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Chemical Tailoring of 3-Cyclodextrin-Graphene Oxide for

Enhanced Per- and Polyfluoroalkyl Substances (PFAS)
Adsorption from Drinking Water

Francesca Tunioli*,”! Tainah D. Marforio*,™ Laura Favaretto,” Sebastiano Mantovani,
Angela Pintus,” Antonio Bianchi,” Alessandro Kovtun,” Marco Agnes,™
Vincenzo Palermo,™ < Matteo Calvaresi,™ Maria Luisa Navacchia,® and Manuela Melucci*®

Dedicated to Prof. Maurizio Prato on the occasion of his 70" birthday.

We report on the synthesis of B-cyclodextrin (BCD) modified
graphene oxide (GO) nanosheets, having different sized alkyl
linkers (GO-C,-BCD) and their exploitation as sorbent of per-
and polyfluoroalkyl substances (PFAS) from drinking water. BCD
were functionalized with a pending amino group, and the
resulting precursors grafted to GO nanosheets by epoxide ring
opening reaction. Loading of BCD units in the range 12%-36%
was estimated by combined XPS and elemental analysis.
Adsorption tests on perfluorobutanoic acid (PFBA), a particularly

Introduction

Per- and polyfluoroalkyl substances (PFAS), also known as
forever chemicals, are currently subject of global concern for
their massive use in every-day products, their persistency in the
environment and human bodies, and proved eco- and human
toxicity. PFAS are nowadays used in hundreds of thousands of
industrial products for food packaging, non-stick cookware,
paints, waterproof clothing, stain repellent, cosmetics, and
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persistent PFAS selected as case study, revealed a strong
influence of the alkyl linker length on the adsorption efficiency,
with the hexyl linker derivative GO-C¢-BCD outperforming both
pristine GO and granular activated carbon (GAC), the standard
sorbent benchmark. Molecular dynamic simulations ascribed
this evidence to the favorable orientation of the BCD unit on
the surface of GO which enables a strong contaminant
molecules retention.

firefighting foams. The disposal of such products or their wastes
leads to the release of PFAS and their accumulation in different
environmental compartments, including water bodies.”!

Surprisingly, recent studies have shown that toilet paper is
one of the major sources of PFAS entering wastewater treat-
ment systems, contributing to the introduction of up to 80 pg/
person-year, corresponding to 60 kg/year only in Europe, of 6:2
fluorotelomer phosphate diester (6:2 diPAP) in wastewaters.”

Given the resistance of this class of molecules to current
water treatment technologies, PFAS occurrence in drinking
water has been reported in several areas, such as the Italian
Northern region of Veneto™ or in southern Sweden, where
residents showed PFAS blood levels 100 times higher than the
reference group.®

Adsorption on granular activated carbon (GAC) is one of the
most common strategies for PFAS removal.® However, GAC
performances are strongly related to the carbon-chain length of
PFAS.” Short chain PFAS (i.e., PFAS with eight or fewer carbon
atoms),® which include perfluorobutanoic acid (PFBA), have
higher water solubility,”® and therefore they are adsorbed to a
lesser extent by GAC in the operational conditions used in
potabilization plant (i.e, average contact time of 10-
20 min).%*)

In addition, a fast drop of initial adsorption performance of
GAC from 100% to 20% has been documented for short chain
PFAS in real water treatment plants."”

Recently, the suitability of graphene oxide (GO) and its
derivatives on the removal of emerging contaminants from
drinking water has been widely documented.™”

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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In particular, our group demonstrated GO high adsorption
capacity of PFAS (C>5) by using GO nanosheets? and GO-
doped™ or coated™ hollow fiber membranes. The adsorption
on GO nanosheets was mainly related to the van der Waals
interaction, which depends on hydrophobicity and thus on the
perfluoroalkyl chain size of these molecules. For short-chain
PFAS, such as PFBA, the negative charges of both PFAS and GO
overcome hydrophobic interactions, consequently lowering the
adsorption capacity of GO.'?>'3

Here, aiming at enhancing the interaction capability
between short-chain PFAS and GO, we report on the covalent
modification of GO with B-cyclodextrin units (BCD). BCD, having
seven glucose units in its structure, has already proved high
removal capability toward several emerging contaminants,
including PFAS, through the ability to form a stable host-guest
complex."” Indeed, PFAS can enter the cavity of BCD due to the
complementary cross-sectional sizes (28 A? for PFAS and 30 A?
for BCD) and create a stable host-guest complex where the
dominant force is the hydrophobic interaction between the
fluorinated PFAS chain and the PCD cavity."®

Here, we report on the synthesis and full characterization of
a class of GO functionalized with BCD bearing differently sized
alkyl linkers between GO and the BCD units. We also report on
the study of their adsorption of PFBA from tap water, in
comparison to pristine GO and GAC (the industrial sorbent
benchmark).

Adsorption-structure relationships investigation through
molecular dynamic simulations were also performed for a
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deeper understanding of the working mechanism driving the
PFBA capture.

Results and Discussion
Synthesis and characterization

The synthesis of GO derivatives was achieved by epoxide ring
opening reaction, starting from amino-ending PCD.'” Amino-
ending BCD precursors synthesis involves the preparation of
mono tosyl and azide intermediates from commercially avail-
able BCD (Scheme 1a). Following published procedures,®
amino alkyl pendants of different length, i.e., (C;) and three
different diamino-alkyl linkers, 1,2-ethylenediamine (C,), 1,6-
hexamethylenediamine (C¢), and 1,12-dodecanediamine (C,,)
were selected to tailor the distance between the BCD unit and
GO nanosheets. NMR characterization of the C-BCD derivatives
was achieved, and data are reported in Supporting Information
(Section 1). The modified amino-ending BCD were then grafted
through epoxide ring opening reaction to give GO-C,-fCD
derivatives (Scheme 1b). Two control samples were prepared
under the same reaction conditions using commercial BCD
(without amino-alkyl linker) (GO@BCD) and without the addition
of BCD (GO-control). Purification of crude materials was
performed by microfiltration on Plasmart modules (Medica Spa),
according to previously reported conditions."*"

i) NaNs i &
H,0, 80°C,5h uc}\g R
D
i) PPhs, NH3 B o H.%ﬁ
DMF, 25 °C, 12 h /%‘\S'ﬂ“ o o
ad % ’J\?J

[ | CoBCD, n=0

HO OH

e

oJon O

HO HQ OH
H,N NH, H
n=2612 “%QH B \
Ho" (‘%';;('I)H L ou NH,

NH | Cp-fCD, n =2
o Cg-pCD,n =6
. Cy2-BCD, n =12

C,-pCD

70°C,6h

C,-BCD,
NH,
80°C,12h
EtOH/H,0
B-CD
» GO@PCD

» GO-control

GO-C,,-pCD, n= 12

Scheme 1. Synthetic routes to a) amino-ended BCD (NH,—C,—BCD), and b) targeted GO—C,—BCD and control samples: GO@BCD and GO-control.
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Figure 1 shows the attenuated total reflection infrared (ATR-
FTIR) spectra of GO-C4-BCD, taken as a case study. Every GO
derivatives showed the typical peaks of pristine GO (O—H
stretching vibrations) at 3700-3000 cm™' and that typical of
BCD at 2920 cm™' (C—H stretching vibrations)'® (Figure S1,
Supporting Information), confirming the presence of BCD in
each modified GO. Contrarily, the spectrum of the control
material GO@BCD showed only the fingerprint of pristine GO
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Figure 1. ATR-FTIR spectra of GO (black), GO-C¢-BCD (orange) and GO@BCD
(grey).
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Figure 2. TGA of a) GO@BCD, and b) GO-C¢-BCD.
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(Figure 1), confirming that, in our experimental conditions, BCD
without amino pendants did not react with GO.

Accordingly, thermogravimetric analysis (TGA) of each GO-
C,-BCD revealed the presence of an inflection point at 300°C
(peak in derivative) ascribed to BCD and absent in pristine GO
and in the control material GO@BCD (Figure 2, and Figure S2,
Supporting Information).

The chemical structure and the BCD loading of the GO
derivatives were estimated by X-ray photoelectron spectroscopy
(XPS) and elemental analysis (EA).

The XPS survey spectra are showed in Figures 3a and S3a,
and the atomic compositions of GO and each modified GO are
reported in Table 1. The analysed materials were mainly
composed of carbon, oxygen, and nitrogen, associated with i)
the aromatic sp? regions of GO, ii) the C—O/C=0 functional
groups, and iii) the nitrogen functional groups (C—N) present in
the modified BCD. The effective covalent functionalization of
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Figure 3. a) XPS survey spectra and b) N 1s signals of GO (black), GO-control

(grey) and GO-C¢-BCD (orange). N 1s was fitted by two Voigt curves with

binding energies at: i) 400.0 eV (C—NH—C, magenta line) and ii) 402.0 eV
(other N atoms, black line). All spectra were shifted for better visualization.
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Table 1. Atomic composition of BCD modified GO obtained by XPS. Errors
on C (285 ¢€V) and O (532 eV) were about+0.9%, and errors on N were
about+0.1%. S and Cl were present in GO in low quantities (<1%) and
almost absent in GO-C,-BCD (<0.1%). Si and Na was present in low
quantities (< 0.5 %).

Atomic composition [%]

Materials C l¢] Ne N O/Cratio  Loading %
GO 70.4 27.0 0.7 - 0.38 -
GO-control 67.9 31.0 0.1 0.1 0.46 -
GO@BCD 70.0 29.4 0.2 0.2 0.42 -
GO-C,-BCD 67.3 319 0.2 0.3 0.47 12
GO-C,-BCD 66.0 32,0 0.5 1.0 0.48 36
GO-C4-BCD 67.1 31.0 0.6 0.7 0.46 24
GO-C,,-pCD 69.1 27.8 1.1 0.8 0.40 28

[a] N signal at 402 eV. [b] N signal at 400 eV.

GO is proved by N 1s signal (Figures 3b and S3b), which was
fitted by using two Voigt curves centred at 400.0 eV for
C—NH-C group, associated to epoxide ring opening reaction,
and at 402-401.5 eV for the other C—N groups. Unfortunately,
the C—NH, group, which can be associated to unreacted
primary amine, presents a broad assignment in literature: from
402 eV region in dopamine®” or polydopamine®” to 400 eV in
amino acids,”? contrarily to the well-established association of
400-400.5 eV signal to C—NH-C, also present in wide XPS
polymer literature, as polyamic acid,”® polydopamine®” or
nylon.” Moreover, the pristine GO presents a signal at
401.5 eV, which makes the exact association of 402-401 eV
region to a specific functional group ambiguous. The N signal
in pristine GO could be ascribed to nitrogen reagents used for
GO production and it is reported in literature as graphitic
nitrogen

For the sake of simplicity and in order to have a rough
estimation of the C,-BCD fraction in the whole GO-C,-BCD, the
loading was calculated from the N 1s peak at 400 eV, which is
absent in pristine GO and present only as residual of 0.1% in
the control sample (GO-control). The atomic percentage of
nitrogen (%N 1s) was associated to the number of nitrogen
atoms present in C,-BCD samples. After subtracting the %N of
the control material (0.1%) from the N 1s signal at 400 eV of
each GO-C,-BCD in order to consider only the N from C,-BCD,
the loading was estimated calculating the correspondent N:(N +
C+0) atom ratio present in the C,-BCD moiety, which is:
1 N:(1 N+42 C+34 0) for Cy-BCD; 2 N:(2 N+44 C+ 34 O) for C,-
BCD; 2 N:(2 N+48 C+34 0) for C¢-BCD; 2 N:(2 N+54 C+34 O)
for C,-BCD. These proportions were used to obtain an
indicative estimation of C,-BCD loading and the results are
reported in Table 1. Each modified GO were found to span
between 12 and 36% loading range. The oxidation degree of
the studied materials was determined using the O/C ratio
(Table 1). The pristine GO and the reference material (GO-
control) showed an O/C ratio between the expected interval
(0.38 and 0.46, respectively), proving that the experimental
conditions used to bind BCD did not lead to the reduction of

Chem. Eur. J. 2023, €202301854 (4 of 9)

GO nanosheets. All the GO derivatives showed an O/C ratio
comparable to pristine GO (ranging from 0.40 to 0.48), with
values that monotonically decreased as the n in C, aliphatic
chain rises from 0 to 12. In the modified materials, the O/C ratio
is given by the oxidation degree of the GO nanosheets, which is
assumed here to be constant, and the oxidation degree of the
modified C,-BCD, which decreases as the length of the alkyl
chain increases (Table S2, Supporting Information).

Moreover, the C 1s signal (Figure S4, Supporting Informa-
tion) of GO-C,-BCD presents a similar shape to that of pristine
GO, which is mainly characterized by the presence of aliphatic
and aromatic C—C/C=C carbons under the peak in 285 eV region
and the different C—O groups present in 286-287 eV region
(mainly epoxy/hydroxyl groups for GO and ether/hydroxyl
groups for BCD). Combining all of the considerations above, we
can conclude that the oxidation degree and the chemical
structure of GO-C,-BCD can be considered as the simple
combination of the two reagents, knowing that the epoxy ring
opening usually does not affect the overall amount of oxygen.

EA on modified BCD and modified GO was used to
determine the bulk composition. The atomic composition (C, H,
N, S, O) of each material was in good accordance with that
estimated by XPS, and is reported in TablesS1 and S2,
Supporting Information. In the modified C,-BCD, the element
content percentage was in good agreement with the expected
one from the molecular structure (Table S1, Supporting Infor-
mation). After the functionalization of GO, the amount of N
consistently increases with respect to GO-control, which was
taken as reference instead of GO, since it was subjected to the
same reaction conditions and further purification used for
modified GO.

The N% was used to obtain an indicative estimation of C -
BCD loading (20% for GO-Cy-BCD, 32% for GO-C,-BCD, 26 % for
GO-C4,-BCD, 37% for GO-C,,-fCD) and the results are in good
agreement with XPS estimation (Table 1). The oxidation degree
of GO-C,-BCD obtained from EA presents the same monotonic
trend observed by XPS: O/C ratio decreased from 0.91 to 0.66 as
n in aliphatic chain C, rises from 0 to 12 (Table S2, Supporting
Information). The observed O/C ratio was systematically over-
estimated by EA with respect to XPS. This difference can be
ascribed to the residual water content in the EA samples.
Indeed, XPS is performed in ultra-high vacuum, with almost no
residual water, while EA is carried out under ambient room
conditions.

The zeta potentials ({ potentials) of modified GO were
measured in deionized water. The obtained values (—36.7 +
1.4 mV for GO-Cy-BCD; —31.4+0.2 mV for GO-C,-pCD; —30.2+
0.1 mV for GO-C4-BCD, —34.2+2.2mV for GO-C,,-fCD) were
comparable to the one measured for pristine GO (—43.1+
2.4 mV), meaning that the experimental conditions used did
not affect the surface charge. The morphology of the modified
GO was studied by scanning electron microscopy (SEM). The
images (Figure S5, Supporting Information) showed that GO-C,-
BCD (taken as a case study) retained the typical morphology of
GO nanosheets, with a lateral size of few micrometres.

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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PFBA adsorption from tap water

GO-C,-BCD nanosheets were used as sorbent of PFBA from tap
water. The concentration of PFBA selected for this study was in
the range of the highest ever found in surface waters (0.1-3 ng/
L).%” Adsorption kinetic studies for GO-C,-BCD (in comparison
to GAC) were carried out in batch conditions (i.e., by dispersing
the material nanosheets in tap water spiked with PFBA).
Figure 4a shows the removal of PFBA from tap water at
different contact times (15 min, 4 h, and 24 h). For GO samples,
the adsorption equilibrium occurred within 15 min, since the
removal did not change at longer contact times. On the other
hand, GAC showed a slower adsorption rate, reaching the
maximum removal capacity after 24 h.

It should be noted that the contact time between water and
GAC in a real potabilization plant is about 10-20 min. Surpris-
ingly, among the selected case studies, only GO-C¢-BCD showed
a PFBA adsorption reaching about 65% removal after only
15 min, well competing with the performance of GAC after 24 h
(70% removal). Poor removal rates were found for GO and
GO@BCD (removal <5%), this being likely due to the electro-
static repulsion between negatively charged GO nanosheets ({

a) s0%
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70% FEF O
S
60% © T
= FFFF
T 50% PFBA
o
£ 40%
7]
—
< 30%
o
& 20%
I
Sl [ '
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b)

AN
3.1 kcal mol?

2.9 kcal mol?

c)

GO-C,-BCD

GO-C,-BCD

potential = —43.1+24 mV) and the anionic form of PFBA
formed in tap water at neutral pH (pK,=0.08-0.4).*® Similarly
to BCD free compounds, poor removal were found for GO-C,-
BCD, GO-C,-BCD and GO-C,;,-BCD, meaning that the amount of
BCD is not the only parameter promoting the adsorption of
PFBA, but a crucial role is also due to the length of the linker.

To unravel the role of the different linker length on the
adsorption, molecular dynamic (MD) simulations were carried
out.

MD simulations of the complexes PFBA@BCD, followed by
MM-GBSA calculations (Figure S6, Supporting Information),
confirmed that BCD can efficiently entrap the PFBA molecule
(the binding energy of PFBA inside the BCD is —12.3 kcalmol™).
Van der Waals (E.q,) interactions in PFBA@BCD account for
—14.3 kcalmol™' and represent the driving force for the bind-
ing. The non-polar solvation term (E,), i.e, hydrophobic
interactions, contributes by —2.6 kcalmol™' to the total affinity,
increasing the affinity of the host (3CD) for the guest (PFBA). On
the other hand, the electrostatic term (E,) is detrimental for the
binding (4.7 kcalmol™); indeed, the charged PFBA cannot
interact with water molecules while entrapped inside the
hydrophobic cavity of the cyclodextrin.

m4h m24h
i . | | I |
GO-C,,-BCD GO@BCD GO GAC

7.8 kcal mol? 3.4 kcal mol?
GO-C¢-BCD GO-C,,-BCD

Figure 4. a) Removal of PFBA; b) binding affinity gain (kcalmol™") for PFBA and GO-C,-BCD obtained at MM-GBSA level and representative snapshots of the
MD simulations for the investigated systems; c) schematic representation of the different arrangements of BCD on GO, influencing possible complexation with

PFBA. GO is in black, BCD in blue, the different linkers are in red.

Chem. Eur. J. 2023, €202301854 (5 of 9)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U80| 7 SUOWIWOD 3AEaID 3|qedl|dde au3 Aq peulenob a1e S YO ‘@SN JO S3|NJ I ARIq1T BUIIUO ABJIA UO (SUO N IPUOO-PUE-SWLBYW0D A | IMAe.d1)BUI|UO//SANY) SUORIPUOD PUe Swile | 81 88S *[£202/0T/20] Uo AtelqiTauliuo Ao|im ‘Bulupaieg sueeis Aq S8T0EZ0Z WeUd/Z00T OT/I0p/LI0d A8 M Al jpul|uo adone-Alis wayo//sdny woiy papeojumodl'o ‘S9.ETZST



Chemistry—A European Journal

Research Article
doi.org/10.1002/chem.202301854

Chemistry
Europe

European Chemical
Societies Publishing

Figure 4b shows the energetic gain in binding affinity of
PFBA for GO-C,-BCD (n=0, 2, 6, and 12), due to its covalent
attachment on the GO surface. This trend well-reproduces the
experimental data, revealing the key role of the linker length on
PFBA removal. The highest removal of PFBA by GO-C¢-BCD can
be explained by assuming the formation of a “canopy-like”
structure, which entraps PFBA between the GO nanosheet and
the cavity of the BCD, in a sandwich-like structure. On the other
hand, i) in GO-C,-BCD the absence of the linker rigidly blocks
the BCD unit perpendicular to the GO surface, restricting the
possibility to interact with PFBA, ii) in GO-C,-BCD, the BCD units
lay on the surface of GO, maximising the interaction between
the primary hydroxyl groups of the sugar units of the cyclo-
dextrin and the epoxide/hydroxyl groups of GO. These inter-
actions with the GO surface block one of the two BCD cavity
portals. Finally, in GO-C,,-BCD the long alkyl chain of the linker
shows a strong tendency to self-wrap to maximise the non-
polar intramolecular interactions and to interact with the inner
hydrophobic cavity of the BCD, reducing the accessibility to
PFBA.

Finally, the removal of a mixture of nine PFAS (C,—C,;,
Figure 5) from tap water was studied. Figure5 shows the
removal after 15 min of GO and GO-C4-BCD. Pristine GO showed
high removal (>60%) for long-chain PFAS (C,,-C,,), while
resulted ineffective in the adsorption of short-chain molecules
(C4~Cy). On the other hand, GO-C¢-BCD effectively removed all
nine PFAS with values ranging between 50% and 95% of
removal, proving the synergic role of GO (adsorbing long-chain
PFAS) and BCD (adsorbing the short-chain ones).

PFAS removal %
0% 20% 40% 60% 80% 100%

PFBA

B GO-C¢-BCD
PFOA m GO
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Figure 5. Removal of a mixture of PFAS after 15 min.
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Conclusions

Covalent modification of GO with BCD was realized by epoxide
ring opening reaction through amino-ended BCD. Tailored alkyl
chains with length in the range C,-C,, were exploited as linkers
between GO and BCD. The reaction enabled loadings in the
range 12-36% and negligible reduction of GO precursor.
Covalent binding was demonstrated by comparing ATR-FTIR,
TGA, XPS and EA of GO-C,-BCD to those of two control samples
and by the PFBA adsorption test results. Poor adsorption
efficiencies were indeed found for control samples. Moreover,
the adsorption was not only related to the presence/amount of
BCD but mainly to the length of the alkyl linkers. A removal up
to 65% after just 15min was found for GO-C,-BCD only.
Molecular dynamic simulations ascribed the observed trend to
the complexation of PFBA in the BCD cavity (occurring in all of
the GO-C,-BCD materials tested) and synergic entrapping of
PFBA between the GO nanosheet and the cavity of the BCD in a
sandwich-like structure, peculiar to the Cg linker. Remarkably,
GO-C4,-BCD outperformed GAC (industrial sorbent benchmark)
at short contact time and well compares with the adsorption of
GAC after 24 h. The adsorption synergy of GO and BCD was
finally proved for a mixture of PFAS of different fluoroalkyl
chain length. Long-chain PFAS were well adsorbed by GO and
short-chain ones were retained by the CD unit, this revealing
great potential of the presented approach for drinking water
purification from emerging contaminants. Future studies will
focus on the exploitation of GO-C,-BCD for engineering
technologies, such as membranes, for PFAS removal under flow
conditions.

Experimental Section

Materials

GO powder was purchased from Layer One (Norway, previously
Abalonyx) and used without further purification (graphene oxide
dry powder <35 mesh, product code 1.8). Before using, GO was
sonicated in ultrapure water to exfoliate the bulk material into
monolayer (>99%) with lateral size of few micrometers.?*?** GAC
was purchased from CABOT Norit Spa (Ravenna, Italy, Norit GAC
830 AF, MB index min 240 mg/g, BET surface area > 1000 m%/g) and
use without further purification. PFAS standards were purchased by
Agilent Technologies (Santa Clara, CA, US). The experiments on
PFAS were carried out by using polypropylene vials. All other
chemicals were purchased from Sigma Aldrich or Termo Fisher and
used without any further purification. Purification of modified GO
was performed by using microfiltration modules Plasmart 100 MF
modules (Versatile® PES hollow fibers, membrane area filtering
surface 0.1 m? pore average size 100-200 nm) were provided by
Medica Spa (Medolla, Italy).

Synthesis of modified p-cyclodextrins

Firstly, tosyl-BCD was obtained by following the procedure reported
by Ohashi et al."® with some modifications (Scheme 1a).

BCD (5g; 44 mmol) and toluenesulfonyl chloride (TsCl, 3.75g;
19.6 mmol) were dissolved in an aqueous sodium hydroxide
solution (0.4 M, 75 mL) and reacted under vigorous stirring at 0°C
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for 1 h. Unreacted TsCl was filtered off, hydrochloric acid was used
to neutralize the solution and unrefined tosyl-BCD was obtained as
precipitate. 1.2 g of pure tosyl-BCD were obtained from recrystalli-
zation of the crude from hot water (90°C, 25 mL).

Cy-BCD was obtained by following a two-steps reaction reported by
Bonnet et al.,"® with some modifications (Scheme 1a).

Tosyl-BCD (1 g; 0.78 mmol) was suspended in deionized water
(10 mL) and sodium azide (0.65g; 0.01 mmol) was added. The
reaction was carried out under stirring at 80°C for 5 h. After cooling
to room temperature, acetone (60 mL) was added, and the resulting
precipitate was vacuum-dried to obtain 0.9 g of azide-BCD (N;-
BCD).

N;-BCD (540 mg; 0.466 mmol) and triphenylphosphine (206 mg;
0.785 mmol) were dissolved in dimethylformamide (10 mL) and NH,
(2 mL, 28% aqueous solution) was added. The mixture was stirred
at room temperature for 12 h, then acetone (80 mL) was added to
obtain the crude product as a white precipitate. To remove by-
products, the crude was dissolved in a small quantity of DMF and
then precipitated from acetone to obtained 440 mg of C,-BCD.

C,-BCD, C¢-BCD and C,,-pCD were obtained by following the
procedure reported by Ohashi et al. ™ with some modifications
(Scheme 1a).

Tosyl-BCD (0.5 g; 0.39 mmol) was added in 1,2-ethylenediamine
(5.8 mL) or 1,6-hexamethylenediamine (6 g) or 1,12-dodecanedi-
amine (6 g) and stirred at 70°C for 6 h. The unreacted diamine was
removed washing several times with acetone and the obtained
white powder was dissolved in a mixture of methanol:water (3:1)
by heating and reprecipitation from acetone. The filtered product
was washed with acetone to obtain a white solid (C,-BCD, C4-BCD
and C,,-pCD).

Synthesis and purification of GO-C,-fCD

100 mg of GO were dispersed in 30 mL of deionized water:EtOH
(1:1) and sonicated for 2 h, then a solution of C,-BCD, C,-BCD, Cq¢-
BCD or C,,-pCD (200 mg in 100 mL of deionized water and EtOH in
ratio 1:1) was added under vigorous stirring. The mixture was
refluxed overnight, then the crude was purified by microfiltration
on commercial Plasmart 100 modules (Medica s.p.a.) accordingly to
previously reported procedures."* A total volume of about 1L of
water was required to purify the crude. The suspension was freeze-
dried to obtain about 140 mg of GO-C,-BCD (n=0, 2, 6, 12). The
first control material (GO@BCD) was prepared with the same
procedure using commercial BCD (without alkyl linker). The second
control material (GO-control) was prepared under the same
experimental conditions without the addition of BCD.

Characterization

ATR FTIR spectra were recorded with Agilent Cary 630 FTIR
Spectrophotometer, and the spectra are expressed by wavenumber
(em™).

Thermogravimetric analyses were recorded with PerkinElmer
Thermogravimetric Analyzer TGA 4000 by PerkinElmer, in air
atmosphere, from 30°C to 800°C, with a scanning temperature of
10°C/min.

High-resolution XPS was performed using a Phoibos 100 hemi-
spherical energy analyser, using Mg K, radiation (hw =1,253.6 eV; X-
ray power=125W) in constant analyser energy (CAE) mode, with
analyser pass energies of 10eV. Base pressure in the analysis
chamber during analysis was 4.2x10°® mbar. Spectra were fitted by
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using CasaXPS (www.casaxps.com) after Shirley background sub-
traction and all spectra were calibrated to the C1s binding energy
(285.0 eV). XPS samples were tablet prepared from the dry powder
of each material and fixing it on the sample holder by conductive
carbon tape.

Elemental analysis was performed on powder materials by using an
Elementar Unicube Elemental analyser, method GRAPHITE.

{ potential was measured in deionized water, using NanoBrook
Omni Particle Size Analyzer.

Scanning electron microscopy (SEM) analyses were performed with
a ZEISS LEO 1530 FEG. The samples were deposited on a cleaned
silicon wafer by dropping 10 uL of suspension at 0.05 mg/mL in
dimethylformamide. The energy of electrons was 5 keV and the
signal was acquired using an in Lens detector at a working distance
of 3-5 mm.

NMR spectra were recorded with a Varian Mercury 400 Spectrom-
eter (400 MHz for "H NMR and 100 MHz for *C NMR spectra) and
Agilent NMR Spectrometer 500 MHz (500 MHz for 'H NMR, and
125 MHz for *C NMR spectra). The chemical shifts (5) are reported
in parts per million (ppm) referred to the signals of the residual
solvents ('H CHCl;=7.26 ppm; DMSO=2.48 ppm and H,0=
4.79 ppm; "*C CHCl;=77.0 ppm and DMSO =40.0 ppm). Coupling
constants (J) are reported in Hz and multiplicity are named by the
following abbreviations: singlet (s), doublet (d), double of doublets
(dd), triplet (t), multiplet (m), broad (b).

Adsorption experiments

25 mg of powder materials (GO, GO-Cy-pCD, GO-C,-BCD, GO-C¢-
BCD, GO-C,,-BCD, GO@PCD) were sonicated in 10 mL of ultrapure
water for 2h to exfoliate the bulk material into monolayer
nanosheets.”” After sonication, tap water (15 mL) and PFBA (125 pL
of a stock solution of 100 pug/L in MeOH) were added to the
suspensions to obtain a final concentration of 0.5 ug/L in a final
volume of 25 mL. For non-powder materials (i.e, GAC), 25 mg of
samples were directly added to 25 mL of tap water and 125 puL of
PFBA (100 ug/L in MeOH) to obtain a final concentration of 0.5 pg/
L. Samples were then left under gentle agitation for 15 min, 4 h and
24 h, then each sample was centrifuged (10 min, 10,000 rpm) and
analyzed with UPLC-MS/MS.

PFAS adsorption test were performed using the same experimental
conditions. Nine selected PFAS were added to the suspension to
reach a final concentration of 0.5 pg/L of each contaminants and
samples were left under gentle agitation for 15 min.

PFAS quantification

Samples containing PFAS were analyzed by UPLC-MS/MS (ACQUITY
UPLC H-Class PLUS - XEVO TQS Micro mass detector, Waters). 1 mL
samples were used as sources for the automated injection. The
chromatographic separation was performed on a reverse phase
Waters Acquity UPLC CSH Phenyl-Hexyl (1.7 um, 2.1x100 mm)
column and Waters Isolator Column (2.1x50 mm). The column
temperature was 34°C, the flow rate 0.3 mL/min and the injection
volume 40 pL, while the total run time was 8 min for PFBA and
21 min for the mixture of nine PFAS. The mobile phase consisted of
a biphasic gradient, NH,OAc 2 mM in a mixture of ultrapure water:
methanol 95:5 as phase A, and NH,OAc 2 mM in MeOH as phase B.
The mobile phase composition varied according to the gradient
program reported in Tables S3 and S4. Mass details and the
transitions monitored are reported in Tables S5 and S6.
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Molecular dynamics simulations

The model-systems representing GO-C,-BCD (n=0, 2, 6 and 12)
were created on a pristine graphene sheet, generated by VMD, of
dimensions 4 nm x4 nm. Based on the atomic composition
obtained by XPS, reported in Table 1, oxygen-containing groups
(epoxy, hydroxyl, carbonyl and carboxyl) were randomly positioned
on the surface, employing the GO-py program. PFAS, BCD, and GO-
C,-BCD were described by the General Amber Force Field (GAFF)
force field. The atomic charges were obtained at AM1 level of
theory. The systems were fully solvated using TIP3P water
molecules, and counterions (necessary to neutralize the total
charge of the complexes) were added. All the systems were initially
minimized and equilibrated and then 100 ns MD simulations were
carried out. Amber16 software was used to perform all the
simulation herein reported. The affinities of the PFBA for BCD and
GO-C,-BCD were computed by the Molecular Mechanics-General-
ized Born Surface Area (MM-GBSA) algorithm, as implemented in
Amber16.
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Covalent functionalization of
graphene oxide (GO) nanosheets by
amino-alkyl-B-cyclodextrins (BCD)
through different sized alkyl linkers
(C,) is presented. The adsorption
properties of GO-C,-BCD materials
toward perfluorobutanoic acid (PFBA),
a particularly persistent PFAS, is
studied by combined experimental
tests and molecular dynamic simula-
tions allowing deep understanding of
the relationships between molecular
structure and the adsorption perform-
ance.
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