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oxide nanosheets+

Sebastiano Mantovani,? Tainah Dorina Marforio, @ 1° Sara Khaliha,}?
Angela Pintus,® Alessandro Kovtun, @? Francesca Tunioli,® Laura Favaretto,?
Antonio Bianchi,® Maria Luisa Navacchia, @? Vincenzo Palermo, @ *2°
Matteo Calvaresi @ * and Manuela Melucci @ *?

Graphene oxide nanosheets have shown promising adsorption properties toward emerging organic
contaminants in drinking water. Here, we report a family of graphene oxide nanosheets covalently modified
with amino acids and the study on their adsorption properties toward a mixture of selected contaminants,
including pharmaceuticals, additives, and dyes. Graphene oxides modified with L-glutamic acid and
L-methionine (GO-Glu and GO-Met) were synthesized and purified with a scalable and fast synthetic and
purification procedure, and their structure was studied by combined X-ray photoelectron spectroscopy and
elemental analysis. An amino acid loading of about 5% and a slight reduction (from 27% down to 14-20%
oxygen) were found and associated with the adsorption selectivity. They were compared to unmodified GO,
reduced GO (rGO), GO-lysine, and to the reference sample GO-NaOH. Each type of modified GO possesses
a higher adsorption capacity toward bisphenol A (BPA), benzophenone-4 (BP4), and carbamazepine (CBZ)
than standard GO and rGO, and the adsorption occurred within the first hour of contact time. The maximum
adsorption capacity (estimated from the adsorption isotherms) was strictly related to the amino acid loading.
Accordingly, molecular dynamics simulations highlighted higher interaction energies for the modified GOs
than unmodified GO, as a result of higher van der Waals and hydrophobic interactions between the
contaminants and the amino acid side chains on the nanosheet surface.

Amino acid modification of graphene can open the way to the selective and high-capacity adsorption of emerging contaminants, including bisphenol A, in

drinking water. The vision, in compliance to the water safety plans requested by the recent drinking water directives, is to select a specific biomodification
to capture a specific targeted contaminant, i.e. chemical design toward predefined and tunable adsorption properties.

Introduction

In the last few decades, contamination of water sources has
become more frequent all over the world. A vast array of
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pollutants, such as pharmaceuticals, personal care products,
plastics, and additives, among others," ™ are not satisfactorily
removed from water sources by conventional water treatment
technologies. In the worst cases, this includes even drinking
water.>’ This issue calls for the urgent development of new
technology for detection, early warning, and remediation of
those contaminants with proved eco- and human toxicity
(such as perfluoroalkyl substances or bisphenol A).5™!
Adsorption is the most promising strategy to enable the
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capture of emerging contaminants.****

Among the new sorbents emerging in the literature for
water applications, graphene oxide (GO) is particularly
advantageous as a sorbent. It can be exploited as a standalone
material®™® or as an additive of polymeric membranes, in
order to develop adsorptive membranes (i.e. membranes with
synergic adsorption and filtration capability).>*>*
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Graphene oxide (GO) nanosheets have shown outstanding
adsorption performances in terms of kinetic and adsorption
capacities toward PFAS, methylene blue, and ofloxacin. For
example, a maximum adsorption capacity of 356 mg g ' of
ofloxacin® was found for GO, ie. an adsorption capacity 3.5
times higher than that of granular activated carbon (GAC),
the industrial sorbent benchmark.'”” The maximum
adsorption capacity of methylene blue for GO was found to
be two times higher than that reported for activated carbon."’
High adsorption efficiency was also demonstrated for
reduced GO (rGO) at a short contact time (30 min), with
values exceeding 99% for carboxylate and sulphonate PFAS
with fluoroalkyl chain length from CF4 to CF13.'®

However, a full understanding of the relationships
between the structure and sorption selectivity/efficiency is
needed to maximize the impact of graphene in water
treatment. This requires an extensive investigation on
different types of graphene nanosheets and a wide library of
contaminants. Indeed, the adsorption strongly depends on
the interplay of the surface area, surface chemistry, and
morphology of the sorbent, and on the chemical structure of
the targeted contaminants, which can change dramatically,
even within the same family of contaminants (i.e. drugs,
dyes, personal care products)."

For instance, the role of the oxidation degree in GO has
been recently demonstrated by the synthesis of highly
defected GO (i.e. GO with a prominent number of holes and
defects on the surface).'”?*® The number of carbonyl and
carboxylic groups, mainly located at the defect edges,
increased directly with the number of holes."”

The key role of surface chemistry in the adsorption
properties is also proved by the studies of selectivity and
efficiencies of functionalized graphene-based sorbents, in
comparison with unmodified graphene.'®*® Losic et al*
recently summarized the results on different graphenic
materials and rationalized the adsorption performance in
relation to the surface area, pore size, type of functional
group, and C/O, C/N, and C/S atomic ratios of the graphenic
sorbents. For example, sulphonated graphene nanosheets
showed enhanced removal of methylene blue with respect to
graphene, thanks to the enhanced electrostatic interaction
promoted by SO;H groups.®® Amino-functionalized graphene
oxide (AGO) aerogels showed enhanced electrostatic
interactions toward negatively charged perfluorooctanoic acid
(PFOA),*" with respect to unmodified GO, and consequently
high removal (>99%) of PFOA from water. GO-based silica
coated magnetic nanoparticles functionalized  with
2-phenylethylamine (PEA) proved to be a good sorbent for
organophosphorus pesticides in water thanks to the various
chemical groups on the nanocomposite surface allowing
hydrogen bonding and n-7n interactions with electronegative
atoms (P, N, and S) of the pesticides.*”

Here, we report on the synthesis and structure-sorption
property relationship of amino acid-functionalized GO.
Amino acids are convenient building blocks to tune the
surface chemistry of GO nanosheets thanks to their
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availability, small size, and large chemical variety. They can
be covalently grafted on GO by following different routes,
including amination or C-N coupling®**® with the epoxide or
carboxylic functional groups, which are abundantly available
on the surface of GO nanosheets. Previous studies reported
the successful use of amino acid-modified GOs (both
covalently and not covalently bound) for the removal of
metals,’”*° organic dyes,*>*" and antibiotics.*

In this line, our group recently reported a facile and
scalable synthesis of lysine-modified GO (GO-Lys) by
amination through microwave-assisted epoxide ring opening
reaction, and its purification by an unprecedented
microfiltration approach.*®> We showed that modification
with lysine enhances the removal capacity of bisphenol A
(BPA), benzophenone-4 (BP4), and carbamazepine (CBZ) from
tap water.

Starting from this evidence and aiming at a rational
understanding of the adsorption mechanisms, here we report
the synthesis of r-glutamic acid- and r-methionine-modified
GOs (GO-Glu and GO-Met), their structural characterization,
and the investigation on the role of the amino acid in the
adsorption properties. The three selected amino acids have
side chains of similar length but strongly different chemical
properties. Indeed they are characterized by different charges
at neutral pH (Glu: negative, Met: neutral, Lys: positive) and
by different pendant groups, i.e. carboxylic (Glu), thioether
(Met) or amine (Lys), enabling different types of
intermolecular  interactions. The structure-adsorption
property relationships in the amino acid modified graphenic
materials were investigated by a combined theoretical and
experimental approach, which includes adsorption kinetic
and selectivity tests, molecular dynamics simulations, and
adsorption isotherms.

Experimental

Materials

Graphene oxide (GO) and reduced graphene oxide 80% (rGO)
were purchased from Layer One (5-126/36) and used without
further purification. r-Methionine methyl ester, r-glutamic
acid monosodium salt monohydrate, ofloxacin (OFLOX),
diclofenac (DCF), benzophenone-4 (BP4), carbamazepine
(CBZ), bisphenol A (BPA), benzophenone-3 (BP3), rhodamine
B (RhB), and caffeine (CAF) were purchased from Sigma-
Aldrich and used without any further purification. Sodium
hydroxide was purchased from Carlo Erba. LC-MS grade
acetonitrile was purchased from Sigma-Aldrich in the highest
available purity and used without any further purification.
Plasmart 100 microfiltration modules (Versatile™ PES hollow
fibers, cut off 150 nm, filtering surface 0.1 m?, pore size 100~
200 nm) were provided by Medica S.p.A (Medolla, Italy).**

Synthesis of GO-amino acid and purification

A basic solution of amino acid (r-glutamic acid or
t-methionine methyl ester) was prepared by adding 930 mg of
amino acid and 381 mg of NaOH to ultrapure water (13 mL).

This journal is © The Royal Society of Chemistry 2023
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The solution was then added to 62 mL of GO suspension (5
mg mL ™" in ultrapure water, sonicated for 2 h). The mixture
was irradiated with microwaves for 3 h (Tiax = 80 °C; Pax =
120 W), and then 5 mL of EtOH was added. The crude was
purified by microfiltration on commercial Versatile™ PES
modules, (Plasmart 100 module, Medica s.p.a.) according to
previously reported conditions,*> which are summarised in
the sketch of Fig. S1, ESL} A total volume of about 2 L of water
was required to purify the crude obtained by using 0.5 g of
GO as a starting material. The control material, GO-NaOH,
was prepared by performing the same reaction but without
the addition of the amino acids. 263 mg of GO-Met and 260
mg of GO-Glu were obtained after purification.

X-ray photoelectron spectroscopy (XPS)

High-resolution XPS was performed with a Phoibos 100
hemispherical energy analyser (Specs GmbH, Berlin,
Germany), using Mg Ko radiation (hw = 1253.6 eV; X-ray
power = 125 W) in constant analyser energy (CAE) mode, with
an analyser pass energy of 10 eV. The base pressure in the
analysis chamber during analysis was 4.2 x 10”° mbar. The
spectra were fitted by using CasaXPS (https://www.casaxps.
com). Shirley background subtraction and all spectra were
calibrated to the C 1s binding energy (285.0 eV). XPS samples
were obtained by preparing a tablet from the dry powder of
each material and fixing it on the sample holder with
conductive carbon tape.

Elemental analysis (EA)

Elemental analysis was performed on modified GO powders
by using an Elementar Unicube Elemental analyser, method
GRAPHITE.

Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) analyses were performed
with a ZEISS LEO 1530 FEG. The samples were deposited on
a cleaned silicon wafer by dropping 100 pL of suspension at
0.1 mg mL™" concentration in dimethylformamide. The
energy of electrons was 5 keV and the signal was acquired
using an inLens detector at a working distance of 3-5 mm.

Adsorption selectivity and kinetic experiments

A stock solution of eight emerging contaminants (CAF,
OFLOX, BP4, CBZ, BPA, RhB, DCF, BP3) at 10 mg L' each
was prepared in tap water. In a typical experiment, 25 mg of
tested adsorbents (GO-Glu and GO-Met) were sonicated for 2
h in 5 mL of ultrapure water. After that time, 5 mL of the
stock solution described above was added, to reach a final
concentration of 5 mg L™' for each contaminant. The
solutions were gently stirred in the dark for 1 h, 4 h, and 24
h and then centrifuged at 15000 rpm for 10 min. GO, GO-
NaOH, and rGO were tested under the same conditions
previously described.*?

This journal is © The Royal Society of Chemistry 2023
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High performance liquid chromatography (HPLC-UV VIS)

Analyses of the treated water samples were performed by
HPLC on a Dyonex Ultimate 3000 system equipped with a
diode array detector. 0.5 mL samples were used as sources
for the automated injection. The chromatographic separation
was performed on a reverse phase analytical column (Agilent
Eclipse XDB-C8 4.6 x 150 mm, 5 pm) at a flow rate of 1.0 mL
min~', linear gradient TFA 0.05% aqueous solution/
acetonitrile from 80:20 to 0:100, detection at A, of each
analyte. In the case of the adsorption experiments on the
selected emerging contaminants in the mixture, the
percentage removal of the analytes was determined by
comparison with that of the initial untreated solution. The
results are expressed as the mean of two independent
experiments + SD.

Adsorption isotherm experiments

The adsorption isotherms of GO-Glu and GO-Met for BP4,
BPA, and CBZ were obtained by varying both the
concentration of contaminant and the amount of adsorbent.
Stock solutions of each contaminant were prepared in
ultrapure water, according to the maximum solubility of each
molecule: BP4 1.0 mg mL™", BPA 0.3 mg mL™', and CBZ 0.1
mg mL™". For each sorbent, two suspensions were prepared,
2 mg mL™" and 3 mg mL™" in ultrapure water, and used after
2 h of sonication. A different amount of graphene suspension
was added to a solution of contaminant (BP4, BPA, or CBZ) at
different initial concentrations. The solutions (total volume 5
mL) were gently stirred in the dark for 4 h and then
centrifuged at 15000 rpm for 10 min. The solutions were
analysed by UV-vis spectroscopy or HPLC (more details in the
ESIT). The same procedure was performed for each pair of
sorbent-sorbate, varying the ratio due to the different
adsorption capacities. Each run was repeated twice on
different batches of materials. Experimental parameters and
details are reported in the ESL} Isotherms of GO, GO-NaOH
and GO-Lys were already reported.”® Isotherms of rGO were
obtained as well.

Langmuir and Brunauer-Emmett-Teller (BET) models
were used to fit the adsorption data obtained. All equations
and parameters are provided in the ESLf

Molecular dynamics (MD)

GO-Glu and GO-Met were modelled on a 40 A x 40 A
graphene sheet created with visual molecular dynamics (MD).
The epoxy, hydroxyl, carbonyl, and carboxylic acid groups
were randomly positioned on the GO sheet to reproduce the
experimental XPS data. Also, the correct grafting density of
the amino acids was selected to reproduce the XPS data. The
GAFF force field*® was used to describe GO-Glu and GO-Met.
The atomic charges were obtained by AM1 calculations. The
GAFF force field was used to parameterize BP4, CBZ and BPA.
Atomic charges were obtained by QM calculations at the HF/
6-31G(d) level of theory, followed by RESP fitting. All the
complexes were inserted into a box of TIP3P water molecules

Environ. Sci.. Water Res. Technol.
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and counterions were added to neutralise the total charge of
the system. MD simulations were carried out using AMBER
16." The systems were minimised using a two-step
procedure. In the first step, harmonic constraints (500 kcal
mol™ A7) imposed to the molecule/graphene
complexes, relaxing only the water molecules and ions.
During the second step, all the atoms were free to move.
Then, the resulting minimised systems were used as starting
points for MD simulations. An equilibration step of 10 ns
was carried out by gradually heating the system from 0 to 298
K, using an Andersen thermostat and periodic boundary
conditions (PBCs). Then, 100 ns long MD simulations were
produced. The molecular mechanics-generalised Born
surface area (MM-GBSA) method*® was applied to compute
the binding affinity of BP4, CBZ, and BPA to GO-Glu and GO-
Met, extracting the snapshots from the MD trajectories.

were

Results and discussion
Synthesis and characterization

The targeted GO-amino acids were synthesised by microwave-
assisted epoxide ring opening reaction, as shown in Scheme 1.

The control sample GO-NaOH was also prepared to study
possible effects of the experimental conditions of the reaction
on the GO structure and their influence on the adsorption
properties. The modified GO nanosheets were purified by
microfiltration. The cut-off of the microfilter, combined with
the purification set-up, allows dynamic washing of the crude
within the column, and its separation from the by-products
(sketch in Fig. S1, ESIY).

The chemical structure and the amino acid loading ratio
for the new modified GO was estimated by X-ray

View Article Online
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photoelectron spectroscopy (XPS). The survey spectra of
amino acid modified GOs are reported in Fig. 1 and their
atomic composition is reported in Table 1. The analysed
materials were consistent with the typical structure of
modified graphene and were mainly composed of carbon,
oxygen, and nitrogen, associated with i) the aromatic sp”
regions of GO, ii) C-O/C=0 functional groups, and iii) the
nitrogen functional groups (C-N) present in the amino acids.
Since C and O are both present in GO and amino acids, the
most significant information about the products was
obtained from the N 1s signal. The N 1s binding energies of
NH, and NH;" were found in the literature:*° for each amino
acid used in this work, the values were contained within the
intervals 399.3-399.6 €V and 401.0-401.4 eV. Unfortunately, it
was not possible to univocally discriminate between R-NH-R
and R-NH,. As a matter of fact, the corresponding binding
energies are overlapping, ie. the R-C(O)-NH-R group in
polyamic acid at 400.5 eV (ref. 51) or in Nylon 6 at 399.9 eV.””
The N 1s signal was fitted by two peaks (400.7 eV and 399.4
eV) and one (400.2 eV) peak for GO-Met and GO-Glu,
respectively (Fig. S2, ESIT); these binding energies were closer
to the R-NH, or R-NH-R chemical state reported by the
literature than to the R-NH;" group. The presence of R-NH;"
was unfavourable because our reaction was performed under
basic conditions.

The increase of the N 1s signal (from 0.2% for the
reference material GO-NaOH to 0.9% and 0.7% for GO-Glu
and GO-Met, respectively) was mainly due to the grafting of
the amino acids. It was possible to (roughly) estimate the
relative loading of each amino acid from the N 1s peak of
GO-Glu and GO-Met. This is possible because most of the N
1s signal arises from the bound amino acid, and because the

MW 2h, 80°C,

H,0, NaOH pH=9

Lysine

GO-NaOH*
Scheme 1 Synthetic pathway to amino acid-modified GOs. *The detailed syntheses of GO-NaOH and GO-Lys are reported in ref. 43.

GO-Lys*
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Fig. 1 XPS survey spectra of GO (orange), GO-NaOH (blue), GO-Met
(green), GO-Glu (grey), and GO-Lys* (red). *Data from ref. 43.

atomic ratios between N and all other atoms visible by XPS
are known from their chemical structure (C, N, O, S).
Hydrogen is not detectable by XPS. As further proof of the
estimated values, we considered the S (S 2p signal with a S-C
chemical shift at 163.4 eV, Fig. S3, ESI{) in GO-Met and
estimated the same loading values obtained by N content
estimation. It is noteworthy that sulfur was also present in
the pristine GO in its typical oxidized form (R-SO,), but the
treatment with NaOH removes this group, as confirmed by
our experimental evidence (absence of the S 2p signal
associated with R-SO, in GO-Met in Fig. S3f or any other
functionalised GO) and some previous dedicated study by
Eigler.”® GO-Glu and GO-Met showed comparable loading, i.e.
5% and 6%, respectively. The loading of previously reported
GO-Lys was significantly higher being about 15%."

Furthermore, the C 1s peaks of GO-Glu and GO-Met were
deconvoluted into their component peaks (see Fig. S4 and
Table S1, ESIT). From the deconvolution of the C1s signal of
GO-Glu, it is possible to observe the increase in the relative
amount of carbon sp” (43%) compared to the starting GO
(31%) as well as for the reference material GO-NaOH (51%).
Similarly, the relative amount of carbon sp®> for GO-Met
(46%) is also increased. XPS revealed the presence of a small
percentage of residual Na (reaction in NaOH) and Ca
(washing procedure).

View Article Online
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Elemental analysis (EA) on pristine amino acid and on
modified GOs performed to analyse the bulk
composition. The atomic composition (H, C, O, S) of each
material was in good accordance with that estimated by XPS,
and is reported in Tables S2-S4, ESL}

In the free amino acid references, the N/C atomic ratio
(and S/C in Met) was exactly the expected one from the
molecular structure, while the O/C and H/C ratios were
higher, due to the residual water content. After
functionalization of GO, the amount of N increases with
respect to GO-NaOH, which was taken as a reference instead
of GO, since it was subjected to the same reaction conditions
and further purification used for amino acid-modified GOs.
The observed O/C ratio was systematically overestimated by
elemental analysis with respect to XPS, being 0.77 (EA) vs.
0.38 (XPS) for GO, 0.92 (EA) vs. 0.36 (XPS) for GO-NaOH, 0.49
(EA) vs. 0.19 (XPS) for GO-Met, 0.67 (EA) vs. 0.26 (XPS) for
GO-Glu, and 0.62 (EA) vs. 0.14 (XPS) for GO-Lys.

The observed difference can be ascribed to the different
environmental conditions during the measurements of EA
and XPS. Indeed, XPS is performed in an ultra-high vacuum,
with almost no residual water, while EA is carried out under
ambient room conditions; and XPS is surface sensitive (a few
nm), while EA is bulk sensitive.

The N/C trend (Tables S2 and S3, ESIT), which is not affected
by water residuals, was in good accordance with that observed
by XPS and confirmed the amino acid loading ratio measured
by XPS. Overall, the good accordance between XPS (surface)
and EA (bulk) data suggested that the reaction between the
amino acids and GO nanosheet surface has occurred.

The O/C ratio of pristine amino acids was similar to or
higher than GO, while, after the functionalization, we
observed a systematic decrease of the oxidation degree (XPS
0%, XPS and EA O/C ratio); thus, the net loss of oxygen after
the functionalization has further changed the surface
chemistry of GO, which can be summarised as i) the presence
of pendant molecules (the amino acid) and ii) the general
decrease of C-O/C=0 groups. To distinguish the two effects
we have taken into consideration reduced GO (rGO), which
has a comparable oxidation degree with the amino
acid-functionalised GOs (Table 1). The zeta potentials
(¢ potentials) of GO and modified GO nanosheets were
measured in deionized water. The obtained values, —42.4 +

was

Table 1 Atomic composition of amino acid modified graphene materials. Errors on C and O were about £0.9%, and errors on N, Na, Cl, S and Ca were

about +0.1%. Si was present in quantities <1% in GO-Lys and GO-Met

Atomic composition (%)

Material C (¢} N Na Cl S Ca Loading%
GO* 70.4 27 0.7 — 0.8 1.0 —

GO-NaOH" 70.4 25.6 0.2 0.2 0.3 — 3.3

GO-Lys® 81.5 13.9 3.1 1.2 0.2 — — 15
GO-Met 81.2 15.6 0.9 0.7 — 0.8 — 5
GO-Glu 77.1 19.7 0.7 0.2 — — 2.3 6

rGO” 86.1 13.7 — — 0.2 — —

“ Data from ref. 43. ” Data from ref. 48.

This journal is © The Royal Society of Chemistry 2023

Environ. Sci.. Water Res. Technol.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ew00871h

Open Access Article. Published on 13 January 2023. Downloaded on 2/14/2023 9:05:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

b) GO-Glu

Fig. 2 SEM FEG images of a) GO, b) GO-Glu, and c) GO-Met.

1.2 mV for GO-Glu and -49.6 + 1.4 mV for GO-Met, were
comparable to the ones measured for pristine GO (-43.1 +
2.4 mV) and GO-Lys (-35.2 + 0.8 mV), meaning that the
surface charge cannot explain the observed different
adsorption properties.*?

The morphology of the modified graphene
investigated by scanning electron microscopy (SEM) showing
the typical GO nanosheet morphology for GO-Glu and GO-
Met, with a lateral size of a few micrometres, but more
aggregated and multilayer nanosheets (Fig. 2).

was

Adsorption kinetic test

Adsorption selectivity and kinetic studies were carried out on
GO, GO-NaOH, GO-Lys, GO-Met, and GO-Glu by measuring the
removal of each contaminant from the mixture in the tap water
matrix (Fig. 3a), at different contact times (1 h, 4 h, and 24 h).
GO and modified GOs were sonicated for 2 h to exfoliate the
bulk material into monolayer nanosheets.>® Different contact
times and modified GOs are reported in the ESIt (Fig. S5). Most
of the adsorption occurred during the first hours of treatment
since no significant differences in removal efficiency were
observed between 4 h and 24 h (Fig. S5, ESIY).

Fig. 3b shows the histogram of the adsorption of the
different modified GOs, after 4 h of contact time, for each
contaminant. Under the selected conditions, GO showed lower
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performance for caffeine (CAF), benzophenone-4 (BP4),
carbamazepine (CBZ), bisphenol A (BPA), and diclofenac (DCF).
The amino acid functionalization changes the surface
chemistry of the nanosheets and increases the adsorption
selectivity toward the selected contaminants. In fact, modified
GOs showed better performance than unmodified GO in the
removal of the contaminants that were not completely
adsorbed from GO-NaOH (i.e. CAF, BP4, CBZ, BPA and DCF).

Adsorption isotherms

Adsorption isotherms were obtained on modified GO for
BP4, BPA, and CBZ to investigate the adsorption mechanisms
and to estimate the maximum adsorption capacities (more
details are reported in ESLi section 6). The results were
compared to those of GO, GO-NaOH, and rGO, and the
adsorption isotherms for BPA are reported in Fig. 4, while the
isotherms for BP4 and CBZ are reported in the ESIt (Fig. S6,
ESIT). Two models were used to fit the isotherms: i) the BET
model, which considers multilayer adsorption, where the
molecule-molecule interaction is comparable to the
molecule-substrate one, and ii) the Langmuir model, which
considers a single monolayer and a much stronger molecule-
substrate interaction. As previously demonstrated,”® the
adsorption capacity of GO toward the selected molecules was
low and it could be described by the BET model as well as by
the Langmuir model. As a matter of a fact, the goodness of
fit was found to be similar. The treatment with NaOH led to
higher adsorption capacity and to a Langmuir model
describing the adsorption mechanism. This can be likely
ascribed to the different pH values and minor structural
modification of GO after NaOH treatment.

A remarkable improvement of adsorption capacity was
observed for the amino acid-functionalized GOs. This is not

AN

Blsphenol A, Rhodamme B, D:clofenac Benzophenone-3,
BP3

BPA RhB DCF BP3

GO mGO-Glu mGO-Lys ®mGO-Met m GO-NaOH

Fig. 3 a) Molecular structures of selected emerging contaminants. b) Removal of each contaminant from the mixture in tap water (contact time =
4 h, total volume = 10 mL, sorbent amount = 25 mg, C;y = 5 mg L™ of each contaminant) by GO* (orange), GO-Glu (grey), GO-Lys* (red) GO-Met
(green) and GO-NaOH* (dark blue). Different contact times are reported in the ESI. *Data from ref. 43.
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Fig. 4 Adsorption isotherms of BPA. The curves of BP4 and CBZ are
reported in the ESI}

related to a difference in pH, because while the pH of the
unmodified GO is acidic (pH = 3.2), each amino acid-
modified GO has the same pH of the reference sample GO-
NaOH (pH = 8.0). Similarly, the effect of the partial reduction
of GO during the reaction with amino acids was studied
through the comparison with reduced GO (rGO): with the
monolayer adsorption capacity (Qm) of rGO being generally
lower than those of amino acid-modified GOs (with exception
of BP4 values, Table 2), we can conclude that the reduction
contributes to the increase of the number of active
adsorption sites, but the main contribution is still from the
adsorption sites created by the amino acids.

The Qm values of GO-Met and GO-Glu were significantly
higher than those of GO and GO-NaOH, having values always
below 80 mg g for each contaminant. A different behaviour
was observed for the adsorption of BP4. Indeed, the Qm of
GO-Glu for BP4 (77 mg g™') was comparable to that of GO-
NaOH (62 mg g"). In addition, BP4-GO-Glu adsorption was
the only one described better by the BET model rather than
by the Langmuir model, suggesting that the BP4-BP4 affinity
was greater than that of BP4-GO-Glu. Similarly, the

Table 2 Maximum adsorption capacity (mg g™) of synthesised materials
toward selected contaminants. Best fitting model Langmuir model (L) and
BET (B) model marked in the cells

Qm (mg g™)

Material BP4 BPA CBZ

GO* 11+5 (B) 14+5 (B) 742 (L)
rGO 115+18 (L) 78+11 (L) 43+13 (L)
GO-NaOH"“ 62+12 (L) 48+15 (L) 80+15 (L)
GO-Lys” 292+30 (L) 295+50 (L) 172+20 (L)
GO-Met 205+20 (L) 147+30 (L) 128+15 (L)
GO-Glu 77.5+20 (B) 237+40 (L) 121+20 (L)

“ Data from ref. 43.
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adsorption of CBZ was always better described by the
Langmuir model, with comparable Qm values for all
modified GO materials (GO-Met 128 mg g™' and GO-Glu
121 mg g '), including GO-Lys (172 mg g ).

As shown by Fig. 5, for CBZ the Qm increased almost
linearly with the % loading of amino acids (Fig. 5),
suggesting that the number of active sites for CBZ adsorption
increases as a function of the number of amino acid
molecules on the surface, with marginal influence of the
amino acid structure. On the other hand, BP4 (and partially
BPA) has a step-like increase of the Qm vs. loading, which
suggests that the active sites for adsorption mainly depend
on the chemical environment created by the specific amino
acid. Despite being limited to three case studies (i.e. three
loading amounts), these results clearly show that the amino
acid structure may influence the adsorption extent. However,
the contaminant molecular structure also plays a key role in
the overall adsorption.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were carried out to
investigate the interactions between BP4, CBZ, and BPA
molecules and the amino acid-modified GOs at an atomistic
level, and to explain their adsorption performances with
respect to unmodified GO. Indeed, the MD analysis of the
contaminant-nanosheet interaction® allows the favourite
adsorption sites on GO sheets to be identified, thus
ultimately providing general rules to identify the
thermodynamic forces®® driving the binding of the
contaminants (Table 3 and Fig. 6).

Calculations showed that the molecules of contaminants
interact preferentially with the amino acid side chains,
grafted on the basal plane of GO (see Fig. 6).

This binding mode increases the binding affinity between
BP4, CBZ, and BPA and amino acid-modified GOs, when

0 BP4
3504 A BPA
O csz o
3001 GO-Glu _ -y ="
w] ¥ -
5 Al
(2]
£ 200+ |¢ i
£ ---
150 A - T
100+ Il GO-Lys
1 m
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1 _1
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Fig. 5 Plot of the maximum adsorption capacity (Qm) calculated
through isotherms** as a function of the amino acid loading
(calculated on N/C).
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Table 3 Computed total binding affinity (Etor) and its contributions
ie., van der Waals (vdW), electrostatic (Eg) and non-polar solvation
(Enon-polar sowation) for BP4, CBZ and BPA towards GO, GO-Glu and
GO-Met. All energies are reported in kcal mol™

Contaminant Material Etor Eg, Enon-polar solvation
BP4 GO“ -11.9 10.1 -1.1
GO-Glu -21.1 12.2 -2.8
GO-Met -22.0 12.1 -2.9
CBZ GO“ -18.4 4.1 -0.7
GO-Glu -20.8 3.6 -2.4
GO-Met -21.5 3.9 -2.5
BPA GO* -15.7 4.4 -0.8
GO-Glu -17.1 4.5 -2.0
GO-Met -18.9 5.7 —2.5

“ Values from ref. 43.

compared to GO, in agreement with the experimental results.
The energy values involved in the adsorption are reported in
Table 3. The total energy of interaction is the sum of three
contributions, ie. electrostatic and van der Waals
interactions and surface energy (Es,). The electrostatic terms
are little sensitive to the adsorption process, since the
process happens in water (and simulations are carried out in
explicit water molecules), which strongly quenches the
coulombic terms due to its high dielectric constant.
Consequently, the adsorption extent on oppositely charged
(Glu and Lys) or neutral (Met) amino acids was similar. The
higher removal observed for the amino-acid modified GOs
can be ascribed to the enhanced van der Waals contacts
between the surface of the chemically modified nanosheets
and BP4, CBZ, and BPA, and to the highest stabilizing
Enon-polar solvation term. This term takes into account the non-

BP4@GO-Glu

BP4@GO-Met
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polar solvation energy, which is more stabilizing in the case
of the modified GOs, as a result of the interaction of the
hydrophobic core of the contaminants with the hydrophobic
portion of the amino acid side chains, ie. their aliphatic
chain. In GO, the stabilizing Eyon-polar solvation term is small
and thus the adsorption of the contaminants on the surface
of unmodified GO is less favorable than that on the surface
of the amino acid-modified GOs.

The adsorption process between carbon nanomaterials
and  molecules is mainly  driven by  shape
complementarity.””>°

Hydrophobic interactions, which govern the binding
between the contaminant and the adsorption site, are
directly proportional to the van der Waals interactions and
Enon-polar solvation- Both these terms depend directly on the
contact area between the adsorption site and the
contaminant, ie. their shape complementarity (see Fig. 6).
As a hydrophobic contaminant occupies one adsorption site,
i) new van der Waals interactions are established, ii)
cavitation energy is reduced, and iii) associated water
molecules are shed (hydrophobic effect). Shape
complementarity can be quantitatively measured by
calculating the variation of the solvent accessible surface
area (ASASA, Fig. 6) upon binding.

Consequently, the observed improvement in adsorption
capacity can be ascribed to the increased shape
complementarity between BP4, CBZ, and BPA and the amino
acid modified GO nanosheets (Fig. S10 and Table S117)
through 3D recognition sites formed on the nanosheet
surface after chemical modification. This effect is more
evident with non-planar/bent molecules, such as BP4, CBZ,
and BPA, which benefit most from the formation of a “local
corrugation” on the 2D basal plane of GO.

BP4@HGO

ASASA = 686.3 A2

ASASA = 704.8 A2

ASASA = 372.7 A2

Fig. 6 Contact area in the interaction between BP4 and GO-Glu (left column), GO-Met (middle column) and GO (right column) sheets. ASASA
measurement quantifies the contact area between the contaminant and the different sorbents (shape complementarity) and it is proportional to
their binding energies and removal efficiency. Results on GO-Lys are reported in ref. 43.
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Conclusions

Graphene oxide (GO) was functionalized with r-glutamic acid
and r-methionine by a fast and efficient microwave-assisted
protocol, and worked up with a standardized purification
protocol based on microfiltration on commercial modules.
The synthetic approach allowed high purity of the reaction
products, with a high batch to batch reproducibility, thanks
to the standard microfiltration module features. Structure
analysis revealed amino acid loadings in the range of 5-15%,
with partial reduction of GO (from 27% down to 14-20% of
oxygen). Adsorption of a mixture of eight contaminants in tap
water was studied for amino acid-modified GOs and
compared to unmodified GO and rGO. As a further control
sample, we considered also GO subjected to the reaction
conditions but treated in the absence of any amino acid,
called GO-NaOH. This systematic study allowed us to
unambiguously unravel the role of the amino acid binding in
the adsorption properties of GO. The removal of most of the
targeted contaminants occurred in the first hour of treatment,
with a significant improvement of the removal of BPA, CBZ,
and BP4 observed for the modified materials. Adsorption
isotherms show that the Langmuir model describes the
adsorption mechanism better than the BET model, except for
the pairs BP4-GO-Glu, BP4-GO, and BPA-GO. In addition, the
maximum adsorption capacities (Qm) for the amino acid-
modified GOs were found to be in the range of 77-292 mg g™*
for BP4, 147-295 mg g ' for BPA, and 121-172 mg g~ for CBZ,
with GO-Lys expressing the best performance in each case.
Qm was found to be strictly dependent on the amino acid
loading, which suggests an active role in the removal of
contaminant molecules by the grafting procedure.
Accordingly, molecular dynamics simulations revealed higher
interaction energies for amino acid-modified GOs rather than
unmodified GO, which may be ascribed to the higher van der
Waals and hydrophobic interactions between the amino acid
hydrophobic chain and the contaminant molecules. The
grafting of amino acids forms 3D recognition sites on the
surface of the GO nanosheets, which improve the removal
capacity of the modified materials.

In conclusion, our results will promote the design of new
graphenic sorbents for water treatment, with tuneable and
predictable adsorption capacity on selected contaminants.
Future work on these new sorbents will be dedicated to their
exploitation for the purification of different water matrices
and to the development of microfiltration based regeneration
of the exhausted nanomaterials.
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