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ARTICLE INFO ABSTRACT

Keywords: This study was aimed at developing a sustainable versatile bio-based epoxy-silica material to be potentially
EPQXYjSili.Ca hybrids employed as hydrophobic and biocidal consolidating product in the field of stone conservation. For this purpose,
Ionic liquids two hybrid formulations containing 2,2,4,4-tetramethyl-1,3-cyclobutanediol diglycidylether (CBDO-DGE), a
Nanotechnology

cycloaliphatic epoxy precursor derived from the arnica root, together with (3-glycidyloxypropyDtrimethox-
ysilane (GPTMS) and octyltriethoxysilane (OcTES) as silica-forming additives, were chosen as the basis of the
multifunctional material to be finely adjusted and gain biocidal properties. With this goal in mind, different
synthetic strategies based on ionic liquids (ILs), essential oils (EOs) and nanoparticles (NPs) doping have been
employed. Specifically, dimethyloctadecyl[3(trimethoxysilyl)propyllJammonium chloride (QAS), tetradecyl
phosphonium chloride (QPS) and thymol, as well as cerium-TiO, NPs and thymol-loaded SiO, NPs were
incorporated into the starting hybrid formulations, during the sol-gel process, to investigate their influence on
the network formation. First, distribution studies by scanning electron microscopy/energy-dispersive X-ray
(SEM-EDS) analysis were performed, whereas the suitability of each formulation to match the main requirements
for a stone conservation material was evaluated in terms of thermostability, hydrophobicity and inhibition of the
microbiological growth by a combination of TG-DTA, DSC, dynamic mechanical analysis (DMA), with contact
angle and disk-diffusion measurements, respectively. Based on the data analysis, it was observed that the direct
incorporation of ILs and EOs had an adverse effect on the ability of GPTMS to act as a coupling agent. This
resulted in decreased thermal stability and a 50 % reduction in glass transition temperatures, along with the
retention of hydrophilic behavior. In contrast, the inclusion of NPs did not significantly interfere with the hybrid
network formation, and effectively maintained the thermo-mechanical and hydrophobic properties of the hybrids
within satisfactory parameters. Consequently, both nanocomposite materials were further tested on stone sam-
ples by artificial ageing experiments under acidic atmosphere. In view of the results, the hybrid enriched with
thymol-loaded SiOy NPs demonstrate the most suitable thermo-mechanical and hydrophobic properties (Topset,
T, and CA values of 276 °C, 54 °C and 100°, respectively), as well as a proper biocidal capability against bacteria.
Furthermore, the developed material provided effective stone protection, resulting in a 92 % reduction in ma-
terial loss, while preserving the substrate chromatic characteristics (AE 2.23). These findings suggest that the
proposed treatment meets the first main requirements for stone conservation.

Biocides
Artificial ageing test
Stone conservation

1. Introduction exhibit industrial feasibility to cover a wide range of applications and
areas. In this context, while the preservation of stone building materials

In recent years, research endeavors have predominantly concen- has emerged as a significant multidisciplinary research field fostering
trated of identifying sustainable alternatives to fossil resources that economic and cultural growth [1,2], viable environmentally-friendly
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alternatives have not been thoroughly explored within the building and
restoration sectors. Consequently, the utilization of consolidating and
coating products derived from epoxy compounds of Bisphenol A (BPA)
remains prevalent for treating extensive lithic surfaces [3]. In addition,
cleaning and preventive protocols often rely on the use of harmful bio-
cides and antifoulants, which also have adverse implications for the
Sustainable Development Goals (SDGs) [4,5]. Biocidal active com-
pounds are designed to affect living organisms, but their impact is not
limited to targeted harmful organisms, as the non-target organisms can
also be harmed when these substances enter their habitats. Furthermore,
humans can potentially be affected during product use or when exposed
to treated materials if proper handling is not followed. Consequently,
growing societal awareness demands novel effective solutions that go
beyond decisions based solely on cost-effectiveness and short-term
outcomes. Instead, it is crucial to consider environmental aspects, pri-
oritize the health of personnel involved, and emphasize responsible
production as significant factors requiring industrial attention.

In this respect, innovation in stone treatment should encompass
consolidation requirements, while offering additional protection against
the detrimental effects of water and biodeterioration agents [6,7].
Therefore, the desired range of capabilities for a stone conservation
product necessitates the specific development of advanced trifunctional
materials that guarantee the use of minimal amounts of toxic
compounds.

As a starting point, research on bio-based renewable epoxy pre-
cursors offers the potential to strongly reduce the production and con-
sumption of BPA, thereby enabling industry and society to embrace
environmentally friendly solutions and evolve within sustainable tech-
nologies. Once bio-based thermosets are selected, various strategies can
be used to exploit their potential as organic foundations for the devel-
opment of advanced materials for stone conservation purposes [8,9].
Specifically, bio-based epoxy-silica hybrids have proven their effec-
tiveness in the field as highly promising coatings and consolidating
products [10-13]. Generally speaking, the incorporation of organic and
inorganic phases into a hybrid matrix leads to the combination of
different features, thus allowing to achieve with ease improved and/or
additional properties with respect to the parent counterparts, which can
be further tailored to fit specific functions [14,15]. This means that by
utilizing a variety of synthetic approaches, often under mild conditions,
the proper selection of starting compounds and their relative ratios can
be specifically adapted to build composite materials that meet suitable
thermal and mechanical characteristics, display a stone-compatible
chemistry, having the ability to recover and maintain its integrity
against the effects of outdoor exposure, while reducing the penetration
of water into the lithic substrates without causing surface aesthetic al-
terations [16].

In this respect, 2,2,4,4-tetramethyl-1,3-cyclobutanediol diglycidyl
ether (CBDO-DGE) has recently been highlighted as building block for
the development of epoxy-silica networks for stone conservation pur-
poses. It is a low molecular weight bioepoxy resin, derived from arnica
root [10,17]. CBDO-DGE formulations developed from triethylenetetr-
amine (TETA), in the presence of octyltriethoxysilane (OcTES) and/or
(3-glycidyloxypropyltrimethoxysilane (GPTMS) as silica forming ad-
ditives (Fig. S1), have shown promising properties as consolidating and
hydrophobic smart materials, being transparent with light yellowish
tone, with a thermal resistance up to 437 °C, a glass transition temper-
ature (T,) of 55.8 °C and contact angles (CA) that reached values of
105°. To achieve multifunctional hybrid materials, various strategies
can be employed to incorporate additional biocidal properties into the
base conservation products. Among the most widely used, doping with
ionic liquids (ILs) and nanoparticles (NPs) has been shown to allow the
fine modulation and/or to introduce extra capabilities into the resulting
material, including biocidal properties [18-20]. As for the incorporation
of ILs during hybrid synthesis, depending on the IL structure, it could act
as a catalyst for sol-gel process, as a molding agent to improve the
quality of inorganic domains and/or as coupling agent to decrease
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interfacial tensions between the silica filler and the organic matrix,
while imparting other properties to the final material [21-24]. Through
the proper selection of cations and anions, several challenging applica-
tions have been explored, being widely exploited in the field of cultural
heritage as biocidal cleaning treatments, and lastly as corrosion in-
hibitors, to preserve metallic artifacts and old paper documents, among
others [25-32]. Possible options include quaternary ammonium (QASs)
and phosphonium salts (QPSs) as active compounds against bacteria,
fungi, parasites, and even lipophilic viruses. Consequently, while their
incorporation in an epoxy-silica hybrid is expected to impart biocidal
capabilities to the material, depending on their functional groups and on
the length of the aliphatic chains, they could contribute to the cross-
linking or remain dispersed in the matrix, thus balancing the main
features of the starting epoxy hybrid in terms, for instance, of enhanced
hydrophobicity [33-35].

For the above purpose, even greener alternative may be the incor-
poration of essential oils (EOs), such as eugenol, carvacrol, thymol,
menthol, and so on, which have shown remarkable biocidal activity due
to the presence of phenols, aldehydes and alcohols, and also a suitable
miscibility with consolidating formulations [21,36-38]. In principle,
thanks to their functional groups, EOs could take part to the develop-
ment of the hybrid system. Alternatively, they could be only dispersed in
the hybrid network, thus altering the base material, with a negative
impact on its main properties. In addition, EOs high volatility and
degradation rate are disadvantages to be considered in the material
design [39,40]. At this respect, the benefits provided by nanotechnology
could offer a solution by using mesoporous silica NPs or halloysite
nanotubes that allow EOs pre-encapsulation [41,42]. In fact, NPs have
been widely exploited in stone conservation treatments due to their
hydrophobic, consolidating, biocidal and/or self-cleaning capabilities, i.
e. metal NPs (Au, Ag, Pt), oxides and hydroxides NPs (TiOg, SiO3, ZnO,
Ca(OH), Mg(OH),, Sr(OH)2), or even hydroxyapatite and carbonated
derivatives [16,43-45]. However, the highest potential of nanotech-
nology usually comes from the design of nanocomposite materials.
These materials have the ability to act as reinforcing agents improving
hydrophobic and thermo-mechanical properties. Additionally, they can
incorporate biocidal capabilities, enabling the development of advanced
tailor-made products for different stone lithotypes and protection needs
[46,47]. Specifically, TiO2 and lanthanide-TiO5 NPs have demonstrated
their high effectiveness when combined with silane/siloxane and acrylic
or epoxy matrices. This combination enhances hydrophobicity, thermal
resistance and photocatalytic activity [22,23,48,49]. Furthermore, SiO,
NPs have also showed their ability to enhance conventional consoli-
dating formulations based on alkoxysilane compounds, resulting in
superhydrophobic properties. Simultaneously, they provide protection
against ultraviolet radiation degradation [50-52].

According to this, and aligned with sustainability values, the primary
objective of the work addressed here is to develop a specific tailored
material for stone conservation that exhibits the desired trifunctionality,
maintaining a suitable balance among hydrophobic, consolidation and
biocidal properties.

Regarding to the previous studies focused on synthesis and charac-
terization of CBDO-DGE hybrids [10], GPTMS based formulation were
pointed out as a highly cross-linked and slightly rigid network with the
potential to be modulated by a plasticizing effect exerted by the incor-
poration of the long aliphatic ILs chains or EOs. Thus, dimethyloctadecyl
[3(trimethoxysilyl)propyl] ammonium chloride (QAS), trihexyl(tetra-
decyl)phosphonium chloride (QPS) and thymol were studied as network
additives for the properties fine tuning as well as to introduce biocidal
capabilities [53-55]. As for NPs addition, the opposite effect could be
theoretically predicted, expecting to act as a reinforced load of the
epoxy-silica network [56], so the formulation based on GPTMS and
OcTES that have previously shown higher flexibility was selected for this
kind of doping strategy. Specifically, cerium-doped TiO NPs with
proven capabilities to improve coating hydrophobicity, and impart
significant self-cleaning and biocidal activity to epoxy-silica hybrids
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similar to the ones here reported, were synthetized and tested as
nanofiller [6]. In addition, to reduce the volatility of thymol and avoid
the possible detriment of the hybrid network properties, while main-
taining biocidal potential activity, a parallel approach based on the
encapsulation of thymol into mesoporous SiO; NPs was also here
explored. Among the variety of functions that ILs, EOs and NPs can offer
in the development of hybrid materials, investigating their interaction
and distribution within the epoxy-silica network can lead to a better
understanding of the advantages and limitations associated with their
use in a specific material system. This research provides valuable in-
formation for predicting their impact on thermo-mechanical and hy-
drophobic properties of the material. It also explores the potential to
obtain advanced multifunctional materials with biocidal capability,
which could be applicable to a wide range of fields.

2. Material and methods
2.1. Materials and reagents

All the chemicals used, namely 2,2,4,4-tetramethyl-1,3-cyclobutane-
diol (>99 %) (CBDO), epichlorohydrin (>99.0 %) (ECH), tetra-n-
butylammonium bisulfate (>99 %) (TBAB), triethylenetetramine
(>97 %) (TETA), octyltriethoxysilane (>97 %) (OcTES), tetraethox-
ysilane (>97 %) (TEOS), (3-glycidyloxypropyDtrimethoxysilane (>97
%) (GPTMS), dimethyloctadecyl[3(trimethoxysilyl)propyllammonium
chloride (>97 %) (QAS), tetradecyl phosphonium chloride (>95 %)
(QPS), thymol, titanium isopropoxide (>97 %) (TTIP) and cerium ni-
trate hexahydrated (>99 %), were purchased from MERCK and used as
received.

2.2. Synthetic procedures

2.2.1. Synthesis of 2,2,4,4-tetramethyl-1,3-cyclobutanediol diglycidyl ether
(CBDO-DGE)

The CBDO-DGE was synthesized according to the procedures re-
ported [10,15]. Briefly, CBDO (2.8 g) and ECH (15.5 mL) were reacted,
adding TBAB (0.65 g) as phase transfer catalyst, sodium hydroxide (7.5
g) and few drops of Milli-Q water. The mixture was left under stirring for
2h at 40 °C and then allowed to reach room temperature. The crude was
recovered using dichloromethane, washed with a mixture of Milli-Q
water and acetic acid, and then dried over anhydrous sodium sulfate.
Finally, the solvent was removed by vacuum. The CBDO-DGE monomer
was obtained as a pale-yellow liquid with an epoxy equivalent weight
(EEW) of 128.17 g eq ! and an epoxide value of 7.80 eq Kg*. Yield =
68 %.

2.2.2. Synthesis of NPs: thymol-SiO, and Ce-doped TiO2

The synthesis of thymol-SiO mesoporous NPs was carried out by
mixing TEOS (380 pL), ethanol (12 mL), an aqueous solution of thymol
(60 pL, 10 % m/v) and ammonium hydroxide (1 mL, 26 % m/v). The
reaction mixture was stirred for 48 h at room temperature. The resulting
NPs were then separated by centrifugation (30 min at 10,000 rpm),
washed with ethanol and dried at room temperature for one day [41].
The expected product was obtained as a white fine powder.

Titania nanoparticles were synthesized by mixing titanium isoprop-
oxide (0.5 g) with isopropanol at a ratio of 1:30. Once the colloidal
suspension was formed, cerium nitrate hexahydrate (0.023 g) was added
(0.03:1 ratio, with respect to TTIP) and stirred for 1 h. Then, the NPs
were washed and centrifuged three times, using isopropanol, ultrapure
water and ethanol, respectively [6]. The solid was left at 80 °C for 48 h
and then thermally cured at 450 °C for 3 h, with a heating rate of 2 °C
min~}, to gain a pale-yellow solid, namely Ce>"-TiO, in anatase poly-
morph form.

2.2.3. Synthesis of the CBDO-DGE doped multifunctional hybrids
Two different organic-inorganic hybrid formulations, namely CBDO-
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DGE/GPTMS and CBDO-DGE/GPTMS/OcTES, were doped with selected
additives able to add biocidal properties without compromising
consolidating and hydrophobic features already displayed by the base
hybrids [10]. Specifically, samples 1-3 were obtained using ILs and EOs
as dopants. Briefly, three mixtures containing CBDO-DGE (0.25 g),
GPTMS (0.25 g) and MeOH (8 mL) were left on stirring for 60 min at
room temperature. Then, a stoichiometric ratio of TETA amine required
to react with CBDO-DGE and GPTMS oxiranes was added to each
mixture and, after 30 min of reaction, QAS, QPS or thymol were added in
a 3 % w/w fixed amount to gain 1, 2 and 3 samples, respectively
(Table 1). The reaction mixtures so obtained were further stirred for 90
min. For samples 4 and 5, NPs and thymol-loaded NPs were used as
nanofillers. In detail, two aliquots of CBDO-DGE (0.30 g), GPTMS (0.20
g) and methanol (4 mL) were reacted for 60 min at room temperature.
Then, after the proper amount of TETA was added, TiO,-Ce3t NPs and
thymol-loaded SiO; NPs were incorporated into the mixtures at 3 % w/w
to obtain 4 and 5 samples, respectively. Pre-hydrolyzed OcTES (0.025 g)
was then added to each mixture by a dropping funnel, and the suspen-
sions left under stirring for 90 min (Table 1). The reaction mixtures
(1-5) were transferred into 5 cm diameter Teflon Petri dishes and left on
standing for 4 days, to allow the solvent evaporation. The films obtained
were thermally cured at 60 °C for 24 h, reached at a heating rate of 5 °C
min~! [10].

2.3. Biocidal capacity tests

Biocidal properties of the doped hybrid formulations were investi-
gated by disk-diffusion method experiments. The films were cut into 10
mm diameter disks, dried at 60 °C in a vacuum oven (< 10~2 Torr) for
24 h, and subsequently sterilized by immersion in 70 % ethanol for 10
min. Then, under aseptic conditions, tryptone soy agar (TSA) plates were
inoculated with 100 pL of a freshly prepared Arthrobacter spp. [57,58]
suspension of approximately 1.5 x 108 CFU mL ™ and spread over the
entire agar surface using a sterile cotton swab. After the disks were
placed on agar surface, the plates were aerobically incubated at 25 °C for
48 h under visible irradiation [57]. The antimicrobial halo (nyhalo) Was

dy—d
calculated according to the equation: myng, = (T), where dj, is the
inhibition zone and d the disk diameter [59].

2.4. Stone specimens tests

A natural Mediterranean calcarenite was chosen for stone testing due
to its widespread presence in the Mediterranean Basin since the Bronze
Age. This lithotype can be found in countries such as Spain, Portugal,
Italy, Greece, Tunisia, and others. This type of stone is extracted from
numerous quarries across Europe, and specifically, the Albamiel variety
used in this study (apparent density of 1.940 Kg m™>, porosity of 28.2 %
and water absorption capacity of 14.53 %) was sourced from the
representative Rosales quarry (Albacete, Spain). Slabs of this stone were
purchased from the Rosal Stones Company (Murcia, Spain). This Medi-
terranean calcarenite has historical significance in Iberian culture. It

Table 1
Relative amounts of the reactants employed for the syntheses of the doped
CBDO-DGE epoxy-silica resins.

Sample name CBDO-DGE GPTMS OcTES Additive 3 % w/w
1 0.25g 0.25g - QAS
0.98 mmol 1.06 mmol
2 0.25g 0.25g - QPS
0.98 mmol 1.06 mmol
3 0.25¢g 0.25¢g - thymol
0.98 mmol 1.06 mmol
4 0.30 g 0.20 g 0.025 g TiO, + Ce®*
1.17 mmol 0.85 mmol 0.09 mmol
5 0.30¢g 0.20¢g 0.025 g SiO3 + thymol
1.17 mmol 0.85 mmol 0.09 mmol
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gained popularity during the Roman Empire through the Cartago Nova
trade route, spreading its usage throughout the Iberian Peninsula and
northern Europe. As a result, it was employed by various cultures for a
wide range of applications, including fortifications, bridges, aqueducts,
temples, and religious sculptures. Notable examples of its use can be
found in the Lady of Offering, Tolmo de Minateda, and the Alhambra. Even
today, it is extensively employed in its region of origin for the con-
struction of external facades and pavements. Additionally, it plays a
crucial role in the restoration of heritage buildings [50,60-62]. To
conduct the study, standard stone specimens were obtained by cutting
larger samples into 2 x 2 x 2 cm cubes [63]. The samples were then
weighed and investigated by colorimetry. The selected formulations
were slowly applied by cycles of impregnation method to cover all the
cube faces; then the treated stones were introduced into a desiccator
under vacuum to allow the products to reach in the inner parts of the
samples [64,65]. Then, each stone specimen was left at room tempera-
ture for 4 days to ensure the evaporation of the solvent, cured at 60 °C
for 24 h and weighted to check for mass variation. Consequently, 3
replicates per selected formulation, plus 3 untreated stone specimens,
used as reference, were artificially aged for one month under a CO,
atmosphere at 50 °C and humidity up to saturation (based on UNE-EN
13919). The effects of artificial ageing were at first evaluated by
colorimetric investigations and Scotch peeling tests on stone surfaces, as
well as mass loss measurements [66]. Finally, surface analysis of stone
specimens was performed using optical image and Scanning Electron
Microscope (SEM) imaging analysis for comparison purposes.

2.5. Instruments

Attenuated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) measurements were collected by a Jasco 6300 spectropho-
tometer with a PIKE MiracleTH module. The equipment consists of a Ge/
KBr beam splitter, and a deuterated L-alanine doped triglycene sulphate
(DLATGS) detector with Peltier temperature control. All the spectra
were recorded in the middle infrared region, namely from 4000 to 400
em ™}, accumulating 220 scans, with a spectral resolution of 4 cm ™.
Data acquisition was performed by means of a Jasco Spectra Manager
Suit package, while Origin 2018 program was employed for the data
treatment.

X-ray powder diffraction (XRD) analyses were carried out by means
of a Bruker D2 Phaser desktop diffractometer, with a Cu tube (A =
1.54056 A), recording the data in the 26 range of 20-90° with an angular
step size of 0.025°. Diffractograms were analyzed using the Interna-
tional Centre for Diffraction Data (ICDD) database.

The dual M4 TORNADO ED-XRF spectrometer (Bruker Nano GmbH,
Berlin, Germany) with a micro-focus Rh X-ray tube (50 kV and 600 pA)
connected to a poly-capillary system that allows to work under a lateral/
spatial resolution of 25 pm measured for Mo Ka (around 17 mm at 2.3
keV to 32 pm at 18.3 keV) was employed. The detection of the fluo-
rescence radiation was performed using an XFlash® silicon drift detector
with 30 mm? of the sensitive area and an energy resolution of 145 eV for
Mn-Ka. The selected line for the elements detection was the Kal and the
live time employed for each single acquisition was 150 s. In addition, to
improve the detection capability, the measurements were acquired
under vacuum (20 mbar) by means of a diaphragm pump MV 10 N
VARIO-B. Data collection and interpretation were carried out by means
of the M4 TORNADO (Bruker Nano GmbH) software.

Transmission Electronic Microscopy (TEM) analyses were carried out
by a TECNAI G2 20 TWIN equipment (200 kV and LaB6 filament). The
NPs samples were prepared by dispersion into methanol in an ultrasonic
bath for 15 min, and spread onto a copper grid (300 Mesh) covered by a
carbon film followed by vacuum drying.

SEM-EDS analysis was carried out by an EVO®40 Scanning Electron
Microscope (Carl Zeiss NTS GmbH) coupled to an X-Max Energy-
Dispersive X-Ray spectrometer (Oxford Instruments). The film and
stone samples analyzed were vacuum sputtered with 10 nm gold
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particles (<20 pm), to improve the signals in an Emitech K550X sputter
coater vacuum chamber (Quorum Technologies LTD). Secondary elec-
tron (SE) images were acquired at high vacuum employing an acceler-
ation voltage of 20 kV. The elemental mapping analyses were performed
using a 10 mm working distance, a 35° take-off angle, and a 20 kV ac-
celeration voltage. The data were processed with INCA Microanalysis
Suite software v 4.3 (Oxford Instruments).

A RoHS X4 digital microscope with a focus range of 15-40 mm was
used for the optical microscopic stone visual inspection. The images
were obtained and processed using HiView 1.4.

TGA data were acquired by a TA Instruments Q500 thermal analyzer,
under nitrogen flow of 10 mL min "}, in the temperature range between
25 °C and 800 °C with a heating rate of 10 °C min~. DSC experiments
were carried out with a Mettler Toledo DSC3+, in the temperature range
between —60 and 220 °C, at a heating rate of 10 °C min~!, under a ni-
trogen flow of 20 mL min~!. DMA measurements were acquired by an
analyzer Epexor 100 N GABO Qualimeter on rectangular specimens of
8.0 mm x 12.0 mm x 2.9 mm, in a temperature range from —70 to
150 °C, at a heating rate of 2 °C min~" in tension mode. The tests were
carried out at a strain rate of 0.5 % and 0.2 % for Static and Dynamic,
respectively. DSC, TGA and DMA data were processed using Excel
software v 2017.

Contact angle (CA) investigations were performed by means of the
Neurtek Instruments Dataphysics OCA 15EC system. Milli-Q water drops
(2 pL drop~1) were deposited onto the samples surface and the average
of 5 measurements was reported.

A PCE-CSM 5 colorimeter (PCE Instruments), equipped with a silicon
photoelectric diode sensor, was employed to obtain the L*a*b* color
space average values (ASTM D-1925, CIE 1976) of the hybrid film sur-
face. The instrument was calibrated on a standard white cap reference
before each measurement, then the data were acquired according to the
NORMAL Protocol 43/93 [67].

Atmospheric ageing tests were carried out using an Autonics Kes-
ternich chamber equipped with a TK4S High Accuracy PID control
module, using as experimental parameters 50 °C and humidity up to
saturation and 2 L of CO; as the precursor of the acidic atmosphere.

3. Results and discussion
3.1. NPs characterization: thymol-SiO, and Ce-doped TiO,

The successful synthesis of SiO; NPs was confirmed by XRD dif-
fractograms displaying the characteristic signal at 23.2° 20, and further
corroborated by the presence of the bands at 1097, 957 and 799 cm ™! in
the infrared spectrum, which were attributed to the Si—O—Si asym-
metric stretching, Si—OH stretching, and Si—O—Si symmetric stretch-
ing vibrations, respectively [11]. The absence of the peak at 1634 cm’l,
commonly attributed to O—H bending vibration mode of physisorbed
water molecules inside the pores, suggested that the pores, very likely,
being water-free, were filled with thymol. This assumption was further
ascertained by means of biocidal tests (see later). Besides, the —OH
groups of the Si—OH moieties on SiO, NPs surface were assigned to the
broad band at 3445 cm™". In the case of Ce-doped TiO NPs, diffracto-
grams revealed peaks at 25.6, 38.2, 48.3, 54.2, 55.4, 62.8, 69.1, 70.3,
and 75.3° 26, evidencing the occurrence of anatase as major phase (>98
%), i.e. the TiO2 polymorph with biocidal properties [68]. The presence
of Cerium was roughly confirmed by the quite low spectral signal/noise
ratio obtained in the diffractogram, as already observed [6,7]. However,
the Ce®* inclusion was finally corroborated by XRF data that showed its
characteristic signals at 34,719.7 eV (Ce K).

TEM analysis showed the average size of the thymol-SiO; and Ce-
doped TiO2 NPs around 100 nm and 200 nm, respectively (Fig. 1).

3.2. Characterization of CBDO-DGE doped multifunctional hybrids

In order to incorporate biocidal activity into the epoxy-silica
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—— 200 nm —— 200 nm

Fig. 1. Transmission Electronic Microscope (TEM) images: a) Mesoporous
thymol-loaded SiO, NPs and b) Ce-doped TiO, NPs.

products, preserving, as much as possible, their thermo-mechanical and
hydrophobic characteristics, several doping tests were carried out. More
in detail, prior to carry out biocidal activity tests, materials based on
CBDO-DGE/GPTMS and CBDO-DGE/GPTMS/OcTES were doped with
selected additives and investigated to verify if the proper balance of the
consolidating and hydrophobic features already shown by the base hy-
brids was maintained.

From the visual inspection, 1-3 samples, i.e. those doped with ILs and
EO, appeared slightly more flexible than the corresponding non-doped
ones, without any significant chromatic alteration. As expected, 4 and
5 samples gained a harder texture upon NPs doping. In addition, Ce-
doped TiO2 NPs imparted a light-yellow coloration to the lower part
of the film, probably as a consequence of their deposition during the
solvent evaporation process, whereas no macroscopic color variation
occurred by the implementation of thymol-SiOy NPs, suggesting a ho-
mogeneous distribution into the hybrid film.

The effect of doping in the formation of the hybrid networks was
firstly investigated by secondary electron images (SE) and elemental
distribution mappings. Previous studies on CBDO-DGE hybrids [10]
evidenced that the use of GPTMS as the sole silica precursor leads to the
formation of a homogeneous and highly crosslinked epoxy-silica
network. Here, the analysis of SE images collected for samples 1, 2,
and 3 (Fig. 2) indicated that quite homogeneous silicon distribution was
obtained, evidencing that QAS, QPS and thymol were dispersed into the
hybrid matrix; at the same time, small micro-phase separation areas
(<10 pm) were detected in all cases suggesting that the doping with ILs
and EO exerted a negative impact on the GPTMS capability to act as
coupling agent. This last phenomenon was more prominent in QAS and
thymol formulations probably due to the self-condensation processes
that may prevail during the sol-gel reaction for silanol and hydroxyl
groups coming from additives, over the co-condensation with OH-
formed upon GPTMS hydrolysis [10,69]. On the other hand, the proper
combination of GPTMS and OcTES for CBDO-DGE hybrids development
was demonstrated to be a successful approach to get a balanced set of
thermal and mechanical properties thanks to the double role exerted by
OcTES [10], which was capable to act as plasticizer at low ratios and, at
the same time, it could provide some anchor points during the formation
of the organic-inorganic network. At this respect, the SE images of the
nano-enriched sample 4 (Fig. 2) revealed that the addition of TiO3-Ce
caused the formation of surface pores with sizes in the range of 20-60
pm. The silicon distribution in the mapping was homogeneous so that,
apparently, well-crosslinked hybrid networks were formed without any
observable phase separation phenomena. However, in titanium map-
ping aggregates can be observed. This evidence suggested that TiO2-Ce
NPs, being not able to participate to the development of the hybrid
system, could only act as a filler. Conversely, in the case of sample 5,
containing thymol-SiO, NPs, a completely smooth surface was observed
probably due to their theoretical ability to promote crosslinking with
GPTMS during the sol-gel reaction thanks to the active hydroxyl groups
moieties available on the silica surface. This finding clearly indicated
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Fig. 2. SEM-EDS images of 1-5 hybrid samples. Samples 1-3 were formulated
from GPTMS as silica precursor, and doped with QAs, QPs and thymol,
respectively; 4-5 from GPTMS and OCTES as silica precursors, and nano-
reinforced with Ce-TiO, and thymol-SiO, NPs, respectively. Silicon, chlorine,
phosphorous and titanium distribution mappings are overlayed, in red, dark
blue, green and light blue color, on the SE images acquired at a magnification of
1000x. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

that the addition of thymol-SiOy NPs allowed the formation of a tight
and homogeneous epoxy-silica network and, depending on the interac-
tion that the enhanced silica network may have had with the OcTES
silica precursor, an improvement of hydrophobic and thermal properties
could result.

At this respect, studies on thermal behavior of samples 1-5 were
carried out by TGA analysis (Table 2, Fig. S2). Accordingly, samples 1, 2,
4, and 5 showed thermal degradation under nitrogen atmosphere

Table 2
Thermal data of the 1-5 doped hybrid samples.
Samples 1 2 3 4 5
First step
Tonset [°C] 270 259 305 253 276
Tmax [°C] 333 335 336 340 331
% mass loss 67.6 58.0 95.1 57.2 54.2
Second step
Tonset [°Cl 407 442 410 396
Tmax [°C] 452 463 431 435
% mass loss 17.8 20.8 21.3 25.9
% residual mass” 14.6 21.2 4.9 21.5 19.9
T, [°C] 24.4 19.9 20.2 36.6 31.0

# At 800 °C.
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occurring in two steps ending below 600 °C. On the contrary, the thymol
containing sample 3 displayed a single degradation step characterized
by Tonset and Trax values of 305 and 336 °C, respectively, and a very
high mass loss (95.1 %) occurring at a relative low temperature.
Although the residue mass observed for this sample was very low, in
contrast with all the others (i.e. between 14.6 and 21.5 %), an increased
resistance upon heating with respect to the corresponding undoped
hybrid (whose Topset was 273 °C) was detected. Conversely, comparable
or lower thermal stability were observed for ILs doped samples 1 and 2
(i.e. Tonset of 270 and 259 °C, respectively), with respect to 273 °C
achieved by the original formulation. Higher Tqpser values were gained
for the second thermal event, with 407 and 442 °C for sample 1 and 2,
respectively, with respect to 394 °C found for the ILs-free hybrid. As far
as residual mass values are concerned, 14.6 and 21.2 % for 1 and 2
samples were observed, whereas for non-doped formulation it was 22.5
% [10]. As for samples 4 and 5 thermal stability generally decreased,
showing Tonset Values of 253 and 276 °C, versus 290 °C of the undoped
hybrid, whereas residual masses found at the end of thermogravimetric
scannings were comparable, i.e. 21.5 and 19.9 %, respectively, versus
18.8 °C for starting hybrid [10]. These results evidenced that the thymol
incorporation in the mesoporous SiO; NPs could be a successful strategy
to provide biocidal capability to the hybrids without modifying to a
great extent the base network requirements previously obtained using
GPTMS and OcTES as silica forming additives.

The DSC thermograms (Table 2) showed glass transition tempera-
tures (Tg) values reduced more than a half for samples 1, 2, and 3 of
24.4,19.9 and 20.2 °C respect to the 48.4 °C achieved by the non-doped
hybrid [10]. These findings clearly indicated that the GPTMS capability
to act as coupling agent was strongly affected by the presence of ILs and
EO so that a significant decrease of the cross-linking degree in the
resulting hybrids may occur [70]. Although, in principle, SiOMe groups
of QAS, after hydrolysis, could actively concur to the condensation of
silanols coming from GPTMS thus providing additional anchor points for
the hybrid development, the rather low T, obtained for sample 1 sug-
gested that the plasticizing effect due to the alkyl chains of QAS actually
prevailed over the cross-linking with GPTMS so that the efficient
incorporation of QAS into the hybrid network seemed unlikely.

By contrast, for samples 4 and 5, the detected T, were slightly lower
(i.e. values of 36.6 and 31.0 °C, respectively) than the one (39.1 °C)
observed of the non-doped sample [10], evidencing that the use of
thymol-containing NPs, rather than neat thymol, could be a successful
strategy to provide EO biocidal properties to the products without a
strong negative impact on the hybrid development.

The DMA investigations (Table 3 and Fig. 3) displayed for sample 1 a
Ty value of 36.3 °C, close to the Tg, thus suggesting that QAS may
actively concur to the development of organic-inorganic network,
although not to a great extent. Again, from the data collected, it can be
noticed that the use of QPS and thymol as additives in samples 2 and 3
resulted in a clear plasticizing effect, as the difference between Tg and T,
values was in both cases around 20 °C, with T, of 39.7, and 39.1 °C,
respectively. In contrast, the loading of hybrids with NPs, as for samples
4 and 5, provided T, of 44 and 54 °C, respectively, thus confirming that
their incorporation actually preserved the cross-linking degree. This was
even more evident for 5 sample, suggesting that an efficient incorpo-
ration of NPs in the hybrid matrix occurred very likely due to the co-
condensation of silica OH- groups with the silanols coming from the
alkylalkoxysilanes, without compromising the intrinsic flexibility of the
non-doped original formulation.

Table 3

Dynamic-mechanical properties of the 1-5 doped hybrid samples.
Samples 1 2 3 4 5
E' (25 °C) [MPa] 426.6 450.5 559.0 731.2 923.2
E" (25 °C) [MPa] 155.76 133.73 170.44 151.95 128.69
Ty [°C] 36.3 39.7 39.1 44.0 54.0
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Fig. 3. Log storage modulus (E') and damping (tan §) of 1-5 hybrid samples as
a function of temperature.

The hydrophobic behavior of samples 1-5 was assessed by contact
angle measurements. The collected contact angle average data are dis-
played in Fig. 4, where two groups can be clearly distinguished. Samples
1, 2 and 3 showed contact angle values lower than 90°, thus indicating
that the purpose of improving the hydrophobic capacity of the original
hybrid by the incorporation of ILs or neat thymol was not achieved. On
the contrary, the nano-enrichment with thymol-SiO5 NPs preserved the
original hydrophobic capability, with a CA value of 100°. However, the
most significant result was obtained for sample 4, where the enrichment
of the formulation with Ce-doped TiOy NPs imparted an increase of 12°
in the hydrophobicity, with respect to the undoped hybrid [71].

From the whole of the collected data, it clearly appeared that nano-
enriched hybrid samples 4 and 5 are the ones that displayed thermo-
mechanical and hydrophobic properties suitable for stone conserva-
tion purposes. Accordingly, further studies were carried out to deter-
mine the biocidal capability and validate their multifunctional

120 | T
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CA(M) [°]

60 —
42

40
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Fig. 4. Contact angle average values CA (M) and standard deviations obtained
for the 1-5 hybrid samples.



P. Irizar et al.

properties on stone specimens.

3.3. Antimicrobial capacity

The antimicrobial test performed for 4 and 5 nano-enriched formu-
lations against the bacteria Arthrobacter spp. demonstrated a bacterial
inhibition effect in both cases (Fig. 5), thus, the NPs embedded into the
hybrid matrix preserved their biocidal capability being also able to
provide additional properties to CBDO-based hybrids. The n, values
detected for samples 4 and 5 were 0.25 and 0.31 mm, respectively.
However, although cerium doping was employed to enhance self-
cleaning and antimicrobial activity in the visible light range, the Petri
dishes used did not allow the UV light fraction to pass and thus, the
highest biocidal effect of Ce-doped TiO3 NPs of sample 4 is expected to
be obtained in outdoor conditions where UV radiation enables a com-
plete photocatalytic effect [6,72,73].

3.4. Stone validation trials

Colorimetric measurements on the lithic samples revealed slight
variations in lightness, hue and chroma values (L*, a* and b*) (Table S1)
for the treatments based on the selected nano-enriched hybrid formu-
lations, namely 4 and 5, which resulted in Delta E (AE) of 3.27 and 2.23,
respectively, corresponding both to the just noticeable chromatic alter-
ation level, according to the CIE*Lab Colour-Difference Thresholds
classification [74]. Furthermore, by comparing colorimetric data ob-
tained for non-treated samples with those collected on treated, after
ageing experiments, it resulted that AE values were below 3.8, ie.
chromatic alterations below the distinctively perceptible level, thus con-
firming that exposure to an acidic atmosphere did not cause significant
chromatic changes on the applied nano-enriched materials.

In order to evaluate the consolidating effect provided by the hybrid
products to the stone samples, amplification images by the magnifica-
tion glass were collected and SEM analysis were carried out (Figs. 6 and
S3). The data evidenced how both coatings reduce the alveolization of
the stone as well as the loss of cementing matrix during the accelerated
ageing process.

These findings were further supported by the average mass loss
values obtained from the ageing experiments. While untreated samples
exhibited a mass loss of 1.1 %, stone samples treated with 4 and 5 for-
mulations displayed values between 0.4 and 0.3 %, respectively. This
outcome demonstrates the efficacy of both treatments as protective
coatings, as they effectively reduced the stone matrix deterioration rate
by a factor of three. Moreover, the Scotch test also revealed the same
trend with a higher preservation of the stone surface integrity. This was
evidenced by a reduction of 87 % and 92 % in the amount of dis-
aggregated material during the peeling experiments, as a direct result of
the treatment carried out before the ageing process.

Fig. 5. Antimicrobial capacity against Arthrobacter spp. after 48 h of incuba-
tion, under visible light of the hybrids samples 4 and 5 doped with Ce-TiO, and
thymol-SiO NPs, respectively.
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The whole set of results discussed in this study aligns with the
properties of commercial products [50,52]. It highlights the superior
capability of the coatings to prevent micro-cracks on the stone surface
and demonstrates clear multifunctionality, including not only hydro-
phobic and consolidating properties, but also biocidal activity. There-
fore, it is reasonable to conclude that the coatings enriched with NPs
exhibited a significant capability to mitigate the mid-term decay, mak-
ing them immediately effective in ensuring appropriate maintenance of
the stone specimens and preventing further damages. Among the tested
products, the thymol-loaded SiO; doped hybrid formulation showed the
most significant multifunctional results overall.

4. Conclusions

A sustainable multifunctional bio-based epoxy-silica hybrid nano-
composite for stone conservation was successfully developed using a
building block design approach by the combination of CBDO-DGE,
GPTMS and OcTES enriched with thymol loaded into SiOy NPs. The
resulting product exhibited excellent consolidating, flexibility and hy-
drophobic properties, as well as antimicrobial inhibition capacity. These
appealing properties make it a highly promising multifunctional and
eco-friendly option to upgrade the current commercial products avail-
able for preserving lithic materials against the most common deterio-
ration patterns. Overall, the multianalytical approach employed in this
study demonstrates the effectiveness of using renewable sources to
design advanced materials with tailored properties through simulta-
neous synthetic strategies involving sol-gel processes and nanotech-
nology. In addition to its sustainability focus, the developed material is
relatively easy to apply using standards tools, as the polymerization
reaction can occur inside the stone (i.e. in situ). Consequently, after
impregnation with low-density suspensions, a homogenous distribution
throughout the porous network of the stone can be expected. Further-
more, this highly versatile bio-based hybrid nanocomposite can be easily
scaled up to an industrial level. The synthesis protocol for obtaining the
base resin involves a straightforward epoxidation process that utilizes a
renewable source, which is abundantly available at a low cost. More-
over, during the material design phase, careful attention was paid to the
commercial availability and affordability of the remaining required
compounds. This approach ensures that the treatment is accessible to a
wide range of professional users and makes it highly competitive
compared to other commercial solutions, thanks to its exceptional
multifunctional properties. However, further assessment is needed to
evaluate its suitability along the time based on comprehensive fully
stone durability tests, in accordance with UNE-EN, ASTM D and RILEM
regulations, and other relevant standards.
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Fig. 6. Magnification photographs and SE images of the stone samples, untreated and treated, with the nano-enriched hybrid formulations 4 and 5, obtained from
GPTMS and OCTES as silica precursors with Ce-TiO, and thymol-SiO, NPs, respectively, for the visual monitoring of their consolidating ability.
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