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1. Abstract

Themain objective of this thesis is the application of newmaterials derived from the func-
tionalization of graphene oxide in the fields of water remediation and CO2 utilization.

Chapter 4.1 reports the synthesis and characterization of the graphene oxide modi-
fied with branched cationic polyethyleneimine (GOPEI) material. This polymer was then
functionalized with a thiophene-based fluorescent dye to better monitor its purification
through UV-vis spectroscopy. This process also allowed for a better understanding of the
mechanisms underlying purification bymicrofiltration. By studying adsorption isotherms
and formulating theoretical models, the kinetics, efficiency, and adsorption mechanism of
GOPEI towards two water pollutants, arsenic and lead, were discussed.

Chapter 4.2 presents the study of the adsorption properties of a family of graphene
oxide-based composites, covalentlymodifiedwith three amino acids: L-Lysine, L-glutamic
acid, and L-methionine (GO-Lys, GO-Glu, and GO-Met). Along with synthesis, the pu-
rification protocol was also improved to be faster and more efficient than previously re-
ported, and their complete characterization was performed through XPS analysis. Finally,
these materials were used as adsorbents towards a mixture of selected contaminants in-
cluding pharmaceuticals, polymer additives, and dyes. Their performance towards these
pollutants was evaluated through adsorption isotherms and dedicated molecular dynam-
ics simulations.

Finally, in Chapter 4.3, a new synthesis of a graphene oxide-arginine composite (GO-
Arg) and its utilization in carbon capture and utilization processes was reported. In the
first part, the efficacy of this composite in CO2 fixation through the selective opening of
epoxides to cyclic carbonates was demonstrated. The reported protocol was found to be
applicable to a wide range of substrates (fifteen examples), and its reusability was tested for
up to 5 cycles. In the second part, the application of this material in an ICCC (Integrated
CO2 Capture and Conversion) process was focused on. It was shown that the material
is capable of capturing CO2 from both high-purity atmospheres and low-concentration
mixtures (such as the atmosphere) and converting it when exposed to dedicated reaction
conditions (i.e., synthesis of cyclic carbonates). The entire process was thoroughly studied
and rationalized through dedicated computational and spectroscopic analyses (XPS, BET,
TGA, etc.).
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2. Introduction

2.1 Graphene Oxide

Graphene oxide (GO) is a remarkable two-dimensional (2D) material obtained by intro-
ducingmultiple oxygen functionalities into the original graphene structure. These oxygen
atoms form covalent bonds with carbon atoms, transitioning them from the
sp2-hybridized state to the sp3-hybridized state. In GO, the number of carbon atoms
bonded to oxygen surpasses the count of intact sp2-hybridized carbon atoms. As a result,
GO exhibits distinct characteristics that set it apart from its parent graphene counterpart.

Prior to the discovery of graphene in the 2004, the initial documentation of graphene
oxide formation dates back to 1855 when Brodie published a concise note in French within
the pages of Annales de Chimie [1]. In this paper, Brodie successfully oxidized graphite by
introducing concentrated sulfuric acid to a mixture of graphite and KClO3. The subse-
quent addition of water caused the solid to disintegrate and significantly increase in vol-
ume. When the dried product was calcinated, it yielded graphite that was tainted with
sulfates and chlorates. Towards the end of his concise paper, Brodie briefly mentioned
nitric acid and bichromate as alternative oxidizing agents.

In 1859, Brodie further elucidated the preparation technique, known today as the
"Brodie method," involving the reaction of graphite with potassium chlorate in fuming
nitric acid. This comprehensive account of the compound’s composition and chemical
properties, titled "On the atomic weight of graphite", was presented in the Philosophical
Transactions of the Royal Society of London [2]. Interestingly, the titles of both papers did
not provide any indication of a novel carbon compound and Brodie did not reference his
first work in the his second paper. In 1865, Gottschalk reproduced and verified Brodie’s
findings, introducing the term "graphitic acid" for the first time in his publication [3].
GO gained significant attention after Berthelot’s 1870 publication [4], which provided new
insight on Brodie’s GO preparation method as a means to different forms of graphitic car-
bon.

Since then, numerous attempts have been made to substitute the employed reagents,
such as fuming nitric acid, concentrated sulfuric acid, and potassium chlorate, with safer
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and more practical oxidizing agents [5] [6] [7]. Despite numerous approaches, currently
only two methods hold significance: the techniques outlined by Staudenmaier [8] and
Hummers andOffeman [9], respectively. Hummers andOffeman successfully implemented
permanganate as an oxidant for the production of GO. Their method involved suspending
powdered graphite flakes and solid sodium nitrate in concentrated sulfuric acid, followed
by the gradual addition of permanganate, water and lastly hydrogen peroxide to eliminate
the unreacted permanganate.

In the course of GO research history, the composition of GO has been determined
through combustion analysis to assess the carbon and hydrogen contents. The oxygen
content was then derived by subtracting the sum from 100%. However, it was widely ac-
knowledged that complete reductionwas challenging even under rigorous conditions (e.g.,
temperatures up to 800 °C). To obtain an accurate C/O ratio, adjustments had to be made
to account for the residual ash resulting from combustion. Another significant challenge
in determining the precise C/O ratio arises from the presence of residual hydration water
in the sample, which necessitates careful drying methods to minimize the risk of deterio-
ration.

Brodie’s original findings indicated a carbon content of 60% and a hydrogen con-
tent range of 1.75-1.91%. Over the course of GO research, samples prepared using this
method have exhibited relatively consistent carbon and hydrogen contents. These val-
ues have remained relatively stable throughout a deep investigation of GO. Hummers
and Offeman reported a carbon content of 47% for their product and a carbon content
of 52% for the sample prepared according to the “Staudenmaier method”.

Figure 2.1: The structural models of Thiele (left [10]) and Nakajima et al. (right [11]).
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In 1930, Thiele proposed a structuralmodel for GObased on his analytical findings [10].
He suggested that oxygen was bonded to the carbon framework in the form of hydroxyl
(-OH) groups. Given the honeycomb arrangement of carbon atoms, Thiele formulated a
sum formula of C6O3H3. To align with this sum formula, Thiele postulated that the -OH
functional groups were covalently attached to every other carbon atom on both sides of a
carbon bilayer, which were interconnected by covalent C-C bonds (Fig. 2.1, left).
Almost 60 years after Thiele, Nakajima et al. presented a very similar structural model of
GO (Fig. 2.1, right), without giving any reference to Thiele’s paper [11] [12]. In these arti-
cles, the authors proposed an alternative sum formula (C8(OH)4) instead of the previously
suggested C6(OH)3. Their model drew inspiration from the resemblance of X-ray diffrac-
tion (XRD) data to those of a carbon fluoride compound sharing the same composition.
However, neither of these models garnered significant attention within the research com-
munity.
In 1928, a new chapter in GO research began when Hofmann took the lead [13] [14], later
joined by Frenzel in 1930 [7]. They utilized powderX-ray diffraction (XRD) to delve into the
properties of GO. Building upon their investigations and chemical insights,
Hofmann and his team proposed the first widely accepted structural model for GO.
The construction of the model began with the following considerations. Each carbon
hexagon could have at maximum all three double bonds replaced by oxygen atoms, form-
ing epoxide units that bridged two adjacent carbon atoms. However, given the commonly
observed C/O ratio of 3, it was evident that some double bonds remained unoxidized in
the structure. This evidence was considered as a hint for the presence of epoxide func-
tions in GO. In 1947, Ruess published a paper highlighting how GO exhibits less reactivity
compared to organic epoxides. For instance, it does not undergo the typical ring-opening
reactions observed with ammonia, HBr, or HCl, which results in the formation of vicinal
hydroxyamines or halogenohydroxides. Additionally, Ruess raised doubts about the no-
tion that hydroxyl groups could be formed through hydrolysis of the epoxide functions.
Building upon these chemical arguments and re-evaluating the X-ray diffraction (XRD)
data of both Hofmann et al. and his own, Ruess presented a new structural model. In this
model, he proposed a reconsideration of the covalent bonding between hydroxyl groups
and the carbon framework of GO (Fig. 2.2).
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Figure 2.2: The structural GO model according to Ruess.

A new phase of GO research started in 1989-1991, when Mermoux et al. applied magic
angle spinning nuclear magnetic resonance (MAS NMR) to 13C. The 13C NMR spectrum
displayed three prominent signals at chemical shifts of 60, 70, and approximately 130 ppm.
In their analysis, Mermoux et al. attributed these three signals to ether functions, alco-
hol functions, and aromatic or conjugated double bonds, respectively. Consequently, they
changed the previously proposed structural model. While Mermoux and Chabre initially
assigned the 60 ppm signal to epoxide functions in their first publication [15], they later
combined epoxide (1,2-ether) and 1,3-ether functions in their subsequent paper [16] and
considered their findings as supporting Hofmann et al.’s and Ruess’s models. In the revised
model, it was proposed that a portion of the epoxide groups inGOwere substituted by ter-
tiary hydroxyl groups. These two functional groups were distributed somewhat randomly
across both sides of the carbon grid. The signal at 130 ppm in the NMR spectrum could be
attributed to aromatic carbon atoms, indicating the presence of patches of aromatic rings
of varying sizes scattered among the oxygen-containing regions. These aromatic regions,
along with the epoxide groups, contribute to maintaining the carbon grid in an almost
flat configuration. However, slight deviations from flatness may arise due to the presence
of sp3-hybridized carbon atoms carrying the OH groups. More information about the
history of this material, its structure and reactivity can be found in the book "Graphene
Oxide" published by A. M. Dimiev and S. Eigler in 2017 [17].

To this date the most recognized structure is the Lerf–Klinowski model [18], in which
GO presents different reactive oxygen-bearing functional groups, such as hydroxyl func-
tions and epoxide groups on the basal plane, while carboxyl, carbonyl, phenol, lactone and
quinone groups aremainly localized at the edges. Fig.2.3 illustrates a sketch representation
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of the commonly accepted structure that is widely employed today.

Figure 2.3: Representative chemical structure of a GO nanosheet.

Graphene oxide remained a mere laboratory curiosity [19] until the groundbreaking
discovery of graphene by Geim and Novoselov [20]. Following this remarkable break-
through, the simple reduction of graphene oxide emerged as an economical approach to
obtain graphene layers. This concept ignited a surge of research focused on GO, and its
exploration continues to thrive until the present day.

2.2 Chemical modification of Graphene Oxide

Chemical modification of GO has emerged as a pivotal strategy with the potential to rev-
olutionize material properties, consequently opening up a plethora of innovative appli-
cations. This transformative approach spans across a multitude of fields, with notable
contributions in groundbreaking advancements in nanomedicine [21], sustainable energy
solutions [22], advanced polymer composites [23], ultra-sensitive sensing technologies [24],
cutting-edge filtration systems [25], catalytic processes, and environmental remediation
[26].

The various oxygen-based groups found in GO, including hydroxyls, epoxides, and
carboxylic acids, offer numerous options for modifying GO. In theory, established organic
chemistry methods should work to target these different functional groups. However,
when dealing with GO, it is not as straightforward. It was observed that it is not always
just one specific functional group reacting but a mixture of them. This complexity, further
enhanced by the heterogeneous nature of GO, calls for a thorough discussion of GO’s
chemistry and reactivity.
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2.2.1 Functionalization of Epoxide groups

The majority of functional groups located on the basal plane of a typical sheet of GO are
hydroxyl and epoxy groups. The epoxy can be functionalized through a nucleophilic ring-
opening reaction (Scheme 2.1). The opening of the epoxy ring can be done with amino
terminated molecules [27], thiols [28] and the azide anion (N3−) [29].
One striking advantage of this approach is its remarkable ease of implementation, even at
room temperature and in aqueous environment. Consequently, this method has garnered
considerable attention and acclaim for its potential to enable large-scale production of
functionalized graphene materials.

Scheme 2.1: Mechanism of the opening of epoxide with a nucleophile.

Vacchi et al. reported the study of a reaction between GO and amine functions oc-
curring via ring opening of the epoxides using magic angle spinning (MAS) solid-state
NMR [27]. They observed that the reaction between GO and tert-butyloxycarbonyl (BOC)
mono-protected triethylene glycol (TEG) diamine predominantly involves the epoxy func-
tional groups via ring-opening reactions, rather than the carboxylic acids, which are pre-
sent in relatively small quantities. The 13C-NMR and 1H–13C correlation spectra reported
showed that, after functionalization, the peak of the epoxy groups (60 ppm) was decreased
in intensity (Fig. 2.4).
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Figure 2.4: 13C-NMR (a) and 1H–13C correlation (b) spectra of before (black) and after (red) func-
tionalization with Boc mono-protected triethylene glycol (TEG) diamine.

Hsiao et al. studied the covalent functionalization of graphene with Poly(oxyalkylene)
amines maleic acids (MA-POA2000) by two different methods [30]. The first method in-
volved typical free radical grafting while the second was the direct reaction of molecules
with the epoxy groups on graphene (Scheme 2.2). The materials obtained with the two
different methods were characterized by transmission electron microscopy (TEM), X-Ray
Photoelectron Spectroscopy (XPS), Raman spectroscopy and Thermo gravimetric Anal-
ysis (TGA). With the characterization they demonstrated that the functionalization of
graphene oxide through epoxy ring opening can produce a functionalized graphene with
good solvability in, and compatibility with, an organic solvent. Compared to the free-
radical grafting method, after direct covalent functionalization, the second method pro-
vides greater thermal stability for the material.
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Scheme 2.2: The Preparation of F-Graphene/MA-POA2000 and D-Graphene/MA-POA2000. Fig-
ure taken from [30].

Yang et al reported a facilemethod to obtain polydisperse chemically-converted graphene
(p-CCG) sheets that were covalently functionalized with ionic liquid [31]. The results from
characterizations indicated that the ionic liquid units were coupled to the surface of the
graphene nanosheets successfully, and that exfoliation of the layered graphene was suc-
cessful (Scheme 2.3).

Scheme 2.3: Illustration of the preparation of p-CCG. Figure taken from [31].

Additionally, the p-CCG nanosheets, without any assistance from polymeric or sur-
factant stabilizers, could be dispersed well in water, DMF, and DMSO, due to an enhanced
solubility and electrostatic inter-sheet repulsion provided by the ionic liquid units. They
reported that dispersions of p-CCG were stable for more than three months.
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2.2.2 Functionalization of Carboxylic Acids

The carboxylic acids of GO are located mainly at the edges. These functional groups can
react with amines to form amides or with alcohols and phenols to form esters. The ami-
dation reaction on the carboxylic acid groups of GO can be performed in harsh or mild
conditions (Scheme 2.4). In the first case, an activating agent can be used, such as thionyl or
oxalyl chloride, to achieve an acyl chloride that can later react with an amine or an alcohol
to yield an amide or an ester.

Scheme 2.4. Representative sketch of the amidation reaction.

In the second case, several coupling agents could be employed, likeN,N’- dicyclohexyl-
carbodiimide (DCC) or 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), hydroxy-
benzotriazole (HOBt) and 2-(7-aza-1H-benzotriazole-1-yl)- 1, 1, 3, 3-tetramethyluronium
hexafluorophosphate (HATU). The difference between the two strategies lies in the selec-
tivity of themethods of choice. Thionyl or oxalyl chlorides are not selective and they could
react with the hydroxyl groups too, causing side reactions.

Zhang et al. reported the graphene–C60 hybrid material via a simple coupling reac-
tion between GO and pyrrolidine fullerene [32]. GO was activated by SOCl2 to achive the
corresponding acyl-chloride functionalized GO. Subsequently, the hybrid was obtained
through a condensation reaction between pyrrolidine fullerene and the acyl-chloride fun-
ctionalized GO (Scheme 2.5). Through XPS and thermo-gravimetric analysis they were
able to confirm the functionalization. Based on the atomic ratio of C to N determined by
XPS in the graphene-C60, they estimated that, for every 130 atoms in the graphene–C60,
one molecule of C60 is present.
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Scheme 2.5: Synthesis procedure of the graphene–C60 hybrid material. Reproduced from [32].

Xu et al. proposed the first organic-solution-processable functionalized-graphene (SPF-
Graphene) hybrid material with 5-4(aminophenyl)-10, 15, 20-triphenyl porphyrin (called
TPP-NHCO-SPFGraphene), and its photophysical properties including optical-limiting
properties [33]. This nanonybrid was obtained by binding GO with the porphyrin via an
amide bond. The reactionwas carried out using an amine-functionalized porphyrin (TPP-
NH2) and GO, previously activated with thionyl chloride, in DMF. The hybrid was char-
acterized by atomic force microscopy (AFM), TGA, X-ray diffraction (XRD), and UV-vis
spectroscopy. The grafting of porphyr in material was confirmed by FTIR spectroscopy.
In the spectrum of TPP-NHCO-SPFGraphene the peak at 1730 cm−1 almost disappears,
and a new broad band emerges at 1640 cm−1, which corresponds to the C=O characteristic
stretching band of the amide group.
With fluorescence spectroscopy they observed a 56% quenching of fluorescence by TPP-
NHCO-SPFGraphene compared to the pristine TPP-NH2. This decrease in luminescence
was then ascribed to a charge transfer from the photoexcited singlet state TPP-NH2 to
the graphene moiety. Since the material demonstrated efficient energy transfer, they sub-
sequently investigated its optical limiting performance with a measure of Z-scan. They
found out that TPP-NHCO-SPFGraphene demonstrates much better optical limiting
properties compared with the benchmark material (C60), the control sample, and the in-
dividual components.

Liu et al. reported functionalized nanographene oxide (NGO)with branched polyethy-
lene glycol (PEG) to obtain a biocompatibleNGO-PEG conjugate stable in various biologi-
cal solutions, and used them for attaching hydrophobic aromaticmolecules non covalently
via π − π stacking [34]. The resulting complex exhibited excellent water solubility while
maintaining its high cancer cell killing potency similar to that of the free topoisomerase
inhibitor molecules in organic solvents. The efficacy of complex was far higher than that
FDA-approved water soluble prodrug used for the treatment of colon cancer.
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2.2.3 Functionalization of Hydroxyl groups
Although hydroxy groups are not particularly reactive nucleophiles or electrophiles, they
can still participate in many chemical reactions. The most common method to function-
alize GO through the hydroxy functions is silanization (Scheme 2.6), which involves the
reaction with organosilanes to form covalent Si–O bonds. This reaction is widely used
to functionalize mineral components, such as glass and metal oxide surfaces, with many
applications in coatings and material science.

Scheme 2.6: Representative sketch of the silanation reaction.

Jie Xu et al. reported one-step synthesis of ionic liquid (i.e. 1-(trimethoxysilyl)propyl-3-
methylimidazolium chloride) immobilized GO (GO-[SmIm]X) via the reaction of GO and
functionalized imidazolium-based ionic liquid [35]. GO materials were directly grafted
with functionalized imidazolium-based ionic liquid with different halides via the covalent
condensation between alcoholic C-OH of GO and alkoxyl groups of oxysilanes in ionic
liquids. The materials were tested as potential catalyst for the solvent free cycloaddition
of CO2 with propylene oxide (PO). They demonstrated these, under optimal reaction con-
ditions with this materials, the PO yields obtained was 95.9%. They also reported that
various cycloaddition reactions using other cyclic epoxides could be selectively catalysed
by GO-[SmIm]X.

Carpio et al. presented a study evaluating for the first time the antimicrobial activity of
GO silanized with N-(trimethoxysilylpropyl) ethylenediamine triacetic acid (GO–EDTA)
against Gram-negative and Gram-positive bacteria, as well as its cytotoxicity to human
corneal epithelial cell line hTCEpi [36]. Most importantly, they reported that GO–EDTA
did not present any cytotoxicity to human corneal epithelial cells as more than 99% of the
cells were still alive after exposure to the nanomaterials for 24 h. This work also evalu-
ated the material adsorption capacity for two heavy metals, Cu2+ and Pb2+ at different
concentrations, varying pH and contact time. Lastly, they also evaluated the maximum
adsorption capacity of the GO–EDTA toward these heavy metals.
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Other reactions can also be used for the derivatization of the hydroxy functions of GO.
For instance, boronic acids are highly reactive towards 1,2-diols and 1,3-diols (Scheme 2.7).
This reaction occurs under slightly alkaline conditions and forms cyclic boronic esters
[37]. Alternatively, the reaction can be performed by heating (80–120 °C) to avoid using an
alkaline solution, but might lead to partial reduction of GO [38] [39].

Scheme 2.7: Representative sketch of esterification with boronic acid derivatives.

2.3 Characterization of modified GO

2.3.1 Infrared Spectroscopy
The principles of infrared spectroscopy (IR) arewell known, and thus they do not require a
long introduction. IR spectroscopy is based on the fundamental properties of atoms joined
by chemical bonds to absorb electromagnetic radiation in the 4000–400 cm−1 frequency
region. In particular, attenuated total reflection fourier-transform infrared (ATR-FTIR)
spectroscopy is probably the most available and the fastest method suitable for GO and
modified GO characterization. The main advantage is the easy sampling preparation, as
one needs only to firmly press soft GO paper against the crystal surface. Another advan-
tage is the rapidity of analysis, that can be performed in just fewminutes. The main disad-
vantage of ATR-FTIR spectroscopy is that it does not allow unambiguous assignment of
absorption bands in the fingerprint region; only a few absorption bands can be assigned
with a high level of confidence. Another disadvantage of ATR-FTIR is that it is almost
purely qualitative.

As a platform bearing numerous functional groups, GO exhibits very rich and complex
IR spectra as can be seen in Fig. 2.5. In the high wavenumber region (3600–2400 cm−1),
a broad absorption band is observed, primarily attributed to the stretching vibrations of
O–H bonds. While it could theoretically arise from tertiary alcohols within GO or water
molecules incorporated into the structure, it predominantly results from water molecules
[40], with the contribution of alcohol hydroxyl groups being minor.

In the middle of the spectrum, two prominent absorption bands at around 1723 cm−1

and 1619 cm−1 are characteristic of GO FTIR spectra. These bands consistently appear
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in GO spectra across different samples. Their precise positions may vary slightly be-
tween studies due to instrumentation differences. They typically fall within the ranges
of 1719–1734 cm−1 for the first peak and 1615–1626 cm−1 for the second peak. The 1723
cm−1 band is definitively associated with the stretching vibrations of carbonyl groups, of-
ten related to carboxylic functional groups but possibly originating from other carbonyl
groups like ketones and aldehydes. In any case, consensus exists that this band primarily
arises from C=O bond stretching vibrations.

Figure 2.5: ATR-FTIR spectra of pristine Graphene Oxide.

2.3.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a valuable technique for determining the quantity of
functional groups by measuring weight loss with increasing temperature. Several factors
contribute to this weight loss, and these factors vary depending on the specific compound
being analyzed. The thermal profile ofGO (Fig. 2.6) shows three different regions ofweight
loss in the temperature range considered. In the lower temperature range, specifically be-
low 100 °C, the observed decrease in weight can be attributed to the removal of physically
adsorbed water molecules. Moving into the range between 140 °C and 260 °C, the weight
loss can be ascribed to the thermal decomposition of oxygenated functional groups. At
higher temperature, typically above 450 °C, the weight loss can be ascribed to the oxida-
tive pyrolysis of carbon framework [41] [42]. Graphene exhibits remarkable stability at
high temperatures, making the weight loss in the functionalized sample a direct indicator
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of the quantity of introduced functional groups. In contrast, when analyzing functiona-
lized GO, the weight loss in this temperature range is due to both unreacted oxygenated
groups and the covalently introduced molecules. Consequently, to determine the quantity
of introduced molecules, one must calculate the difference in weight loss between GO and
functionalized GO.

Figure 2.6: Thermogravimetric analysis of Graphene Oxide (10◦C/min in air).

2.3.3 Scanning Electron Microscopy
Each individual, GO or modified GO, flake is essentially a two-dimensional nanoparticle,
which poses a challenge for optical microscopy due to their minuscule size. If the flakes
sizes are in the micrometric range, they can be resoluted using a optical microscopy but
smaller flakes are beyond the resolving capability of optical microscopes. However, elec-
tron microscopy techniques step in to bridge this resolution gap, enabling the capture of
high-resolution images that unveil the structural details of GOflakes. Unlike spectroscopy
techniques, which often analyze bulk samples and may not provide a granular view, mi-
croscopymethods offer the remarkable advantage of delivering comprehensive data about
the morphology of a single GO flake. The high-resolution images obtained through mi-
croscopy methods offer insights into the size, shape, and other structural features of GO
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flakes, contributing significantly to the comprehensive study and utilization of these nano-
materials.

Scanning Electron Microscopy (SEM) is an imaging technique that operates by de-
tecting and collecting secondary electrons emitted when specimen atoms are excited by
an incident electron beam. In the realm of GO analysis, SEM stands out as one of the most
reliable and robust microscopy methods. Its functionality allows for the rapid scanning
of large surface areas of a specimen that includes tens and even hundreds of different GO
flakes on the same image.

High-quality GO images can be obtained with magnifications varying from 500
through 100.000. When GO flakes are deposited on a substrate (usually SiO2 thermally
grown on Si and Si with native SiOx), and, by analysing an elevated number of images,
it is possible to do flake thickness statistics of graphene materials. Meanwhile, the trans-
parency of graphene sheets gives indications about the thickness of the graphene samples.
More specifically, by examining the edges and grayscale coloration of the SEM image, it
becomes possible to count the number of layers [43].

Figure 2.7: SEM images of spin-coated GO film. Figure taken from [44].

2.3.4 X-Ray Photoelectron Spectroscopy

Photoelectron spectroscopy (PES) is one of the most established methods for determining
the elemental composition and the chemical state of solid surfaces and thin films. In par-
ticular, X-Ray Photoelectron Spectroscopy (XPS), which exploits X-Ray photons to excite
electrons from the core levels of the atoms of a solid into the vacuum, is capable of probing
the electronic structure of matter with elemental sensitivity and chemical state specificity.
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XPS stands as a uniquely powerful analytical method, offering distinct advantages over
other techniques like FTIR. What sets this technique apart is its ability to provide both the
elemental content of the sample and its quantity.
XPS spectra are generated by exposing a material to a beam of X-rays and then measur-
ing the intensity and kinetic energy of the photo electrons (photoelectrons) emitted by the
sample in response to this irradiation. The working principle of the method is based on
the law of conservation of energy, written as:

h̄ω = Ekin + ϕ+ Ebind (2.1)

Here h̄ω is the energy of the incident photons of X-ray radiation, Ekin is the kinetic en-
ergy of released electrons andEbind is the binding energy (ionization energy) measured in
electronvolts (eV). ϕ is the work function of the material and represents the minimum en-
ergy required to remove an electron from the solid; it can be seen as an energy barrier that
electrons need to overcome in order to escape from the surface into the vacuum. From
here, the binding energy can be express as:

Ebind = h̄ω − Ekin − ϕ (2.2)

Figure 2.8: Schematic view of the photoemission process: (a) a photon of energy h̄ω impinges on
a solid surface, and after absorption of the photon an electron is emitted in a given direction; (b)
corresponding energy balance within the framework of a electron picture.

Depending on the testedmaterial, usually the photoelectrons are emitted from a depth
of several micrometers due to X-ray penetration. However, only the photoelectrons com-
ing from the first 3-7 nm have not lost energy by interacting with other nuclei or electrons,
and thus Equation 2.1 is valid, allowing them to be identified as core transitions. Photo-
electrons emitted from greater depths lose energy and only contribute to the background
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of the spectrum. XPS is a very sensitive tool to determine the entity and quantity of the
elements present in the sample.
Regarding GO, XPS not only offers data on the elemental composition but also reveals the
type and proportion of functional groups present. When it comes to GO, the most sig-
nificant insights can be derived from the C1s spectrum, which elucidates various carbon
atom states within the sample.

In the freshly cleaved highly oriented pyrolytic graphite (HOPG), no oxygen or defect
is present (inset Fig 2.9) and only C1s signal is detectable, at 284.5 eV corresponding to the
sp2 C–C (Fig. 2.9). This peak is not symmetrical, the asymmetry arises from a intrinsic
interaction due to band structure of the material. In the HOPG, where valence and con-
duction bands overlap, interactions with the valence band lead to photoelectrons loose
kinetic energy to promote other electrons to higher energy levels within the same band
(intra-band transitions). As there is no band-gap, these photoelectrons can lose kinetic
energy through a continuos distribution and no discrete transition, resulting in C1s sig-
nal that exhibit distortions relative to the intrinsic line-shape, typically described by an
Duniac-Sunic or asymmetric Voigt curve [45]. Moreover, the defects present in the lattice,
typically C sp3, present a chemical shift (usually between 0.5 and 1.0 eV) with a peak cen-
tred around 285.6 eV, witch is usually modelled with a symmetric Voigt [46] [47].

Figure 2.9: Wide spectrum of highly oriented pyrolytic graphite. Inset: zoom-in the range of O1s

peak.

In GO theC1s peaks are more complex, as the material present graphenic sp2 regions,
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defects and various functional groups (Fig. 2.10). This variety of carbons can generate
C1s peaks with different chemical shifts compared to peak centred around 284.5 eV corre-
sponding to the Csp2. While it is not possible to experimentally differentiate every single
component, since the resolution of a standard XPS spectrometer is around 0.9 eV, it is
possible to quantify their contribute by performing a deconvolution of the C1s peak.

Figure 2.10: The C1s spectrum for GO. The black line is the actual experimental spectrum. The
coloured peaks are the component used in the deconvolution.

The peaks position of each functional group are not universally shared, but a wide va-
riety of attribution can be found in literature [48] [49] and in XPS data based from know
compound [50]. For the work reported in this thesis, the peaks position considered, based
on literature data [47], were: aromatic carbon (Csp2,2 284.4 eV), aliphatic carbon (Csp3,
285.0 eV), hydroxyl (C − OH , 286 eV), epoxy (C − O − C , 286.7 eV), carbonyl (C = O,
288.0 eV) and carboxyl (O − C = O, 289.1 eV). An additional component for the decon-
volution has been considered, the component called C = C∗ (283.6 eV). All carbon atoms
in the lattice surrounding a single carbon vacancy undergo chemical shifts toward lower
binding energy with respect to the Csp2 peak, i.e., eachmissing carbon atom causes chem-
ical shift of 12 near-by atoms ranging the first to the third in-plane nearest neighbours [51].
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It is worth noting that although these deconvolutions could be accurate, they remain
largely speculative. There is a virtually unlimited range of potential methods to deconvo-
lute the integral spectra. The critical question is the extent to which we can rely on this
data. One assertion can be made with certainty: the C1s XPS spectrum effectively reflects
the overall oxidation state of both GO and modified GO. In this regard, XPS is arguably
the most efficient and precise method among all the spectroscopic techniques.

Figure 2.11: Wide spectrum for Graphene Oxide (purchased from LayerOne, batch number S-
126/36).

Aside theC1s peak, the typical GO spectrumpresent another prominent peak, the peak
of O1s, centred around 532 eV. A wide range spectrum of GO is reported in Fig. 2.11. As
can be seen in Tab.2.1, pristine GO is mainly composed of 98% carbon and oxygen atoms,
while the remaining 2% are traces of chlorine, sulphur and nitrogen. These elements are
not chemically bound to the structure of graphene oxide but rather the remaining side
products of its industrial production.

To correctly quantify the quantity of a defined element in a sample, the Relative Sensi-
tivity Factor (RSF) needs to be taken in consideration. The RSFs are element-specific and
they depends on the ionization cross-section, the inelastic mean free path and the analyser
transmission function. Furthermore, for simplicity the RSF ofC1s is taken as 1 (reference)
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C1s O1s N1s S2p Cl2p
Binding Energy (eV) 287 532 402 169 199
Graphene Oxide 67.2% 30.3 % 0.7% 0.7% 1.0%

Table 2.1: Atomic composition of graphene oxide.

and all the others are calculated accordingly. The RSF used for this thesis are reported
below in Tab. 2.2.

Element R.S.F.
C1s 1
O1s 2.85
N1s 1.77
Cl2p 2.36
S2p 1.74
Na1s 7.99
Ca2p 5.13
Si2p 0.865

Table 2.2: Relative Sensitivity Factor used for this work.

The quantification of an element can be easily done by using the following formula:

Atomic content % =

AN

RSFN∑i ANi

RSFNi

(2.3)

WhereAN is the peak area for theN element considered,RSFN is the relative sensitivity
factor for that element and

∑i ANi is the sum of all the peaks area of the elements present
in the sample.
Another useful chemical information that can be extrapolated from an XPS analysis is the
O/C ratio. This parameter is very important when an accurate classification and compar-
ison between different graphene based material is needed [52] [53].
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2.4 Application of modified GO

2.4.1 Water purification

In the last few decades, contamination of water sources has become more frequent all
over theworld. Awide spectrumof contaminants, spanning frompharmaceuticals, to per-
sonal care products, plastics, additives, andmore, poses a significant challenge for conven-
tional water treatment methods. These pollutants, some of which are scarcely addressed
by current technologies, present a concerning issue, potentially even affecting the quality
of drinking water. To compound this dilemma further, our environment faces a relentless
influx of over 30,000 chemicals daily. Regrettably, the long-term effects and toxicity of
most of these substances remain largely unknown, casting a shadow over their potential
impact on ecosystems. These chemicals steadily make their way into the market and sub-
sequently, either directly or indirectly, find their way into our precious water resources.
This presents a pressing concern for the sustainability of our water supply and the health
of our ecosystems. Drinking water contamination is a major concern to be rapidly faced
with the development of new, low cost, sustainable and high-performance materials and
technologies.

In December 2020, the European Union adopted the recast Drinking Water Directive
and the Directive entered into force in January 2021 [54]. This new law introduces new
limits and new contaminants to be monitored and removed. This new directive calls for
an urgent development of new technology for detection, early warning, and remediation
of those contaminants with proved eco- and human toxicity (such as perfluoroalkyl sub-
stances or bisphenol A).

Arsenic pollution in water is a worldwide problem and has been considered as one
of the major pollutants in potable water [55]. The occurrences of arsenic at high concen-
trations in groundwater has been well documented in many countries such as Argentina,
Bangladesh, China, India, Mexico, and Vietnam [56].

Nanomaterials, in particular graphene oxide, hold great promise in this field. Due to its
high specific surface area and surface reactivity compared to conventional bulk materials
nanoparticles, GO showed high potential in controlling heavy metals, organic pollutants,
and microorganism removal in drinking water [57].
Graphene oxide represents a scaffold with π − π interactions, hydrophobic interactions
as activated carbons but it also has polar chemical oxygen based groups promoting higher
hydrophilicity, electrostatic interaction, higher processability in water. These interactions
allow to capture organic molecules and ions fromwater. Interestingly, studies have shown
that GO nanosheets exhibited comparable or better adsorption capacities than other car-
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bon nanomaterials, such as carbon nanotubes, toward several contaminants in real op-
eration environment, for example in the presence of normal organic matter. Thus, GO
nanosheets are considered a valid alternative as adsorbent for removing organic contam-
inants from water in engineering applications.
One approach to quantify the efficiency of a given material toward a selected contam-
inant is to measure removal efficiency as a simple percentage (weight of molecules ad-
sorbed/total weight of molecules in the original solution), measured at a specific concen-
tration. This method, while it could be useful to some extent [58] and for a rapid com-
parison between two different materials, it does not take in consideration the different
experimental conditions (adsorbent, pH, adsorbate, temperature, etc.) so it is not possible
to make a direct confrontation [59]. An alternative approach measures the weight of con-
taminant adsorbed at equilibrium (qe, in mg/g) for different equilibrium concentrations
of the adsorbate molecule in solution (ce, in mg/L). This data can be then used to model
an isotherm of adsorption which can provide information of the maximum adsorption
capacity, which is significant in the evaluation of the performance of the adsorbents.

Tuning the selectivity of GO based structures for arsenic removal is a current chal-
lenge. On this line, covalent chemical modification of the oxygen-based functionalities of
GO could provide a powerful tool to address this issue. For example, enhanced adsorption
of heavy metal ions such as Cu(II) and Pb(II), and organic dyes such as methylene blue, in
water and wastewater have been reported for EDTA [60], sulphonated [61] and amino rich
graphenes [62].
Dinda et al. designed a graphene based 2,6-diaminopyridine adsorbent (DAP–RGO) us-
ing surface functionalization of GO [63]. The functionalization was confirmed by FTIR
spectroscopy, XPS analysis, TEM and EDX measurement and TGA. The characterization
showed a relative hing content of nitrogen after the synthesis. Furthermore, the material
was proven to be an efficient remover of Cr(VI) from acidic solutions.

Liu et al. reported a graphene-based thiacalix[4]arenetetrasulfonate nanocomposite
(TCAS–rGO) using a convenient wet chemical strategy [64]. The TCAS–rGO nanocom-
posites were characterized by FTIR, Raman spectroscopy, XPS, scanning electron mi-
croscopy SEM, energy dispersive X-ray analysis (EDX), and TGA. They demonstrated
that TCAS–rGO possesses excellent selective adsorption capacities for Pb(II) and Cd(II)
compared to Na(I), K(I), Mg(II), and Sr(II). Lastly, adsorption behaviour of TCAS–rGO
towards Pb(II) and Cd(II) from aqueous solutions was explored by adsorption kinetics,
isotherm models, and thermodynamic parameters. The maximum adsorption capacities
of the TCAS–rGO toward Pb(II) and Cd(II) were 230 mg/g and 128 mg/g, respectively.
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2.4.2 Carbocatalysis
In contemporary catalytic technologies, heterogeneous catalysis is the preferred choice
over homogeneous catalysis due to its enhanced economic viability and the easiness of
separating and reusing heterogeneous catalysts. It is worth noting that the first industrial
catalytic reaction, conducted in 1970, involved the oxidation of SO2 to SO3 with NO as
a homogeneous catalyst. In the present day, over 95% of synthetic chemicals production
methods incorporate at least one catalytic step. Catalysis has undeniably become a pivotal
factor in the production of materials and chemicals.

For this purpose, catalysis utilizing heterogeneous nanomaterials have been developed,
encompassing elements like Co, Au, Ni, Pd, and Pt, to facilitate numerous essential chem-
ical reactions [65] [66]. These nanomaterial-based catalysts serve either as support plat-
forms or as active sites for catalytic processes. Their remarkable feature, enables multiple
catalytic reactions to take place simultaneously. However, the high production costs of
thesemetal nanomaterials present a substantial challenge. Consequently, themost promis-
ing approach for future industrial process is the advancement of "metal-free" catalysis, a
domain currently dominated by carbon-based materials. These materials include carbon
black, activated carbon, fullerene, carbon nanotubes, nanodiamond, and graphene.
The rise of graphene in recent years has led to an increase in research reports investigating
graphene-based materials for their potential as catalysts and support substances. With a
remarkable theoretical surface area of 2630 m2/g, graphene has attracted substantial at-
tention as a promising heterogeneous catalyst. Nevertheless, in the majority of catalytic
systems, pristine graphene has not been the primary focus; instead, researchers have pre-
dominantly explored its derivatives. These derivatives encompass graphite oxide (GiO),
GO, and chemically or thermally reduced graphene oxide (rGO), collectively referred to
as chemically modified graphene.

Graphene-based materials exhibit the capability to catalyse a diverse range of reac-
tions. Some of these reactions display great promise, while others may exhibit lower ac-
tivity compared to metal-based catalysts. Among these materials, GO stands out as highly
active across a variety of reactions [67] [68], spanning from organic synthesis [69] [70] to
polymerization reactions [71] [72], indicating its potential for broad catalytic applications.
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3. Aim of the Work

The objective of this thesis is the development of new modified GO for the application in
the filed of water remediation and carbon dioxide capture and riutilization.

In Chapter 4.1, the aim of the work is the synthesis and characterization of graphene
oxide modified with branched polyethyleneimine (GOPEI) materials and its use as ad-
sorbent for drinking water. The synthesis, characterization and its use as adsorbent for
arsenic from drinking water is reported. PEI modification with a fluorescent thiophene
based dye is also carried out to monitor the evolution of the purification by UV-vis and
fluorescence analysis in order to achieve highly pure materials. GOPEI characterization
through ATR-FTIR spectroscopy, XPS, SEM imaging and with measure of Zeta Potential
is discussed. The material was tested as adsorbent for a mixture of arsenic from tap water.
Kinetic of adsorption and adsorption efficiency are discussed togetherwith themechanism
of adsorption established by adsorption isotherms experiments and theoretical models.

In Chapter 4.2, a family of GO nanosheets covalently modified with amino acids and
the study on their adsorption properties toward a mixture of selected contaminants, in-
cluding pharmaceuticals, additives, and dyes is reported. GO derivatives bearing L-Lysine,
L-glutamic acid and L-methionine (GO-Lys, 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 XPS and elemental analyses. Their properties were compared to
unmodifiedGO, reducedGO (rGO), and to the reference sampleGO-NaOH (aGO thatwas
treated in the same condition as the others butwithout the amino acids). Each type ofmod-
ifiedGOpossesses a higher adsorption capacity toward bisphenol A (BPA), benzophenone-
4 (BP4), and carbamazepine (CBZ) than standard GO and rGO. The maximum adsorption
capacity (estimated from the adsorption isotherms) was strictly related to the amino acid
loading. Accordingly, molecular dynamics simulations highlighted higher interaction en-
ergies 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.

In Chapter 4.3, we reported a new gram-scale synthesis of a GO-Arg composite. This
material was then characterized and its use in the fixation of CO2 for the chemoselective
ring-opening of epoxides to cyclic carbonates was demonstrated. This protocol, once op-
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timized, was found suitable for a wide scope (15 examples) and recoverability/reusability
(up to 5 cycles) of the material was tested. Furthermore, with dedicated control experi-
ments we were able to shed light on the activation modes exerted by GO-arginine during
the ring opening/closing synthetic sequence.

In Chapter 4.3.2 we focused on the application of this material in an ICCC (Integrated
CO2 Capture and Conversion) process. It has been demonstrated that the material is able
to capture CO2 both from high purity atmospheres but also from low concentration mix-
tures (such as atmospheric one) and to convert it when exposed to dedicated reaction con-
ditions (i.e. synthesis of cyclic carbonates). The entire process was completely studied and
rationalized using dedicated computational, chemical physical, and spectroscopic analyses
(XPS, BET, TGA, ect).
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4. Results

4.1 Scalable synthesis and purification of functionali-
zed graphene nanosheets for water remediation

Adapted with permission Chem. Com., 2021, 57, 31, 3765; RSC
DOI https://doi.org/10.1039/d1cc00704a

Graphene oxide modified with branched cationic polyethyleneimine (GOPEI) [73], which
exhibits remarkable chelating properties with various metal ions. GOPEI porous foams
have demonstrated exceptional effectiveness in removing metal cations like Pb(II) from
aqueous solutions, with uptake capacities significantly higher than traditional activated
carbons [74]. Additionally, GOPEI-modified cellulose fibers have been used for the pre-
concentration of trace arsenate and arsenite, which are of particular concern due to tighter
regulations on drinking water quality [75].

To fully utilize modified GO for water purification at a large scale, a high availability
of materials and consistent batch purity are essential to prevent secondary contamination.
In this context, a novel approach involving microwave-assisted synthesis and microfiltra-
tion (MF) on commercial hollow fiber modules has been developed. This method enables
rapid modification and efficient, reproducible purification of GO, addressing the need for
reliable and stable performance in water treatment processes [76].
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Scheme 4.1: Synthetic pathways to GOPEI and GOPEId.

The rationale behind the MF method relies on the peculiar structure of the module
polymeric core, consisting of porous hollow fibers (Versatile PES, Medica SpA) with a cut-
off value in the range of 100–200 nm. Due to such a cut-off value, the module can stop
objects larger than the pore size while allowing the permeation of smaller species such as
reaction side-products including unreacted molecules. Given its already highlighted per-
formance in water treatment, GOPEI was selected as a case study. GO and PEI suspension
in water–EtOH was irradiated with MW at 80 °C at a fixed power of 120 W for 30 minutes
rather than refluxed for 24 hours under conventional heating as previously described. The
same protocol was exploited to synthesize a fluorescent analogue (GOPEId) that is used
to monitor the evolution of the purification in the following MF step (Scheme 4.1). To
this aim, we used a blue emitting thiophene-based dye functionalized with a succinimidyl
end group that spontaneously reacts with the amino moieties of the branched PEI (Fig.5.2,
Chapter 5). Then, the crude material was purified by MF on commercial Versatile PESs
hollow fiber modules (Plasmart, Medica SpA) in dead-end filtration modality (in-out), i.e.
by forcing the solution to pass through the hollow fiber membrane section through a peri-
staltic pump (Fig. 4.1).
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Figure 4.1: Sketch of the microfiltration procedure (Plasmart 25 cartridge, Medica spa) and images
of the real set-up by using PEId to visually monitor the evolution of the purification. (a) Loading
phase: the crude suspension is introduced into the hollow fibers passing each fiber from in to out,
(b) washing phase: the immobilized GO sheets are washed with MilliQ water in the same flow di-
rection (in-out) and (c) recovery phase: purified GOPEId is collected in the opposite flow direction
(out-in). (d–f) Experimental set-up under normal light corresponding to each phase and (g–i) same
experimental set-up under UV light (λ = 365 nm) showing the evolution of the fluorescence during
each phase.

The suspension was introduced into the fiber lume and forced to exit by the outer
surface after passing through the section. In this modality (called dead-end in-out mode),
the GOPEI sheets could not pass through the fiber pore and remain staked on the inner
fiber surface. This was demonstrated by the filtered solution which was clear (Fig. 4.1d).
Once immobilized on the inner fiber wall, the GOPEI sheets were washed with ultra-pure
water : EtOH solution, until no PEI (or PEId) was detected in the eluted water fractions
(Fig. 4.1(e) and 4.1(h)). The monitoring of PEI in the washing water fractions was per-
formed using UV-vis spectroscopy after complexation with copper salts (absorption peak
of the Cu–PEI complex at 277 nm) according to already known protocols (Fig. 5.3) [77].
Moreover, for further confirmation we performed the same protocol on GOPEId. The
eluted fractions showed intense blue fluorescence until all the unreacted PEId was sepa-
rated (Fig. 4.1e and 4.1h). Besides the online fluorescence monitoring (Fig. 5.4a, Chapter
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5) we performed UV-vis spectroscopy on the collected fractions (Fig. 5.4b, Chapter 5) and
monitored the lowering of the absorbance peak of the PEId located at about 350 nm. Due
to the separation intrinsically allowed by the microfiltration mechanism, we were able to
collect all the unreacted PEI and estimate the degree of PEI loading by (i) complexation
with copper, (ii) monitoring the PEId absorbance during elution and (iii) by the weight of
the evaporated eluted fractions. According to both procedures, a loading of PEI of about
40%was achieved and about 2.5 L of water were required to purify 1 gram of crude GOPEI.
The estimated loading was confirmed also by thermogravimetric analysis (Fig. 5.5, Chap-
ter 5) and XPS. Finally, the washed GOPEI sheets were collected by flowing water in the
direction opposite to that of the loading phase (Fig. 4.1c, f and 4.1i) and a total reaction
yield of 63% in GOPEI was achieved.
The ATR-IR spectra of GOPEI (Fig. 5.6, Chapter 5) showed the typical fingerprint of GO
and the appearance of PEI aliphatic chain peaks in the range of 2850-2960 cm−1. XPS re-
vealed the increase of nitrogen (N1s) in GOPEI from 0.9% for GO to 10.4% for GOPEI,
confirming the presence of PEI chains (Fig. 4.2a). Moreover, the amount of PEI could be
roughly estimated considering that XPS showed about 10 atoms of N in every 100 atoms
of GOPEI; the PEI has a C:N ratio of 2, thus, approximately 30% of atoms in GOPEI can be
associated with PEI, in good accordance with post-microfiltration experiments and TGA.

Figure 4.2: (a) XPS survey spectra of pristine GO and GOPEI and (b) SEM images of GOPEI (sol.
1mg/L, sonicated for 25 min before deposition of silicon).

The representative morphologies of GOPEI are shown in Fig. 4.2b. GOPEI shows
sheets resembling the mesoscopic structure of GO typical sheets, but with amorphous
structures at the edge of the sheets probably due to the branched PEI chains. XRD of
GOPEI sheets showed the loss of sharp reflection of GO patterns at 10.51 due to the (001)
interlayer distance d = 0.84 nm (Fig. 5.7, Chapter 5). The successful grafting of PEI was
also confirmed by ζ potential measurements. The negative surface charge of GO with (ζ
potential = -23.2mV) becomes positive after PEI grafting inGOPEI (ζ potential =+14.9mV).
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Microwave–microfiltered (MW–MF) prepared GOPEI was then used as a sorbent for
arsenic and lead contaminants, simultaneously from spiked tap water (pH = 7 ± 0.5) at
an environmentally relevant concentration (100 mg/L each). Fig. 4.3 shows the removal
kinetics of the adsorption for GOPEI in comparison to GO. A 97.6% removal rate has
been achieved using GO for Pb after only 10 min, due to its high affinity on the nega-
tively charged surface at experimental pH (GO pHpzc is around 2) and As adsorption was
only 10% at 10 min with a decreasing trend (1% at 24 h), due to the anionic form in which
arsenate is present at circumneutral pH (Fig. 4.4a).

Figure 4.3: As and Pb adsorption kinetics at Ci = 100 µ/L (each), (pH = 7 ± 0). And solid/liquid
ratio of 13 mg/30 mL.

PEI modification provided, at this pH, a shift towards more positive surface charges,
mainly driven by the protonation of amino groups [78], therefore, we observed an increase
in As adsorption up to 49.1% after 10 min (87.5% at 24 h) and simultaneous Pb removal re-
duction of only 1–2%. Thus, the advantage of GOPEI with respect to unmodified GO has
clearly led to the possibility of being used for the removal of both lead and arsenic ions.
Removal mechanisms of cationic heavy metals, such as Pb2+, using GO are well studied
and reported to depend on the great affinity towards oxygenated groups of the GO surface
such as carboxyl, hydroxyl and carbonyl groups[79]. When PEI is added, electrostatic re-
pulsion toward positively charged ions takes over, but there is always attraction towards
carboxylic groups present on the graphene, they are not fully protonated above pH = 4,22
which could mediate the formation of polymer–metal complexes with the amino group
lone pairs (Fig. 4.4b).
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Figure 4.4: (a) Contaminant (As and Pb) dominant species in the pH range of interest for water
treatment. (b) Functional group protonation at the pH close to that used in this work [78], pKa2

refers to deprotonation of carboxylic groups in red (c) summary of the removal mechanisms driv-
ing both As and Pb adsorption according to pH conditions.

Liu et al. stated that Pb adsorption onto fibrils conjugated with PEI was also attributed
to the formation of a strong inner complex with the unquaternized N atoms of the amino
groups in the PEI chains, especially at pH=4.5. Hence, in the case of Pb, synergetic ef-
fects of abundant functionalities in GO and complexation of polyamine are the drivers
for adsorption (Fig. 4.4). On the other hand, amine protonated groups favour anionic ad-
sorption, as reported for the case of Cr(VI). The anionic metal and metalloid adsorption
mechanism onto PEI has been explained by both electrostatic adsorption and hydrogen
bonding formation. A detailed overview of speciation of As and Pb, and functional group
protonation/deprotonation versus pH is provided in Fig. 4.4 with suggested mechanisms
for adsorption summarized in Fig. 4.4c, based on the observed data and in accordance
with previously published papers.
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4.2 Aminoacid-driven adsorptionof emerging contam-
inants inwater bymodified grapheneoxidenanosheets

Adapted with permission Environ. Sci. Water Res. Technol., 2023, 9, 1040; RSC
DOI https://doi.org/10.1039/d2ew00871h

Adapted with permission Chem. Com., 2022, 58, 9766; RSC
DOI https://doi.org/10.1039/d2cc03256b

The full description of the isotherms of adsorption and the computational data can be
found in the published version of this articles. Herein, my main focus is on the contri-
bution I made to the publication.

Amino acid-modified GO has been proposed in recent years as a material with en-
hanced biocompatibility (methionine) [80], anticorrosion (lysine), lead adsorption [81], and
antibiotic (methionine, cysteine) or dye adsorption [82] [83] properties. Nanocomposites
of amino acid-GO have been also exploited for magnetic separation of proteins [84] (L-
arginine, glutamic acid, phenylalanine, and cysteine), for the fabrication of membranes
for direct methanol fuel cells [85] (aspartic acid) or as coatings of electrodes for biosensing
applications (methionine) [86].
The synthesis of such modified GO has been generally carried out by amidation after GO
carboxylic acid activation by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) or
thionyl chloride (SOCl2), followed by reactionwith the amino groups. Alternatively, epox-
ide ring opening reaction by the nucleophilic amino group of the amino acid has also been
propose [87] [27].

On this line, aiming at advanced design strategies able to promote specific sorption
properties, we report the synthesis of L-Lysine [88], L-glutamic acid and L-methionine-
modified GOs [89] (GO-Lys, GO-Glu and GO-Met), their structural characterization, and
the investigation on the role of the amino acid in the adsorption properties. The adsorp-
tion selectivity and efficiency of these materials toward a selection of contaminants of
emerging environmental concern, as a mixture in tap water (including drugs and dyes,
whose molecular structures are reported in Fig. 4.5), were investigated by combined ki-
netic/isotherm adsorption studies and molecular modelling.
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Figure 4.5: Molecular structures of selected emerging contaminants.

In particular, the adsorption mechanism and capacity toward three emerging water
contaminants, i.e. bisphenol A (BPA), a plastic additive; carbamazepine (CBZ), an anti-
epileptic drug; and benzophenone-4 (BP4), a sunscreen ingredient, were deeply investi-
gated. The three selected amino acids have side chains of similar length but strongly dif-
ferent 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. car-
boxylic (Glu), thioether (Met) or amine (Lys), enabling different types of intermolecular
interactions.

Scheme 4.2: Synthetic pathway to amino acid-modified GOs.

GO-Aminoacids were synthesized by microwave (MW)-activated amination (Scheme
4.2) and purified using a new convenient microfiltration (MF) protocol (Fig. 4.6) (details
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in Chapter 5). The microfiltration was performed on commercial Versatile™PES modules
(Plasmart 100, Medica Spa). Such modules have a filtering surface of about 0.1 m2, and cut-
off of 150 nm. The dead end in-out procedure (i.e. inlet by point 1 and out by point 3, 2/4
exits were closed), previously reported [88], was here improved by working in the loop-
dead end modality, as shown in Fig. 4.6a and b. The crude suspension was flowed through
the inner fiber lumen (inlet by point 1, out by points 3 and 4, and recirculation by point
4) and recirculated, while small molecules of size below the fiber pores pass by the fiber
section (exit 3). Clean water was progressively added to the crude to purify the modified
GO until a neutral pH was measured for the collected GO-Aminoacids solution. The total
added volume of water was about 1.5 L/300 mg GO starting material for our procedure
with respect to 2.3 L/300 mg required for conventional reiterated centrifugation-based
purification. This microfiltration protocol allowed us to speed up the filtration by work-
ing at a higher flow rate (100 mL/min), with respect to the previously reported dead-end
in-out microfiltration procedure, which works at a maximum of 20 mL/min. In addition,
by working in the loop modality, we did not observe clogging of the pores of the mem-
branes, as instead observed in the dead-end closed modality [88].

Figure 4.6: (a) Sketch of the purification of GO-Amino acids by microfiltration, and (b) zoomed-
in view of the microfiltration procedure and image of the suspension (2 mg/mL after 30 h from
sonication).

The overall procedure resulted in (i) less water/time consumption than centrifugation,
(ii) less energy demand, and (iii) less mechanical detriment for the modules than those of
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the previously reported microfiltration procedure. Moreover, the cartridges being com-
mercially available with larger size and higher filtering surface, the process could be easily
upscaled.

The chemical structure and the amino acid loading ratio for the new modified GO
was estimated by XPS. The survey spectra of amino acid modified GOs are reported in
Fig. 4.7 and their atomic composition is reported in Tab 4.1. 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 sp2 regions of GO, ii)
C–O/C=O 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 signifi-
cant information about the products was obtained from the N1s signal. The N1s binding
energies of NH2 and NH+

3 were found in the literature [90]: for each amino acid used in
this work, the values were contained within the intervals 399.3–399.6 eV and 401.0–401.4
eV. Unfortunately, it was not possible to univocally discriminate between R–NH–R and
R–NH2. As a matter of fact, the corresponding binding energies are overlapping, i.e. the
R–C(O)–NH–R group in polyamic acid at 400.5 eV [91] or in Nylon 6 at 399.9 eV. The N1s

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; these binding energies were closer to the R–NH2 or R–NH–R
chemical state reported by the literature than to the R–NH+

3 group.

The presence of R–NH+
3 was unfavourable because our reaction was performed under

basic conditions. The increase of the N1s 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
N1s peak of GO-Lys, GO-Glu andGO-Met. This is possible becausemost of theN1s signal
arises from the bound amino acid, and because the 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 (S2p
signal with a S–C chemical shift at 163.4 eV, Fig. 4.8) in GO-Met and estimated the same
loading values obtained by N content estimation.

Materials Atmoic Composition %
C O 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-Glut 77.1 19.7 0.7 0.2 _ _ 2.3 6

Table 4.1: Atomic composition of GO, GO-NaOH, GO-Lys, GO-Glu and GO-Met, expressed in %.
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Figure 4.7: XPS survey spectra of GO (black), GO-NaOH (red), GO-Met (purple), GO-Glu (green),
and GO-Lys (blue).

It is noteworthy that sulfur was also present in the pristine GO in its typical oxidized
form (R–SOx), but the treatment with NaOH removes this group, as confirmed by our ex-
perimental evidence (absence of the S2p signal associated with R–SOx in GO-Met in Fig.
4.8 or any other functionalised GO) and some previous dedicated study by Eigler [29]. GO-
Glu and GO-Met showed comparable loading, i.e. 5% and 6%, respectively. The estimated
loading for GO-Lys was significantly higher being, about 15%.

Furthermore, the C1s peaks of GO-Lys, GO-Glu and GO-Met were deconvoluted into
their component peaks (Table 4.2). From the deconvolution of the C1s signal of GO-Glu,
it is possible to observe the increase in the relative amount of carbon sp2 (43%) compared
to the starting GO (31%) as well as for the reference material GO-NaOH (51%). Similarly,
the relative amount of carbon sp2 for GO-Met (46%) is also increased. XPS revealed the
presence of a small percentage of residual Na (reaction in NaOH) and Ca (washing proce-
dure).
Elemental analysis (EA) on pristine amino acid and on modified GOs was performed to
analyse the bulk composition. The atomic composition (H, C, O, S) of each material was
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Figure 4.8: a)N1s XPS signal of GO, GO-NaOH, GO-Met and GO-Glu. The fitted peaks were at:
401.5 eV for GO, 400.1 eV for GO-NaOH, 400.7 eV and 399.4 eV for GO-Met and 400.2 eV for GO-
Glu. b) S2p XPS signal of GO and GO-Met. The fitted S3/22p were at 168.4 eV for GO, 163.4 eV and
166.3 eV for GO-Met.

in good accordance with that estimated by XPS, and is reported in Tab. 5.2, 5.3 and 5.4,
Chapter 5.

Materials C1s fit
Csp2 Csp3 C=C∗ C-OH/C-N C-O-C C=O O-C=O

GO 31.2 7.9 4.8 14.3 33.7 5.0 3.2
GO-NaOH 51.2 8.0 2.6 10.1 19.9 6.0 2.1
GO-Lys 52.6 22.0 1.8 8.7 5.0 7.3 2.5
GO-Met 45.6 14.0 0.3 16.6 13.9 6.6 3.1
GO-Glut 43.3 20.8 1.4 9.0 15.3 6.7 3.4

Table 4.2: C1s deconvolution of GO, GO-NaOH, GO-Lys, GO-Glu and GO-Met, expressed in %.
Some groups present possible overlaps (i.e. C-OH and C-N).

In the free amino acid references, atomic ratio (and S/C in Met) was exactly the ex-
pected 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)
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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 dur-
ing 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 (Tab. 5.2 and 5.3, Chapter 5), 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
O%, 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=O 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 4.1).

The zeta potentials (ζ potentials) ofGOandmodifiedGOnanosheetsweremeasured in
deionized water. The obtained values,-35.2± 0.8 mV for GO-Lys, -42.4± 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), meaning that the surface charge cannot explain the observed differ-
ent adsorption properties. The morphology of the modified graphene was investigated by
scanning electron microscopy (SEM) showing the typical GO nanosheet morphology for
GO-Lys, GO-Glu and GO-Met, with a lateral size of a few micrometres, but more aggre-
gated and multilayer nanosheets (Fig. 4.9).

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 mix-
ture in the tap water matrix (Fig. 4.10), 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 [92]. 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.
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Figure 4.9: SEM images of GO (top left), GO-Lys (top right) GO-Glu (bottom left), and GO-Met
(bottom right).

Figure 4.10: Removal at different contact time of each contaminant from the mixture in tap water
(total volume=10 mL, sorbent amount= 25 mg, CIN=5 mg/L of each contaminant) by GO (orange),
GONaOH (dark blue), GO-Glu (grey), GO-Met (green) and GO-Lys (red). a) contact time 1 h, b)
contact time 4h and c) contact time 24 h.
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Under the selected conditions, GO showed lower 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 in-
creases 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).

The full discussion, modelling of isotherms and molecular dynamics simulation are
reported in the articles pubblished on this works [88] [89].
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4.3 CO2 capturing and valorization

4.3.1 Recyclable GO-ArginineHybrids for CO2 Fixation into Cyclic
Carbonates

In this work we envisioned the possibility to realize a robust and recoverable metal-free
material for the interconversion of CO2 into cyclic carbonates. In order to maximize the
efficiency of the process we targeted the simultaneous activation of oxiranes and CO2 by
designing a multifunctionalized GO-based composite. In particular, we decided to exploit
theGOsurface synergistically as a strongH-donor platform (epoxide activation)[93][94][95]
and to bind guanidine-like groups for the nucleophilic activation of carbondioxide (Scheme
4.3) [96] [97] [98].

Scheme 4.3: The working idea behind the present methodology.

Focusing on cheap and largely abundant guanidine containing chemical sources, our
attention dropped on the naturally occurring amino acid L-Arginine (Arg) that has been
reported as a valuable CO2 trapping agent through the formation of arginine-arginine car-
bamate ion pairs [99]. Additionally, L-Arginine has already found applications as derivatiz-
ing agent of inert matrix for the CO2 trapping/valorization; however, harsh reaction con-
ditions (high temperature and pressure) were required to access synthetically convenient
efficiency [100] [101] [102]. Accordingly, a new gram-scale synthesis of a GO-Arg composite
will be described with application in the chemoselective ring opening of epoxides to cyclic
carbonates. Spectroscopic and experimental investigations enabled a full characterization
of the material along with a description of the reaction machinery involved.

The model GO-Arg hybrid was obtained on gram-scale (2.3 g/batch) via aminative
grafting on GO surface under basic conditions (Fig. 4.11a) [103].
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Mechanistically, the ring-opening of the epoxide moieties on GO surface is accounted
as most likely during the tagging process. For purification, we exploited the same proce-
dure for microfiltration described before (Fig. 4.11b).

Figure 4.11: a) Synthetic route to GO-Arg, for simplicity only one molecule of arginine was rep-
resented. b) Purification method of GO-Arg by microfiltration in loop-dead end modality [(1):
GO-Arg reservoir, (2): purification column via microfiltration on PES modules, (3): impurity accu-
mulation].

The obtained GO-Arg material was characterized by XPS and attenuated total re-
flectance infrared spectroscopy (ATR-IR), and its properties compared to those of pristine
GO and pristine L-Arginine (Fig. 4.12). XPS analysis of GO-Arg is consistent with the
typical structure of this material and is mainly composed of carbon, oxygen and nitrogen,
associated to: i) the aromatic sp2 regions of GO; ii) C-O/C=O functional groups; and iii)
the nitrogen functional groups (C-N/C=N) present in L-Arginine. Since the increase N1s

signal (from 0.7% for pristine GO to 4.9% for GO-Arg) is mainly due to the presence of
L-Arginine, it is possible to estimate a relative loading of 14% in GO-Arg by considering
the atomic ratios of L-Arginine (C:N:O = 6:4:2).
Furthermore, the C1s and N1s signals of GO-Arg were deconvoluted into its component
peaks (see Tab. 5.6). From the deconvolution of C1s signal it is possible to observe the slight
increase in the relative amount of carbon sp2 (40%) compared to the starting graphene ox-
ide (31%). Unfortunately, most of the nitrogen functional groups (C=N or C-N) present in
the GO-Arg are in the same binding energy regions of the oxygenated functional groups.
The deconvolution of N1s signal of GO-Arg presents four distinct components: i) 401.5 eV
(6% of N1s) associated to nitrogen already present in GO; ii) 399.8 eV and iii) 400.5 eV asso-
ciated to different types of nitrogen atoms present in L-Arginine (86% of N1s) as reported
by Artemenko[90] and iv) 398.0 eV (8% of N1s) C that was also associated to L-Arginine
(C=N-C group reported at 398.6 eV) [104].
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ATR-FTIR spectrum of GO-Arg shows the typical O-H stretching of graphene oxide as a
broad peak between 3700 and 2500 cm−1 (Fig. 4.12b). In this region there are also present
two peaks at 2924 and 2854 cm−1; these can be ascribed to the asymmetric and symmetric
stretching of -CH2 of the aliphatic chain of arginine.
Diagnostic signals appeared also at lower wavenumbers (1650- 1550 cm−1, broad peak) that
could be associated to the C=C stretching of the graphitic surface and a sharp signal at 1641
cm−1 to the –CO2H stretching of the tagged arginine [105].

Figure 4.12: a) High-resolution deconvoluted XPS spectra of the N1s peak. b) ATR-IR spectra of
GO, GO-Arginine and L-Arginine.
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The GO-Arg material was then employed in the optimization of the reaction condi-
tions through a survey of parameters by adopting the ring-expansion of racemic styrene
oxide (1a) as a model protocol (Tab. 4.3). Temperatures lower than 100 °C were selected
in order to prevent the partial GO reduction via thermal releasing of small molecules (i.e.
CO, CO2, H2O) and by degradation of lowmolecular weight fragments from the carbona-
ceous matrix.

Entry[a] GO-Arg (wt%) Additives (30 mol%) Conditions Yield of 2a%[b]

1 160 TBAI 24h 77
2 160 TBAI 48 h 86
3[c] 160 TBAI 24h 62
4 60 TBAI 48 h 73
5 25 TBAI 48 h 83
6 10 TBAI 48 h 75
7[c] 25 TBAI[c] 48 h 84
8 25 TBAI[d] 48 h 75
9 25 // 48 h //

10[e] 25 TBAI 48 h //
11 // TBAI 48 h 12
12 25 TBAI DMSO, 48h 67
13 25 TBAI CH3CN, 48h //
14 25 TBAI Dioxane, 48h 20
15[f ] 60 (GO) TBAI 48 h 60
16[g] 60 (Arg) TBAI 48 h 37

Table 4.3: Optimization of the reaction conditions (TBAI= Tetra butylammonium iodide). [a] All
reactions were carried out in dry solvents (0.2 mM, 1a), additives (30 mol%), unless otherwise specified. [b] isolated yields after flash
chromatography. [c] A concentration of 1a = 0.1 mMwas used. [d] 20mol%. [e] The reaction was carried out under nitrogen atmosphere.
[f] GO instead of GOArg. [g] L-Arginine instead of GO-Arg. TBAI: tetrabutylammonium iodide.

Delightly, the GO-Arg hybrid (160 wt% to 1a) proved efficiency in promoting the epox-
ide ring-expansion and delivered the corresponding carbonate 2a in 77% isolated yield
after 24 h at 100 °C (entry 1) [106]. With the aim to optimize the reaction conditions
targeting the minimization of material loading, we were pleased to verify that GO-Arg
could promote the titled CO2 fixation in synthetically useful extent (83%) with loading as
low as 25 wt% (entry 5). Furthermore, attempts to improve the reaction performance by:
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i) diluting the reaction mixtures ([1a] = 0.1 mM, entry 3) and ii) lowering the GO-Arg load-
ing (10 wt%, entry 6), led to comparable or unsatisfying chemical outcomes with respect to
the optimal conditions. Blank reactions demonstrated that both TBAI (30 mol%, entry 9)
CO2 atmosphere (entry 10) and GO-Arg (entry 11) were pivotal for the isolation of 2a (see
below for mechanistic interpretations).

Additionally, DMF was elected as the optimal reaction medium via comparison with
other polar organic solvents (entries 12-14).
The present composite GO-Arg proved superior competence with respect to the single
components (i.e. L-Arg and GO) that provided 2a in lower extents when utilized inde-
pendently (yields: 37-60%, entries 15-16). Finally, the genuinely heterogeneous catalysis
was circumstantiated by a hot-filtration test that displayed not further advancement in
the reaction conversion upon removal of the GO-Arg material after 16 h reaction time (see
Chapter 5).
The generality of the methodology was then evaluated by subjecting a range of aromatic
(1b-j) as well as aliphatic epoxides (1l-o) to the ring-expansion protocol, by means of the
optimal conditions described in Tab.4.3, entry 5 (Scheme 4.4). Within the series of aro-
matic epoxides, we recorded the good to excellent yields (up to 82%) on the corresponding
cyclic carbonates regardless both electronic properties and position of the substituents.
In addition, aliphatic epoxides turned out to be highly reactive on the optimal conditions
yielding the desired cyclic carbonates 2l-o in good to high isolated yields (up to 79%).

Scheme 4.4: Scope of the present CO2 fixation into cyclic carbonates.

The robustness of the functionalizedGOwas then considered by assessing both recov-
erability and reusability of the heterogeneous promoter. In particular, the carbonaceous
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material was easily separated by the reaction products via centrifugation. Repeated wash-
ings with a EtOAc/DMFmixtures enabled the effective removal of the TBAI residues from
the solid materials that were finally recovered via dispersion into water and subjected to
lyophilization before re-use. With this simple protocol, we were able to recover quantita-
tively the GO-Arg employed in every run and reuse the material up to 5 consecutive CO2

fixations providing substantially similar performance both in terms of overall chemical
yield (Tab. 4.4 Top) and kinetic profiles (see Fig. 5.11). The chemical integrity of the GO-
Arg surface before and upon after a catalytic cycle was also verified by C1s, O1s and N1s

XPS-analyses (Figure 4.4 Bottom and Chapter 5 Fig. 5.9).

Cycle I II III IV V
2a 82 78 75 75 74

GO-Arg∗ 98 98 98 98 98

GO-Arg C% O% N%
Pristine 73.7 19.6 4.9
I Cycle 79.4 15.2 4.4
II Cycle 79.8 15.2 4.1
III Cycle 80.8 14.3 3.9

Table 4.4: Top: Recycling experiments on the model reaction 1a→ 2a. Bottom:Proving the mor-
phological integrity of the GO-Arg composite along the recovering/reuse tests (XPS atomic %).
The % of GO-Arg recovered is referred to the amount employed in the previous run.

In particular, the overall chemical surface composition of GO-Arg changed only
marginally over the five catalytic cycles accounting for the chemical robustness of the
carbo-material in our conditions. Here, the slight reduction observed after the first cycle
could be ascribed to an unavoidable partial de-oxygenation of GO upon repeated thermal
treatments [106]. This loss did not seem to involve the arginine pendant, given the un-
changed nitrogen content recorded. Additionally, no traces of residual TBAI were identi-
fied in the recovered GO-Arg material upon the catalytic iterations.

47



Therefore, we addressed our efforts towards the comprehension of the activation
mode exerted by the polyfunctionalized amino acid pendants (i.e., guanidine unit, pri-
mary amine) once covalently tagged to the surface of the GO layers. To this purpose, we
synthetizedN-alkylated guanidine 5a by condensing S-methylisothiourea hemisulfate (4a)
with n-pentyl amine 3a [107]. The guanidine derivate 5awas then implemented in the co-
valent derivatization of GO,following the synthetic methodology described in Scheme4.5.

Scheme 4.5: Synthesis of N-alkylated guanidine 5a and implementation in the realization of the
composite GO-5a.

The GO-5a obtained in this way was characterized by XPS and ATR-IR, and its prop-
erties were compared to those of pristine GO and GO-Arg (Fig.4.13). XPS of GO-5a pre-
sented a similar structure compared to GO-Arg. Here, an increase of nitrogen content
was observed (3.5%, N1s at 400.0 eV). Accordingly, a a 12% loading of 5a was estimated by
considereing the atomic composition of 5a.

Figure 4.13: a) High-resolution deconvoluted XPS spectra of the N1s peak of GO-5a. b) ATR-IR
spectra of pristine GO, GO-5a, and 5a.
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ATR-FTIR spectrum of GO-5a shows the typical O-H stretching vibration peaks of
GO (3700 and 2500 cm−1) and two diagnostic peaks at 2924 and 2854 cm−1 (absent in GO)
that can be ascribed to the stretching of the -CH2 units of the aliphatic chain of 5a. Finally,
the sharp peak at 1641 cm−1, attribute to the carboxylic group stretching in GO-Arg (Fig
4.12b), here was absent.

Interestingly, when GO-5awas utilized in the optimized fixation of CO2 (Tab. 4.3, en-
try 5), the corresponding cyclic carbonate 2a was isolated in comparable yield to GO-Arg
(88% yield) supporting the pillar “double” role exerted by the guanidyl unit in the present
methodology. As a matter of fact, the superbase core is proven to participate in the cova-
lent linking of the GO surface and in the transient activation of CO2. On the contrary, the
present experimental and spectroscopy evidence indicate the concomitant involvement
of the -NH2 group of L-Arg on the catalytic process unlikely or at least non predominant.
Finally, some preliminary control experiments were carried out on enantiomerically pure
styrene oxide (S)-1a, providing important insights to formulate a tentative reaction pic-
ture (Scheme 4.6). In particular, when the methodology was adapted to enantiomerically
pure styrene oxide (S)-1a the corresponding carbonate 2a was isolated with substantial
racemization (ee = 77%, Scheme 4a-i). Intrigued by this partial loss of stereochemical in-
formation, some dedicated experiments in the absence of CO2 were carried out to locate
the racemizing step on the mechanistic profile. Here, while GO-Arg and TBAI alone led to
the recovery of (S)-1a with negligible racemization (ee = 94% and 93%, respectively), stir-
ring (S)-1a in the presence of a mixture of GO-Arg and TBAI (DMF, 100 °C, 16 h) caused a
significant drop in the enantiomeric excess of the oxirane (ee = 51%).

Scheme 4.6: a)Mechanistic control experiments on enantiopure styrene oxide. b) Pictorial mech-
anistic sketch of the present CO2 fixation reaction.
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With this information in hand, some mechanistic conclusions can be drawn. In par-
ticular, both the iodide anion and the Brønsted acidity released by GO in solution are
involved in the initial ring-opening stage a) Scheme 4.6b. This step resulted reversible
through a partial SN 1 profile, as testified by the observed racemization of 1a under CO2-
free conditions. Therefore, the resulting a-iodo-alkoxide intermediate A can trap one
molecule of CO2 previously activated by the guanidyl group of the GO-Arg composite B.
Finally, the carbonate releasing by intermediate C will occur by means of an intramolec-
ular iodo displacement reaction. The partial racemization recorded with enantiopure 1a
suggests that either steps a) and or c) could feature a not negligible SN 1 profile. Although
the activation of CO2 by physisorption phenomena could likely parallel the herein pro-
posed covalent interaction (B), previously reported covalent activation modes of carbon
dioxide on similar amino functionalized materials prompted us to propose the formation
of transient carbonates as key intermediates of the process [108].
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4.3.2 GrapheneOxide-ArginineComposites: EfficientMaterials for
Integrated CO2 Capture and Conversion - ICCC

Adapted with permission ChemSusChem 2024, e202301673
DOI doi.org/10.1002/cssc.202301673

Here, we continuewith our recent finding inGO-Arg composite in the interconversion
of epoxides to cyclic carbonates via CO2 insertion [109] [110]. The electrophilic activation
of carbon dioxide by the guanidinium unit of the amino acid [96] [97] [98] was documented
as the pivotal chemical event for the final ring-expansion step. In addition, the effective-
ness of organic amines as “sponges” in CO2 capture methodologies is well consolidated
[111]. Therefore, we envisioned the possibility to combine these findings for the realiza-
tion of an unprecedented ICCC process with the synthesis of synthetically valuable cyclic
carbonates as final valorized form of CO2 [112]. Remarkably, this proof-of-concept pro-
tocol would address all the afore described open tasks, by introducing a single metal free
composite capable, an “on-demand”, of both CO2 trapping and its chemical activation. Ad-
ditionally, the application of ICCC to C-O bond forming reactions would open new hori-
zons in the preparation of added-value and structurally elaborated chemical compounds
via direct CO2 capture/fixation procedures.

The GO-Arg composites (GO-Arg 1:1; 1:3 and 1:5) were promptly synthetized by means
of variant of known aminative procedures on GO surface [102]. In particular, aqueous
suspensions of GO (100 mg, pH = 12 adjusted with NaOH) were treated with 100 mg, 300
mg and 500 mg of L-arginine (Arg), respectively. Under these conditions, a covalent graft-
ing of the amino groups of arginine on GO via epoxide ring-opening is postulated [103]
[27]. Conceptually, based on the side where the nucleophile approaches the GO surface,
the reaction can generate a syn- or an anti-β-amino alcohol framework. In this context,
we investigated the two stereodivergent mechanisms by means of quantum mechanical
and molecular mechanical (QM/MM) computations and the resulting potential energy
surfaces (PESs) have been collected in Fig. 4.14. Interestingly, both kinetic and thermody-
namic parameters converge towards election of the anti-attack as the most likely one. In
details, comparing the kinetics of the two mechanisms, the activation barrier for TSsyn is
slightly higher than TSanti, being 12.6 kcal/mol vs 9.1 kcal/mol in the case of the anti-attack.
Analogously, from a thermodynamic point of view, the formation of the anti-GO-Arg re-
sulted strongly favored (-34.4 kcal/mol) respect to the syn-GO-Arg (-4.5 kcal/mol). Steric
hindrance issues in the ring-opening product and large accessibility of the anti-face of GO
during the ring-opening events account for the aforementioned computations.
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Figure 4.14: PES obtained for the two possible stereodivergent mechanisms of β-amino alcohol
formation upon syn (A) or anti (B) covalent grafting of arginine on GO via epoxide ring-opening.
2D-representation of the critical points are also inserted as insets.

Therefore, the superficial loading of arginine was experimentally determined via XPS
analysis and in particular, the degree of surface decoration of GO was evaluated by mon-
itoring the N1s signals. As can be seen in Fig. 4.15 and Table 4.5, The materials GO-Arg
1:1, GO-Arg 1:3 and GO-Arg 1:5 presents a significantly higher amount of N respect to the
pristine GO. In particular, for GO-Arg 1:1 an atomic nitrogen content of 1.6% was recorded
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that lifted up to 4.5% for GO-Arg 1:3. Differently, by further increasing the GO:Arg ratio
up to 1:5 no significant variation on nitrogen content was recorded (5.9%) Based on these
outcomes, the estimated arginine loadings were 5%, 14% and 18%, respectively. Since the
increase N1s signal is mainly due to the presence of L-Arginine, it is possible to estimate a
relative loading by considering the atomic ratios of L-Arginine (C:N:O= 6:4:2). The overall
oxidation (O1s/C1s) was lower than GO due to the presence of aliphatic chains of arginine.
The presence of Ca2p (347.5 eV) in the samples can be ascribed to the presence of Ca ions
in the washing water used during purification.

Figure 4.15: Survey spectra of GO-Arg 1:1 (blue line),GO-Arg 1:3 (red line) andGO-Arg 1:5 (black
line).

Materials C% O% N% Na % Ca % Loading %
GO-Arg (1:1) 84.3 14.4 1.6 <1 <1 5
GO-Arg (1:3) 73.7 19.6 4.5 <1 <1 14
GO-Arg (1:5) 73.1 21.1 5.9 <1 1.5 18

Table 4.5: Atomic compositions of the materials calculated by XPS analysis.

TheCO2 adsorption capacity of the dry Arginine-functionalizedGO samples with dif-
ferent arginine amounts was measured by registering the mass change of the samples via
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TGA analysis. The adsorption/desorption curves are shown in Fig. 4.16a. The first part of
the curve shows the cleaning cycle at 90 °C and the temperature decreasing to 40 °C in pure
N2. The second part of the curve is the absorption of CO2/N2 1:2 % v/v mixture, while the
third one shows the CO2 desorption at 90 °C in N2. Each sample responds rapidly to the
adsorption process due to the reaction between the arginine linked to GO and the carbon
dioxide.

Figure 4.16: CO2 adsorption/desorption curves (1 cycle) of the Arg-functionalizedGO sampleswith
different Arginine amounts.

Materials CO2 uptake CO2 uptake static
(mgCO2/gadsorber) (mgCO2/gadsorber)

GO-Arg (1:1) 16.3± 0.8 20.1± 1.0
GO-Arg (1:3) 23.1± 1.1 26.5± 1.3
GO-Arg (1:5) 28.2± 1.4 39.3± 1.9

Table 4.6: CO2 adsorption capacity of the arginine-functionalized GO.

The extrapolated CO2 uptake mean values for 1:1, 1:3, and 1:5 samples are reported in
Tab. 4.6. These values increase with Arginine loading from 1:1 (18.8± 3.5mg/g) to 1:5 sam-
ple (highest adsorption capacity of 28.2 ± 1.4 mg/g) due to the increased active sites of
the material. The same trend of adsorption was registered under pure static CO2 absorp-
tion conditions (2 h, Tab. 4.6, see Chapter 5 for details). The uptakes recorded using this
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method are higher than the ones reported for conventional TGA analysis in flow due to
the different operating conditions (i. e. GO-Arg 1:5, 39.3 ± 1.9 mgCO2/gadsorber). Interest-
ingly, the recorded CO2 adsorption capacity of the GO-Arg 1:5 composite (ca. 1 mmol of
CO2 per g of adsorbent) are in line with the reported adsorption values of amine-based
materials for CO2 trapping and utilization [113].

GO-Arg 1:5 sample was also considered to determine the CO2 absorption in open air
at room temperature. The adsorption capacities measured using TG analysis after 1, 2, 3,
4 and 6 days were reported in Fig.4.17 and Tab.4.7. The data show a nearly exponential
increasing of the CO2 uptake until the 4th day. After this time, a stabilization of the up-
take was observed at values of mgCO2/gadsorber similar to the ones registered for the static
absorption of the sample. It is important to note that the desorption occurred at the same
temperature of the previous experiments as confirmation of the selective CO2 absorption.
Remarkably, these results emphasize the ability of the GO-Arg materials to selectively ab-
sorb the CO2 present in the environment nevertheless its lower concentration. Due to
the higher similarity between the analytical and experimental operative conditions for the
successive transformation step, the static CO2 uptake was considered as the most reliable
experiment for the calculation of the theoretical amount of CO2 absorbed, to determine
the conversions in the carbocatalytic processes.

Figure 4.17: Graph of the CO2 absorption capacity of the GO-Arg 1:5 in open air (rt) over time. The
dotted red line represents the nearly exponential trend curve of the experimental data.

The combination of our previous findings focused on the nucleophilic activation of
CO2 by GO-Arg and the previously established capability of GO-Arg to effectively trap
carbon dioxide, led us to test this adduct as an “on-demand” smart material for the inte-
grated CO2 capture and chemical conversion. In this direction, we focused our attention
on the synthesis of cyclic organic carbonate via CO2-based ring opening of epoxides as
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Time CO2 uptake CO2 uptake
(days) (mgCO2/gadsorber)[a]

1 24± 1.2
2 27.4± 1.4
3 31.6± 1.9
4 38.3± 1.9
3 38.7± 1.9

Table 4.7: CO2 adosorption capcacity of the GO-Arg 1:5 sample left in open air (at room tempera-
ture). [a] CO2 desorption measured by TG analysis after. The samples before adsorption (day 0) were subjected to a cleaning cycle at
90°C for 30 min in pure N2 flux to remove any gaseous adsorbed species

benchmark reaction by using dry GO-Arg materials as an adsorbent. The synthesis of or-
ganic expoxides via CO2 insertion, procedure represents an important synthetic strategy
for large-scale production of long-vector organic scaffolds via a world-wide volume ex-
ceeding 100 ton/year. In this direction we set up a sequential one-pot CO2 absorption –
CO2 conversion into cyclic carbonates always under the assistance of the GO-Arg com-
posite.

Figure 4.18: Schematic representation of the integrated an iterative “capture-CO2-conversion”
strategy (TBAI: tetrabutylammonium iodide). During the capture stage, GO-based materials were
exposed to∼ 0.7 mmol of CO2 (99.9% purity).

In particular, an absorption period of CO2 on dry GO-Arg was operated at 100°C
for 2h. Then, a judicious removal of the excess of CO2 was operated via consecutive
N2/vacuum cycles. The resulting [GO-Arg]/CO2 derivativewas then exposed to a solution
of styrene epoxide (1) and TBAI in DMF under rigorous nitrogen atmosphere. Satisfyingly,
under optimal conditions, the [GO-Arg]/CO2 served as an effectively reservoir of activated
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“solid” CO2 enabling the effective synthesis of 2 (Fig. 4.18).

Run[a] GO-Arg (x:x)
CO2 CO2 Yield of 2(%)[b]adsorption conversion

parameters parameters
1 1:3 60°C Optimal 27
2 1:3 Optimal 16h 29
3 1:3 Optimal 60°C 56
4 1:1 Optimal Optimal 60
5 1:3 Optimal Optimal 83
6 1:5 Optimal Optimal 86
7 1:3 24h, rt, open air Optimal 75
8 1:3 2h, 50°C, vacuum Optimal 20
9 1:3 Optimal DMSO 62
10 GO Optimal Optimal Traces
11 Arg Optimal Optimal 23[c]

12 1:3 Optimal Optimal NR[d]

13 // Optimal Optimal NR[e]

Table 4.8: Combined trapping and carbocatalytic conversion of CO2 by GO-Arg composites. [a] All
attempts were carried out on/with a) adsorption stage: 40 mg of GO-Arg and 0.7 mmol of CO2 (99.9% purity); b) conversion stage: 0.1
mmol of 1 (0.1 M) in reagent grade DMF. [b] Determined via 1H-NMR analysis of the reaction crude by means of the internal standard
methodology (mesitylene). [c] Calculated on styrene oxide as the limiting reagent. The reaction was carried out with 6 mg of Arg
(estimated amount of Arg present in the GO-Arg 1:3 composite). [d] Without TBAI. [e] Without GO-Arg.

The chemical yield (internal standard on NMR crude mixture) of the final cyclic car-
bonate 2was determined by considering themaximal loading of CO2 on theGO-Arg com-
pounds determined by thermal analysis (see Tab. 4.6) and a collection of the resulting out-
comes has been reported in the Tab. 4.8. Interestingly, the previously reported GO-Arg
(1:3) material proved efficiency in the two-stage one-pot approach by converting the 83% of
the captured CO2 into 2 (entry 5). As expected, the CO2 capture/fixation performance was
narrowly related to the amount of Arg present in the material. As a matter of fact, while
the 1:1 adducts delivered 2 in 60% yield (entry 4), the 1:5 analogous 86% (entry 6). Always
in this direction, by running the model process in the presence of only 0.1 mmol of 1 and
double the quantity of GO-Arg (1:3) (simulation of higher “trapped/activated” CO2:1 ratio)
an increase on the production of 2 (93%, entry 10) was recorded.

By electing the GO-Arg (1:3) as the model material, a range of different reaction pa-
rameters (i.e. time, temperature) were also screened, (entries 1-3). However, both lower
temperatures (stages 1 and 2) and shorter reaction time (stage 2) resulted in lower isolated
yield of 2 than that, optimal conditions (entry 5). Moreover, based on the intriguing in-
sights collected with the adsorption analyses carried out with air (Fig.4.17), we attempted
an ICCC experiment simply exposing the GO-Arg for 24 h to a regular atmospheric mix-
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ture (adsorption stage). Interestingly, the material worked smoothly also under these con-
ditions (yield of 2=75%), highlighting the potential applicability of the protocol towards
selective CO2 trapping/valorization of gas streams (entry 7).

To corroborate the previous result, a black experiment was performed by avoiding
any CO2 contamination of the material (entry 8). Here, a residual amount of CO2 in the
pristine GO-Argmaterial was recorded (yield of 2 = 20%). Furthermore, the genuine effec-
tiveness and synergistic roles of both GO and Arg components in the sequential process
was proved by running the carbonate synthesis in the presence of GO and arginine as
single promoters (entries 10 and 11). Here, while commercially available GO proved to
modestly activate CO2 towards incorporation into 2, its implementation in a sequential
protocol furnished disappointing outcomes (traces of 2, entry 10) emphasizing an unsat-
isfactory CO2-trapping attitude. Interestingly, the use of unsupported arginine yielded
2 in 23% yield, proving the central role of the amino acid for the chemical activation of
carbon dioxide. Finally, the synergistic action of both components GO-Arg and TBAI in
promoting the ring-expansion of the epoxide (vide infra formechanistic investigation)was
stressed by the blank reactions exemplified in entries 12 and 13 in which implemented in
absence of TBAI and GO-Arg respectively.

In our previous study, we postulated the covalent grafting of CO2 on the GO-Arg sur-
face (guanidine unit) though the formation of a carbamate group. To get more insights
into this crucial aspect, XPS analyses were performed on the GO-Arg sample (GO:Arg 1:3
ratio), on the same composite upon pre-treatment for CO2 absorption ([GO-Arg]/CO2)
and pristine GO at 100°C for 2h (for pristine GO, Tab. 5.13, Chapter 5). The resulting pho-
toemission peaks of C1s, N1s and O1s have been summarized in Fig. 4.19 and the Tab. 4.9
reports the binding energies and the percentages of the different contributions used to fit
the photoemissions. In particular, the C1s region was fitted including contributions from
C=C sp2, C-C sp3, C-O+C-N, C-O-C, C=O+C=N, andO-C=O (forGO-Arg) andO-C=O+
N-COO (for [GO-Arg]/CO2). A contribution at lower and a peak at higher BE, account for
GO defects and π − π∗ satellite, respectively. O1s region was fitted including four contri-
butions deriving from C=O, C-O, adsorbed water and Arg carboxylic group and N-COO
group for [GO-Arg]/CO2. The BE (530.8 eV ca.) of latter contribution agrees with previous
findings and with a pure Arg sample used as reference compound. Moreover, pristine GO
does not show this contribution at lower BE. It is important to note that both in C1s and
O1s regions of [GO-Arg]/CO2, it is not possible to distinguish the peak of the carbamate
group formed after the reaction with CO2 since its binding energy is very similar to that
of the carboxylic group of Arg.
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Figure 4.19: C1s, O1s and N1s photoemission peaks and their fitting for GO-Arg (a, b, c) and for
[GO-Arg]/CO2 (d, e, f).

On the other hand, C1s and O1s photoemission peaks show some relevant differences
looking at the relative amounts of the different contributions used to fit the raw data.
In fact, O1s of [GO-Arg]/CO2 (Fig.4.19e) shows a larger amount (double) of the peak at
530.8 eV ca. attributable to the O-C=O group of Arg and to the N-COO group formed
after CO2 treatment. Also, in C1s photoemission peak, the reaction with CO2 implies a
greater amount for the peak at 289 eV ca. that accounts for theO-C=O andN-COOgroups
(Fig.4.19d). Hence, XPS analyses strongly support the hypothesis that CO2 is trapped by
GO-Arg thanks to the formation of a carbamate group as depicted in Fig. 4.20, Int3. Fi-
nally, N1s photoemission peak was deconvoluted using two peaks with a ratio 1:3 as previ-
ously described (C-NH2 and guanidinium group) and a third peak at higher BE due to GO
nitrogen. Here, a comparison between the sample before (Fig.4.19c) and after CO2 treat-
ment (Fig.4.19f) shows no appreciable differences. This is probably due to the fact that
guanidinium and carbamate group have very similar BE and XPS cannot resolve the two
contributions [90] [114].
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GO-Arg [GO-Arg]/CO2

BE (eV) at. % BE (eV) at. %
C1s

283.9 2.0 283.8 2.3
284.5 47.4 284.5 39.8
285.1 4.4 285.0 5.3
286.4 8.6 286.3 11.4
287.1 6.6 287.1 5.1
288.3 4.2 288.1 4.2
289.1 1.9 288.9 3.3
291.2 0.5 291.0 0.8

O1s

530.7 2.5 530.8 5.1
531.9 6.0 531.9 5.9
532.7 8.2 532.9 8.9
533.9 1.2 534.0 1.4

N1s

399.3 1.1 399.4 1.2
400.2 3.4 400.4 3.7
401.5 0.4 401.5 0.4

Table 4.9: BE and atomic percentage of the fitted C1s, O1s and N1s photoemission peaks.

To elucidate the details of the reaction mechanism of the CO2 activation and fixation
reaction on the arginine-grafted GO, we carried out QM/MM computations. In this di-
rection, we decided to investigate the reactionmechanism of CO2 activation starting from
the anti-complex to the formation of the carbonate 2a (Pc). Optimization of physisorbed
styrene oxide, iodine and CO2 molecules generated the reactant complex (Rc), which cor-
respond to the asymptotic limit (AL) of the reaction. The PES reported in Fig. 4.20 and
the representation of the critical points of the MEP (minimum energy path) are shown as
insets. The overall reaction path that generates the final product can be divided into three
main steps: 1) epoxide activation, 2) CO2 activation, and 3) carbonate formation.
Epoxide activation. The formation of the α-iodo-alkoxide intermediate A (INT2) can fol-
low either a SN2 or a SN 1 mechanism. While the concerted mechanism requires 28.1
kcal/mol to occur, the transition state for the carbocation formation is located as 22.7
kcal/mol, suggesting that the reaction of epoxide-opening follows preferentially a SN 1
mechanism. The carbocation Int1 (5.8 kcal/mol above AL) is generated by the opening
of the styrene oxide and encountering the negative charged iodine collapses, via a barri-
erless process, to the stable INT2 (-30.0 kcal/mol).
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In both mechanisms (SN2 and SN 1) the guanidinium group of the grafted arginine acts
as an acid catalysis, protonating the epoxide on the styrene oxide.

Figure 4.20: PES obtained for the CO2 activation and fixation reaction catalyzed by arginine-
grafted GO. Representation of some of the critical points obtained for the CO2 activation and
fixation, are also inserted as insets.

CO2 activation. Int2 can be converted into intermediate C (Int4) by distinct reac-
tive pathways depending on the role of the guanidium group of the grafted arginine: i)
an acid-base promoted mechanism, ii) an electrostatic catalysis and iii) the covalent CO2
activation.

i When the guanidium is not involved in any interaction with CO2 (TS2(C)), it simply
acts as a base (see Fig. 4.21), deprotonating the hydroxyl group of α-iodo-alkoxide,
activating the nucleophile for the CO2 attack. This process has an intrinsic activation
barrier of 49.5 kcal/mol, i.e., 19.5 kcal/mol above AL.

ii In TS2(B) (Fig. 4.21), the guanidium interacts with CO2 forming a salt bridge-like in-
teraction, anchoring the carbon dioxide by forming two hydrogen bonds with its NH
groups. In this geometry, CO2 is slightly bent (O-C-O =160.5°) and more susceptible
to the nucleophilic attach by the α-iodo-alkoxide: respect to TS2(C), the intrinsic ac-
tivation energy lowers to 27.5 kcal/mol, laying at -2.5 kcal/mol below AL.

iii The guanidium group can also bind carbon dioxide by forming a covalent bond. By
overcoming TS2, which is very fast process (7.9 kcal/mol), the stable intermediate
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Int3 is formed (-26.1 kcal/mol), which presents a completely formed bond between
the guanidium and the CO2 (N-C = 1.53 Å). On such intermediate, α-iodo-alkoxide
easily attacks the electrophilic carbon of the activated CO2, TS3(C) requiring only 6.3
kcal/mol to form Int4.

Considering the three possible reactionmechanisms that lead to the formation of Int4,
the guanidinium group is crucial for the formation of an activated (i.e. bent) CO2, that
can undergo α-iodo-alkoxide nucleophilic attack. This activation can take place via an
electrostatic (TS2(B)) or a covalent (TS2(C), Int3, TS3) catalysis, both performed by the
presence of the guanidium group grafted onto the GO surface. Regardless the type of
mechanism, concomitantly with the formation of the carbamate-like intermediate Int4,
the catalyst is restored in its positively charged form.
Carbonate formation. The last step of the reaction mechanism foresees the intramolecular
closure of the carbonate into the cyclic carbonate product Pc. The negatively charged
portion of Int4 attacks intramolecularly the electrophilic carbon, bearing the iodine atom,
with an activation barrier of 17.6 kcal/mol, so thatTS4 results to be only 3.2 kcal/mol below
AL. Overall, the reaction generates a highly stable product (- 53.6 kcal/mol).

Figure 4.21: Representation of electron movement for the acid-base mechanism (TS2(C)) and elec-
trostatic catalysis (TS2(B)).
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5. Materials and Methods

General

Branched PEI (average Mw ~25,000 Da by LS, average Mn ~10,000); ethanol, 96% (EtOH);
dichloromethane (DCM) were purchased from Sigma Aldrich and used without further
purification. GO powder was purchased from LayerOne, Norwey. Microwave assisted re-
actions were performed by a CEMMatthews, NC (USA) DISCOVER-SP (Freq. 2,45 GHz;
Max Pwr. 1100W). Absorbance spectrawere obtainedwith Carry 3500UV-vis spectropho-
tometer (Agilent Technologies, Australia). Photoluminescence spectra were obtained with
a LS50 spectrofluorometer (PerkinElmer, Waltham, MA, USA).

Chromatographic purification was done with 240-400 mesh silica gel. Other anhy-
drous solvents were supplied by Sigma Aldrich in Sureseal® bottles and used without
any further purification. Commercially available chemicals were purchased from Sigma
Aldrich, Stream and TCI and used without any further purification. Anhydrous DMF was
purchased from Merck and used as received. All other commercially available starting
materials and (non-anhydrous) solventswere purchased fromMerck, TCI chemicals, Fluo-
rochem or Alfa Aesar and were used as such without further purification.
CO2 ≥ 99.5% purity, purchased from SIAD, was used in the Arg-GO CO2 fixation.

High-resolution XPS spectra were acquired by using a Phoibos 100 hemispherical en-
ergy analyser (Specs GmbH, Berlin, Germany), equipped withMg Ka radiation source (h̄ω
1253.6 eV; power = 125W). Analyser were set in the Constant Analyser Energy (CAE) mode,
with pass energy of 40 eV. An overall resolution of 1.5 eV was measured and the analyser
was calibrated by the Ag3d 5/2 (368.3 eV) and Au4f 7/2 (84.0 eV) signals from freshly Ar+
sputtered samples. Charging effects were corrected by calibration of Binding Energy on
C1s (285.0 eV) for all spectra.

Z potential was measured in ultrapure water, using NanoBrook Omni Particle Size
Analyzer Brookhaven Instruments Corporation, USA.

Elemental analysis was performed on modified GO powders by using an Elementar
Unicube Elemental analyser, method GRAPHITE.
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Scanning electronmicroscopy (SEM) analyses were performedwith a ZEISS LEO 1530
FEG. The sampleswere deposited on a cleaned siliconwafer by dropping 100µLof suspen-
sion at 0.1mg/mL concentration in dimethylformamide (DMF). The energy of electrons
was 5 keV and the signal was acquired using an inLens detector at a working distance of
3–5 mm.

GOPEI

Microfiltration module structure

The models used for microfiltration were: Plasmart 25, SF 0.01 m2 (about 275 fibers), cut
off 1000 KDa, pore size 100-200 nm, dead volume 2.5 mL, maximum graphene loading
(LayerOne, Norwey, powder sonicated for 4 hours) estimated about 500 mg. Plasmart 100,
SF 0.1m2, (about 850 fibers), cut off 1000 KDa, pore size 100-200 nm, dead volume 15 mL,
maximum graphene loading (LayerOne, powder sonicated for 4 hours) estimated about 1.5
g. The choice was dictated by the reaction scale. For amount of initial GO lower than 1 g
we used the Plasmart 25 model.

Figure 5.1: Dead-end Microfiltration and recovery procedures. a) image of a PES cartridge (Plas-
mart 25 model, 11 mm length, ϕint= 60 mm), about 275 hollow fibers, 700 mg weight (ϕint= 50
µm, ϕext=300 µm, cut-off= 0.1-0.2 µm), b) zoom of the edge of the cartridge with the epoxy resin
closing the interspace between the fibers, c) sketch of the in-out filtration mode used to load the
reaction crude and to wash it and d) sketch of the out-in filtration mode used to recover the GO-
PEI.
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Synthesis of PEIdye

The thiophene dye (2,5-dioxopyrrolidin-1-yl 5’-(methylthio)-[2,2’-bithiophene]-5-
carboxylate [115], 5 mg, Mw=353) was dissolved in 5 mL of DCM and added to 100 mg of
PEI dissolved in 20mLDCMat room temperature. Themixture was stirred overnight, the
solvent evaporated under vacuum and the product was used without further purification.

Synthesis of GOPEIdye

GO (LayerOne, suspension 4 mg/mL, 25 mL) was dispersed in 25 mL of EtOH and the
resulting mixture was sonicated for 30 min; then the PEIdye, previously synthetized, dis-
solved in 25 mL EtOH was added to the suspension and the mixture was irradiated with
MW as for the synthesis of GOPEI and the crude purified by microfiltration (110 mg re-
covered). Fig. 5.2 shows the evolution of the absorbance decay in fractions eluted by the
microfiltration of GOPEIdye as well as the fluorescence intensity decrease of the same
fractions under UV-vis illumination. The comparison of the absorption intensity with a
calibration curve of PEIdye absorption allow us to estimate a PEI loading of about 36%, in
good accordance with that estimated by Cu-binding experiments and weighting of evap-
orated recovered PEI fractions, as described above.

Figure 5.2: a) molecular structure of the thiophene dye and PEIdye, b) UV-vis and PL emission
spectra of the PEIdye in CH2Cl2 (0,2mg/ml) and image of the solution under illumination at 365
nm.
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PEI loading estimation

The monitoring of PEI amount in the washing water fractions was performed by UV-vis
spectroscopy after complexation with copper salts (Fig. 5.3). Briefly, a solution of copper
salt was prepared dissolving 100 mg of CuCl2 in 100 mL of DI water. In parallel, a solution
of PEI was prepared dissolving 20 mg of PEI in 100 mL DI water and mixed to copper
solution at different ratio in order to obtain five standard solution of Cu-PEI complex and
to create the calibration curve. To evaluate the amount of unreacted PEI in each fraction,
0.5 mL of eluted sample was mixed with 0.5 mL of a solution of CuCl2 (concentration 1.0
mg/mL) and 2.0 mL of DI water, then the adsorption spectrum was collected.
Washing with water-ethanol of immobilized GOPEI was carried out until no (absorbance)
peak at 277 nm (ascribed to PEI-Cu complex, Fig. 5.3) was observed. Then by collecting the
eluted fraction, complexing them as described above, and using a calibration curve (R2=
0,99985) it was possible to estimate a PEI loading of about 40%. This value was confirmed
also by weighting the evaporated recovered PEI fractions. In parallel, we also estimate
the evolution of the purification and the PEI loading by monitoring the evolution of the
fluorescence intensity which decrease of the eluted fractions during the microfiltration
under UV-vis illumination as well as the absorbance decay of the same fractions (Fig. 5.4b).
The comparison of the absorption intensity with a calibration curve of PEIdye absorption
allow us to estimate a PEI loading of about 37%, in good accordance with that estimated
by Cu-binding experiments. A total volume of water required for complete removal of
PEIdye of about 2.8 L/g of GOPEIdye (crude of reaction).

Figure 5.3: Absorbance spectra of Cu-PEI (black line) and CuCl2 (red line).
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Figure 5.4: a) UV-vis absorption spectra of eluted fractions upon Cu complexation. b) UV-vis
absorption spectra of the eluted fractions. (Black line: first fraction; Red line: last fraction).
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Thermal Gravimetric Analysis

GOPEI profile displays a weight loss of ca. 20% in the range of 150–300 °C caused by
decomposition of oxygen functional groups of GO [116]. The weight loss of about 35% in
the range 250°C-350°C is typical of PEI thermal degradation [74]. This value is in good
accordance with the PEI loading estimated by microfiltration post experiments and XPS
data.

Figure 5.5: TGA profile of GOPEI.
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ATR-FTIR spectroscopy

Figure 5.6: ATR-FTIR spectra of GO, PEI and GOPEI.

X-Ray Photoelectron spectroscopy (XPS)

XPS samples were prepared by fixing the tablets prepared from the dry powders of each
material on the sample, holed by conductive carbon tape. Base pressure in the analysis
chamber during analysis was maintained at 10−9 mbar. Data analysis and fitting were
performed with CasaXPS software, after Shirley background subtraction.

C1s O1s N1s S2p S-O Si2p Si-O Cl2p
Binding Energy (eV) 285.0 531 401 168 101 196.9

GO 69.1±0.9 27.8±0.6 0.9±0.1 1.2±0.1 0.3±0.1 0.8±0.1
GO-PEI 71.2±0.9 13.4±0.4 10.4±0.5 0.4±0.1 3.1±0.3 1.5±0.2

Table 5.1: Binding energy and atomic percentage of GO, and GOPEI.
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X-Ray Diffraction (XRD)

Figure 5.7: XRD profiles of GO and GOPEI powders.
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Aminoacids

Synthesis

A basic solution of amino acid (L-Lysine, L-glutamic acid or L-methionine methyl ester)
was prepared by adding 930 mg of amino acid and 381 mg of NaOH to ultrapure water
(13 mL). The solution was then added to 62 mL of GO suspension (5mg/mL in ultrapure
water, sonicated for 2 h). The mixture was irradiated with microwaves for 3 h (Tmax
= 80 °C; Pmax = 120 W), and then 5 mL of EtOH was added. The crude was purified by
microfiltration on commercial Versatile PESmodules, (Plasmart 100module,Medica s.p.a.)
according to previously reported conditions. 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. 270 mg of GO-Lys, 263 mg of GO-Met and 260 mg of
GO-Glu were obtained after purification.

Characterization

Material N/C S/C O/C
GO 0.01 0.014 0.38

GO-NaOH 0.003 // 0.36
GO-Lys 0.04 // 0.14
GO-Glu 0.009 // 0.26
GO-Met 0.003 0.01 0.19

Table 5.2: Atomic ratios of modified GO compounds obtained by XPS.

Amino Acid Formula H/C N/C S/C O/C
Lys C6H14N2O2 2.5 (2.3) 0.33(0.33) <0.001 0.43 (0.33)
Glu NaC5H8NO4 2.0 (1.6) 0.2 (0.2) <0.002 1.01 (0.8)
Met C6H13NO2S 2.4 (2.7) 0.17 (0.17) 0.17 (0.17) 0.43 (0.33)

Table 5.3: Atomic ratios of amino acids obtained by elemental analysis. Expected values between
parentheses.
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Material H/C N/C S/C O/C
GO 0.71 0.002 0.01 0.77

GO-NaOH 1.07 0.001 0.003 0.92
GO-Lys 0.96 0.06 // 0.62
GO-Glut 0.95 0.008 // 0.67
GO-Met 0.74 0.02 0.012 0.49

Table 5.4: Atomic ratios of modified GO materials obtained by elemental analysis.

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-Lys, 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,
GONaOH, and rGO were tested under the same conditions.

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 × 150 mm, 5 µm) 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 λmax 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.
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Recyclable GO-Arginine Hybrids for CO2 Fixation into
Cyclic Carbonates

Starting materials 1a, 1g, 1h, 1l, and 1m are commercially available: these were purchased
fromMerck and used as received. Startingmaterials 1b, 1c, 1d, 1e, 1f, 1i, 1j, and 1kwere syn-
thesized through Corey-Chaykovsky epoxidation starting from the respective benzalde-
hydes, following an unmodified literature procedure [117]. Spectral data match with the
ones reported. Starting materials 1n and 1o were synthesized through m-CPBA epoxi-
dation of the corresponding olefins following an unmodified literature procedure [118].
Spectral data match with the ones reported.

Synthesis and purification of GO-Arg
A basic solution of L-Arginine (i.e. L-Arg) was prepared by adding 6.0 g of L-Arg (34.4
mmol) and 1.05 g of NaOH (26.3 mmol) in ultra pure water (50 mL). The solution was then
added to 400 mL of GO suspension (5 mg/mL in ultra pure water, sonicated for 2 h). The
mixture was kept under stirring and at 80 °C for 24 h then 5 mL of EtOH were added. The
crude product was purified by MF (Plasmart 100, Medica SpA) in loop filtration modality
by using a peristaltic pump at 100mL/min. Pure water was progressively added to the feed
solution (tot. volume= 3.2 L). The process was stopped when a neutral pH was measured
in the permeated water. 2.3 g of GO-Arg were obtained after freeze drying.

Synthesis and purification of GO-5a
Graphene oxide (LayerOne (S-126/36)), was homogeneously dispersed in 40mL of distilled
water through sonication for 2 h to prepare GO aqueous suspensions (5 mg/mL). Then 60
mg of n-pentylguanidine and 210 mg of NaOH were dissolved in 10 mL (6 mg/mL for n-
pentylguanidine; 21 mg/mL for NaOH) of ultra pure water. These two dispersions were
mixed, and the solution was kept under stirring at 80 °C for 24 h. Once the reaction was
completed the crude was purified by centrifugation and dried by freeze drying.

XPS-analyses
The pristine GO presents C1s (285.0 eV),O1s (532.6 eV),N1s (401.5 eV),Cl2p (200.2 eV) and
S2p (168.6 eV) signals. GO-Arg present a significantly higher amount of N respect to the
pristine GO. The overall oxidation (O1s/C1s) was lower than GO due to the presence of
aliphatic chains of Arginine. The presence of Ca2p (347.5 eV) in the Arg-GO and GO-5a
can be ascribed to the presence of Ca ions in the washing water used during purification.
The parameters used for the fitting of C1s and N1s signal are reported in more details
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in our previous work.[8] Pure L-Arginine presents roughly the expected atomic compo-
sition (C:N:O = 6:4:2), moreover, the C1s deconvolution is in good agreement with the
data reported in literature, along with the main position of N1s signal at 400.0 eV. The
deconvolution of N1s core level signal reported in Figure 2 of L-Arginine (and GO-Arg)
is based on literature results (the Artemenko et al. work cited in main text) that associ-
ated to L-Arginine two components at 399.3 (NH2 and C=NH) and 400.0 eV (C-NH-C and
C=NH+

2 ). The binding energies of L-Arginine obtained in our fit was found slightly shifted
to higher binding energies respect to the literature (c.a. +0.5 eV), such mismatch is com-
patible with C=C sp2 and C-C sp3 relative shift, as a matter of fact, these two carbons are
the main one in GO and L-Arginine respectively, thus it is probably due to the selection
of C 1s calibration value: we have chosen 285.0 eV for GO, that is a compromise between
284.6 eV of C=C sp2 and 285.4 eV for C-C sp3 (red and green peak in Figure S3a), than we
calibrated GO-Arg in the same way, given the similar sp2-sp3 amounts. The calibration of
L-Arginine was chosen as 285.4 eV in accordance with C-C sp3 peaks in GO and GO-Arg
calibration but was slightly different from the one reported in literature (285.0 eV). 1s –
C1s (400-285.4=114.6eV) and O 1s - N 1s (531.4-400=131.4 eV)) relative shifts are the same of
those reported in literature (399.5-285=114.6 eV and 530.8-399.5=131.3eV) and it is above the
aim of these paper to provide an absolute XPS reference values for pristine L-Arginine.

Figure 5.8: Survey spectra of graphene oxide (black line), L-Arginine (blue line), GO-Arg (red line)
and GO-5a (magenta line).
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Materials C O N Cl S Ca
GO 70.4 27 0.7 0.8 1.0 _

Arginine 58.4 13.7 27.0 0.9 _ _
GO-Arg 73.6 19.6 4.9 < 0.2 < 0.2 1.8
GO-5a 79.1 14.7 3.5 < 0.2 0.9 1.7

Table 5.5: XPS atomic composition.

Figure 5.9: Top: Survey spectra of pristine GO-Arg and GO-Arg after 1, 3 and 5 cycle of catalysis.
Bottom: C1s andN1s.
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Figure 5.10: C1s deconvolution of a) graphene oxide, b) Arginine, c) GO-Arg and d) GO-5a.

Material C1s Deconvolution
Csp2 Csp3 C=C∗ C-OH C-O-C C=O O-C=O

GO 31.2 7.9 4.8 14.3 33.7 5.0 3.2
GO-Arg pristine 39.8 27.1 0.7 12.6 8.5 7.5 3.8
GO-Arg I Cycle 68.4 8.7 0.6 7.8 5.3 6.4 2.8
GO-Arg III Cycle 67.6 10.5 0.6 7.6 4.5 6.4 2.8
GO-Arg V Cycle 50.8 24.0 0.4 12.9 3.0 6.2 2.8

Table 5.6: C1s deconvolution of GO, GO-Arg and GO-Arg after several cycle.
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Kinetic Profile

Figure 5.11: Kinetic profile of the reaction.

General procedure for the Arg-GO catalyzed CO2 fixation.

In a heat-gun dried screw-capped Schlenk flask, equippedwith amagnetic stirring bar and
under N2 atmosphere, Arg-GO (5.0 mg) was added. The tube was evacuated and backfilled
with CO2 (three times). AnhydrousDMF (1.0mL)was then added and bubbled for 1minute
under a flow of CO2. Then, 1 (0.2 mmol, 1 equiv.) and TBAI (22.0 mg, 0.06 mmol, 30 mol%)
were added. The tube was then sealed and placed in an oil bath at 100 °C where it was
vigorously stirred for 48 h. After cooling to room temperature, the reaction mixture was
filtered through a Celite pad to remove Arg-GO, washing with EtOAc (3 x 5 mL). The sol-
vents were removed under reduced pressure (rotary evaporator then high-vacuum pump
to remove DMF) and the residue was purified by flash column chromatography (FC) on
silica gel (nhexane/ EtOAc mixtures) to afford pure products 2. NOTE: Products 2l and
2m were found to be somewhat volatile and loss of material was observed during evap-
oration of DMF under high vacuum. Thus, the work-up was adjusted by DMF removal
through aqueous extraction (3 x 20 mL) followed by careful evaporation of EtOAc under
reduced pressure and flash chromatography. All of the characterization of the obtained
products are reported in [109].
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General procedure for the GO-5a catalyzed CO2 fixation

In a heat-gun dried screw-capped Schlenk flask, equippedwith amagnetic stirring bar and
under N2 atmosphere, GO-5a (5.0 mg) was added. The tube was evacuated and backfilled
with CO2 (three times). AnhydrousDMF (1.0mL)was then added and bubbled for 1minute
under a flow of CO2. Then, 1 (0.2 mmol, 1 equiv.) and TBAI (22.0 mg, 0.06 mmol, 30 mol%)
were added. The tube was then sealed and placed in an oil bath at 100 °C where it was
vigorously stirred for 48 h. After cooling to room temperature, the reaction mixture was
filtered through a Celite pad to remove GO-5a, washing with EtOAc (3 x 5 mL). The sol-
vents were removed under reduced pressure (rotary evaporator then high-vacuum pump
to remove DMF) and the residue was purified by flash column chromatography (FC) on
silica gel (n-hexane/EtOAc mixtures) to afford pure product 2a.

General procedure for the recovering/reuse test

Recycling experiments were conducted similarly to the previously mentioned reactions.
After the completion of each reaction cycle, the mixture was centrifuged with EtOAc, to
separate the product from the catalyst. Then, GO-Arg was washed through reiterative
centrifugation with DMF (removal of TBAI), and freeze dried, after which it was ready to
be re-utilized. A total of 5 consecutive recycling runs were conducted.

GO-Arg catalyzed CO2 fixation on enantiopure 1a

In a heat-gun dried screw-capped Schlenk flask, equipped with a magnetic stirring bar
and under N2 atmosphere, GO-Arg (15.0 mg) was added. The tube was evacuated and
backfilled with CO2 (three times). Anhydrous DMF (1.0 mL) was then added and bubbled
for 1 minute under a flow of CO2. Then, 1a (0.6 mmol, 1 equiv.) and TBAI (66.0 mg, 0.18
mmol, 30 mol%) were added. The tube was then sealed and placed in an oil bath at 100 °C
where it was vigorously stirred for 48 h. After cooling to room temperature, the reaction
mixture was filtered through a Celite pad to remove the catalyst and the enantiomeric
excess of 2awas determined by chiralHPLCmeasurement usingHPLCwith chiral column
(ChiralCel OD, 10% IPA/nHex, 1mL/min, 25 °C). Racemization tests were carried out by
stirring enantiopure (S)-1a in DMF at 100 °C with the desired additive (i.e. TBAI, GO-
Arg and TBAI/GO-Arg). The enantiomeric excess of the resulting 1a was determined via
chiral HPLC on one aliquot of solution upon cooling at rt. (ChiralPak AD, 2% IPA/nHex,
1 mL/min, 25 °C).
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General procedure for the hot filtration test
In a heat-gun dried screw-capped Schlenk flask, equippedwith amagnetic stirring bar and
under N2 atmosphere, Arg-GO (5.0 mg) was added. The tube was evacuated and backfilled
with CO2 (three times). AnhydrousDMF (1.0mL)was then added and bubbled for 1minute
under a flow of CO2. Then, 1 (0.2 mmol, 1 equiv.) and TBAI (22.0 mg, 0.06 mmol, 30 mol%)
were added. The tube was then sealed and placed in an oil bath at 100 °C where it was vig-
orously stirred for 16 h. Then the reactionmixture was filtered, without cooling, through a
Celite pad to remove the catalyst. A small amount of the filtered solution was analysed by
1H-NMR, observing a conversion of 37%, while the remaining was placed again in the oil
bath at 100 °C in a new heat-gun dried screw-capped Schlenk flask for further 16h. After
cooling to room temperature, the DMF was removed with a high-vacuum pump and the
residue was analysed with 1H-NMR using an internal standard, observing a conversion of
36%, so no progressing formation of carbonate occurred.

GrapheneOxide-Arginine Composites: EfficientMateri-
als for Integrated CO2 Capture and Conversion - ICCC

The CO2 adsorption/desorption capability of samples was determined via Thermogravi-
metric Analysis (TGA, STA449 F3 Jupiter Thermo-Microbalance, Netzsch-Gerätebau). The
samples, weighed into a Al2O3 crucible, were subjected to an initial cleaning cycle at 90°C
for 30 min (heating rate: 10 °C/min) in a high-purity nitrogen atmosphere (99.999%, 250
mL/min) before the absorption of CO2. A 100 minutes-long CO2 isothermal adsorption
cycle under a CO2/N2 mixture (1:2 % v/v, 185 mL/min) was set after cooling sample at
40°C (cooling rate: 1 °C/min, N2). Finally, the temperature was increased to 90°C (heating
rate: 10 °C/min) in pure N2 for the final desorption step. In addition to the single-cycle
measurements (i.e., absorption/desorption), five-cycles processes were also carried out to
determine the cyclability of the samples. By measuring the mass change during the TGA
analysis, CO2 uptake values were calculated and expressed as mgCO2/gadsorbent.

Synthesis and purification of the materials
Initially, 100 mg of graphene oxide (Abalonyx (S-126/36)) is uniformly dispersed in 80 mL
of distilled water through sonication for 2 hours to obtain an aqueous suspension of GO (5
mg/mL). Subsequently, a variable ratio of L-arginine (100, 300, or 500 mg) and 420 mg of
NaOH is dissolved in 20mL (21mg/mL forNaOH) of distilledwater. The two dispersions
are mixed together, and the solution is refluxed at 80 °C for 24 hours. When the reaction
is complete, the crude mixture is purified by centrifugation (9000 RPM), 15 minutes each
time, with tap water until the supernatant solution reaches a neutral pH. The product is
washed with a total of 2L/g of H2O. Finally, the purified product is lyophilized.
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XPS-analyses

The parameters used for the fitting of C1s and N1s signal are reported in more details
below.

The followingX-ray photoelectron spectroscopy (XPS)measurementswere performed
with a Thermo Scientific ESCALABQXi spectrometer employing amonochromatic Al Kα
X-ray source (1486.6 eV) operating at 15 kV and 200W, a concentric hemispherical analyser,
and a spot size of 400 µm × 200 µm. The pressure in the analysis chamber was better than
10−7 mbar. Few mg of sample powder were mounted with a double adhesive conductive
carbon tape on a sample holder grounded to the instrument. Charge compensation was
applied by beams of combined low energy ion (Ar+) and electron beams. Survey scans
were measured in a binding energy range of 0–1350 eV with a constant pass energy of 100
eV, at 1.0 eV/step, with a dwell time of 50 ms, accumulating 3 scans. High-resolution spec-
tra were recorded using a constant pass energy (3 eV for C1s and 10 eV for O1s and N1s),
at 0.05 eV/step, with a dwell time of 100 ms, accumulating 5 scans for each element. The
high-resolution XPS spectra were used for assessment of the elemental state as well as for
quantification using the sensitivity factors provided by the manufacturer by means of the
Avantage software and after background correction with the smart-background function
implemented in the same software. Peak fittings were performed in the framework of the
Avantage software after background correction with the smart-background function im-
plemented in the same software using pseudo-Voigt functions for the synthetic peaks. In
the C1s photoemission peak generated from graphene oxide, the asymmetric tail of the sp2

carbon forms a pseudo-background that superimposes to the signal from carbon species
bound to oxygen and nitrogen (laying in the range 285-290 eV). Hence, a meaningful fit
must consider in a complementary way the C1s, O1s and N1s peaks by comparing the
atomic percentages of the C bound to O and C bound to N moieties present in the three
peaks. The asymmetric tail of the sp2 carbon have been modelled in order to have a maxi-
mummismatch of 1 at. % among the total carbon bound to oxygen and nitrogen from C1s

and the sum of oxygen bound to carbon fromO1s and the nitrogen bound to carbon from
N1s. Full details of peak fitting are given in their relative table.
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Name Peak BE Area FWHM L/GMix Tail Mix Tail Height Tail
(eV) (eV) %Product (%) (%) Exponent

C1s Defect 283.9 100.45 1.1 30 100 0 0
283.5 : 283.9 K * 1 K*1 Fixed Fixed Fixed

C1s Graphite 284.5 2457.22 0.97 30 45 0 0.09
284.2 : 284.6 0.7 : 1.1 FIxed Fixed Fixed Fixed

C1s C-C 285.1 221.22 1.1 30 100 0 0
284.7 : 285.3 0.8 : 1.2 Fixed Fixed Fixed Fixed

C1s C-O, C-N 286.4 433.7 1.1 30 100 0 0
286.0 : 286.5 K*1 K*1 Fixed Fixed Fixed

C1s C-O-C 287.1 257.58 1.1 30 100 0 0
286.6 : 287.2 K*1 K*1 Fixed Fixed Fixed

C1s C=O, C=N 288.3 209.81 1.1 30 100 0 0
287.8 : 288.4 K*1 K*1 Fixed Fixed Fixed

C1s O-C=O 289.1 95.87 1.1 30 100 0 0
288.6 : 290.0 K*1 K*1 Fixed Fixed Fixed

C1s Satellite 291.2 24.68 1.91 30 100 0 0
290.7 : 291.3 1.0 : 2.3 K*1 Fixed Fixed Fixed

Table 5.7: Fitting parameters for C1s of sample GO-Arg.
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Name Peak BE Area FWHM L/GMix Tail Mix Tail Height Tail
(eV) (eV) %Product (%) (%) Exponent

C1s Defect 283.9 122.59 1.1 30 100 0 0
283.5 : 283.9 K * 1 K*1 Fixed Fixed Fixed

C1s Graphite 284.5 2156.88 0.99 30 45 0 0.09
284.2 : 284.6 0.7 : 1.1 FIxed Fixed Fixed Fixed

C1s C-C 285.0 286.23 1.1 30 100 0 0
284.7 : 285.2 0.8 : 1.2 Fixed Fixed Fixed Fixed

C1s C-O, C-N 286.3 599.53 1.1 30 100 0 0
286.0 : 286.5 K*1 K*1 Fixed Fixed Fixed

C1s C-O-C 287.1 278.45 1.1 30 100 0 0
286.6 : 287.2 K*1 K*1 Fixed Fixed Fixed

C1s C=O, C=N 288.1 217.91 1.1 30 100 0 0
287.8 : 288.4 K*1 K*1 Fixed Fixed Fixed

C1s O-C=O, 288.1 207.89 1.1 30 100 0 0
N-COO 288.6 : 290.0 K*1 K*1 Fixed Fixed Fixed

C1s Satellite 291.2 45.41 2.12 30 100 0 0
290.7 : 291.3 1.0 : 2.3 K*1 Fixed Fixed Fixed

Table 5.8: Fitting parameters for C1s of sample [GO-Arg]/CO2.

Name Peak BE Area FWHM L/GMix Tail Mix Tail Height Tail
(eV) (eV) %Product (%) (%) Exponent

C=O 532 13841.98 1.2 30 100 0 0
0.8 : 1.2 Fixed Fixed Fixed Fixed

O=C-O Arg 530.7 4215.05 1.2 30 100 0 0
I*1 I*1 Fixed Fixed Fixed

C-O 532.6 10362.74 1.2 30 100 0 0
I*1 I*1 Fixed Fixed Fixed

Adsorbed H2O 533.9 2063.98 1.2 30 100 0 0
I*1 I*1

Table 5.9: Fitting parameters for O1s of sample GO-Arg.
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Name Peak BE Area FWHM L/GMix Tail Mix Tail Height Tail
(eV) (eV) %Product (%) (%) Exponent

C=O 531.9 8458.98 1.2 30 100 0 0
0.8 : 1.2 Fixed Fixed Fixed Fixed

O=C-O Arg 530.8 4834.3 1.2 30 100 0 0
I*1 I*1 Fixed Fixed Fixed

C-O 532.9 5679.17 1.2 30 100 0 0
I*1 I*1 Fixed Fixed Fixed

Adsorbed H2O 534.0 1364.86 1.2 30 100 0 0
I*1 I*1

Table 5.10: Fitting parameters for O1s of sample [GO-Arg]/CO2.

Name Peak BE Area FWHM L/GMix Tail Mix Tail Height Tail
(eV) (eV) %Product (%) (%) Exponent

C-NH2 399.3 913.95 1.3 30 100 0 0
0.7 : 1.3 Fixed Fixed Fixed Fixed

N in GO 401.5 341.14 1.3 30 100 0 0
I*1 0.7 : 1.3 Fixed Fixed Fixed

Guanidinium 400.2 2741.84 1.3 30 100 0 0
I*1 Fixed Fixed Fixed Fixed

Table 5.11: Fitting parameters for N1s of sample GO-Arg.

Name Peak BE Area FWHM L/GMix Tail Mix Tail Height Tail
(eV) (eV) %Product (%) (%) Exponent

C-NH2 399.4 1015.07 1.25 30 100 0 0
0.7 : 1.25 Fixed Fixed Fixed Fixed

N in GO 401.5 362.03 1.3 30 100 0 0
I*1 0.7 : 1.3 Fixed Fixed Fixed

Guanidinium 400.4 3045.22 1.25 30 100 0 0
I*1 Fixed Fixed Fixed Fixed

Table 5.12: Fitting parameters for N1s of sample [GO-Arg]/CO2.
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BE (eV) at. %
C1s

defects 283.7 4.8
C=C 284.5 22.4
C-C 285.1 2.1

C-O, C-N 286.4 20.8
C-O-C 287.0 7.7

C=O, C=N 288.1 4.0
O-C=O 289.1 2.0
π − π∗ 290.9 0.9

O1s

C-O 532.0 20.5
C=O, C-O-C 532.6 14.3

N1s

N in GO 401.5 0.5

Table 5.13: BE and atomic percentage of the fitted C1s, O1s and N1s photoemission peaks for pris-
tine GO.

CO2 fixation experiments

General procedure of CO2 fixation

In a vacuum-dried and nitrogen-filled Schlenk flask, 40mg of one of thematerials is added.
The nitrogen flow is switched to a CO2 flow, by performing 3 cycles of vacuum-CO2,
and the dry material is allowed to stir in a CO2 atmosphere for 2 hours at 100°C. Then,
the Schlenk flask is simply opened and left under nitrogen at room temperature before
adding the reagents for carbocatalysis: 1 mL of anhydrous DMF, 12.5 µL of compound 1
(0.01 mmol), and 37 mg of TBAI (0.01 mmol). The reaction is carried out at 100°C. After
48 hours, the reaction mixture is filtered through cotton with celite, washed with ethyl
acetate, and dried. Any remaining DMF is removed using a high-vacuum pump. An NMR
analysis is performed on the crude mixture, and the yield of the reaction is calculated
using an internal standard (4.4 mg of ethylene carbonate - 9.3 µL of mesitylene – 3.6 mg
of dimethyl sulphone). Product 2 was purified by flash column chromatography (FC) on
silica gel (nHex/EtOAc mixtures=2:1).
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2. White solid. FC eluent: nHex/EtOAc: 2:1. 1H-NMR
(400 MHz, CDCl3) δ=7.49–7.39 (m, 3H), 7.38–7.33 (m, 2H), 5.68
(t, J=8.0 Hz, 1H), 4.80 (t, J=8.4 Hz, 1H), 4.34 (dd, J=8.6, 7.8 Hz,
1H);
13C NMR (101 MHz, CDCl3) δ 154.9, 136.9, 135.9, 129.8, 129.3, 125.9,
78.1, 71.3.

General procedure for recovery of the GO-Arg

Recycling experiments were conducted similarly to the previously mentioned reactions.
After the completion of each reaction cycle, themixturewas centrifuged several timeswith
EtOAc, to separate the product, the DMF and TBAI from the material. Then, the material
was washed one final time with DI water and freeze dried, after which it was ready to be
re-utilized.

General procedure for atmospheric CO2 adsorption experiment

40mg of GO-Arg (1:3) was left exposed to the air overnight. The nextmorning thematerial
was transferred in to a Schlenk flask. The atmosphere inside the vessel was changed with
nitrogen and the reagents for carbocatalysis were added (1 mL of anhydrous DMF, 0.01
mmol of compound 1 and 0.01mmol of TBAI). The reactionwas carried out at 100 °C for 48
hours. After that, the reaction mixture is filtered through cotton with celite, washed with
ethyl acetate, and dried. Any remaining DMF is removed using a high-vacuum pump. An
NMRanalysis is performed on the crudemixture, and the yield of the reaction is calculated
using an internal standard (4.4 mg of ethylene carbonate - 9.3 µL of mesitylene – 3.6 mg
of dimethyl sulphone). Product 2 was purified by flash column chromatography (FC) on
silica gel (nHex/EtOAc mixtures=2:1). In parallel, the same amount of the same material
was left under vacuum at 50 °C overnight. The next morning the material was transferred
in to a Schlenk flask, treated and then used as motioned before.

Thermal Analysis
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6. Conclusion

In this thesis we reported several modification of graphene oxide (GO) and their applica-
tion in different fields.

In Chapter 4.1, we reported the synthesis of GOPEI nanosheets, a fast and easy scal-
able procedure involving MW assisted amination of GO and purification through hollow
fiber membrane modules by microfiltration, not requiring tedious and time consuming
reiterated washing-centrifugation steps. The hollow fibers filter here proposed allowed
to retain GOPEI nanosheets, wash and recover them by flow direction inversion. This
procedure minimizes the work-up steps generally required for modified GO purification
and ensures high purity reproducibility, thanks to the standard and commercial availabil-
ity of the cartridges. Altogether, these peculiarities make the MF method highly suitable
for future modified-GO upscaling for real exploitation in practical applications includ-
ing drinking water purification requiring high and reproducible purity. The adsorption
properties of GOPEI towards two dangerousmetal contaminants, lead cations and arsenic
anions simultaneously, were also demonstrated. Different from unmodified GO, GOPEI
nanosheets adsorbed both As and Pb ions with a removal rate higher than 90%. This was
ascribed to the combined positive surface charge (promoting As interactions) and primary
amine promoted complexation of Pb ions.

In Chapter 4.2, we reported the functionalization of graphene oxide (GO) with L-
Lysine, L-glutamic acid and L-methionine by a fast and efficient microwave-assisted pro-
tocol. Furthermore, we improved the previously reported worked up 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. Furthermore, the improved microfiltration allowed to
accelerate further the purification process compared to the standard reiterated washing-
centrifugation-separationmethodwhile using less water for gramof crude utilized. Struc-
ture 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
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conditions but treated in the absence of any amino acid, called GO-NaOH. This system-
atic 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 treat-
ment, 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,
147–295mg/g for BPA, and 121–172mg/g for CBZ, with GO-Lys expressing the best per-
formance in each case. This results, at the moment of publication were on par or even
better the maximum adsorption capacity reported in literature of the same molecules on
carbon sorbents, such as activated carbon [119], carbon nanotubes [120], graphene base ad-
sorbent [121] [122] and related materials [123] [124]. 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-modifiedGOs rather than unmodifiedGO,whichmay be ascribed to the higher
van der Waals and hydrophobic interactions between the amino acid hydrophobic chain
and the contaminant molecules.

In Chapter 4.3, we documented a convenient synthesis of GO-Arginine hybrids to be
implemented in the valorization of CO2 into cyclic carbonates. A range of aliphatic as well
as aromatic carbonates were successfully isolated in good yield (up to 85%) under relatively
mild conditions. The robustness of the arginine-containing GOwas proved by reiterative
runs and by spectroscopic analysis on the recovered materials. Dedicated control exper-
iments gave insight into the key role of the guanidine group both as a tagging unit and a
CO2 activator. Additionally, the observed partial racemization when using enantiopure
starting material styrene oxide (S)-1a implies an epoxide ring-opening step at the more
substituted site of the oxirane through a sequence of partial SN 1-type events. Studies to-
wards the implementation of these preliminary findings intoCO2-capture-and-utilization
(CCU) modalities are currently under way in our laboratory and will be presented in due
course.
In Chapter 4.3.2 we focused on the application of this material in an ICCC (Integrated CO2

Capture andConversion) process. It has been demonstrated that thematerial is able to cap-
ture CO2 both from high purity atmospheres but also from low concentration mixtures
(such as atmospheric one) and to convert it when exposed to dedicated reaction conditions
(i.e. synthesis of cyclic carbonates). The entire process has been completely studied and
rationalized using chemical-physical, spectroscopic (XPS, BET, TGA, ect), and dedicated
computational analyses.
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