, PFOS adsorbs the most followed by PFOA, and lastly,

Fig. 5 The left panel shows the flake–flake LIE normalized by the molecular weight of the flake. The right panel shows the surface area of the
agglomerated flakes.
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PFBA. For GOX 2.4, the long chain PFAS tail groups are 10
times more likely to be 4–6 Å from the carbon backbone than
in solution. These curves are essentially identical. For GOX
5.2, the PFOA tail group peak has increased to 11, while PFOS
is 12 times more likely to be near the backbone. As the
oxygen coverage increases above 7.6% oxygen by weight, the
PFOA adsorption diminishes more rapidly than the PFOS
adsorption. This is likely due to the spacing increasing
between flakes, and pockets forming for PFAS tails to sit in.
The PFOS molecules are slightly less soluble in water than
PFOA. The PFOS will find and adsorb to limited hydrophobic
regions more competitively than PFOA. There is a decrease in

propensity for the PFAS tail group to be near the backbone at
≥10.9% oxygen by weight. This is in line with the
observations made with the PFAS–flake LIE results. As the
oxygen level increases, there is less interaction between the
hydrophobic PFAS tail and the surface of the flake. There is
low likelihood for the PFBA to be near the carbon backbone
of all flakes.

Interestingly, there is some affinity for the head group
of the long chain PFAS to be near the carbon backbone.
The PFOS head group is 11.5 times more likely to be 4–6 Å
from the carbon backbone than in solution for GOX 5.2. As
the oxygen level increases, the peak splits into two modes.

Fig. 6 Snapshot from the last step of three configurations of simulations. Flakes are shown in different colors to visualize how the flakes interact
with each other.
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Trajectories were visually examined to explain this
phenomenon. For GOX 5.2, the PFOS tail prefers to be
located over the carbon backbone. The shelves made by the
flake clustering allow the head group of the PFOS to
interact with the hydrogen border of the flake, while the
tail rests on the carbon surface of the shelf. These PFOS
lay flat on the surface of the shelf, with the headgroup
interacting with the edge. Thus, the PFOS head group is
still in close proximity to the carbon backbone. Further,
PFOS is likely to orient around the intersection of two
flakes and interacts with the backbone of two flakes,
placing the head group near the carbon backbone of both
flakes. As the oxygen level increases, the PFOS stays near
the intersection, but the flakes spread out, creating the
bimodal peak starting in GOX 7.6, and clearly seen in GOX
10.9, GOX 14.6 and GOX 17.5.

3.4. Hydroxyl RDFs

Fig. 9 shows the RDFs for PFAS interacting with the
hydroxyl groups of graphene oxide. The RDFs become less

noisy as more oxygen groups are added. PFOA and PFBA
head groups have little affinity for the hydroxyl group.
There is some propensity for PFOS to be near the
hydroxyl groups, but it decreases after GOX 10.9. However,
the tail group of PFOS and PFOA has a much stronger
affinity for the hydroxyl groups than the head groups.
This phenomenon is counterintuitive, and so trajectories
were visualized to determine the cause. The hydroxyl
groups act as an interaction site between flakes. GOX 5.2
and GOX 7.6 seem to have an ideal interaction between
flakes creating shelves and pockets for the capture of
PFAS. As the PFAS interact with the flakes at
agglomeration sites, the PFAS tail groups interact strongly
with hydrophobic surfaces of two flakes. Thus, the PFAS
is tightly bound to an agglomeration site and the tail of
the PFAS is near a hydroxyl group. The strong affinity of
the PFAS tail group for the hydroxyl groups of the
graphene oxide is a byproduct of flake stacking,
orientation, and proximity of OH groups around the
carbon backbone. As the oxidation levels continue to
increase towards 17.5% oxygen by mass, the PFAS

Fig. 7 Snapshot of PFOA interacting at the shelf/hydrophilic edge intersection of three GOX 5.2 flakes.
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interaction with hydroxyls diminishes significantly due to
reduced flake–flake stacking interaction and the existence
of only a few neighboring hydrophobic carbon backbone
sites.

3.5. Flake hydrogen border edge RDFs

All of the flakes have a hydrogen border. The hydrogen
border acts as an interaction site between graphene oxide
flakes as can be seen in Fig. 5 and 6. When shelves were
formed in GOX 2.4–7.6, the edge of the shelf is the
hydrogen border of the flakes. The head group of the
PFAS interacts with the hydrogen border of the edge of
one flake while the tail group lies flat over the
hydrophobic carbon backbone of the same flake, or an
adjacent flake. This phenomenon is most pronounced in
the GNX results. Fig. 10 shows the RDFs of the PFAS
head group to the hydrogen border. As with the carbon
backbone, lower broad peaks are expected due to the

spread-out nature of the hydrogen border compared to
other functional groups. RDFs for the tail group are
shown in Fig. S6. With GNX, the PFOS head group is 16
times more likely to be 4–5 Å from hydrogen border than
in solution. For PFOA, it is 14 times more likely to be 5
Å from the hydrogen border than in solution. The
snapshots of GNX in Fig. 4 show that PFAS interacts near
the hydrogen borders of the flake, while the tail group
often interacts with the carbon backbone. PFOA and PFOS
continue to be 9–10 times more likely to be 5–6 Å away
from the hydrogen border at GOX 2.4 and GOX 5.2. PFOS
is 8–10 times more likely to be 4.5 to 6 Å away from the
hydrogen border as the oxygen level increases. The
composite picture between the flake–flake interactions and
the RDFs shows that the flakes cluster to form shelves
and pockets. PFOA and PFOS tail groups interact with
the carbon backbone of the flake while the head group
prefers to be around the hydrogen border or, to a lesser
extent, a hydroxyl group. GOX 5.2 and GOX 7.6 have the

Fig. 8 Top panel – RDFs of the PFAS tail group to the carbon backbone. Bottom panel – RDFs of the PFAS head group to the carbon backbone.
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best interplay of retaining hydrophobic surfaces in each
flake, enough oxygen coverage to form high-surface-area

flake aggregates, and hydrated regions for the interaction
of PFAS head groups.

Fig. 9 Top panel – RDFs of the PFAS head group to hydroxyl group of flakes. Bottom panel – RDFs for the tail group to hydroxyl group of flakes.

Fig. 10 RDFs of the head group of PFAS to the hydrogen border of the graphene oxide flakes.
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4. Conclusions

This work examined how changing the oxygen coverage of a
graphene oxide flake impacts flake aggregation and PFAS
capture. In particular, it illuminated the interplay between
electrostatic interactions and hydrophobic effects at the
molecular level, and how those parameters can be leveraged
to optimize PFAS binding. Seven graphene oxide flakes
ranging from 0.0% to 17.5% oxygen by weight were
examined. It was found that PFOA and PFOS have similar
interactions with graphene oxide until GOX 10.9. PFOS and
PFOA interactions with the flake decrease at GOX 10.9 and
continue to decrease as oxygen coverage increases. The
strength of the interaction decreases more quickly for PFOA
than PFOS. GOX 5.2 and GOX 7.6 perform the best for PFAS
capture. This is due to a favorable mixture of several
components: 1) PFAS headgroup electrostatic interactions
with the functional groups on the flake, 2) hydrophobic
effects leading to the PFAS tail laying over the hydrophobic
backbone of the flakes, and 3) ideal flake separation due to
interactions between functional groups and hydrophobic
backbones. GOX 5.2 has more shelf off-set stacked flakes
while GOX 7.6 has more pockets for PFAS to interact with. At
these low oxygen coverages, there are enough oxygen groups
to allow for high surface area clustering to occur while the
hydrophobic carbon backbone is available to interact with
PFAS tail groups. As the oxygen level increases, the flake–
flake interaction and available surface area plateau. However,
the increase in hydrophilic oxygen groups reduces the
hydrophobic carbon backbone availability, decreasing their
aptitude for capturing PFAS.
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