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ABSTRACT

In recent years, graphene oxide (GO) has emerged as a promising material with di-
verse applications across various industries. Among its potential uses, one area that has
yet to be fully explored is its application as a protective coating for stone cultural heritage.
The unique properties of GO, such as its possibility of forming self-assembled films, its
barrier effect and chemical stability, make it an ideal candidate for safeguarding stone
cultural heritage against degradation. However, before GO can be effectively utilized for
this purpose, it is crucial to study its dispersability characteristics. Understanding how
GO disperses in different solvents and interacts with stone surfaces is essential for de-
veloping efficient coatings that can ensure long-lasting protection without altering the
aesthetic and surface integrity of the stone.

Through the use of DLS and ζ-potential measurements, UV-VIS, ATR FT-IR, Raman
spectroscopy, XRD, and SEM imaging, the dispersion behavior and the physio-chemical
and surface characteristics of as-produced GO and a further refined GO fraction with
great self-assembly characteristics was done. Tests were carried out on six dispersions of
each GO fraction in water and ethanol mixtures with different vol.% of ethanol (ranging
from 0% to 100%).

The performance of GO as a protective coating for stone materials was assessed in
accordance with European standards for stone cultural heritage, through which param-
eters such as water capillary absorption, water vapor permeability, water contact angle,
and color variance were investigated for natural and artificially aged samples before and
after coating. UV exposure of the coatings was performed to simulate the weathering
of the GO coating. Physio-chemical analysis of stone samples and the GO coatings was
performed through the use of MIP, FT-IR, Raman spectroscopy, XRD, SEM and optical
imaging.

Chapter 1 describes the stone cultural heritage field with its particularities and chal-
lenges in finding new coating materials with better protection capabilities as before. An
introduction on the characteristics of GO relevant for this field is also made. Chapter
2 first describes the methodology on which the project is based on, and discusses the
different stone samples used, as well as the GP syntheses and characterization methods
employed. Chapter 3 details and discusses the results obtained in the assessment of GO
dispersability and its performance as a protective coating for stone materials. Chapter
4 then provides the conclusions and further perspectives of the study. Overall, GO has
shown very promising results as a protective coating for the two types of stones consid-
ered, with better results obtained for less porous stone samples.
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Chapter 1

Introduction

1.1 Stone cultural heritage

Cultural heritage refers to the collective wealth of beliefs, traditions, knowledge, customs,
artifacts, and practices that are inherited, preserved, and passed down from one genera-
tion to another within a particular community, society, or civilization. It encompasses the
tangible and intangible expressions of human creativity, encompassing historical sites,
monuments, buildings, and other forms of cultural expression that hold significant value
and meaning to a group of people. It serves as a reflection of a community’s identity, his-
tory, and values, fostering a sense of belonging and continuity, while providing insights
into the past. Stone cultural heritage comprises a large portion of the tangible cultural
heritage, and is represented by a large variation of constructed historical monuments
such as buildings and statuary complexes inherited from past generations. The great-
est challenges in preserving pristine stone cultural heritage monuments are, generally,
the reconstruction or rehabilitation according to original descriptions and the protection
against natural causes or the action of pollutants. In this thesis, we will focus on the latter.

Stone, the building block of most historical buildings, might be seen as a stable, inde-
structible construction material, but it is still subject to natural or anthropological deteri-
oration processes as a result of the simultaneous action of physical, mechanical, chemical
or biological agents. Deterioration of stone cultural heritage can be defined as the result
of the action of the above-mentioned factors, affecting both the visual aspect of the stone
and other "unseen" characteristics such as porosity, mechanical strength or vapor perme-
ability. Ultimately, it is an undesirable process which can lead, in extreme cases, to the
complete destruction of the stone material and the structure it comprises.

The mechanisms of deterioration are usually mediated by the presence of water, either
through rain or ambient moisture, and have been studied in depth for different types of
lithographic materials used in the construction of cultural heritage monuments in litera-
ture [1]. The main mechanisms of degradation can be summarized as the following:

• Mechanical processes: Usually causing stresses above the mechanical strength of the
stone. Includes earthquakes and poor building design, as well as hygric and hydric
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CHAPTER 1. INTRODUCTION

swelling, thermal cycling and crystal growth, usually in a combined effect.

• Chemical processes: Refer to the dissolution or alteration of the mineral constituents
of the stone, due to chemical reactions.

• Salt action: Probably the most damaging factor of stone deterioration. Salt formation
leads to several of the most destruction forms of stone decay, such as blistering,
delamination, scaling, and disintegration.

• Biodegradation: Surface damage caused by the presence of a biofilm composed of
bacteria, lichens, and fungi, that can have varying effects, from discoloration to dis-
solution of the stone matrix.

From a historical point of view, deterioration of stone cultural heritage progressed in
a natural combination of this factors specific to the local environment until the twentieth
century. However, by the mid-twentieth century, the rate of deterioration was accelerated
due to the increasing concentration of atmospheric pollutants, such as carbon and sulfur
dioxide, or nitrogen oxide and particulate matter, especially in the urban environments
[2, 3]. All these serve as catalysts in the occurrence of different chemical reactions at the
stone surface, facilitated by the presence of water. Ultimately, water can be considered
the most important deteriorating agent, as it triggers most deterioration mechanics, from
freeze-thaw cycles to salt crystallization or other chemical reactions inside the stone, as it
readily allows diffusion of contaminants inside the stone microstructure [1]. There is also
clear consensus that climate change is negatively affecting the built cultural heritage, as a
result of the changes in rainfall regime, risk of flooding and other extreme weather effects
[4, 5], posing additional challenges in maintaining pristine stone built monuments.

The conservation of stone cultural heritage involves different strategies, depending
on the characteristics of the monument, ranging from reconstruction of ruined structures
to applying various treatments, either with the goal to restore or improve the mechanical
strength of deteriorated stone, or to protect it against chemical mechanisms of deterio-
ration. Broadly viewed, several steps of conservation can be identified, depending on
the specifics of the monument [6]. The first step consists of the assessment of the current
state of the historical surfaces or structures, which has the goal of identifying the critical
risks of degradation and the petrographic composition of the monument. Then, after a
thorough cleaning of the surface, a consolidation treatment is applied, with the goal of
restoring the mechanical strength of the stones. As a final step, a protective coating can
be applied, thus minimizing the permeation of pollutants or salts inside the stone or even
minimizing the biodegradation effect as a result of their antimicrobial properties. Though
we have only offered a broad picture on the steps taken in the protection of stone cultural
heritage, it is worth mentioning that the petrographic composition imposes a large re-
striction on the types of consolidants and coatings used. Ultimately, the results depend
greatly on the types of stones used, for which only a handful of solutions might be avail-
able. Often, a good solution is harder to find for less porous types of stones than stones
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CHAPTER 1. INTRODUCTION

with higher porosity. In this context, we will continue the discussion with the role of
protective coatings, including some examples of the most used types and challenges in
developing new protective treatments.

Protective coatings are comprised of various types of materials applied on the surface
of a stone material, with the goal of preventing degradation processes that occur mainly
at the interface with the environment [7]. In many cases, the treatment is chosen for a
specific purpose dictated by the largest risks of damaging the stone substrate, and can
be: water repellent, anti-graffiti, salt inhibitors, anti-fouling, etc. Besides posing no risk
for the environment or the workers’ health during the application procedure, the protec-
tive coatings have to fulfill specific requirements for cultural heritage applications, which
have been summarized in the following [7]:

• Protective efficacy: The coatings should offer a good degree of efficacy against decay
agents such as water, pollutants, soiling and biological contamination. Hydropho-
bic properties are one of the most sought after parameters when discussing possible
coating options for a specific application.

• Adhesion to the substrate: The treatment should be able to be homogeneously dis-
tributed on the surface of the stone while also penetrating the pores. This becomes
a challenge in the case of compact, low porosity stones such as granites or marbles,
for which there is a greater risk of agglomeration.

• No reduction of the water vapour permeability: Although it is necessary for the coating
to penetrate the pores, it should not completely occlude them, thus changing the
water vapour permeability characteristic of the stone. It is an absolute necessity
to allow the breathability of the stone in order to prevent the water condensation
inside the pores. Hygroscopic salts, for example, can crystallize underneath the
treated area, causing detachment and loss of adhesion of the treated layer.

• No modification of the aesthetic properties: One of the most challenging factors to con-
trol is maintaining the optical properties of the substrate, for which no change
(colour or gloss) should be observed. In cultural heritage applications, treatments
should not produce any noticeable changes for the naked eye.

• Good durability: In most cases, the stone substrate is exposed to the environment,
which imposes a good durability of the treatment against solar radiation, thermal
cycles, and water exposure. A good durability of the coating against environmental
factors means lower maintenance costs due to the need to retreat the surface.

• Retreatability: Current requirements stipulate that the substrate should not be physi-
cally, chemically, or mechanically damaged by the application of the treatment, and
the coating itself should not prevent the possibility of applying a different product
in the future.
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CHAPTER 1. INTRODUCTION

The right protective treatment for a specific application has to fulfill in the best way
possible the requirements mentioned above, while taking into consideration the costs
and limits on the application methods. While hydrophobic coatings might seem to be
the most advantageous category, as they prevent the access of water inside the substrate,
thus limiting the action of most deterioration mechanisms, they have been used on a large
scale in the past with unsuccessful results [8, 9], mainly in the presence of soluble salts,
but also by preventing repair or the application of other treatments. In many cases, hy-
drophobic surfaces showcase dark vestiges along the channels of running water washing
away dust, leading to preferential agglomeration of particulate dust. The consensus to-
day, however, is that protective treatments should be applied in localized areas, such as
protruding features, not for entire surfaces [3].

There is a broad spectrum of choice in the case of protective treatments, with or with-
out a consolidation effect. Various types of waxes and oils, acrylates, polyester and alkyd
resins, epoxy resins, silicate esters and alkyl-triethoxysilanes have been used with differ-
ent degrees of durability and protective efficacy [6, 9].

Recently, there has been increasing interest in the use of nanomaterials as protective
coatings, usually as additives in a polymer matrix or in combination with other inorganic
compounds. Some well-researched examples are TiO2, Ag, ZnO or MgO nanoparticles,
with the goal to obtain super-hydrophobic surfaces [10, 11, 12]. Nanolimes, (Ca(OH)2

nanoparticles), have also shown better consolidating results compared to the standard
form of lime, due to the better penetration inside the porous structure of the stone [13].
For surface treatments, research has mainly focused on TiO2 due to its well-known pho-
tocatalytic activity under the exposure of UV light, yielding good pollutant degradation
and biofilm repellent properties [14], although many nanostructured systems have shown
good antimicrobial results [15].

Nanomaterials can be easily tuned and are an excellent choice for increasing the ef-
fectiveness of protective coatings. However, when compared to correctly applied tradi-
tional treatments, their high cost and quantity required may not outweigh the benefits,
as was concluded recently in the case of nano-TiO2 coatings [16]. Thus, it’s worth men-
tioning that there are a number of questions to be raised, particularly in terms of cost
effectiveness and effects on the environment and human health [17]. Firstly, compared
to traditional methods, the manufacture and processing of nanomaterials often require
sophisticated and expensive industrial procedures, which would raise production costs.
Widespread adoption may be hindered by this additional cost, particularly for large-scale
applications. Additionally, the effects of nanoparticles on the environment and health are
still to be clarified. The synthesis and application process or subsequent washing could
leak nanoparticles into the environment, potentially harming ecosystems and endanger-
ing workers’ health. There is still little understanding on the long-term exposure effects.
Thus, while nanomaterials offer promising advancements in stone protection, their draw-
backs in terms of cost efficiency and potential environmental and health risks must be
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CHAPTER 1. INTRODUCTION

carefully considered before widespread implementation.

1.2 Graphene oxide as a protective coating

Graphene oxide (GO) is a two-dimensional nanomaterial with potential applications as
a protective coating in stone cultural heritage, due to its unique structure and surface
characteristics. It has similarities to its graphene parent, as being composed of hexagonal
carbon planes, but with a varying degree of structural defects and oxygen functionali-
ties attached (Figure 1.1). The oxygen atoms are covalently bound to the planar carbon
atoms, converting them from the sp2-hybridized state of the graphene planes into the sp3-
hybridized state. For an ideal graphene plane, these oxygen functionalities can be consid-
ered defects, but they offer GO many unique characteristics of high interest for practical
applications, a great example being its ability to generate stable colloidal solutions due to
its hydrophilic character.

Figure 1.1: Structural model of: a) single-layer graphene, b) graphene oxide, and c) reduced
graphene oxide. Adapted from [18].

Although many of the well-known physical characteristics of graphene are affected by
the existence of these defects, GO is still a very capable nanomaterial, being strong and
flexible, with great thermal and electrical conductivity, making it a great candidate for a
variety of applications [19, 20, 21]. It can be obtained through various synthesis methods
based on the chemical exfoliation and oxidation of graphite flakes, such as the Hummers
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CHAPTER 1. INTRODUCTION

[22, 23] or Marcano-Tour processes [24], which have the advantage of producing large
yields for a relatively low cost. By comparison, the Marcano-Tour synthesis pathway
produces GO with a greater degree of oxidation and a more regular structure [24]. Sub-
sequently, the obtained GO can be further processed in order to obtain reduced graphene
oxide (rGO), which ideally possesses no oxygen functional groups attached to the carbon
planes, rendering it closer to graphene, the parent nanomaterial [25].

One of the main advantages of using GO for coatings is the ease of forming continuous
films through self-assembly at the liquid-air interface [26, 27]. Due to its hydrophilic
nature, it is fairly easy to obtain films from GO water dispersions, which is a great aid for
the fabrication of sensors, membranes, or even electronic devices [28, 29, 30, 31].

As a coating material, GO has been successfully used on metal substrates, where it
showcased good corrosion inhibition [32, 33, 34] and better antimicrobial and biocide
effects when compared with conventional polymer alternatives [35]. This is due to the
presence of the oxygen functionalities which can induce oxidative stress [36, 37], thus in-
teracting with the nearby chemical substances and biological entities, being of paramount
importance for the corrosion and antimicrobial protection [33, 38, 39].

Currently, there are only a handful of studies discussing the potential use of GO as a
coating for stone cultural heritage, which showcased its great effectiveness in protecting
the stone against erosion and the lack of leaching in the environment, even after heavy
rain simulations [40, 41, 42]. There are, however, no studies at the moment that address
the changes a GO coating might induce on the stone substrate characteristics, such as
modifying water vapour permeability or water capillary absorption, or discussing the
physio-chemical interactions underlying the interaction of the nanomaterial with the sur-
face of the stone.

As mentioned before, in discussing the possibility of using GO as a coating for cultural
heritage applications, the nanotoxicity and environmental impact of GO are also subjects
that have to be addressed. So far, results indicate that the health impact greatly depends
on the lateral size, concentration and the degree of oxidation of the nanomaterial [43, 44],
with results generally showing a higher risk caused by sheets with a smaller lateral size.
Some results indicate the reversibility of the nanotoxicity once the exposure to GO is
removed [45, 46], but due to the heterogeneity of GO structures obtained, it might prove
difficult to offer general guidelines and conclusions on the health and environmental risks
associated with GO usage [44, 47]. It might be better to investigate these risks once a
viable GO treatment for stone cultural heritage would be found. Besides the associated
health risks, the environmental impact of GO production was recently shown to be low
enough so that up-scale to a large scale production would be feasible [48], indicating that
the production costs associated to using GO for stone cultural heritage applications might
not be an impediment in the future.

We have performed a comprehensive study of employing GO as a protective coating
for stone cultural heritage. Given the large influence the synthesis method can have on
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CHAPTER 1. INTRODUCTION

the surface characteristics of GO, we also thought on the necessity of performing quanti-
tative dispersability tests of as-prepared GO and a further refined GO fraction with great
self-assembly performances at liquid-air interface, in order to fully characterise the poten-
tial use of our GO synthesis method for this type of application [27]. Thus, we analyzed
the dispersability of both GO types in two of the most popular solvents used for protec-
tive coatings for stone materials: water and absolute ethanol, as well as mixtures of both.
On the basis of Hansen solubility theory, we also managed to estimate the Hansen sol-
ubility parameters of both as-prepared GO and the further refined fraction, information
that can be used for choosing a different solvent mixture, while maintaining the stabil-
ity of the dispersions. We also concluded that, following the refining process, the yield
of the improved GO fraction can also be maximized by using a specific mixture of wa-
ter and absolute ethanol as solvent (40% water and 60% absolute ethanol, by volume),
corresponding to the mixture with the best dispersion capabilities.

Then, we investigated the performance of GO as a protective coating for two types
of stone with a long history of being used in buildings, statuary complexes or as pave-
ment in North East Italy, namely the Vicenza stone and the Euganean trachyte. During
our preliminary tests, we noticed that, against our expectations, the improved GO frac-
tion performed worse than the as-produced GO, since its colour was subjected to a fast
darkening process when compared to the regular GO. In addition to this, while brush-
ing, the improved GO fraction tended to thicken, with a consistence similar to a gel, most
probably due to a combination of its improved self-assembling properties and the faster
evaporation of the absolute ethanol, which consisted of 60% of the solvent’s volume. Ul-
timately, we chose to continue our study on the as-produced GO coatings.

To simulate the impact of weathering on our fresh stone samples, we subjected them to
an artificial ageing process, according to existing literature [49], and performed all of the
investigations on both natural and the aged samples. We performed analysis on the water
vapour permeability, water capillary absorption, water contact angle and colour change
before and after the application of the GO coating, in accordance to existing European
standards for cultural heritage applications.

In order to simulate the ageing of the GO coating, we then exposed the samples to UV
light, and performed the tests again. Investigations were also performed to identify the
type of interaction of GO with the stone substrates. In the end, we offer a comprehensive
picture on the possibility of using GO as a protective coating for stone cultural heritage,
with information both of its protective efficacy, as well as on the most relevant synthesis
parameters which affect its surface characteristics.

With the exception of SEM imaging on self-assembled GO films and MIP and XRD
analysis on stone samples, all investigations and data analysis was performed by stud.
Codrut, Costinas, , under the supervision of prof. dr. Lucian Baia. GO synthesis was
performed with the aid of drd. Cătălin Sălăgean and lect. dr. Cosmin Cotet, . Experimen-
tal analysis was done in the laboratories of ICDI-SNA and ICI-BNS research institutes
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CHAPTER 1. INTRODUCTION

of Babes, -Bolyai University Cluj-Napoca, as well as in the laboratory of CNR-ICMATE
Padova, under the supervision of dr. Patrizia Tomasin, during a six month Erasmus place-
ment mobility. On the subject of GO dispersions, a study regarding their stability in time
was recently published by the author 1. The GO dispersability investigations performed
here are the continuation of that study.

1C. Costinas et al., “Insights into the Stability of Graphene Oxide Aqueous Dispersions,” Nanomaterials,
vol. 12, no. 24. MDPI AG, p. 4489, Dec. 19, 2022. doi: 10.3390/nano12244489
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Chapter 2

Materials and methods

2.1 Methodology

In investigating the performance of GO as a protective coating for stone cultural heritage,
it is of great interest to discuss the influence of the synthesis pathway, which can also be
tuned according to needs. Given the emphasis on the formation of homogeneous, uni-
form coatings, we can assume that maximizing the self-assembly effect would improve
the coating’s protective efficiency. On this subject, we have noticed earlier that a GO
fraction with great self-assembly capabilities (which will be referred to as GO-OL) can
be further refined from the product of our original synthesis pathway, which is based on
the Marcano-Tour process [27]. Figure 2.1 consists of a schematic representation of the
project, offering a clearer picture on how each GO dispersion was obtained. The methods
used for the characterisation of the dispersability and stone coatings will be detailed in
the following sections.

Figure 2.1: Schematic representation of the project, with the steps taken to provide an overview of
the surface characteristics and the potential performance of GO coatings for stone cultural heritage.
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CHAPTER 2. MATERIALS AND METHODS

Thus, we have tried to characterize the dispersability of as-produced GO (referred
to as GO-init) and GO-OL in two of the most used solvents for the application of pro-
tective coatings, namely water and absolute ethanol, as well as maximizing the GO-OL
yield from the refining process. Knowing this, different wet chemical functionalization
schemes may be later employed successfully in order to modify the surface properties,
or for processing the GO dispersions into coatings, thin films, or other composites, using
techniques such as spray-coating, solution blending, or others.

The dispersability of both types of GO in water and ethanol was quantitatively char-
acterized through a method based on solvent surface energies and their Hansen solubility
parameters [50]. We performed a modified GO synthesis, which resulted in six GO-init
dispersions in water, absolute ethanol, and binary solvent mixtures of water and ethanol,
with different amounts of ethanol (20%, 40%, 60%, and 80% ethanol). For convenience,
the six dispersions were discriminated by the amount of ethanol in the solvent (0%, 20%,
40%, 60%, 80%, and 100%). All six dispersions were subjected to the refining process in
order to obtain the target GO-OL fractions, which were also dispersed in the same solvent
mixtures. In total, the twelve GO-init and GO-OL dispersions were analyzed through UV-
VIS absorption investigations to determine the amount of GO-init or GO-OL left in the
supernatant after 2 hours of ultrasonication and 1 hour of centrifugation.

The larger the amount, the better the dispersability of the respective GO material in the
solvent of choice. On the basis of "like dissolves like" principle, we were able to approxi-
mate the Hansen solubility parameters of both GO-init and GO-OL, as the best perform-
ing solvent’s parameters, on the basis on the Hansen solubility theory [51]. Both GO-init
and GO-OL dispersions were analyzed through DLS and Zeta Potential measurements,
and further physio-chemical and surface investigations through XRD, SEM, ATR-FTIR,
and Raman spectroscopy on dried self-assembled films, with the goal of understanding
the influence of the mixing enthalpy can have on the resulting films.

Then, we tested GO as a protective coating for natural and artificially aged stone sam-
ples of Euganean trachyte and Vicenza stone, used in cultural heritage monuments. The
regular synthesis pathway was employed for the GO production, and the coatings were
applied through the brushing method. In the preliminary trials, we also performed brush-
ing tests with a GO-OL fraction we refined from the GO material, but due to its poor per-
formance we chose to continue with the GO-init coatings. Coating performance has been
analyzed on the basis of the specific requirements of coatings to be applied in cultural
heritage applications, through its influence on the stone interaction with water (vapour
permeability, capillary absorption, and contact angle measurements), as well as aesthetic
properties through colorimetry tests. Spectroscopic and surface investigations have also
been performed in order to understand the interaction mechanisms of GO with the stone
substrate.
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CHAPTER 2. MATERIALS AND METHODS

2.2 Stone samples

Stone materials differ in their composition (e.g., carbonate, silicate), geological origin
(e.g., sedimentary, igneous, metamorphic), and textural features (e.g., porosity, grain size,
stratification, etc.) which all affect their bulk behavior against degradation mechanisms
[52, 53]. To characterise the efficiency of a protective coating for stone cultural heritage, it
is necessary, if possible, to evaluate its performance on a wide range of stone materials.

Figure 2.2: Simplified geological map of the areas around Berici and Euganean Hills, from which
the Vicenza stone and Euganean trachyte stone are respectively quarried. Adapted from [54].

We have chosen to work with two types of stones, namely the carbonatic Vicenza stone
and silicatic Euganean trachyte stone, due to their different composition and geological
origin, as well as textural features, in order to cover a larger array of the particularities of
stone (Figure 2.2). Both types of stones are extracted from the active quarries in North East
Italy, in the Berici and Euganean Hills, respectively, and have historically been employed
as dimension stones or in the construction of sculptural complexes not far from their point
of extraction since Antiquity.
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CHAPTER 2. MATERIALS AND METHODS

2.2.1 Vicenza stone

Vicenza stone creation dates back to the Middle Eocene and following Oligocene (be-
tween 55 and 23 million years ago), and it is a member of the Castelgomberto calcarenite
family, one of the fundamental building blocks of Vicenza’s Berici hills [55]. It was formed
by the buildup of sand, plant fragments and shells at the bottom of a sea that once covered
the area where the hills are located now. Several variations of Vicenza stone can be identi-
fied, based on the colour, grain, and quarry location, such as the white Costozza variation,
or the yellowish-brown Nanto variation [53]. Gray variations can also be found.

From a petrographical point of view, Vicenza stone is an organogenic limestone that is
distinguished by a high level of porosity and the inclusion of micro- and macroclastics of
foraminifera, bryozoans, algae, and echinoderm [55, 56]. It has an exceedingly heteroge-
neous structure due to its composition, which is comprised mostly of calcium carbonate
(above 90%) with trace amounts of silicon, aluminium, and iron oxides. Physically, it has
poor mechanical properties but acceptable workability due to its high compositional het-
erogeneity and low hardness value. Furthermore, because this stone does not respond
well to mechanical stress, due to its low tensile strength, flexion, and compression values,
it was mostly used for sculpture and surface fabrication. As a result, it is regarded as a
soft stone that may be easily shaped to meet specific requirements.

Vicenza Stone is prone to deterioration due to its high specific surface dictated by
porosity and the presence of thin clay layers containing swelling micas such as montmo-
rillonite [56]. The characteristic weathering forms include dissolution and pulverisation
(Figure 2.3), which are commonly accompanied by biological colonisation [53]. Vicenza
stone has been historically used in numerous complexes around the Vicenza area, both
as masonry and in statuary, such as in the Palladian villas (Vicenza, Italy) and for the 78
statues in the square of Prato della Valle (Padua, Italy), exemplified in Figure 2.3.

Figure 2.3: Left: Typical dissolution and biological colonisation of limestone, to which the Vicenza
stone is also subjected. Right: Statuary complex of Prato della Valle, Padua, consisting of 78
statues.
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CHAPTER 2. MATERIALS AND METHODS

For our experiments we used samples of the white variation of Vicenza stone, from
the Badia quarry. The stone samples were gratefully provided by Fratelli Nichele SRL,
Val Liona (VI), Veneto, Italy.

2.2.2 Euganean trachyte

The Euganean Hills are a group of hills in northeastern Italy, entirely surrounded by the
Venetian Plain. They were formed in a sub-marine out-welling of basaltic lava during the
Eocene, which was followed in the Oligocene by an episode of activity characterized by
viscous magma, which formed large deposits of rhyolites and trachytes with moderate
alkali metal affinity, while latites and basalts were seldom formed [57]. Euganean tra-
chyte is a denomination that comprises the trachytes, quartz-trachytes, and less common
rhyolites and trachyandesites extracted from the Euganean Hills, having in common a
characteristic porphyritic texture and gray color, sometimes ranging to brown and yel-
low shades [58]. Depending on the extraction cave, several different Euganean trachyte
varieties can be identified that, although they might belong to the same quarry basin,
exhibit a relatively wide array of mechanical performance, strongly depending on their
pore characteristics.

From a petrographical point of view, Euganean trachyte is considered a type of ig-
neous rock, with a characteristic fine-grained matrix (a characteristic of volcanic stones).
Its chemical composition consists of a large amount of SiO2 (around 60-65%), with im-
portant contributions from Al2O3 (around 17%), alkali oxides (Na2O and K2O, about 5%
each) and lower amounts of Fe2O3, MgO, and CaO [58], highlighting its large degree of
heterogeneity. Generally speaking, the Euganean trachyte is characterized by good dura-
bility and mechanical properties, and a particularly high resistance to abrasion - higher
than that of many marbles, sandstones, or limestones, and, in some cases, also compara-
ble to a number of granites - which is one of the reasons why the Euganean Hills have
been exploited since pre-historic times [59].

Having good mechanical properties, Euganean trachyte degradation mechanisms are
generally dependent on pollutant exposure, resulting in distinctive decay traits such
as contour scaling, flaking, and exfoliation, which leads to granular disintegration and
crumbling. In the presence of SO2, black crust forms are also common (Figure 2.4), which
are prone to separation and structural damage [60]. Due to its exceptionally good dura-
bility and abrasion resistance, Euganean trachyte has been historically used in northern
and central Italy as a building material for churches, defensive walls, pavements, such as
the pavement of San Marco square in Venice, Italy (Figure 2.4).

In our study we used samples of Euganean trachyte from the Montemerlo quarry,
which were gratefully provided by Cave Montemerlo SRL, Cervarese Santa Croce (PD),
Veneto, Italy. The Montemerlo quarry is one of the last quarries still active in the extrac-
tion of Euganean trachyte, a large share of the stones extracted here being used in the
reparation of stone cultural heritage monuments.
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Figure 2.4: Left: Typical disintegration and flaking of trachyte stone [60]. Right: San Marco
square, Venice, a world renowned symbol paved with Euganean trachyte.

2.3 Graphene oxide synthesis

In order to discuss the surface characteristics of GO and its performance as a protec-
tive coating for stone cultural heritage, two syntheses of GO have been prepared, which
will be detailed in the following sections. A regular synthesis (Section 2.3.1) was used
for preparing a GO water dispersion to be used for the protective coatings. A second,
modified synthesis (Section 2.3.2) was also made in order to produce six GO dispersions
(referred to as GO-init) in water, absolute ethanol, and intermediary binary solvents of
water and absolute ethanol, with 20%, 40%, 60%, and 80% of the solvent mixtures com-
posed of absolute ethanol. A fractionation process was further performed on each of the
GO-init dispersions, with the goal of obtaining GO fractions with improved self-assembly
capabilities. Due to their oil-like consistency, they will be referred to as GO-OL.

For the sake of convenience, the resulting GO dispersions of the modified synthesis
will be differentiated by the absolute ethanol volume percentages in the solvent (0%, 20%,
40%, 60%, 80%, and 100% ethanol GO dispersions) and by the type of GO (GO-init or GO-
OL). Thus, we can classify the GO dispersions produced for this study as the following:

1. GO water dispersion. Produced through the regular synthesis process. Further refin-
ing (according to Section 2.3.2) was also done on a portion of this dispersion, for the
preliminary tests of GO-OL as a protective coating for stone material.

2. GO-init water/ethanol dispersions. Six dispersions, the direct result of the modified
synthesis. Each dispersion was composed of GO-init and a mixture of water and
absolute ethanol (0%-100% ethanol). After being analyzed, they were subjected to
the fractionation process.

3. GO-OL water/ethanol dispersions. Six dispersions resulting from the fractionation pro-
cess of the GO-init dispersions. GO-OL represents the target fraction with better
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self-assembly capabilities. Dispersed in the same solvent mixtures of water and ab-
solute ethanol.

2.3.1 Sono-chemical exfoliation

For the synthesis of GO, a sono-chemical exfoliation method was employed, using the
primary raw reagents (i.e., graphite flakes, H2SO4, H3PO4, KMnO4, and H2O2) and ra-
tios of the Marcano-Tour process [24]. Our synthesis method includes additional steps
of ultrasonication, washing, centrifugation and decantation, and was used before in the
production of GO with exceptional self-assembly properties [27, 61].

For obtaining the necessary GO to be used for the protective stone coatings, the syn-
thesis pathway with no additional modifications was used. It can be divided in three
steps, outlined in Figure 2.5.

Figure 2.5: Schematic representation of the regular synthesis process. Adapted from [61].

In the first step, 270 mL of H2SO4 (97%, Nordic Invest SRL, Cluj-Napoca, Romania)
and 30 mL of H3PO4 (85%, Sigma Aldrich, St. Louis, MI, USA) were mixed in a 9:1 ratio.
After 5 minutes, 2.7 g of graphite (99.9995%, powder, 100 mesh diameter, Alfa Aesar,
Haverhill, MA, USA) was added in small portions for 20 minutes (i.e., a fifth of the total
quantity at a time, with 3 minutes between them) under continuous mixture in an ice
bath. Then, 12 g of KMnO4 (99%, Sigma Aldrich, St. Louis, MI, USA) were added in small
portions for 15 minutes, while maintaining a continuous mixture and the ice bath. The
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initial mixture was then left for 60 minutes under stirring, in an ice bath. Then, the ice
bath was removed, and the mixture was left for 48 hours at room temperature, in ambient
atmosphere.

The second step of the synthesis method consisted of slowly adding 200 mL H2O2

(3%, precooled, Hipocrate 2000 SRL, Bucharest, Romania) for 20 minutes to the mixture,
which was stirred in an ice bath. Then, the mixture is left for another 20 minutes to cool
in the ice bath, while stirring. Afterwards, the mixture was centrifuged for 10 minutes
at 6000 rpm, and the supernatant was decanted away. Then, the remaining solid under-
went successive washings with 200 mL H2O Milli-Q, 100 mL HCl (35%, Sigma Aldrich,
St. Louis, MI, USA), and 100 mL absolute ethanol (SC Nordic Invest SRL, Cluj-Napoca,
Romania), in that order. After each washing, the mixture was subjected to a series of 15
min of ultrasonication, 10 min centrifugation at 6000 rpm. The supernatant was decanted
away every time. The washings with HCl and absolute ethanol were done twice.

After the last decantation, the remaining solid was mixed with 400 mL H2O Milli-
Q, ultrasonicated for 60 min, and kept in a sealed jar for 4 days. The final step of the
synthesis consisted in harvesting with a syringe the superior fraction from the jar, and
represented the final product of the synthesis. The inferior fraction (about one fifth of the
total amount) consisted of a more viscous GO suspension, which may contain unexfoli-
ated graphite, and was not used.

2.3.2 Refining process

In order to characterize the dispersability of GO, another synthesis was prepared using
the same amounts of reagents, but with several modifications:

• After the final ethanol washing, the solid was mixed with a larger amount of abso-
lute ethanol (200 mL, SC Nordic Invest SRL, Cluj-Napoca, Romania) and separated
in 6 different containers with equal amounts of mixture. This was done in antici-
pation of the final ultrasonication and centrifugation steps, through which the final
solid GO was obtained before its dispersion in the final solvent of choice.

• Following the last centrifugation mentioned earlier, each solid was dispersed in a
mixture of H2O Milli-Q and absolute ethanol, which have been discriminated by
the amount of ethanol in solution (ranging from 0% ethanol to 100% ethanol, with
four intermediate mixtures with 20%, 40%, 60%, and 80% ethanol). Each dispersion
was then ultrasonicated for 60 minutes and left for 4 days at room temperature.

• The final step of the modified GO synthesis consisted in harvesting the superior
fraction from each jar, resulting in six GO dispersions in a binary solvent consisting
of different mixtures of H2O Milli-Q and absolute ethanol. In discussing the surface
characteristics of the obtained GO, these GO dispersions will be referred to as the
GO-init dispersions.
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In order to obtain GO fractions with better self-assembly properties, the six GO-init
dispersions were subjected to a fractionation process [27]. Each dispersion was ultrason-
icated for 30 minutes and centrifugated at 6000 rpm for 120 min, which resulted in the
formation of three fractions arranged vertically inside the container. The first fraction,
called GO-paste due to its paste-like consistence, was formed at the bottom of the jar. The
middle fraction, with an oil-like consistency, called GO-OL, is the GO fraction of interest
with great reported self-assembly capabilities. The supernatant, although transparent,
was shown to also contain some amounts of GO, but portrayed no interest for us.

These GO-OL dispersions were then analyzed and the results were compared with
that of GO-init. As will be discussed later, this fractionation process was also done on the
GO water dispersion obtained through the regular method, during the preliminary tests
as a stone coating.

2.4 Characterization methods

Particle size distributions and ζ-potential of GO dispersions (0.25 mg/mL) were inves-
tigated using a Malvern Nano ZS90 Zetasizer particle analyser (ICDI-SNA Laboratory,
Babes, -Bolyai University, Cluj-Napoca, Romania) equipped with a He-Ne laser (633 nm,
5 mW). Each GO dispersion was analyzed in its respective water and ethanol mixtures.
Measurements included five sets of 30 observations done at a scattering angle of 90° and
a temperature of 25 °C. The laser attenuation level for each measurement was chosen
automatically. Each measurement was done three times, and the results were averaged.

XRD diffractograms on GO-init and GO-OL self-assembled films were obtained by us-
ing a Shimadzu XRD-6000 diffractometer (ICI-BNS Laboratory, Babes, -Bolyai University,
Cluj-Napoca, Romania), using CuKα radiation (λ = 1.54 nm) and a Ni filter. The patterns
were recorded in the 2Θ range between 5° and 50° with a scan speed of 2°/min.

ATR-FTIR absorption spectra of GO-init and GO-OL films were recorded with a JASCO
6600 spectrometer (ICDI-SNA Laboratory, Babes, -Bolyai University, Cluj-Napoca, Roma-
nia) within the range of 700–4000 cm-1, at room temperature, with a spectral resolution of
4 cm-1, using a ZnSe crystal.

SEM and EDX analyses were performed on the GO-init and GO-OL self assembled
films using a Hitachi SU8230 cold field emission electron microscope (INCDTIM Labora-
tory, Cluj-Napoca, Romania), coupled with an Oxford Instruments EDX detector. Mea-
surements were done at 30 kV, a working distance of 14.6-15.3 mm, while the elemental
composition was obtained using the AZtec Software.

UV-VIS absorbance measurements of GO-init and GO-OL dispersions were done us-
ing a JASCO V-780 UV-Visible/NIR Spectrophotometer (ICDI-SNA Laboratory, Babes, -
Bolyai University, Cluj-Napoca, Romania). The spectra were measured in the 200 - 800
nm range, with a 0.5 nm resolution. The background measurements were done on each
dispersion’s corresponding mixture of water and absolute ethanol. For the dispersabil-
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ity tests on the supernatant resulted from centrifugation, measurements were done three
times at the same wavelength (λ = 235 nm), and the results were averaged.

A Renishaw InVia Reflex Raman spectrometer (Faculty of Physics, Babes, -Bolyai Uni-
versity, Cluj-Napoca, Romania) with an air-cooled RenCam CCD detector was used to
capture Raman spectra. For the GO-init and GO-OL self-assembled films, the excitation
source used was a 532 nm laser line, with a power of 200 mW. A 30 s exposure duration
at 0.1% power was used. For each film, three spectra were acquired from different spots,
and the calculated ID/IG ratios were averaged. In the case of the GO films prepared from
the regular synthesis and the subsequent stone coatings, the excitation source used was a
785 nm laser line, with a power of 106 mW. The laser line was changed due to the strong
fluorescence signal coming from both types of stones. A 10 s exposure duration at 10%
power was used. In all cases, the spectral resolution was 4 cm-1.

A Nicolet Nexus 870 FTIR spectrometer (CNR-ICMATE Laboratory, Padova, Italy)
equipped with a DTGS detector was used for the analysis of the stone characterisation
and the GO films prepared from the regular synthesis, using the KBr pellet method (1:100
dilution ratio). For each spectrum, 128 scans were acquired in transmission mode in the
400-4000 cm-1 range, with a spectral resolution of 4 cm-1.

The structural characterisation of the stone samples was determined via X-ray Diffrac-
tion (XRD) performed by means of a Bruker D8 Advance Plus diffractometer (CNR-
ICMATE Laboratory, Padova, Italy) operating in a Bragg-Brentano θ-θ geometry, using
CuKα radiation (λ = 1.54 nm).

To assess the effects of the protective coatings on weathered stones, we subjected a part
of the stone samples to an artificial thermal ageing process, which consisted in heating the
dried samples to 400 °C for one hour [49]. In order to assess the effect of the thermal treat-
ment on the open porosity of the stone samples, we investigated them through Mercury
Intrusion Porosimetry (MIP) through the use of a Thermo Fisher PASCAL porosimeter
with a double module - Pascal 140 and Pascal 240 – which operated at pressures of 40
MPa and 200 MPa. This allowed the effective measurement of pores with a diameter be-
tween 3.7 nm and 150 µm. The two measurements were performed, combined and pro-
cessed through the SOLID version 1.4.1 software. The liquid-solid contact angle for the
mercury-stone system is 141.3°. For both Vicenza stone and Euganean trachyte, a sample
of the natural and aged stone were tested. A colour change was also noticed between the
natural and aged samples.

To simulate the weathering of the GO stone coating, we exposed the treated stone
surfaces to a UVC lamp (Helios Italquartz low-pressure Hg lamp) with a total power of
25 W. The lamp’s power at wavelength λ = 254 nm is 7.5 W, and was placed at a distance
of 1 cm from the samples. The exposure time was set to 7 hours, based on preliminary
tests.

To investigate the stone surface morphology with and without the GO coating ap-
plied, we used an Olympus SZX12 microscope coupled with a digital camera for optical
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microscopy pictures, and the FEI Quanta 200F for SEM images (both at CNR-ICMATE
Laboratory, Padova, Italy). For SEM, secondary electrons were collected using an E-T de-
tector (10 kV, working distance of 9-10 mm, spot size 3.0-3.5) to create the SEM pictures.

Water vapour permeability (WVP) tests were performed in accordance to the EN
15803:2010 standard for cultural heritage applications in wet cup conditions [62]. Three
samples of each type of stone were prepared by preconditioning the stone discs for 70
hours in a desiccator at 23 °C and 50% relative humidity. Then, in each cup 12 g of H2O
and 6 g of KNO3 were mixed, with the goal of maintaining an internal relative humidity
of 93%. The cups were then capped with the stone discs (approximately 5 cm in diameter
and 1 cm in thickness), with the treated face towards the inside of the cup, which was
then sealed with Parafilm tape. The cups were then left in the desiccator at a temperature
of 23 °C and a relative humidity of 50%. Measurements of the cup weight, desiccator tem-
perature, relative humidity, and air pressure were made every 24 hours, until the system
reached a steady state, and were done on the same samples before and after treatments
(untreated stones, after the GO coating was applied and after the UV exposure of the
coating).

Water capillary absorption (WCA) tests were done according to the EN 15801:2009
standard for cultural heritage applications [63]. For each type of stone, three samples (4
cm cubic samples) have been preconditioned for 66 hours in an oven at 60 °C, then left
to cool down to ambient temperature. Stones were weighted before the experiment, and
then placed in a container with the treated face on top of a 5 mm layer of filter paper
soaked with distilled water. The filter paper was kept soaked at all times using a pipette.
The experiment was performed at 23 °C. The samples were weighted at regular times
after the start of the experiment (more often at the beginning), until the mass change
between two consecutive measurements did not exceed 1%. Each measurement consisted
in removing the sample from the soaked filter paper, wiping the excess water on the
surface using a microfiber cloth, and then weighting it. Samples were analysed before
and after each treatment (untreated stones, after the GO coating was applied and after
the UV exposure of the coating).

Water contact angle tests were performed in accordance to UNI EN 15802:2009 stan-
dard, used in cultural heritage applications [64]. Measurements were done on the same
treated face of the three cubic samples used for each type of stone on the WCA tests. The
samples were preconditioned for 3 hours in an oven at 60 °C, then left to cool at room tem-
perature. For the experimental setup, a Dino-Lite microscope was used to photograph the
10 µL water drops. For each sample, 15 measurements were made by photographing the
drops 10 s after their contact with the surface. The photographs were then analyzed to
determine the contact angle, through the DinoCapture 2.0 software, and the results were
averaged. Samples were analysed before and after each treatment (untreated stones, after
the GO coating was applied and after the UV exposure of the coating).

For the colorimetry tests, a CM-2600d Konica Minolta spectrophotometer was used to
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record the reflectance spectra of each sample, collected in the range of 360 - 740 nm, with
a 10 nm resolution. The measurements were performed in the CIEL*a*b* colour space,
where L* is the lightness and a* and b* are the chromaticity coordinates in the red-green
and the yellow-blue direction, respectively. The instrument has an eight-degree viewing
angle geometry, with a Xenon lamp diffusion light and a high-resolution monolithic poly-
chromator. For each point analyzed, three measurements were averaged, and were per-
formed in the SCI (specular component included) mode, on the same cubic stone samples
also used for the WCA and contact angle measurements. Through the use of a mask, the
same five points on the treated face of the samples were analyzed, before and after each
treatment (untreated stones, after the GO coating was applied and after the UV exposure
of the coating). The results were used to calculate the colour variation ΔE* between each
treatment, according to the equation:

∆E∗ =
√
∆L∗2 +∆a∗2 +∆b∗2 (2.1)

As mentioned in the introductory section, the colour variation induced by the application
of a protective coating should not be noticeable. In accordance to the existing literature,
a colour variation greater than 3 becomes visible, while a variation greater than 5 is con-
sidered unacceptable for cultural heritage [65].
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Results and discussion

3.1 Dispersability of graphene oxide

This section describes the results obtained after the investigation of GO dispersability in
a water and ethanol mixture. Work started with a modified synthesis pathway described
in Section 2.3.2, through which six different GO-init dispersions have been obtained. Ini-
tially, each dispersion had a total volume of 40 mL and similar concentrations of GO
(about 19 mg/mL).

In accordance to the refining process described in Section 2.3.2, we used 35 mL of
each GO-init dispersion for the fractionation process. Each dispersion yielded different
amounts of each fraction, with the 60% ethanol providing a maximum yield of GO-OL
(Figure 3.1). From the beginning, it’s worth mentioning that throughout this analysis,
both the GO-init and GO-OL dispersions in 100% ethanol behaved in a different way
than the other dispersions which included water as part of the solvent. Although this
was noticed earlier, it appears that absolute ethanol is not able to properly disperse GO,
which causes the decantation of the nanomaterial at the bottom of the container, leaving
the clear solvent on top. It is the first clue on the importance of the presence of water
molecules in the solvent.

The particle size distribution of the GO dispersions of interest (GO-init and the refined
GO-OL) have been analyzed (Figure 3.2). In the case of 2D nanosheets such as GO, DLS
results are difficult to interpret, due to the fact that the method assumes the radiation
is reflected by spherical structures. Thus, the particle size distributions might only be
compared in search of large differences, since they cannot provide reliable information
on the size of planar structures. It might be possible, however, that the peaks observed
have their origin in the well-defined anisotropy of the diffusion coefficient for planar
structures [61].

Similarly, ζ-potential distributions have been obtained. The distributions of both GO-
init and GO-OL dispersions can be seen in Appendix A1.1, Figure A1.1. The average
values are represented in Figure 3.3, in which we can observe that increasing the amount
of ethanol in the solvent mixture leads to an increase of the ζ-potential values.
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Figure 3.1: Left: Quantities obtained of each refined GO fractions (paste, OL, and the super-
natant). A maximum output can be noticed for the 60% ethanol dispersion, while almost no
GO-OL resulted from the 100% ethanol fraction. Right: Vertical arrangement of the paste, OL,
and supernatant fractions in the containers after the refining process.

Figure 3.2: Particle size distributions of GO-init and GO-OL dispersions in their respective wa-
ter/ethanol mixtures. Generally, we can distinguish three peaks in each distribution. A shift
towards larger sizes occurs for the GO-OL fractions.
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Figure 3.3: Average ζ-potential values for each GO-init and GO-OL dispersion. An instrumental
error of 10% was considered. The lowest values have been obtained for the 20% ethanol GO-init
dispersion.

From each dispersion we took 1 mL and left it to dry on a watch glass for 1 week in am-
bient conditions. Once placed on the watch-glass, the self-assembly of GO at liquid-air
interface started to be noticeable. In the case of GO-init dispersions, the quickest self-
assembly occurred for the 40% ethanol dispersion, when compared to the others. Gen-
erally, it took several minutes for the films to appear. For GO-OL, however, the quickest
films appeared from the 60% ethanol dispersion, and it usually took between 10 seconds
to a minute for each GO-OL film to appear. There was no self-assembly effect seen in the
100% ethanol dispersions, and the dried GO-init and GO-OL appeared in powder form,
adhered to the glass substrate.

The dried films were then subsequently used for XRD, SEM-EDX, ATR-FTIR, and Ra-
man spectroscopy investigations, in order to identify potential physio-chemical or mor-
phological differences. A comparison on the obtained XRD diffractograms obtained for
the self-assembled films of GO-init and GO-OL can be seen in Figure 3.4. The characteris-
tic (001) peak of GO is noticeable at 2Θ values of about 10°, and has been used to compute
the interlayer distance, in accordance to Bragg’s law (Figure 3.5):

nλ = 2d sinΘ (3.1)
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Figure 3.4: XRD diffractograms of GO-init and GO-OL self-assembled films at the liquid-air
interface. Each film was dried in its respective solvent, consisting of water and ethanol mixtures.

Figure 3.5: Calculated interlayer distance for each GO-init and GO-OL self-assembled film, on
the basis of Bragg’s equation. As ethanol molecules begin to penetrate inside the structure, the
interlayer distance increases.

A broad peak of lower intensity can also be seen in all samples at 2Θ values of about

24



CHAPTER 3. RESULTS AND DISCUSSION

22°, which is characteristic to (002) reflections of leftover graphitic domains. However,
the same (002) reflection can also be seen at 2Θ = 26° in GO-init films, for well defined un-
oxidized graphitic domains, indicating incomplete exfoliation [66]. This is not observed
in the case of GO-OL films. Furthermore, in the case of dispersions in 100% ethanol, we
can see an additional peak at 2Θ = 43°, which is the result of (100) reflections, indicating
incomplete exfoliation. Overall, we can observe that by using a solvent mixture richer
in ethanol, the crystallinity of GO self-assembled films is slightly decreased, when com-
pared to the water mixture. Furthermore, the GO-OL refined fractions seem to lack well
defined graphitic domains, the ones seen for GO-init.

Micro-scale SEM images have been taken to investigate the morphology of each film,
and are presented in Appendix A1.2, Figures A1.2 and A1.3. A continuous morphology
with folding features can be observed in the case of GO-init and GO-OL films obtained
from dispersions containing water, in accordance to the observed self-assembly effects.
Dried samples obtained from GO-init and GO-OL in 100% ethanol showcase some con-
tinuous aggregates of micrometer size, which agglomerate in larger formations. Debris
is also visible, especially for GO-init, while GO-OL showcase a layered type of structure
composed of long aggregates.

ATR FT-IR spectra of the obtained films can be seen in Figure 3.6. The characteristic
GO absorption bands can be observed, in accordance to the existing literature [66, 67, 68,
69]. Thus, the wide absorption band at about 3420 cm-1 appears due to the O-H stretching
vibration, the band around 1735 cm-1 is given by the C=O stretching vibration, the band
around 1640 cm-1 is attributed to the stretching vibration of the C=C bonds and the ab-
sorption band around 1430 cm-1 is assigned to the S=O stretching vibration. The signals
recorded in the 1250–1000 cm-1 region appear due to the stretching vibrations of the C-OH
(about 1220 cm-1), C-O-C (about 1165 cm-1), and C-O bonds (about 1050 cm-1). Overall,
there are not many differences observed between the GO-init and GO-OL IR spectra, indi-
cating that both contain the same types of functional groups. Observed differences might
arise from the distribution of functional groups on the surface, or through the interaction
with solvent molecules.

Raman spectroscopy was further employed in order to obtain additional information
on the physio-chemical characteristics of the GO films. Individual Raman spectra for the
GO-init and GO-OL samples can be observed in Annex A1.3, Figures A1.4 and A1.5. The
characteristic D and G bands of GO are present, while a lower presence of the 2D and
other overtone bands is seen, indicating a large degree of oxidation [70, 61]. The ID/IG

ratio, used to describe the degree of oxidation of GO structures, has also been calculated
from the spectra (Figure 3.7). Although a small difference, on average GO-OL samples
display a slightly higher ID/IG ratio, indicating a relatively larger oxidation degree, when
compared to GO-init. It is also relevant to note the lower deviations from the average
values obtained for GO-OL samples, when compared to GO-init, which might indicate
that a more homogeneous structure was obtained through the further refining process.
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Figure 3.6: Recorded IR of GO-init and GO-OL self-assembled films at the liquid-air interface.
Each film was dried in its respective solvent, consisting of water/ethanol mixtures.

Figure 3.7: Calculated ID/IG ratios for the GO-init and GO-OL samples. Three Raman spectra
have been used for each sample. Average values and standard deviations are shown.

In order to characterise the dispersability of GO in water and ethanol mixtures, we
chose a quantitative method based on the Hansen solubility theory of solutes in a sol-
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vent [51]. On its basis, the dispersability of a nanomaterial in a solvent is determined
by the energetic cost of mixing the two components, and can be evaluated through their
corresponding enthalpy of mixing. Since GO can be considered a 2D nanomaterial, the
molecular interactions with the solvent molecules take place mostly on the surface of the
nanosheets. Thus, the surface energies of the solvent and the nanomaterial will constitute
the main components. Ultimately, the energetic cost of mixing the two components is
minimized for similar or equal surface energies [50, 51]. This is the physio-chemical basis
of the well-known empiric principle of "like dissolves like", and is the foundation of the
method we further employed for the characterization of GO dispersability.

A detailed, quantitative analysis of the surface characteristics of GO can be done on
the basis of the Hansen solubility parameters, corresponding to the dispersive, polar,
and hydrogen-bonding components of the cohesive energy density used to describe the
dispersability of GO [50, 51]. Thus, we can write the enthalpy of mixing as:

∆Hmix =
[
(δD,2D − δD,sol)

2 + (δP,2D − δP,sol)
2 + (δH,2D − δH,sol)

2]ϕ(1− ϕ) (3.2)

where δD, δP, and δH are the dispersive, polar, and hydrogen-bonding Hansen solubility
parameters of the 2D nanomaterial or the solvent, and φ is the volume fraction of the 2D
solute in the solvent. We can easily notice that ΔHmix is minimized for equal values of
the solubility parameters of the 2D solute and the solvent. As a consequence, through
empirical observation of the most effective solvent for an unknown solute, one can re-
liably approximate the Hansen solubility parameters of the nanomaterial as the values
corresponding to the parameters of the best solvent.

The modified synthesis we performed yielded six GO-init dispersions in mixtures of
water and ethanol. In theory, the Hansen solubility parameters of a mixture are a lin-
ear combination of the individual components, weighted by the volume fraction of each
component [51]. Thus, we computed δD, δP, and δH for each of the water and ethanol
mixtures. The first step of the analysis consisted of investigating the UV-VIS absorption
spectra of each GO-init dispersion, at the same concentration (Figure 3.8). The π-π* transi-
tion of the atomic C-C bonds is observed at about 235 nm, while a shoulder peak at about
300 nm assigned to n-π* transitions is also noticeable. The maximum absorbance occurs at
235 nm for each sample, with the GO-init dispersion in the 60% ethanol mixture showing
the largest absorbance. This might be due to the smaller size of the GO-init nanosheets,
which have improved absorbance capabilities compared to larger sized GO nanosheets
[71].

For the dispersion tests we subjected 20 mL of each GO-init dispersion (0.1 mg/mL)
to 2 hours of ultrasonication and 1 hour of centrifugation. Following these steps, each
dispersion separated into a supernatant and a decantant. The amount of GO-init retained
in the supernatant after ultrasonication and centrifugation was taken as a measure of the
ability of the solvent to colloidally stabilize the material. Based on the observed UV-VIS
spectra, we chose a working wavelength of 235 nm for estimating the amount of GO in the
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supernatant, corresponding to the maximum absorbance peak of GO. We also performed
tests to ensure water and ethanol are completely transparent at 235 nm. Ultimately, from
the absorbance measurements, we can also compute the concentration of GO-init, in ac-
cordance to the Beer-Lambert law:

A

l
= αC (3.3)

where A is the measured absorbance, l is the optical path length, α is the extinction coef-
ficient, and C is the concentration of GO-init.

Figure 3.8: UV-VIS absorption spectra of GO-init dispersions in water and ethanol mixtures.
The corresponding water and ethanol mixtures were used for the background scans and were then
subtracted.

The same exact procedure has been followed for the GO-OL dispersions obtained
through the subsequent refining process. For each supernatant five measurements have
been done, and the average and standard deviation have been provided as a function
of the Hansen solubility parameters of each solvent mixture of water and ethanol (Fig-
ure 3.9). From the experimental results we can then estimate the Hansen solubility pa-
rameters of GO-init and GO-OL as the δD, δP, and δH corresponding to the maximum
absorbance per optical path length measured.
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Figure 3.9: Absorbance per optical path length at 235 nm for GO dispersions following ultra-
sonication and centrifugation, as a function of a) δD, b) δP, and c) δH of each solvent at 25 °C.
Droplines represent the maximum A/l values obtained for GO-init and GO-OL.

Results are presented in Table 3.1, together with literature values for GO, RGO, pris-
tine graphene, and pristine graphite nanofibers (PGNF). By comparison, little variation
is usually seen for δD, as generally these types of materials can be easily dispersed by
solvents with δD values of around 15-18 MPa1/2. Slightly larger variations can be noticed
for δP values, which can be found in the range of about 8-13 MPa1/2. By comparison with
graphene, it is noticeable that the presence of oxygen functional groups decreased the
δD and increases the δP values. As noticed in our work, the largest distribution can be
seen for δH values, suggesting that hydrogen-bond interactions between GO and solvent
molecules are the most important mechanism in its successful dispersability. Low values
of δH=7.7 MPa1/2 have been reported for pristine graphene, and as the number of oxy-
gen functional groups increases, H rises to a maximum value of 33.1 MPa1/2, for GO-init.
As previously suggested [50], it appears that the oxidized domains of GO, rather than
pristine domains, dominate the dispersion mechanism.
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Table 3.1: Hansen solubility parameters of GO-init, GO-OL and other types of graphene materi-
als.

δD

MPa1/2
δP

MPa1/2
δH

MPa1/2 Ref.

GO-init 15.6 13.1 33.1 This work
GO-OL 15.7 11.7 28.6 This work
GO 17.1 10.0 15.7 [72]
RGO 17.9 7.9 10.1 [72]
RGO 16.9 10.7 14.1 [50]
Graphene 18.0 9.3 7.7 [73]
PGNF 16.4 8.6 14.7 [74]

Maximum dispersability has been achieved for water and ethanol solvent mixtures
with 40% ethanol for GO-init, and 60% ethanol for GO-OL, for which a maximum yield
was also obtained in the refining process. Lower values for δH and δP also indicate that
GO-OL has slightly lower hydrogen-bond and polar interactions with the solvent than
GO-init, possibly due to a slightly lower ratio of oxidized domains. This relates to the
observed ζ-potential values for GO-init and GO-OL dispersions, for which more negative
values have been noticed for GO-init.

Taking into account all the results discussed so far, it appears that the refining pro-
cess yields a GO-OL fraction that keeps the same oxygen functionalities as the initial GO,
but has no leftover graphitic domains caused by incomplete exfoliation. This leads to
an improved self-assembly mechanism, and the formation of GO-OL films with a more
homogeneous structure, as noticed in the Raman spectra. As seen in the values obtained
for the δD, δP, and δH solubility parameters, it appears that the synthesis pathway and the
further refining process is capable of producing a very oxidized type of GO, with great
capabilities of forming hydrogen-bonds with surrounding molecules. From a practical
point of view, this has further implications, since the surface characteristics of a 2D nano-
material dominate its behaviour. Choosing the right solvent is crucial for maintaining
the stability of the dispersions, and the water and ethanol mixtures formed stable GO
dispersions for a long time.

3.2 Performance of graphene oxide as a protective coating

Assessment of the potential use of GO as a protective coating for stone materials started
with the analysis of the two different types of stones we chose to use, namely the Eu-
ganean trachyte and the Vicenza stone. Since protective coatings in stone cultural heritage
are sometimes applied on aged and weathered stones, we chose to perform an artificial
ageing process on some of the samples, with the goal of comparing the performance of
GO on both types of substrates: natural, fresh quarried stone and artificially aged sam-
ples. Transmission FT-IR using the KBr pellet method and XRD analysis has been per-
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formed on powdered stone samples (Figures 3.10 and 3.11).

Figure 3.10: Left: FT-IR absorption spectrum of Euganean trachyte. Right: XRD diffractograms
of natural and aged Euganean trachyte.

Figure 3.11: Left: FT-IR absorption spectrum of Vicenza stone. Right: XRD diffractograms of
natural and aged Vicenza stone.

The following absorption bands of Euganean trachyte can be identified in the FT-IR
spectrum: the stretching vibration of O-H (about 3400 cm-1), the bending vibration of
H-O-H (at about 1630 cm-1), the bending vibration of Si-O-Si (at 1115 cm-1), the stretch-
ing vibration of Si-O (at 1015 cm-1), the bending vibration of O-Si-O (at 781 cm-1), Si-O-Al
vibration (at 593 cm-1), and a Fe-O vibration (at 430 cm-1) [75]. Little to no difference is ob-
served in the XRD diffractograms of natural and aged Euganean trachyte samples, which
exhibit reflections of the main crystal phases present: Albite, Microcline, Muscovite, and
Aluminum Diopside [57, 75].

The FT-IR absorption spectrum of Vicenza stone exhibits the well-known IR-active
Ca(CO)3 bands: the ν4 asymmetric deformation (at 712 cm-1), ν2 asymmetric deformation
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(at 873 cm-1), ν3 asymmetric stretching (at 1440 cm-1), and combination overtones of ν1+ν4

(at 1799 cm-1) and 2ν2+ν4 (at 2515 cm-1) of the CO3 ion, as well as the stretching vibration of
O-H (at about 3480 cm-1) [76]. XRD patterns of Vicenza stone exhibit the typical reflections
of calcite, and little to no difference can be seen between the natural and aged samples,
which exhibit a very good degree of crystallinity [76].

Through MIP tests, we have analyzed the porosity of natural and aged stone samples.
Pore size distributions can be observed in Figures 3.12 and 3.13, while the stone densities
and porosimetric parameters are presented in Table 3.2. In the case of Euganean trachyte,
we first see a unimodal distribution with a peak at about 0.08 µm, which changes to
a bimodal distribution following the aging process. A new peak appears at about 2.5
µm, as the thermal treatment cracks the matrix and connects existing pores. For Vicenza
stone, the ageing process enhances the relative amounts of 1 µm and 10.5 µm. Overall,
the ageing process does not change the overall shape of the pore distributions, but rather
generates pores of specific sizes as a result of thermal stress, which collapses pores in the
stone matrix [49].

From the analysis discussed earlier, we can define the two types of stone substrates to
be further used in investigating the performance of the GO coatings as the following:

• Euganean trachyte: a compact silicatic stone substrate with medium open porosity,
with numerous impurities of Al, Na, K, Fe, and Mg present in the matrix. Following
the artificial ageing process, a new set of samples with different pore size distribu-
tion was also prepared.

• Vicenza stone: a highly porous carbonatic stone substrate with large open poros-
ity, but a rather homogeneous chemical composition. Further increase of the open
porosity was achieved through the artificial ageing process.

Figure 3.12: Pore size distributions of natural (left) and aged (right) Euganean trachyte.
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Figure 3.13: Pore size distributions of natural (left) and aged (right) Vicenza stone.

Table 3.2: Mean values of density and porosimetric parameters determined by MIP on
natural and aged Euganean trachyte and Vicenza stone.

Sample
Bulk
density
(g/cm3)

Apparent
density
(g/cm3)

Open
porosity
(vol. %)

Mean
pore radius
(µm)

Median
pore radius
(µm)

Total
pore volume
(mm3/g)

ET Natural 2.3506 2.6185 10.23 0.0792 0.0888 43.52
ET Aged 2.4154 2.7608 12.51 0.0942 0.1183 51.79
VS Natural 1.8004 2.4167 25.50 0.2216 2.4753 141.63
VS Aged 1.9459 2.8902 32.67 0.3421 2.0806 167.90

Preliminary tests of GO coatings have started through numerous brushing experi-
ments on spare stone samples to determine the maximum concentration of GO in so-
lution, so as brushing the stone surface two times would not alter the color observed with
the naked eye. Ultimately, for a GO water dispersion, a concentration of 0.5 mg/mL was
the upper limit, which we decided to use further. For two brushings, the GO quantity
applied on the stone surface was calculated to be about 1.96 µg/cm2.

Knowledge obtained from the dispersability tests was also used with the goal of ob-
taining the best possible dispersion of GO-OL, the improved GO fraction with excellent
self-assembly capabilities. As such, a part of the existing GO water dispersion resulted
from the regular synthesis pathway was further refined to obtain a GO-OL dispersion
in the best solvent of choice, a mixture of water and ethanol with 60 vol.% consisting
of ethanol. The newly obtained GO-OL dispersion was used for the preliminary trials,
similarly to the regular GO water dispersion. Surprisingly, though, it seemed that the ap-
plication of GO-OL was more difficult, as it tended to agglomerate on the lateral sides of
the brushed areas, similar to a gel, which was harder to properly disperse. This was put
on the behalf of the quick self-assembly of GO-OL, as well as the evaporation of ethanol
in the solvent, which left a more concentrated and viscous GO-OL dispersion in water.
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Furthermore, we noticed that the colour of the GO-OL coatings have darkened signif-
icantly after leaving them for one week at ambient temperature and humidity. By com-
parison, the coatings obtained from the regular GO water dispersions did not show any
color change. Due to difficulties arising from improper application, quick evaporation,
and significant color change with time, we decided to continue with coating tests ob-
tained from the regular GO water dispersion, which is identical to the GO-init dispersion
in 0% ethanol, described in Section 3.1.

Weathering of GO coatings was simulated by exposure to a UV lamp (λ = 254 nm).
After some preliminary trials, a 7-hour exposure time was selected because no additional
changes were noticed in the color of the coating or the XRD diffractograms of the UV-
exposed GO coatings after that time.

In order to discuss their structure, we prepared GO coatings on glass slides, using the
same 0.5 mg/mL GO water dispersion used for the stone brushing. FT-IR, Raman spec-
troscopy, and XRD analysis was performed on regular and UV-exposed coatings (Figure
3.14).

Figure 3.14: XRD diffractograms (a), Raman spectra (785 nm excitation wavelength) (b), and
transmission FT-IR spectra (KBr pellet method) (c) of GO coatings before and after their exposure
for 7 hours to UV light (λ = 254 nm).
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Due to the low concentration used for preparing the films, continuous films could not
form through self-assembly processes, and the coatings rather looked like dried, frag-
mented clusters, tightly bound to the glass substrate. No noticeable difference can be
seen in the XRD patterns and the FT-IR spectra between the regular GO samples and the
GO-init water dispersion (0% ethanol) discussed in Section 3.1, indicating that the struc-
ture and oxygen functional groups are still maintained in these conditions. The calculated
ID/IG ratio were 1.47 and 1.48 for the GO and GO-UV samples. An increase compared to
the 0.90 ID/IG ratio of the corresponding GO-init water dispersion discussed earlier can
be caused by the discontinuous nature of the dried GO material. This corresponds to a
larger amount of structural defects increasing ID, due to distortions in the structure.

The UV exposure greatly changes the color of the samples, as the films become darker,
which might be an indication of the expected photoreduction of the oxygen functional
groups. However, no noticeable changes appear in the FT-IR or in the Raman spectra of
GO samples. Still, a noticeable decrease in crystallinity is observed for the XRD diffrac-
tograms. We theorize that the UV exposure is only able to reduce the first few layers of
GO, hence the color change, but in depth changes might not happen due to the low pen-
etration depth of the UV light. More surface analysis might be needed to fully clarify this
observed phenomena.

Natural and aged Euganean trachyte and Vicenza stone samples have been used for
the analysis of GO coating influence on the water vapour resistance factor and the coef-
ficient of absorption through capillarity. Three samples were used for each type of stone.
First, the uncoated samples were tested, and the tests were done again after coating the
same samples and later exposing them to UV light. Results are represented in Table 3.3,
and a graphical version is pictured in Figure 3.15.

Table 3.3: Mean values of water-related petrophysical properties determined on natural and aged
samples of Euganean trachyte and Vicenza stone. Values in parentheses represent the percentile
change against the uncoated sample.

Sample Coating
Water vapour
resistance factor
(wet-cup)

Water absorption
coefficient by capillarity
(kg/m2 h1/2)

ET Natural
uncoated 108.81 ± 2.15 0.328 ± 0.014
GO 124.40 ± 4.47 (14.3%) 0.253 ± 0.018 (-23.0%)
GO-UV 114.18 ± 7.32 (4.9%) 0.167 ± 0.010 (-49.0%)

ET Aged
uncoated 110.56 ± 6.49 0.319 ± 0.016
GO 118.31 ± 11.20 (7.0%) 0.241 ± 0.011 (-24.5%)
GO-UV 119.68 ± 5.18 (8.2%) 0.193 ± 0.014 (-39.5%)

VS Natural
uncoated 20.73 ± 0.54 8.027 ± 0.658
GO 24.15 ± 0.40 (16.5%) 7.186 ± 0.160 (-10.50%)
GO-UV 21.49 ± 0.58 (3.7%) 7.073 ± 0.164 (-11.9%)

VS Aged
uncoated 20.89 ± 0.55 15.433 ± 0.508
GO 24.66 ± 0.73 (18.0%) 13.118 ± 1.276 (-15.0%)
GO-UV 21.39 ± 1.10 (2.4%) 11.998 ± 1.295 (-22.3%)
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Figure 3.15: Water absorption coefficient by capillarity and water vapor resistance factor of Eu-
ganean Trachyte (a, c) and Vicenza stone (b, d) samples.

The artificial ageing process does not generally incur large changes to the water-
related petrophysical properties of the stone samples, with the exception of the water
absorption coefficient by capillary of Vicenza stone, for which large differences are no-
ticed. This is probably a result of the pore size distribution variation after the artifical
ageing, which greatly increases the open porosity for this type of stone.

A large reduction of the water capillary absorption coefficient is observed, especially
for Euganean trachyte stone samples, where a decrease of up to 49.0% was reported. A
lower effectiveness is seen for Vicenza stone samples, where a decrease of up to 22.3% is
reported. Water capillary absorption curves can be seen in Figure 3.16. Generally, GO-UV
performed better than a fresh GO coating, which might be due to the surface reduction
following the UV exposure, capable of offering a degree of hydrophobicity to the GO
coating.

Water vapor resistance factors of each sample suffered changes of up to 14.3 % for
Euganean trachyte and 18% for Vicenza stone. In some cases, however, the change is
not distinguishable from the stone sample variability. It can be noticed that GO coatings
incurred the largest changes to this parameter.
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Figure 3.16: Water capillary absorption curves of Euganean trachyte and Vicenza stone samples
with their respective coatings. The average result obtained from three samples is shown.

Similarly, water contact angle measurements were performed for each type of stone, in
order to investigate the degree of hydrophilicity or hydrophobicity due to the presence of
the coatings. Tests were done on three samples of natural stone, which were subsequently
aged, coated with GO, and later exposed to UV light. In each case, no reliable measure-
ment was possible for the Vicenza stone samples, due to their high water absorption, a
consequence of its large open porosity. Results were only obtained for Euganean trachyte
stone samples, and are represented in Figure 3.17 as the individual values for each of the
three stone samples used. A large variation is naturally observed for the results obtained
from the fresh stone samples, which is not observed after the ageing process takes place.
Most notably, however, is that the GO coating does not change the hydrophilicity of the
stone surface. A slight shift towards hydrophobicity is noticed after the UV exposure,
which is a confirmation for the photoreduction of GO when subjected to UV radiation.

Colorimetric investigations were performed on the same stone samples used for the
water contact angle measurements. Three measurements were done on the same five
points on the surface of each sample. In accordance to Equation 2.1, color variation ΔE*
was calculated, and the results are represented in Figure 3.18.
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Figure 3.17: Water contact angle measurements for three samples of Euganean trachyte. For each
sample, 15 measurements were made, and the results were averaged.

Figure 3.18: Color variations calculated for each coating.
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Applying GO coatings on natural, fresh stone samples would lead to a color change
greater than the accepted value for cultural heritage applications. Moreover, it seems that
the weathering of the coating is further increasing the color difference. However, apply-
ing the GO coatings on already aged stone samples (which ideally should emulate real
monuments subjected to natural weathering processes) does not produce a color change
much greater than the acceptable limit. This is especially true for Euganean trachyte,
which is a gray type of stone. In the case of the white Vicenza stone, GO exposure to UV
radiation would lead to a much larger color difference than the acceptable range.

In order to elucidate the interaction mechanisms of GO with the stone substrate, we
performed additional investigations on the morphology of the coatings. Figure 3.19 shows
different features observed through optical microscopy. SEM investigations were success-
fully performed on Euganean trachyte samples, and are shown in Figure 3.20. SEM tests
were also made on Vicenza stone samples, but due to the insulating nature of the stone,
clear pictures couldn’t have been taken, and we chose not to perform any surface metal-
lization which would contaminate the thin GO coatings.

Figure 3.19: Optical images of: a) Euganean trachyte coated with GO; b) edge of coated area on
the surface of Euganean trachyte; c-d) Vicenza stone coated with GO, with a focus on the outside
and inside of a pore. Red markings indicate distinctive features observed.
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Figure 3.20: SEM images of Euganean trachyte stone samples: a-b) uncoated; c-d) GO coated;
e-f) GO-UV coated natural and aged stones, respectively. Best images have been selected from each
sample type, with the goal of showing the most interesting features noticed.
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Optical microscopy shows numerous black flakes on the coated surfaces, which might
consist of GO agglomerations already present in the dispersion, or formed immediately
after the coating was applied. Figure 3.19b, shows a clear demarcation line between the
coated and uncoated areas of the surface. Although dark flakes are noticed on the coated
section, there is also a visible darkening of the surface. Figure 3.19c-d shows the image
of a 1 mm wide pore on a GO coated Vicenza stone. A dark area can be identified inside
the pore, where possible GO agglomeration might have happened. Generally, a relatively
non-homogeneous coating is observed from the optical images, with a predisposition to
GO agglomeration.

SEM images did not show any observable differences between the natural and aged
stone surface, that might not be due to the natural stone variety. Similarly, no observable
differences can be seen between the aspect of GO and GO-UV coatings. As such, images
shown in Figure 3.20 showcase the most interesting features observed from each sample.
Both GO and GO-UV have been reliably found in smaller or larger agglomerations on the
surface features such as pores or edges, while on flat features of the stone it was more
difficult to observe. Their aspect is similar to a thin and transparent veil, which blurs
the stone features underneath, generating difficulties in properly focusing images during
SEM operation. In numerous cases, it appears to bridge or cover smaller pores or spaces
between stone features.

Coating morphology investigations suggest the formation of a non-uniform coating
with a predisposition of agglomeration on surface features such as pores or edges. A very
thin, difficult to observe coating is present on flatter surface features. Optical microscopy
has also shown the presence of large flakes of agglomerated GO sheets, but it is unclear
if they might originate from an improper GO dispersion or have been formed after the
coating was applied. Taking this into account, we might consider two types of GO coating
domains: a thick GO domain formed by agglomerated flakes in pores, and a thin GO
domain found on flat surface features.

As such, we tried to obtain further information from the Raman spectra of pore and
surface domains, with the aid of the Raman microscope (Figure 3.21). For Euganean
trachyte samples we have observed some overlapping bands probably corresponding to
organic matter contaminating the surface. In the case of Vicenza stone samples, the char-
acteristic ν1 symmetric stretching of CO3 ion is observed at 1090 cm-1 [76]. Each spectrum
was analyzed, and the ID/IG ratio was computed. By fitting the two D and G bands, the
full width at half maximum (FWHM) of each band was recorded. The results are shown
in Table 3.4.

A noticeable trend is visible when comparing the D and G band parameters of GO
and GO-UV coatings between pore and surface domains for Vicenza stone. It seems that
UV exposure is affecting the surface domains, more than pore domains, for which almost
no change was noticed in the ID/IG ratio. Looking at FWHM of D and G bands of pore
domains, it seems that the FWHM values of both bands are closer to the values obtained
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for reference GO and GO-UV samples. Larger variations appear for surface domains,
especially for the D band. Trends are harder to observe for Euganean trachyte samples,
mostly due to the bands corresponding to the contamination, which overlap the D and G
bands of GO.

Figure 3.21: Raman spectra of GO and GO-UV coated natural (a, c) and aged (b, d) Euganean
trachyte and Vicenza stone samples, respectively. Spectra have been taken with the aid of the
microscope from visible flat surfaces or pores.

Based on this results for the Vicenza stone, we might theorize that the exposure to
UV radiation is strongly affecting the thin surface domains, rather than the pore do-
mains, where thicker GO agglomerations were noticed. By extrapolating this idea for
Euganean trachyte, as well, we might be able to clarify some of the mechanisms behind
the improvement of water contact angle and water capillary absorption results for GO-
UV, while maintaining a relatively low modification of the water vapor resistance factor.
It is known that GO has shown excellent water vapor permeation, when compared to its
RGO counterpart [77, 78]. As such, there is a possibility that the pore domains of the
coating are not affected by the UV radiation and maintain a free path for the permeation
of water vapors inside the pores, while the surface domains suffer the chemical reduc-
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tion, being responsible for the changes we noticed. Additional investigations should be
performed to fully understand the unique barrier properties of GO materials, which have
shown to prevent the permeation of larger ions, thus lowering the risk of salt crystalliza-
tion inside the stone matrix.

Table 3.4: Calculated D and G band parameters from the Raman spectrum of each sample.

Sample Coating Surface
Feature

ID/IG

ratio

FWHM
D band
(cm-1)

FWHM
G band
(cm-1)

GO 1.47 104.32 64.79
GO-UV 1.48 113.22 63.60

ET Natural
GO pore 1.95 163.92 110.15

surface 1.76 195.66 135.34

GO-UV pore 1.82 121.13 75.93
surface 1.89 196.43 153.41

ET Aged
GO pore 1.87 147.70 111.47

surface 1.93 166.37 129.22

GO-UV pore 1.78 103.52 70.09
surface 1.66 214.45 122.42

VS Natural
GO pore 1.79 105.32 63.62

surface 1.44 77.50 57.34

GO-UV pore 1.78 92.87 62.09
surface 1.80 101.22 67.14

VS Aged
GO pore 1.56 90.88 57.36

surface 1.72 86.00 56.62

GO-UV pore 1.56 94.26 57.99
surface 1.22 66.83 51.80

Differences in FWHM of both D and G bands have been identified, which is an indica-
tor of the formation of chemical bonds with the stone substrate. We attempted to identify
the type of bond formed through ATR FT-IR investigations, but we didn’t manage to ob-
tain any signal from the GO coating, as it is consists of a very low amount of 1.96 µg/cm2.
More surface analysis should be performed to fully identify the chemical bond formed.

Recently, leachate analysis has been performed on GO stone coatings, which have
shown that GO does not leach into the environment following intense water pour on
coated dolomite stone surface [42]. This also hints towards the formation of a strong bond
with the stone substrate, as well as eliminating the concerns of any associated health or
environmental risk after the coating has been applied.
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Conclusions and future perspectives

The present work analysed the surface characteristics of GO synthesized through a chem-
ical sono-exfoliation method which uses the precursors of the Marcano-Tour process. The
first part of the thesis addressed the dispersability capabilities of GO in a water and
ethanol solvent mixture, which led to the improvement of the refining process used to
obtain the GO-OL fraction with excellent self-assembly properties. Physio-chemical anal-
ysis on liquid dispersions and self-assembled films followed, in which it was found that
the GO-OL fraction lacks the leftover graphitic material from incomplete exfoliation.

On the basis of the Hansen solubility theory, we found the Hansen solubility parame-
ters of GO-init (δD = 15.6 MPa1/2; δP = 13.1 MPa1/2; δH = 33.1 MPa1/2) and GO-OL (δD = 15.7
MPa1/2; δP = 11.7 MPa1/2; δH = 28.6 MPa1/2) fractions, which can be further used to find
the optimum solvent for properly dispersing GO, according to the application. Results
confirmed that the oxidized domains of GO dominate the dispersion mechanisms due to
the presence of oxygen functional groups capable of forming hydrogen-bonds with the
solvent molecules.

Then, we performed a systematic analysis on the performance of GO as a protective
coating for stone cultural heritage. Tests were done on two types of stones: Euganean
trachyte and Vicenza stone, which have been historically used as dimension stones for
buildings or pavements in Northeast Italy. An artificial ageing process was also used for
the stone samples, to simulate stone conditions of real monuments.

Preliminary trials have also been performed with GO-OL, but due to a combined effect
of its quick self-assembly and faster evaporation of the ethanol in the solvent, a proper
coating was difficult to obtain through brushing. We believe that this GO-OL fraction
still has the potential to be used for stone coatings, but additional research is needed to
identify the proper concentration and application technique to be used.

In accordance to the requirements for protective coatings in cultural heritage, GO has
shown capable of maintaining a minimal change in water vapour permeability of the sub-
strate, while reducing the water absorption coefficient by capillarity by up to 49.0% for
Euganean trachyte, and 22.3% for Vicenza stone. Color changes have also been quan-
tified, and the application of GO might seem suitable for darker stones. In the case of
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Euganean trachyte, average color changes do not surpass the ΔE* < 5 limit, while for
the Vicenza stone the changes are larger than accepted. The durability of the GO coating
might be estimated by the UV induced changes on its characteristics, which improved its
performance, at the cost of darkening its color. Using a less concentrated GO dispersion
might also mitigate the aesthetic variations, at the cost of reducing the performance. Bet-
ter results have been obtained for the Euganean trachyte than the Vicenza stone, which
might be due to its lower open porosity and pore size.

Overall, GO has shown promising results towards the possibility of being used as a
protective stone coating. Further tests should consist in the identification of the chemical
bonds formed with the stone substrate, as well as its selective barrier properties which
might prevent the access of air pollutants inside the stone matrix, thus preventing po-
tential salt crystallization. Investigating the well-known antimicrobial capabilities of GO
in stopping algae and fungi formation on exposed stone surfaces would complete the
full picture of the protective efficacy of GO against the most common stone weathering
mechanisms. Different application methods such as spray-coating should also be tested,
as well as performing additional trials with the GO-OL fraction. Besides this, it would
be worth trying to functionalize GO with components such as TiO2, which might help in
mitigating the darkening effect of GO.
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Appendix A1

Supplementary data

A1.1 Zeta-potential distributions

Below, in Figure A1.1, are represented the ζ-potential distributions obtained for the six
GO-init dispersions and the subsequent six GO-OL fractions refined from them. Mea-
surements were made on prepared dispersions of the same concentration (0.25 mg/mL),
in their respective solvents consisting of the water and ethanol mixtures. Noticeable dif-
ferences can be observed between results obtained from dispersions in binary solvents,
with a relatively large distribution, when compared to results from GO dispersions in
water or ethanol.

Figure A1.1: ζ-potential distributions of the GO-init and GO-OL dispersions in their respective
water/ethanol mixtures.
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A1.2 SEM images of GO self-assembled films

Figure A1.2 presents the morphology of the self-assembled GO-init and GO-OL films ob-
tained from the 0%-40% ethanol dispersions. Similarly, Figure A1.3 presents the morphol-
ogy of the self-assembled GO-init and GO-OL films obtained from the 60%-100% ethanol
dispersions.

Figure A1.2: SEM images of the morphology of GO-init (left side) and GO-OL (right side) self-
assembled films films obtained from: a-b) 0% ethanol, c-d) 20% ethanol, and e-f) 40% ethanol
dispersions.
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Figure A1.3: SEM images of the morphology of GO-init (left side) and GO-OL (right side) self-
assembled films films obtained from: a-b) 60% ethanol, c-d) 80% ethanol, and e-f) 100% ethanol
dispersions.
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A1.3 Raman spectra

Figure A1.4: Raman spectra obtained for the GO-init samples, with calculated ID/IG ratios.

Figure A1.5: Raman spectra obtained for the GO-OL samples, with calculated ID/IG ratios.
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