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Abstract

Outdoor glass is subject to degradation due to environmental factors, which alter its
physical and chemical properties depending on the exposure conditions. Studying glass
weathering and the effectiveness and durability of conservation treatments is necessary for
developing optimal conservation strategies for glass heritage objects. Here, an accelerated
aging protocol based on actual environmental data is successfully employed to replicate
weathering caused by rain runoff, temperature, humidity and UVA radiation in unsheltered
conditions. Two types of silicate glass with traditional compositions were artificially aged
to investigate the corrosion processes and produce representative weathered substrates
for applying and aging protective treatments. The performance of two recently marketed
Siox-5 sol-gel systems was compared with that of Paraloid B72. Glass specimens, as well
as leaching rain solutions, were analyzed with different techniques, including SEM/EDS,
FTIR-ATR, color measurements and MP-AES. The composition of the glass influences
weathering patterns, which in turn affect coating adhesion and overall performance. Sol-
gel coatings demonstrate good chemical stability and tend to adhere more effectively to
degraded surfaces than to well-preserved ones. The coatings exhibit varying degrees of
sensitivity to environmental factors, with one of the sol-gel systems generally performing
better than the others under the considered exposure conditions.

Keywords: ancient glass; colored glass; artificial aging; rain runoff; consolidants; corrosion;
cultural heritage; conservation

1. Introduction

Through history, countless artistic objects and items for everyday use have been made
of silicate glass. Glass is an amorphous material made through the fusion and rapid cooling
of mineral mixtures. Glass may be defined as a supercooled melt, which is in metastable
thermodynamic equilibrium at the temperature of use. The structure of silicate glass can be
described as a random network of SiO4 tetrahedrons. Along the main network, other oxides
are added, and elements of these oxides break up some of the Si-O-Si bonds, creating
non-bridging oxygens (NBOs). In glass chemistry, Q, notation is used to describe the
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number of bridging oxygens (BOs) bonded to a Si atom, where n ranges from 0 to 4. For
example, Q3 represents a Si site where three O atoms act as BOs and one as NBO [1,2].

Traditional ancient glass was not pure silicate, since different modifiers were added,
either intentionally or not. The addition of alkali oxides like Na,O and K,O introduces
highly mobile monovalent ions that largely decrease viscosity and are thus called fluxing
agents [1-3]. Meanwhile, the addition of oxides of alkaline earths introduces divalent
ions into the melt, each of which breaks up two Si-O bonds and connects to two NBOs.
Therefore, the breakdown of the Si-O-5i bonds is compensated by the introduction of
divalent ions [4]. For this reason, such elements tend to have a stabilizing effect on the
glass, improving durability and chemical resistance [2,3,5]. PbO was also frequently added
to glass. It acts as a fluxing agent, lowering the viscosity of the glass melt, improves
chemical resistance and increases the refractive index of the final glass [5-7]. The role of
Pb?* in the glass network differs from that of other divalent ions because of its peculiar
electronic configuration, which assimilates it to a network former [1,5,7]. Other oxides were
frequently added to alter the esthetic properties of the glass, conferring different opacity
and colors [2,5].

Glass is susceptible to atmospheric weathering, the main environmental factor af-
fecting its durability being the presence of water. Therefore glass is susceptible to the
action of rain, as well as temperature and relative humidity cycles that cause the conden-
sation of moisture on glass [8-13]. The pH of the aqueous solution defines two different
degradation mechanisms.

The first corrosion phenomenon is the leaching of modifier ions, particularly that of
alkali ions, which, as mentioned, are more mobile. When glass is in contact with an aqueous
solution with pH <9, ions leach out of the glass network, while at the same time, to maintain
electrical balance, H* ions diffuse into the glass, forming silanol groups. This causes the
formation of a layer of altered glass impoverished in modifier ions; this process is also called
de-alkalinization [2,3,8,14,15]. Leaching severity depends not only on the composition of
the aqueous solution, but also on the composition of the glass itself. The concentration of
silica in a glass composition influences the connectivity of non-bridging oxygens (NBOs),
affecting the mobility and exchange of ions within the glass network. Glasses with lower
silica concentrations have interconnected NBOs, allowing ion movement, while glasses
with higher silica concentrations have isolated NBOs, restricting ion mobility. This has
implications for the chemical and physical properties of the glass, such as its reactivity
and ionic conductivity [3,16]. Moreover, ionic bonds between negatively charged NBOs
and modifier ions become weaker as the field intensity of the modifier ion decreases. Field
intensity is determined by the charge/size ratio. This determines some preferentiality
in the leaching of different elements. Monovalent alkali ions (which bind one NBO) are
generally more easily leached out than bivalent ions (which are bonded to two NBOs), and
high-radius ions are more easily leached than smaller ions having the same charge. This
explains the lower durability of potash-based glass compared to soda silicate glass, with
K* ions having larger radii than Na*, and, therefore, being more easily leached out from
glass [4].

As the thickness of the altered layer grows, the rate of leaching tends to slow down, as
ions need to diffuse through it [2,3,8]. Protons are smaller than the modifier ions previously
present in the network, and they form stronger covalent bonds to oxygen atoms; therefore,
this exchange results in a contraction and weakening of this glass layer [2]. This is especially
true for the high-radius K* cations, whose exchange leaves large voids, facilitating water
penetration [3].

Moreover, the ion exchange reaction causes an increase in the pH of the aqueous
solution, which could lead to the second type of corrosion mechanism.
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When pH of water in contact with glass is >9, dissolution of the silica network is
favored. As the SiO; sites in silicate glasses are susceptible to nucleophilic attack, the
OH™ ions present in an alkaline solution can attack the Si-O-Si bonds, dissolving the
glass [2,15,17,18]. This reaction causes the formation of a new NBO, which can interact
with water, forming further silanol bonds and hydroxyl ions and favoring further silica
dissolution [18]. Glass with more NBOs, such as lower silica glass, is more susceptible to
this type of weathering, as site reactivity follows the trend Q; > Q, > Q3 > Q4 [17].

Therefore, exposure to environmental factors can trigger various deterioration effects
on glass surfaces, including surface dulling, iridescent sheens, opalescence, crizzling,
pitting, cracking, discoloration and even a complete loss of the material’s vitreous character.
In the recent years, to mitigate the weathering of historical glass artifacts, conservators and
restoration professionals have tended to adopt a preventive conservation approach, aiming
to limit direct intervention on original objects [19].

The most common approach adopted in glass conservation is the use of protective
coatings and consolidating products, which may be of either organic or inorganic nature [20].
Prior to the advent of synthetic polymers, natural organic substances such as animal
glue [21] and shellac [22] were commonly used to consolidate and coat archeological
and historical glass. From the mid-20th century onward, advances in polymer chemistry
introduced a range of more suitable synthetic materials for conservation purposes. These
included early cellulose derivatives, soluble nylon, vinyl resins, epoxy resins and acrylic
resins (among them, the widely adopted Paraloid B72) [19]. Despite their initial promise,
these materials have revealed several limitations over time, particularly in their ability to
withstand environmental stressors such as temperature and humidity fluctuations, as well
as exposure to solar radiation. Moreover, the majority are solvent-based, posing health
risks to conservators and environmental concerns [19,23].

Currently, the most widely used and advanced glass coatings are silica-based, pro-
duced through the synthetic sol-gel process. Sol-gel is a flexible technique for creating
solid materials from tiny molecules and can be used to create thin films or coatings on glass
or ceramic materials. A sol, which is a colloidal solution of particles, is chemically changed
into a gel, which is a semi-solid network. In a liquid media, the transition involves the
hydrolysis and polymerization of precursors, usually metal alkoxides. The gel is created as
a result of these reactions, which form a network of linked particles. Tetraethyl orthosilicate
(TEOS) is the most widely used silica precursor in single-phase sol-gel coatings [19,24-27].
These coatings are valued for their elasticity, water-repellent properties and strong com-
patibility with glass, thanks to their similar chemical composition [19,28]. In recent years,
additional sol-gel formulations for glass and ceramic materials have been developed and
patented by academies and industries [27,28]; thus many products are currently available
for purchase. However, there is a lack of literature regarding their long-term exposure or
comparative tests with commonly used coatings.

This work focuses on the weathering of outdoor glass in unsheltered conditions
(such as historic stained-glass windows and mosaic tiles), where deterioration is caused
by exposure to temperature and humidity variations, solar radiation and the combined
chemical and mechanical effects of rainwater runoff. Specifically, the research aims to

(i) Investigate the degradation of two types of traditional silicate glass (a soda-silicate
glass, and a mixed-alkali glass rich in lead) when exposed outdoor in runoff conditions;

(ii) Test and evaluate the performance of consolidant and protective treatments on
representative weathered glass substrates obtained at point (i). Two products were chosen
among new commercial sol-gel options available to restorers and conservation operators.
These were compared with the well-established acrylic coating Paraloid B72.
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This was achieved in a controlled laboratory setting, where natural weathering was
suitably replicated through an accelerated aging protocol that simulates outdoor corrosion
by incorporating key factors such as rainfall composition and pH, reflecting past and
current air pollution conditions, temperature and humidity cycles and UVA radiation
from sunlight.

2. Materials and Methods
2.1. Glass

Two silicate glass sheets with different traditional compositions and different colors
(blue and orange) were supplied by the “Orsoni” furnace (Venice, Italy), a manufacturer
specialized in the production of traditional glass mosaic tiles. The chosen glasses are
not exact mimics of specific glass productions; they were instead chosen to showcase
the influence of different compositions on the corrosion patterns of glass when exposed
outdoors. The choice of traditional glass composition represents an acceptable compromise
between the use of real historical glass compositions and the need to avoid uncontrollable
variables. The real historical glass composition would have introduced the possibility that
the results could be sample-dependent, a circumstance that should be avoided in testing the
coatings’ behaviors. The modern stained-glass types were also chosen for the availability
of massive quantities of homogeneous glass to be sampled and prepared for the numerous
steps of the test [29].

The first glass type (Table 1) is a blue silicate glass with the addition of an alkali
mixture (Na and K). A small amount of Ca is present as a stabilizer. Pb is present in a
relatively large amount as a fluxing agent and to enhance chemical resistance and the
refractive index [5-7]. There is also a significant concentration of antimony that was used
in antiquity as an opacifier (%Sb > 1) or as a decolorizer (Sb around 0.5%) [30-32]. The blue
colour is due to the presence of Co [33,34].

Table 1. Composition (wt%) of the two glass types. Data obtained through SEM/EDS by scanning
the surface of the glass specimens; all areas were scanned at a magnification of 500x (average and
related standard deviations are reported).

blue glass

orange glass

(0] Na Al Si Sb Cl K Ca Co Pb

+ + + + + + + + + + +

3.1 1.0 38605 9.0 0.7 03 0.0 24106 1.7 0.2 0.1 0.0 21 0.1 0.8 0.0 0.1 0.1 20.10.7
(@) Na Al Si S Cl K F Zn Cd

+ + + + + + + + + + +

1.2 0.6 41.30.2 18.90.2 0.1 0.0 27.60.7 0.3 0.0 0.1 0.0 0.5 04 9.6 05 0.3 0.1

The second glass type (Table 1) is an orange sodium silicate glass. Zn is added as a
stabilizing agent, while Cd is responsible for the orange color [35].

The 0.7 cm thick glass plates were cut into roughly 2 X 2 cm specimens by hand. The
area and weight of each specimen were measured prior to the experiments.

2.2. Protective Coatings

Two consolidant and protective products, belonging to the Siox-5 series produced
by SILTEA (Padova, Italy), have been selected from new commercially available sol-gel
formulations. Different Siox-5 products have been used in conservation projects in recent
years [19,28,36,37]. Such coatings may represent a good solution for glass conservation
due to their chemical characteristics; however long-term comparative testing against other
common coatings has not yet been performed [37]. In this work, the performance of Siox-5
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RE20C and Siox-5 RE39 was compared with that of Paraloid B72, an acrylic resin widely
used in glass conservation [19] and serving as a benchmark.

Siox-5 RE20C is a highly concentrated consolidating agent, acting also as a water-
repellent protectant. The product is a 40% alcohol solution containing nanostructured silica
that has been functionalized with organically modified silicon alkoxides. It is commercially
sold as a consolidant ideal for fragile weathered glass prone to surface flaking. Siox-5 RE20C
is ready-to-use and can be applied to specimens either by spraying or brushing [19,38].
The product has been used in restoration projects, though there are no published results
regarding its long-term performance.

Siox-5 RE39 is a liquid formulation consisting of a 20% alcohol solution of pre-cross-
linked silica that is marketed as a pre-consolidant [36]. When the product is applied to the
mineral matrix, it solidifies into a layer of amorphous inorganic silica, which is compatible
with both silicate and carbonate substrates. Like Siox-5 RE20C, this product can be directly
applied as it is by spraying or brushing.

Paraloid B72 is a copolymer of ethyl methacrylate and methyl acrylate. Its composition
has changed over the years, with the 1978 formulation having a nominal composition
of 70:30%. It has a glass transition temperature of 40°, a refractive index of 1.49 and,
being thermoplastic, it is generally reversible. Paraloid may be sensitive to environmental
conditions, primarily solar radiation, since UV rays may induce chemical changes that
affect the efficacy of the coating [39]. For this reason, application of Paraloid resins is
sometimes suggested for indoor applications [19,40]. The properties of the final coating are
strongly dependent on the method of resin preparation, especially the choice and ratios
of the solvent. Some commonly used solvents for Paraloid B72 include acetone, toluene,
xylene, ethyl acetate and diacetone alcohol [39,41-43]. For glass protection, Paraloid B72 is
generally employed in concentrations in the range of 2.5-7.5 wt%, ensuring a low-viscosity
formulation that can penetrate degraded substrates. Here, Paraloid B72 resin pellets
(AN.T.A.RES s1l. San Lazzaro di Savena (BO), Italy) were dissolved in acetone to form a
3 wt% solution.

The surface of the glass specimens was cleaned with pure ethanol to remove any
possible residues prior to coating application. A side for main analysis was selected, and all
faces were mapped to scale in AgiSoft AutoCAD (version R.47.0.0 AutoCAD 2021, © 2020
Autodesk, Inc.) to determine total surface area. All the products were applied to the glass
specimens using a brush, creating a clear and thin layer across the entire surface of the glass.
The amount of product on the surface was estimated through gravimetry by comparing
the weight of specimens before coating application and weight recorded after full coating
drying. Results showed that the amount of product deposited on the specimens was in
the range of 0.04-0.07 mg/cm? for Paraloid B72 and Siox-5 RE39, while values around
0.1 mg/cm? were found for Siox-5 RE20C.

2.3. Artificial Aging Protocol

The experiment was divided in two phases. In the first phase, named the “pre-aging
phase”, bare glass specimens were subjected to rain exposure in runoff conditions, followed
by temperature and humidity cycling in a climatic chamber. Through this phase, aged
glass specimens are obtained, which can be used as “real” representative substrates for the
application of protective coatings.

In the second phase of the study, named the “aging phase”, the artificial aging process
is repeated to evaluate the performance of the coatings. In this phase, part of the specimens
is also exposed to UVA light inside the climatic chamber to evaluate the sensitivity of
coatings to this type of radiation.
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Pre-aging phase: replicating real substrates

The entire experimental design is summarized in Figure 1. Time labels indicating the
pre-aging (p-t) and aging phases (a-t) are reported.

Aging phase: coating performance evaluation

"

-

Coating application:
* No coating: untreated
(UT) specimen kept
as benchmark
* Paraloid B72
* Siox-5 RE20C
* Siox-5 RE39
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= 00
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Figure 1. Graphical representation of the experimental design: p-t = pre-aging time; a-t = aging time.

drop = rain dripping test; CC = climatic chamber; UT = untreated.

2.3.1. Rainwater Runoff

A customized dripping device was designed and perfected in previous studies [44,45].
The glass specimens were positioned on Teflon supports at an angle of 45°. A system of
tubes and a peristaltic pump lets 4 synthetic rain droplets fall on the glass specimens with
a flow rate of 57 cm®/h and a drop fall height of about 2.5 cm.

The test was conducted intermittently, with one day of drying after 2 or 3 days of
continuous rain dripping. This method simulates not only the rain runoff phase but
also the onset of rain events and rain evaporation. This allows aggressive species to
concentrate in the residual surface rain layer during the evaporation phase, with possible
variations in surface pH; it also enables cycles of crystallization and dissolution of eventual
weathering products.

During pauses, rain runoff samples were collected for analysis. The experiment is
conducted for a total of 20 days of time of wetness (ToW).

Two different rain formulations were used in the runoff test, depending on the experi-
ment’s phase.

The pre-aging phase is aimed at replicating the degradation process that historical glass
underwent in the past. Therefore, an acid rain solution based on the composition of wet
acid depositions sampled in Bologna (Italy) around two decades ago was used [44,46,47].
The acid rain has a pH of 4.25 and contains the following concentrations of ions: SO; 2
1.90 mg L1, NO;~ 4.64 mg L™}, CI~ 1.27 mg L~!, CH;COO~ 0.23 mg L~!, HCOO~
0.05 mg L™, NHy* 1.06 mg L1, Na* 0.53 mg L~ ! and Ca?* 0.34 mg L™ 1.

In the aging phase, which is aimed at simulating current environmental attack on
glass and conservative treatments, a rain solution representative of current trends in air
pollutants in the Mediterranean region was used. Here, a reduction in SOy and NOy
concentrations, coupled with an increase in alkaline species, is leading to an increase in rain
pH [48]. This rain therefore has a pH falling between 5.8 and 6.2 and contains the following
concentrations of ions: SO4%~ 1.58 mg L~!, NO3~ 1.56 mg L1, CI~ 3.39 mg L~!, NH,*
0.99 mg L=!, Na* 1.03 mg L1, Ca?* 0.55 mg L~! (0.23 of which added as carbonate) and
Mg?* 024 mg L~ 1.

Both synthetic rains were prepared using analytical-grade reagents and deionized water.

2.3.2. Climatic Chamber

To replicate the effects of natural weathering due to variations in temperature (T),
relative humidity (RH) and UVA exposure, a tailored aging cycle was designed in a climatic
chamber (Climacell 111, MMM Medcenter Einrichtungen GmbH, Miinchen, Germany). The
cycle lasts 16 h 30 min and includes two transition ramps connecting two stable conditions,
each maintained for 6 h 30 min: the first at T = 10 °C and RH = 90% (to mimic winter

https://doi.org/10.3390/heritage9010002


https://doi.org/10.3390/heritage9010002

Heritage 2026, 9, 2

7 of 24

nights), and the second at T = 50 °C, RH = 30% and UVA light (300-400 nm; 4 mW/ cmz)
(to mimic summer days and average UVA at midday sunlight in southern Europe). The
cycle was repeated continuously for three weeks, the parameters were chosen to reproduce
condensation/evaporation cycles. In fact, a surface is generally considered to be wet by
atmospheric moisture at RH > 80% (at temperatures above 0 °C) [49]. During the pre-aging
phase, none of the specimens (all uncoated) were exposed to UV light. In the subsequent
aging phase, only half of the specimens (both coated and uncoated) were exposed to UVA
radiation in order to evaluate its effect.

2.4. Characterization
2.4.1. Surface

Before and after each step of the experiment, microscopic alterations in the glass
specimens’ surfaces were monitored through scanning electron microscopy. Addition-
ally, elemental analysis was carried out to identify patterns in elemental composition
changes. Glass specimens were investigated through the combined use of scanning electron
microscopy (SEM) with a Zeiss EP EVO 50 (Carl Zeiss AG, Oberkochen, Germany) in
variable-pressure mode (100 VP) and energy-dispersive X-ray spectrometry (EDS) with
a INCA X-act Penta FET® Precision microprobe by Oxford Instruments (Tubney, United
Kingdom). The accelerating voltage used for analyses was 20 kV.

A portable 3NH-YS3060 VIS spectrophotometer (3nh, Zengcheng District, Guangzhou,
PR. China) was employed to measure the color variations on the surface of each glass
specimen, sampling at least two different points. The following parameters were set:
Nluminant/Observer: D65/10°, Geometry: d/8, specular component included, 8 mm
aperture and color measurements performed in the CIEL*a*b* system. In the field of
cultural heritage, color changes are generally considered negligible when AE* < 3, and
acceptable when AE* < 5 [50] where AE* corresponds to the Euclidean distance between
the chromatic coordinates: AE* = (AL? + Aa® + Ab?)1/2,

During the aging phase, coating alterations were monitored through Attenuated Total
Reflection Fourier Transform Infrared (ATR-FTIR). Measurements of the glass specimens
were performed using the Spotlight 200i FT-IR Microscopy System with Spectrum 3 (Perten,
a PerkinElmer Company, Springfield, IL, USA), equipped with a thermal source (Globar)
and a deuterated triglycine sulphate (DTGS). The single-reflection ATR accessory by PIKE
Technologies (Madison, WI, USA) with a diamond Internal Reflection Element (IRE) was
used. Measurements were acquired with a spectral resolution of 2 cm~! in the spectral
range of 6004000 cm~! by averaging 64 scans. To improve clarity and minimize noise,
the spectra were corrected for the baseline and atmospheric contribution. All spectra were
normalized to the signal of the most intense band.

2.4.2. Runoff Solution

The runoff solution from the dripping test was periodically collected and analyzed to
identify the release of modifier ions and silica dissolution phenomenon.

The total volume and pH of the solution were measured; 50 mL of solution was
sampled in HDPE bottles. Samples were acidified to a pH < 2 using suprapur HNO3 65%
and stored at 4 °C [44,46].

Concentration of Na, K and Si were analyzed using microwave plasma atomic emission
spectroscopy (MP-AES Agilent 4210). Pb concentration was measured only for blue glass
specimens. The same elements were also analyzed in the rain before the runoff occurred
(blank). For the measurement of Na and K concentrations, which are easily ionizable
elements, 50 uL of an ionization suppressant (CsCl solution, 0.83 M in ultrapure water)
was added to 5 mL of sample to improve the quality of the analysis.
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Results were subtracted for the amount of analytes already present in the rain itself.
Then, the cumulative mass release of each element was calculated, normalized by the area
of glass exposed to the rain droplets.

3. Results and Discussion

The results are presented in two sections: the first concerns the pre-aging phase of the
glass specimens, and the second the ageing phase of the specimens treated with coatings.

3.1. Pre-Aging Phase: Glass Weathering

The physical and chemical weathering of glass exposed to rain runoff in unsheltered
conditions was investigated during the pre-aging phase. This phase was also effective in
producing specimens representative of environmentally degraded glass for the subsequent
phase of coating evaluation.

3.1.1. Surface Characterization

During the artificial aging process, the glass specimens showed color changes as a
consequence of the physical and chemical alterations produced by the simulated environ-
mental attack. Color differences were calculated between the initial glass color (measured
at p-to) and the two pre-aging steps (p-t4rop and p-tarop+cc). Total color variation AE*
caused by pre-aging is represented in Figure 2, panel a.

worange ®=blue

wesw orange mmmm blue  eeee- threshold
25
12
20 10
, 15 .8
w w 6
< <
10 4
5 2
0 ] ] 0

Paraloid B72 Siox-5 RE20C Siox-5 RE39
Drop Drop+CC

(@) (b)

Figure 2. (a) Total chromatic variation (AE*) exhibited by glass specimens during the pre-aging phase;
(b) total chromatic variation caused by the application of coatings on the pre-aged glass specimens.

Overall, the chromatic variation was larger in the orange specimens than in the blue
ones. The orange glass underwent the greatest color change, showing a total AE* much
higher than 5, which is the limit considered acceptable in the field of cultural heritage:
AE* = 18. In the orange glass, the color variation was given by a major increase in the
L* variable (lightness), which indicates surface bleaching, and a decrease in saturation
(a simultaneous decrease in both a* and b*) (Figure S1), Whereas in the blue specimens,
where color variation was more contained, a decrease in L* was observed, along with a
slight decrease in saturation (Figure S1). The trend observed is coherent with the physical
state of the surface. In particular, the increase in L* can be related to the formation of
surface inhomogeneities [51,52], which differed between the two substrates, being more
pronounced for the orange glass, as highlighted by SEM results.

The SEM images (Figure 3), in fact, show significant differences in surface degradation
between the blue and the orange glass specimens. After 10 days of ToW, the orange
specimens had already begun to exhibit signs of crizzling, with the formation of surface
cracks that can lead to the peeling of the outer layer of the glass. Disruption of the surface
layer was very evident at the end of the pre-aging phase. During the drying phases of
the tests, the hydrated silica gel layer, formed by alkali leaching in contact with synthetic
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rain, tends to reach thermodynamic equilibrium with the environment [10]. Glasses with a
composition particularly poor in CaO are more susceptible to crizzling [53,54]. The exact
quantities of CaO needed to stabilize glass vary depending on the composition of other
elements present in the glass besides SiO,. Nevertheless, an amount of Ca on the order of
4% is typically needed [55]. CaO was present in the blue glass along with relevant amounts
of Pb, but not in the orange one (Table 1). Thus, it is plausible to attribute the resistance to
crizzling of the blue specimens to the stabilizing action of Ca and Pb.

Pre-aging time

Orange Glass Blue Glass
) g

drop

drop+CC

Figure 3. Secondary electron images of the glass surface during the pre-aging phase.

EDS analyses were carried out on areas at 500x magnification. The results were
obtained by averaging the wt% values of the elements detected in comparable areas
according to sample type and aging time.

Table 2 shows elemental results collected at different pre-aging times. In the orange
glass, a relevant decrease in Na was observed. Alongside this, an increase in the weight
% of O may be attributed to the formation of a hydrated layer, while a small apparent
increase in the relative amounts of Si may be due to the depletion of alkali. These trends
are typically observed in crizzled glass [55]. Zn wt% also appears to have diminished. A
similar pattern was observed in the blue glass, which exhibited a decrease in modifier ions
(Na and K) and an increase in O; here, Si wt% remained stable. Again, these results can be
attributed to leaching of alkali modifier ions and formation of silanol bonds [10].
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Table 2. Elemental composition (wt%) of the surface of the glass specimens during pre-aging. Data
was obtained by averaging areas of comparable size at 500 x magnification (average and related
standard deviations are reported).

pre-aging time

" (p-9 C (0] Na Al Si S Cl K F Zn Cd
B + + + + + + + + + + +
250 0 12 06 413 02 18902 01 0.0 27607 03 0.0 01 00 05 04 96 05 03 0.1
&  Drop (ToW10d) 3.0 06 498 07 20 04 02 00 36809 04 0.0 75 06 04 01
¢  Drop (Tow20d) 3.0 37 50723 28 29 02 01 33621 04 00 02 01 00 01 10 15 76 11 03 0.1
Drop+CC 21 10 534 09 47 15 02 00 31116 03 00 00 00 00 00 04 00 75 07 04 0.1
Pre""%}i{‘g time C o Na Al Si Sb a K Ca Co Pb
(9]
éo + + + + + + + +
g 0 31 10 386 05 90 07 03 00 24106 17 02 01 00 21 01 08 00 01 01 20107
=  Drop (ToW10d) 2.6 486 05 19 02 03 00 25503 19 01 02 01 10 01 07 0.0 01 01 1720.2
Drop (Tow 20d) 49 27 45518 22 13 03 00 26014 20 01 02 01 1.0 03 08 00 01 01 17915
Drop+CC 25 08 47424 32 13 03 00 25106 19 01 02 00 11 05 07 00 0.0 01 176 1.5

Subsequent to thermo-hygrometric aging, elemental data does not appear significantly
different.

As can be seen from Figure 4 and the corresponding elemental data (Table 3), salt
deposits were observed on the surface of the glass specimens, especially in areas where the
wash-off action of the artificial rain droplets was weaker, such as the borders of the surface.
On the orange specimens, fluoride salts were observed, which are likely recrystallizations
of NaF, a salt commonly used as an opacifier in glass making [56]. A few carbon-rich salt
deposits (with C weight % ranging roughly from 10 to 40%) were also observed on both
the orange and blue glass. These could be carbonate salts formed by interaction of the
leached alkali and bicarbonate ions from the atmosphere, but the formation of organic salts
(particularly sodium acetates and formates) is also possible [57], given the composition of
the artificial rain, which includes acetic and formic acid. Scarce nitrate salts could also be
present, as shown in Supplementary Material (Figure S2).

Table 3. Results of EDS analysis carried out in points shown in Figure 4. Data is reported as weight%.
C o F Na Al Si S Cl K Zn Cd
+ + + + + + + + + + +
1 11 03 124 02 449 03 252 02 01 00 13.0 01 01 0.0 32 01 01 01
2 12.8 02 452 02 249 02 01 00 13401 01 00 0.0 0.0 34 01 02 01
3 389 06 117 0.7 179 04 02 01 186 03 75 02 04 0.1 44 03 02 02
4 150 09 488 0.6 32 01 02 00 26303 03 00 05 00 01 00 55 02 03 01
5 104 14 513 09 25 02 01 01 28906 02 0.1 01 01 61 03 05 02
6 11013 50109 06 04 61 03 02 01 236 05 02 01 01 0.1 77 04 03 01
7 291 14 407 11 23 03 156 05 02 0.1 11.8 0.7 03 02
C 0 Ca Na Al Si Cl K Sb Pb
=+ + + + + =+ + + + =+
8 32713 37508 10 01 3.0 01 02 0.0 145 03 03 01 05 01 13 02 92 03
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(@) (b)

(d)

Figure 4. Secondary electron images of areas showing salt deposits, along with areas where EDS

analysis was performed. (a) Orange glass at p-ty,0p showing recrystallizations of NaF; (b) orange
glass at p-tqyop; () orange glass at p-tgrop+cc; (d) blue glass at p-tgyoprcc. Numbers indicate the
points of the EDS analyses whose results are shown in Table 3.

3.1.2. Runoff Solution

Because of its important role in glass corrosion, the pH of the runoff solution was
monitored. It rose by 0.07 & 0.04 after renewals every 2-3 days of ToW. This increase in pH
is attributed to the continuous leaching of alkali metals; the relatively modest increase may
be due to the significant dilution of the leaching solution.

The results of element release revealed that Si, a major component of the glass matrix,
was not significantly leached across all runoff test (always lower than the limit of detection,
LoD = 15 ppb). Si is known to be soluble under alkaline conditions, but under acidic
exposure (e.g., acidic rain), a silica-rich layer forms, limiting the leaching of Si while
promoting the release of modifying ions (e.g., K, Na, Pb) that are more soluble at pH < 9.

By examining surface elemental data (Table 2), it is evident that both glass types have
undergone some Na leaching. However, the concentration of Na detected in the runoff
solution was found not to be significantly different from that of the artificial rain; thus it
could not be reliably quantified. This is probably due to the dilution effect caused by the
relatively low amount of sodium released into a large volume of rainwater, which already
contains a non-negligible amount of Na.

K release, on the other hand, can be reliably quantified (Figure 5).
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Figure 5. K release from orange and blue glass specimens during the pre-aging phase. ToW = Time of
Wetness. Error bars represent standard deviation calculated among replicates.

Notably, despite being present in low quantities in both glass types (especially the
orange one), the release of K appears to be quite high, particularly in the orange specimens
(though the difference was not found to be statistically significant). Comparing the quanti-
ties of released K across glass compositions (Table 1), it seems that orange glass releases K
more easily compared to the blue one. This might be attributed to the presence of ions with
a strong stabilizing effect in the blue glass (Ca and Pb), which inhibits mobility within the
glass network [3,5,58]. This leads to better physical and chemical resistance, as is proven by
the better state of conservation of the blue glass” surface compared to the orange glass” one
(Figure 3).

Pb release was monitored in the blue samples. Pb concentration predominantly
remained below the Limit of Quantification (LOQ) of 8 ppb. Notably, during the first
few days of testing (approximately 10 ToW), the analysis of runoff solutions revealed the
presence of traces of Pb. However, in the remaining days of pre-aging, Pb was no longer
detectable (limit of detection, LOD = 5 ppb), indicating that surface Pb is slightly leached
during the initial stages of degradation, after which the leaching appears to slow down
or cease.

3.2. Aging Phase: Coating Evaluation
3.2.1. Surface Characterization

Color variation caused by coatings on glass was measured by comparing specimens at
the end of pre-aging (p-tdrop+cc) and at the moment of treatment application (a-tg). AE*
is reported in Figure 2, panel b. On both glass types, all coatings caused a total chromatic
variation of 1 to 6 units above the acceptable threshold for cultural heritage (AE* > 5). In all
instances, the application of a smooth transparent layer on inhomogeneous surfaces lead
to a decrease in lightness (L*) [51], as can be evidenced from graphs reported in Figure S3.
This is particularly noticeable on the orange glass, which, after pre-aging, had a rougher,
crizzled texture compared to the blue one (Figure 3).

Throughout the aging phase, the glass surface was affected by further color alterations.
Differences in color variation were observed between treated and untreated specimens, as
well as among the different protective coatings (Figure 6).
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Figure 6. Total chromatic variation (AE*) in the untreated (UT) and coated glass specimens during
the aging phase: (a) orange glass and (b) blue glass.

All coated specimens showed an increase in L* (Figures 54 and S5), related to the
increase in physical inhomogeneities on the surfaces, coherent with SEM observations
discussed in the later paragraphs. In the case of the two Siox-5 coatings, this increase in L*
contributed to reaching or exceeding the acceptable threshold of AE* = 5.

On the other hand, Paraloid-coated specimens generally showed acceptable chromatic
changes (AE* < 5). However, blue specimens exposed to UVA radiation exhibited an
increase in the b* variable (Figure S5), leading to a AE* slightly above 5. This yellowing
tendency could be masked by the color of the substrate in the case of orange specimens.

By comparing the concentration values of the major elements between untreated
(UT) and coated glass specimens (Table 4), it is evident that these vary depending on the
protective coating applied. For Paraloid B-72, both for the orange and blue specimens,
a high concentration of C is observed, accompanied by a corresponding decrease in all
elements. This is consistent with the presence of a protective layer on the glass surface and
the organic nature of the coating, which is mainly composed of C and O. For Siox-5 RE20C,
an increase in the concentration of Si, C and O is observed, with a corresponding decrease
in K, Na and, for blue specimens, Pb. Similar trends were observed for Siox-5 RE39. Again,
these results are consistent with the chemical composition of the coatings, which is mainly
made up of Si, O and C.

Figure 7 shows the morphology of the surface of the orange glass specimens dur-
ing aging. On this substrate, the protective coating that shows the best adhesion and
durability over time seems to be Siox-5 RE39, whereas Paraloid B-72 exhibits the typical
crizzling phenomenon. The sol-gel coating Siox-5 RE20C demonstrated poor adhesion,
with evident detachment.

From the SEM images of the blue specimens exposed to runoff (Figure 8), it can be
observed that the protective coating showing the lowest adhesion to the glass substrate
is Siox-5 RE20C, as in the case of the orange glass (Figure 7). As mentioned in Section 2.2,
this coating is recommended as a consolidant for severely flaked and porous glasses [19],
and the blue specimens, after the pre-aging process, did not exhibit significant signs of
degradation. Therefore, its penetration and adhesion may be poorer compared to the other
two coatings. Detachment is also demonstrated by a relative increase in the Pb signal in
EDS analysis, which is due to a decrease in the shielding effect of the coating (Table 4). The
other sol-gel coating (Siox-5 RE39) also showed some signs of detachment, though to a
lesser extent.
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Table 4. Elemental composition (wt%) of coated glass specimens through the aging phase. Data was obtained by averaging areas of comparable size at 500X

magnification.
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Figure 7. Secondary electron images of the orange glass specimens during the aging phase.
UT = untreated glass.
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Figure 8. Secondary electron images of the blue glass specimens during the aging phase.
UT = uncoated glass.

The glass specimens were also analyzed using ATR-FTIR spectroscopy. This technique
enables the presence of protective coatings on glass substrates to be evaluated, as well as
their potential degradation, by studying the variations in characteristic bands at different
stages of accelerated aging.
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The specimens were monitored under four conditions: at the initial aging time (a-
to), after exposure to artificial rain (a-tyrop), and following treatment in the CC without
(a-tarop+cc) or with UV radiation (a-tgrop+ccruv)-

Figure 9 compares the ATR-FTIR spectra collected for both blue (panel a) and or-
ange uncoated glasses (panel b) throughout the aging phase. The bands around 789 and
1030 cm ! refer, respectively, to bending and stretching vibrations of the Si-O-Si group in the
presence of Na,O in both types of glasses treated under all experimental conditions [59-61].

Blue glass - UT Orange glass - UT
789 1029 16041639 28502021 78.9 10?3 16?8 28512024
" i
z =
g c
£ <2
g <
o @
3 3
5 =z
£ £
£
8 8
= =
aging time (a-t) B ¢ P : aging time (a)
Drop+CC+UV v : . ; ——Drop+CCHUV
——Drop+CC v : Dy : ——Drop+CC
—— Drop - . ./ . —Drop
0 - . v . — 0

T T ’ ’ t T T T ) T . T T T T . . )
600 800 1000 1200 1400 1600 1800 2600 2800 3000 600 800 1000 1200 1400 1600 1800 2600 2800 3000
Wavenumber (cm™) Wavenumber (cm™")

(a) (b)

Figure 9. ATR FTIR spectra of uncoated (UT) glass at different aging times: (a) blue glass and
(b) orange glass.

The bands at 2854 and 2922 cm ™!, attributed to C-H stretching vibrations [62] and
likely occurring due to organic contaminants or salts on the surface, disappear after the CC
and CC+UV treatments.

The band around 1640 cm ! corresponds to O-H bending. In panel a, following the CC
and CC+UV treatments of blue glasses, this band shifts down to 1604 cm ™!, which could
be due to water adsorption causing changes in the local structure of the silanol groups in
the glass. On the other hand, in panel b, this band disappears after T and RH cycling in
the climatic chamber (CC) with or without UV, likely indicating desorption of molecular
water [61,63,64].

In the orange glass, in addition, the CC+UV spectrum shows a shoulder around
1250 cm !, as indicated by the arrow in Figure 9 (panel b), attributed to Si-O-Si stretching.
This spectral evolution suggests that the CC and UV treatments induce a drying effect in
the glass, with the disappearance of the O-H stretching band being consistent with the
condensation of silanol (Si-OH) groups into siloxane (S5i-O-5i) bonds. The presence of the
shoulder at 1250 cm ™! may also indicate the onset of structural rearrangements that could
promote corrosion in the orange glass.

Such behavior aligns with observations reported by Lynch et al., where similar con-
densation and drying phenomena at elevated temperatures led to cracking in treated
glasses [65].

These results are also consistent with the SEM findings described above, where it was
observed that the orange soda-silicate glass is more susceptible to crizzling.

Figure 10 compares the ATR-FTIR spectra collected for both blue (panel a) and orange
glasses (panel b) coated with Paraloid B-72 in the aging phase. The main absorption bands of
Paraloid B72 appear at 1140 (C-C=0-0O stretching modes), 1387 (CHz symmetric bending
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modes), 1445 (CH3z asymmetric bending mode), 1725 (ester carbonyl group stretching
mode), 2954 and 2922 (C-H stretching modes) em ™! [66,67]. In the case of blue glass, which
presents a more uniform surface and no signs of crazing, it is possible to detect the signals
with less intense bands, such as those at 860 (C—H rocking modes) and 1239 (C—-C=0-O

stretching modes) cm~1.
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Figure 10. ATR FTIR spectra of glass coated with Paraloid B72 at different aging times: (a) blue glass
and (b) orange glass.

As shown in panel a, there are no significant differences between the spectra of Paraloid
B-72 before and after rain exposure, suggesting that the dripping procedure did not alter
the protective coating on the blue glass. However, after CC and CC+UV aging, the bands
at 2954 and 2922 cm ™! disappear, indicating that Paraloid B-72 undergoes chain scission.
The decrease in absorption bands in the C-H region (2900-2960 cm ') is a hallmark of the
loss of low-molecular-weight components [40,52,67,68]. In contrast, for the orange glass
(panel b), the bands at 2954 and 2922 cm ™! already disappear after the drop treatment.
Moreover, in this case, the bands at 1386 and 1456 cm ! are notably less intense and broader
than in the blue glass.

These findings suggest that the tested environmental conditions caused more severe
degradation of Paraloid B72 in the orange specimens compared to the blue ones. This
difference is likely due to weaker adhesion of the coating on the orange glass. Results are in
agreement with SEM observations, where it was evidenced that the acrylic coating exhibited
better resistance on the blue glass rather than on the orange one, where it underwent
cracking along with further crizzling of the substrate (Figure 7). Paraloid B-72 is known
to be affected by UV radiation, similar to other acrylic resins [39,41,69]. UV absorption by
the material induces photodegradation, primarily affecting its physicochemical properties
and optical characteristics, such as yellowing. In fact, as previously discussed, results from
color measurements show that Paraloid B72-coated specimens remained relatively stable
after exposure to rainwater and T/RH cycling. However initial signs of yellowing were
noticed on the blue specimens upon UVA exposure, as evidenced by an increase in the b*
coordinate (Figure S5).

Figures 11 and 12 compare the ATR-FTIR spectra collected for both blue (panels a)
and orange (panels b) glass coated with Siox-5 RE20C and Siox-5 RE39, respectively. The
bands around 790 and 847 cm~! correspond to Si-O-Si bending vibrations, the shoulder at
940 cm ! is due to the stretching mode of Si-OH, and those at 1038-1024 and 1261 cm ™!
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are attributed to Si-O-5i stretching modes [70,71]. As previously mentioned, the band
near 1640 cm ! is associated with O-H bending [63]. Additionally, the bands at 2854 and
2922 cm~! can be attributed to C-H stretching from organic contamination or residues of
the cleaning procedure with ethanol or incomplete polymerization of alkoxide precursors
of the sol-gel coating.
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Figure 11. ATR FTIR spectra of glass coated with Siox-5 RE20C at different aging times: (a) blue glass
and (b) orange glass.
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Figure 12. ATR FTIR spectra of glass coated with Siox-5 RE39 at different aging times: (a) blue glass
and (b) orange glass.

In Figure 11, panel a, the blue glass spectra show that the bands between 793 and
1261 cm~! became less intense and broader in the Drop+CC+UV specimen compared to
the other experimental conditions, suggesting that the UV treatment induces damage to
the protective Siox-5 RE20C layer. Moreover, the downshift of the OH band at 1640 cm ™!
has been observed, as for the uncoated (UT) glass (Figure 9).

On the orange glass (panel b), the artificial aging also caused damage to the protective
layer, as the bands at 796 and 786 cm~! become less intense compared to the starting
measurement (a-tp). In addition, the shoulder at 941 cm~! broadens after aging in the
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climatic chamber both with and without UV radiation. After CC+UYV treatment, the band
at 1107 cm~! appears, corresponding to Si—O-Si asymmetric stretching; this behavior is
attributed to condensation of silanol groups, which form an open silica network [61].

These findings suggest that Siox-5 RE20C is susceptible to variations in temperature
and relative humidity, with a more pronounced effect observed in the blue glass. This
behavior is related to a detachment of the consolidant, which was evident in both blue
and orange specimens subjected to artificial aging, as can be seen from SEM images
(Figures 7 and 8).

In Figure 12, as previously mentioned, the band near 1640 cm ™!

is associated with
O-H bending. However, in the blue specimens treated with Siox-5 RE39, no shift of this
band is observed, unlike in the uncoated ones (UT) (Figure 9a) and those treated with
Siox-5 RE20C (Figure 11b). In the orange glass, the O-H band is present under all tested
conditions in the specimens coated with Siox-5 RE39 (Figure 12b), while it disappears after
UV exposure in the uncoated (Figure 9b) and Siox-5 RE20C-coated (Figure 11b) specimens.
These results suggest that the Siox-5 RE39 protective treatment provides greater stability
compared to the other tested coatings.

It can be seen that, in general, the spectra of both blue and orange glasses coated with
Siox-5 RE39 appear very similar across the aging phase. Though some detachment has
been observed on blue glass specimens (Figure 8), no chemical modifications appear to
have occurred on the coating, suggesting good chemical stability under different conditions
of humidity, temperature and UV exposure. The Siox-5 RE39 coating exhibited better
adherence compared to the other sol-gel coating tested in this study (Siox-5 RE20C).

3.2.2. Runoff Solutions

According to what was observed and commented on in the pre-aging phase, no
statistically significant variations were observed in the pH of the runoff solution, and Si
leaching remains undetectable.

For Pb (present only in blue samples), the measured values were always below the
limit of detection (LOD 5 ppb). Consequently, it can be concluded that Pb release is
negligible, both for untreated samples and for those treated with protective coatings.

Similarly to the pre-aging phase, in the aging phase, the Na concentration was found to
not be significantly different from that of the artificial rain solution. However, by examining
surface elemental data, it could be hypothesized that some further Na leaching has occurred
in blue and orange uncoated (UT) specimens.

Among the elements analyzed, it was possible to quantify K release (Figure 13). Orange
specimens were more affected by leaching, showing higher K ion release than the blue ones.
No protective coating significantly reduced the release of K from this type of glass.

In contrast, for blue glass, all protective treatments resulted in lower K ion release
compared to untreated specimens. Among the tested coatings, Siox-5 RE39 proved to be
the most effective, followed by Paraloid B72 and Siox-5 RE20C. The data suggests that,
under runoff conditions, the effectiveness of coatings significantly depends on the type of
treated glass.
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Figure 13. K release from coated and uncoated (UT) glass specimens in the aging phase: (a) orange
glass and (b) blue glass. ToW = time of wetness. Error bars represent standard deviation calculated
among replicates.

4. Conclusions

This study employed a multi-parameter artificial aging protocol, designed based on
real environmental data. The aim was to investigate the weathering of two traditional
silicate glasses containing different types and amounts of modifier ions, and to assess
the effectiveness of protective coatings when the glasses are exposed to unsheltered and
runoff conditions.

The pre-aging phase highlighted that, under acid rain runoff and T/RH cycling
conditions, the two glass types developed clearly different weathering patterns. Crizzling
emerged on the surface of the orange soda-silicate glass, while the surface of the blue
lead glass appeared to remain intact. The better durability of the blue mixed-alkali glass
is attributed to the presence of elements like Ca and Pb, which are known to improve
glass resistance.

The obtained weathering patterns align well with those found in historical outdoor
glass, proving that the aging protocol is effective in replicating natural weathering and
providing specimens representative of degraded ancient substrates, suitable for testing
coatings’” efficiency.

From the subsequent aging phase conducted with a non-acid rain representative of
present conditions, it is evident that all the conservative treatments examined (Paraloid
B72, Siox-5 RE20C and Siox-5 RE39) are sensible to different degrees to the environmental
factors considered in this study: rain runoff, temperature, RH and UVA light.

Paraloid B72 formed a homogeneous coating with good adherence on both glass types;
however it was not capable of limiting crizzling on the orange soda-silicate glass, and its
performance appears better on more stable smooth glass surfaces. Scission of the acrylic
polymer chains occurred on both glass types. Moreover, though the color of the coating
remained stable under rain and T and RH cycling exposure, signs of initial yellowing were
noticed on the blue glass upon UVA exposure. In light of this, its durability in outdoor
environments seems limited.

On the other hand, the sol-gel coatings showed good chemical stability. However, their
adhesion to well-preserved, smooth glass surfaces, such as the blue glass ones, appeared
to be limited. This was particularly evident for Siox-5 RE20C, and may be ascribed to

https://doi.org/10.3390/heritage9010002


https://doi.org/10.3390/heritage9010002

Heritage 2026, 9, 2

21 of 24

the nature of the product, which is marketed as a consolidant and may therefore be more
suitable for severely degraded and porous glass substrates.

Indeed, both sol-gel coatings were found to be more effective on the crizzled orange
glass. On this substrate, Siox-5 RE39 in particular appears to form a smooth, homogeneous
layer with good resistance to accelerated aging under unsheltered runoff conditions.

The findings of this study contribute to the broader discussion on the selection of
protective materials for glass heritage conservation, particularly regarding the balance be-
tween reversibility and long-term stability. Among tested coatings, Paraloid B72 represents
a reversible option. However, this feature, which has long justified its use in conservation,
may depend on environmental conditions. When exposed to outdoor environments, the
resin tends to undergo structural changes, particularly due to photodegradation, which can
compromise its esthetic and protective performance in the long term. In contrast, Siox-5
RE20C and Siox-5 RE39 consolidants, based on sol-gel technology, cannot be considered
completely reversible as their mechanism of action involves the formation of a silica-based
network; the removal of this layer could induce damage to the underlying historical glass.
Nevertheless, this provides chemical and structural compatibility with the glass substrate.
The choice between products aimed at the conservation of glass should thus be guided by
the specific conservation context, prioritizing reversibility in controlled environments, and
stability in more aggressive exposed conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/heritage9010002/s1, Figure S1: Variation in L*, a*, b* parameters
during pre-aging; Figure S2: secondary electron image showing nitrate salt deposits on orange
glass during pre-aging; Figure S3: Variation in L*, a* b* parameters caused by the application
of protective coatings; Figure S4: Variation in L*, a*, b* parameters during aging of orange glass
coated and uncoated; Figure S5: Variation in L*, a*, b* parameters during aging of blue glass coated
and uncoated.
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