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Bifunctional Reduced Graphene Oxide Derivatives

for PFOA Adsorption

Robert Schusterbauer, Pia Schiinemann, Philip Nickl, Jasmin Er, Victoria Kdmmer,
Florian Junge, Salim Fazzani, Paul Mrkwitschka, Bjorn Meermann, Rainer Haag,*

and levgen Donskyi*

Innovative materials are crucial for removing persistent pollu-
tants per- and polyfluorinated alkyl substances (PFAS) from water.
Here, a novel bifunctional reduced graphene oxide (TRGO)
adsorbent is developed and characterized by advanced surface

1. Introduction

PFAS are among the scientifically and publicly most recognized
classes of pollutants in recent years. While thousands of PFAS find
industrial use due to their inherent chemical stability and
unmatched repellency of water and organics, perfluorosulfonic
and perfluorocarboxylic acids are the most commonly detected
PFAS in environmental samples and are in the spotlight of current
restriction proposals.' Adsorption onto fixed beds of activated
carbon or ion exchange resins has become the most commonly
applied method for the technical removal of PFAS from contami-
nated water sources.'*® These traditional adsorbents often com-
bine hydrophobic and electrostatic groups to interact with both
perfluorinated tail and anionic head group of ubiquitous long-
chain perfluorosulfonic and perfluorocarboxylic acids, like per-
fluorooctanoic acid (PFOA).”# Additionally, per- and fluorinated
segments are sometimes included into innovative materials to
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sensitive methods. Compared to pristine TRGO, the functional-
ized TRGO shows markedly improved PFAS removal efficiency
and demonstrates strong potential for water purification
applications.

enable a more efficient removal of PFAS.”'? To further enhance
PFAS adsorption strategies, recent attention has focused on
advanced carbon-based nanomaterials.>'"'? Recent research
has concentrated on the evaluation of the adsorption efficiency
of GOs for PFOA at varying O/C ratios. These studies aim to elu-
cidate the roles of hydrophobic and electrostatic interactions in
the adsorption mechanism."® Complementary experimental
studies on graphene functionalization have demonstrated that
a positive surface charge enables nearly complete adsorption
of various PFAS compounds.'”

Graphene-based materials offer a promising solution due
to their tunable surface chemistry and strong adsorption poten-
tial."*'®" Graphene, as a 2D material, possesses an exception-
ally high specific surface area of up to 2630 m?g~","""® which
translates into a strong adsorption capacity”"® and makes it an
excellent platform for developing advanced adsorbent materials.
Previous studies have demonstrated that hydrophilic pollutants
such as Rhodamine B are effectively adsorbed by hydrophilic gra-
phene oxide (GO)?°?" whereas hydrophobic reduced graphene
oxide (rGO) is more suitable for adsorbing hydrophobic pollu-
tants like 0il.*>?® Thus, by tuning the surface chemistry of gra-
phene, its adsorption affinity can be tailored to target specific
types of pollutants.>*%*

Herein, we report on a bifunctional thermally reduced gra-
phene oxide (TRGO)-based adsorbent with a defined covalently
conjugated dichlorotriazine moiety. Triazine-functionalized gra-
phene enables subsequent postfunctionalization with both cat-
ionic ammonium groups and polyfluorinated alkyl chains. The
adsorbent was thoroughly characterized by X-ray photoelectron
spectroscopy (XPS), atomic force microscopy (AFM), time-of-flight
secondary ion mass spectrometry (ToF-SIMS), elemental analysis,
zeta-potential and scanning electron microscopy (SEM) and its
PFOA removal efficiency was evaluated using adsorption tests.

This work demonstrates a practical approach for effective
PFAS removal from contaminated environments. It shows strong
potential for real-world water treatment and environmental
remediation applications.
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2. Results and Discussion
2.1. PFOA Specific Adsorber Material

To develop a PFAS-specific adsorber material, a modified version of
our previously reported graphene functionalization method?%*”
was employed to create a bifunctional material. In this design,
one functional site carries a positive charge to enable electrostatic
interactions, while the other bears polyfluoroalkyl chains to pro-
mote attractive fluorine-fluorine interactions (Figure 1). This con-
figuration enables simultaneous adsorption of PFAS onto the
graphene surface through both types of interactions.

2.2. Functionalization and Postmodification of TRGO

To create a bifunctional adsorber material, thermally reduced gra-
phene oxide (TRGO) is reacted with 2-azido-4,6-dichloro-1,3,5-
triazine (Figure 2a) to yield dichlorotriazine-functionalized TRGO
(TRGO-Trz).29" This strategy first forms an aziridine-bridged
triazine motif, which then releases strain and opens the bicy-
cle.”#2% The presence of this moiety enables stepwise function-
alization of the chlorine atoms on the triazine groups conjugated
to graphene. Moreover, various functional groups can be used for
the aromatic addition-elimination reactions on the triazine moie-
ties. First, one chlorine atom is substituted at room temperature
with a thiol-terminated polyfluorinated alkyl chain. Subsequently,
at 70 °C, the second chlorine is replaced by a primary amine func-
tionalized with a quaternary ammonium group, resulting in the
final bifunctional adsorber material (TRGO-Trz-F,5-N*).

The covalent functionalization as well as the chemical modifi-
cation reactions of TRGO were monitored using XPS, (Figure 2b,c).

‘ Contaminated water

Purified water

Figure 1. Schematic representation of the adsorption of PFAS on a PFAS spe-
cific TRGO-based filter material. Electrostatic interactions (blue) and fluorine-
fluorine interactions (green) between the adsorber and PFAS are depicted on
the right side, while nitrogen, sulfur, and fluorine are depicted as blue, yellow,
and big black balls, respectively. The charged carboxy group is abbreviated as
a red ball.
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In the survey spectrum of pristine TRGO two distinct peaks at 285
and 530 eV were found, which can be assigned to the photolines
of carbon (C 1s) and oxygen (O 1s). From quantified survey spec-
trum, the C 1s content was found to be around 93 at% and 7 at%
for O 1s. The highly-resolved C 1s spectrum for TRGO was com-
posed of several chemical states at a binding energy of 284.8 eV
(C—=0), 285.9 eV (C—0), 286.7 eV (Cepoxice—0), and 287.8 eV (C=0).
After covalent functionalization, a nitrogen (N 1s) peak at 400.0 eV
was observed, indicating successful covalent functionalization of
pristine TRGO with dichlorotriazine moieties. For TRGO-Trz the
content of C1s was ~84 at%, 9 at% of O 1s and 7 at% of N 1s.
In the highly-resolved C 1s spectrum for TRGO-Trz chemical states
of the dichlorotriazine moieties were found at a binding energy of
285.8eV (C—N), 286.5eV (C=N), and 288eV (CI—C=N). In the
highly-resolved N 1s spectrum two major components at a bind-
ing energy of 399.0 and 401.6 eV were observed. The first com-
ponent at 399.0 eV was assigned to nitrogen of the aziridine
bridge and the second component at 401.6eV was assigned
to aromatic nitrogen species of the triazine core. The peak ratios
of both components were 1:3, matching with the theoretically
expected peak ratio.

Upon the first modification reaction, a fluorine (F 1s) signal at
690 eV emerged in the survey spectrum of TRGO-Trz-F,s. The ele-
mental composition of TRGO-Trz-F,; was found to be 81 at% C 1s,
9at% O 1s,6 at% N 1s, and 4 at% F 1s. Besides the chemical states
of dichlorotriazine moieties, chemical states for C—CF, at 288.8 eV
and —CF,/—CF; moieties were found at a binding energy of
2914 eV in the highly-resolved C1s spectrum of TRGO-Trz-F,3,
proving successful postmodification of TRGO-Trz with fluorinated
alkyl chains.

Following the first chemical modification reaction of TRGO-
Trz, TRGO-Trz-F,5 was further modified with quaternary ammo-
nium moieties, yielding TRGO-Trz-F;3-N*. From the quantified
survey spectrum, the elemental composition of Trz-F3-N* was
found to be 84 at% C1s, 11 at% O 1s, 4 at% N 1s, and 0.6 at%
F 1s. After the second modification reaction, the highly-resolved
C1s spectrum TRGO-Trz-F;5-N* showed only slight changes in
peak component ratios after introduction of cationic quaternary
ammonium groups. However, the successful incorporation of cat-
ionic groups could be clearly identified from the highly-resolved
N 1s spectrum, where the incorporation of quaternary ammo-
nium groups induces a distinct peak component at 402.8 eV.

All trends observed in the elemental analysis (Table S1,
Supporting Information) are consistent with the elemental compo-
sition determined by XPS. Meanwhile, the zeta potential switched to
a positive value in the final product TRGO-Trz-F;3-N*, in contrast to
the negative values observed for all previous materials (Figure 3a)
which could play a key role in adsorbing negatively charged PFAS.

FTIR measurements after synthesis reveal aliphatic C—H
stretching vibrations (Figure 3b, marked in brown), as well as
C—F (polyfluoroalkyl) and C—N stretching vibrations (marked in
blue), which are absent in the TRGO spectrum. These features
confirm the successful attachment of new functional groups, sim-
ilar to the XPS results.

SEM images (Figure 3c,d) show that the morphology of the
graphene sheets remains largely unchanged during the
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Figure 2. a) Schematic representation of the synthesis of TRGO-Trz-F;5-N*. b) Highly resolved C1s and c) N 1s XPS spectra of all synthesized TRGO derivatives.

functionalization process. However, the surface and edges of the
functionalized TRGO-Trz-F,5-N" appear slightly smoother com-
pared to the unfunctionalized TRGO (Figure 3¢,d and Figure S2,
Supporting Information). Energy-dispersive X-ray spectroscopy
(EDS) of TRGO-Trz-F,3-N* confirms an elemental composition
consistent with both elemental analysis and XPS. Carbon is the
predominant element, and the presence of nitrogen and fluorine,
indicative of successful functionalization, is also clearly observed
(Figure S3, Supporting Information).

Atomic force microscopy (AFM) images of the functionalized
material (Figure 3e) show sheet-like structures with lateral dimen-
sions of several micrometers and a uniform thickness of ~4 nm.
The sheet sizes appear to be relatively homogeneous. The con-
sistent height of 4 nm, observed as either this value or its integer
multiples (Figure 4f), suggests that it represents the thickness of
a monolayer. Interestingly, this monolayer height is slightly
greater than that typically reported for unfunctionalized TRGO
around 1nm,?*?2% indicating a potential influence of surface
functionalization.

Raman spectroscopy of the functionalized material (Figure 3g)
reveals a significantly reduced full width at half maximum (FWHM)
for both the D and G bands, along with a much sharper 2D band.
These changes indicate a more ordered graphene lattice and a
larger sp>-hybridized domain. One possible explanation is the exten-
sion of the sp? system through incorporation of the triazine moiety.
Additionally, the excess amine used in the final reaction step may
contribute to further reduction of the TRGO surface. Since thermal
reduction alone typically does not fully eliminate oxygen-containing
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functional groups, the use of a reducing agent such as a primary
amine can help restore a greater portion of the aromatic system.
While the positions of the D and 2D bands remain largely unchanged,
the G band displays a redshift from 1598 to 1579 cm™', which is indic-
ative of successful chemical functionalization.

Thermogravimetric analysis (TGA) shows that the onset of ther-
mal degradation occurs at lower temperatures for the functional-
ized TRGO-Trz-F,5-N* adsorber material (Figure 3h). This early
weight loss is attributed to the decomposition of the alkyl chain-
bearing triazine groups that are present on the surface or TRGO.

Surface chemistry was further examined using ToF-SIMS. The
starting material, TRGO, displays characteristic carbon cluster ions
typical for graphene, such as C-, C,~, and C;~. After functional-
ization, a steep increase in the intensity of ions such as F~ and
CN~, originating from the fluorinated alkyl chains and triazine
groups, is observed in the mass spectra, while the intensity of
the carbon clusters remains largely unchanged (Figure S3,
Supporting Information). ToF-SIMS imaging (Figure 3i,j) confirms
successful surface functionalization: characteristic fragment ions
from the functional groups are colocalized with the carbon clus-
ters, indicating that the functional groups are present on the gra-
phene sheet surfaces.

2.3. Adsorption of PFOA by Bifunctional TRGO

Finally, the removal efficiency of the synthesized graphene-based
materials was investigated. For this purpose, the functionalized
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Figure 3. a) Elemental composition in at% measured by XPS and zeta potential. b) FTIR of TRGO and TRGO-Trz-F,5-N*. ¢) SEM micrograph of TRGO and
d) SEM micrograph of TRGO-Trz-F,5-N*. e) AFM height image of TRGO-Trz--F3-N*. f) To dashed lines from (e) corresponding height profiles. g) Raman
spectra of TRGO and TRGO-Trz-F,5-N*. The three most important bands are marked. h) TGA data of TRGO and TRGO-Trz-F,5-N*. i,j) ToF-SIMS images of
the background and graphene and functionalization specific fragments of TRGO (i) and TRGO-Trz-F;5-N" (j).

graphene sheets were dispersed in Milli-Q water containing
500 ug L™ of PFOA (Figure 4a). Over a 24 h period, the sheets
adsorbed PFOA from the solution. Subsequently, the suspension
was centrifuged, resulting in the sedimentation of the graphene
sheets along with the captured PFOA, while a clear supernatant
remained, which was filtered. The removal efficiency was deter-
mined by gas chromatography coupled to mass spectrometry
(GC-MS, Figure 4b). The findings of 56.0% and 99.0% of PFOA
adsorption on the surface of TRGO and the TRGOTrzF,sN*
(Figure S5-S8, Supporting Information) demonstrate a great
potential of the functionalized adsorber material.

Additionally, liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) measurements were performed to confirm the
removal of PFOA. The results indicated that unfunctionalized
TRGO adsorbed 49.4% of the PFOA, whereas the functionalized
TRGO-Trz-F,5-N™ adsorbent achieved a removal efficiency of
98.6% (Figure 4c). These results are in strong agreement with

ChemistryEurope 2025, 00, 202500240 (4 of 7)

the data obtained from GCMS, further validating the superior per-
formance of the functionalized material.

In view of future applications, also a fluorine sum parameter
method of extractable organically bound fluorine was applied for
analysis based on high resolution-continuum source-graphite
furnace molecular adsorption spectrometry (HR-CS-GFMAS,).
Hence, upon absorption experiments (Figure S10 and Table S2,
Supporting Information) the supernatant was analyzed via
HR-CS-GFMAS, providing an estimate of the adsorption effi-
ciency.®"! Initial tests with HR-CS-GFMAS (Figure S9, S10 and
Table S2, Supporting Information) showed similar trends to
GC-MS and LC-MS/MS (Table S2, Supporting Information).
However, elevated blank values limited the reliability of the
obtained data. Unlike GC-MS and LC-MS/MS, HR-CS-GFMAS is
a sum-parameter method and is therefore susceptible to interfer-
ence from nonPFAS fluorine sources. Once this limitation is
addressed, HR-CS-GFMAS holds promise for rapid screening of
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Figure 4. a) Schematic representation of the procedure used for the adsorption experiments. b) GC-MS and ¢) LC-MS/MS measurement results of concen-

tration compared to before performing the adsorption experiment.

specific, highly relevant PFAS. These initial results show the basic
feasibility in sum parameter analysis.

In addition to PFOA, the adsorption behavior of short-chain
PFAS was investigated, as these compounds are generally less
prone to adsorption compared to their longer-chain analogs.
The GC-MS and LC-MS/MS analyses demonstrated that TRGO
exhibited negligible adsorption toward perfluoropentanoic acid
(PFPeA) and perfluorobutanoic acid (PFBA). Specifically, GC-MS
measurements indicated adsorption efficiencies of 4.0% for
PFPeA and 1.9% for PFBA, while LC-MS/MS analysis yielded corre-
sponding values of 3.6% and 0.4%, respectively (Figure 4b,c). In
contrast, the functionalized material displayed markedly enhanced

ChemistryEurope 2025, 00, 202500240 (5 of 7)

adsorption performance, with GC-MS results showing adsorption
of 73.9% for PFPeA and 62.5% for PFBA (Figure 4b). This trend was
confirmed by LCMS/MS measurements, which revealed adsorption
efficiencies of 63.9% for PFPeA and 46.1% for PFBA (Figure 4c).

3. Conclusion

In this study, we developed a novel bifunctional TRGO-based
adsorbent covalently functionalized with triazine moieties. This
strategy enables subsequent introduction of both cationic ammo-
nium groups and polyfluorinated alkyl chains. Comprehensive
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physicochemical characterization confirmed successful stepwise
functionalization. TRGO-Trz-F,5-N* demonstrated significantly
enhanced PFOA, PFPeA, and PFBA adsorption performance com-
pared to unmodified TRGO, achieving up to over 99% removal
efficiency. This improvement is attributed to the electrostatic
interactions between positively charged amines on the surface
of TRGO-Trz-F,5-N* with negatively charged carboxylic groups
of the PFOA and fluorine—fluorine interactions between fluori-
nated chains of functionalized material and the PFOA. This dem-
onstrates that functional graphene derivatives can be designed
as adsorber for PFAS purification. It also highlights the potential
of TRGO-Trz-F,5-N* as a promising adsorber material for practical
PFAS remediation.

Supporting Information

The authors have cited additional references within the support-
ing information.2-34
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