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ABSTRACT

We thoroughly studied colored glass tesserae of historical glass windows of the Santi Giovanni e
Paolo Church in Venice by means of ESEM and XPS techniques in order to evaluate the
weathering mechanisms of the glass surfaces. The results show a strong impoverishment of the
relative content of alkaline ions on the surfaces. Moreover, we exposed the freshly broken
surfaces of the samples (having the original glass composition) to an accelerated light and
wet/dry aging process using the current rain composition of Venice and then compared to the
natural aged surfaces. The results show the validity of the artificial aging methodology employed
that allows the measurements of the different leaching rates of the samples.

Keywords — ancient glasses, weathering, aging tests.

INTRODUCTION

The Santi Giovanni e Paolo Basilica of Venice (also
known as San Zanipolo) is an important gothic
church of the 15" century. It is the principal
Dominican church of Venice and one of the largest of
the city, famous for the funeral services of all of
Venetian Doges, in fact more than twenty Doges are
buried in this church. The building presents different
stained glass windows that are constituted of
Venetian leaded blown glass roundels and decorative
colored glass tesserae. In this work, we thoroughly
studied three original glass tesserae of different
colors from some of the original windows at the apse
of this church (Figure 1). The Dominican friars who
rule the church and that conserved these glass
tesserae when they were broken or fallen from the
windows provided us the samples.

The first part of the work focus on the study of the
chemical composition and the depth profile of these

induced by the atmospheric agents on the glass
during the natural aging process. We used the
collected information to propose a weathering
mechanism. Then, we exposed unaltered glass
sections, obtained by breaking the samples, to
accelerated aging treatments in order to compare the
results of the natural aging with those of the
accelerated aging tests. In this way, we have verified
the validity of the procedure used to simulate the
weathering process.

Experimental: Samples for aging tests: the samples
G1, G3 and G4 were fractured in order to obtain at
least 6 new surfaces for each sample in order to
allow XPS and ESEM analyses and three fragments
for aging tests.

Water preparation for simulated aging tests: the
water solution simulating the average annual rainfall
in Venice (1; 2; 3) has the following composition in
terms of solution molarity (4):

historical samples in order to evaluate the effects

lons — Na K NH," Mg** Ca”™" cr NO5 HCOs; | PO,”

Molarity (M) 0.075 0.014 0.159 0.023 0.052 0.051 0.027 0.085 0.0002

The measured pH of the solution is 6.4.
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Simulated aging tests: the fractured glass samples
for the accelerated aging test have been introduced
in a Suntest CPS+ (5) instrument. This instrument
has a Xenon arc lamp at 500W/m? (with a light range
from 270 up to 800 nm) simulating sun. It has also an
immersion apparatus to alternatively moisten and dry
the samples simulating water leaching: this part is
constituted of a 45 L tank, a thermostat to control the
water temperature and a pump controlled by software
that at defined times pumps water from the tank into
the aging camera to cover the samples. The aging
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cycle is constituted of two phases: firstly, water
coming from the tank, at a temperature of 50°C,
covers the samples for a period of 50 minutes; then
water goes back to the tank and the samples are
irradiated with the lamp at a temperature of 70°C for
200 minutes. In this second phase, the samples are
dried directly from the light. This aging cycle is then
repeated up to 177 times.

G3

Fig. 1 Stained windows of the apse of the Santi Giovanni e Paolo church indicating samples G1, G3 and G4

positions.

ESEM Analysis: Observations of the glass surface
have been performed by Philips-ESEM
(Environmental Scanning Electron Microscope)
instrument to evaluate the morphology of the
sampes. The semi quantitative elemental
compositions have been obtained using an Energy
Dispersive X-ray Spectrometer EDAX Genesis, using
an accelerating voltage of 20 keV. The samples were
directly observed without any preliminary conductive
coating.

XPS Analysis: Spectra collected using a Perkin Elmer
®5600ci equipped with a double anode X-ray source
(Mg/Al) and a monochromatic Al X-ray source.
Anodes work with AlK-alpha (1486.6 eV) and MgK-
alpha (1253.6 eV) sources at 20 mA and 14 kV. A
CHA (Concentric Hemisphere Analyzer) is used to
collect the output signals. Analyzed areas are circles
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0.8 mm in diameter. Scan range is 0-1350 eV (AIK-

alpha source) or 0-1150 eV (MgK-alpha source),
according to the source adopted. Survey scan mode
acquires spectra stepping every 1.0 eV, while
multiplex scan mode requires 0.2 eV steps. A charge
neutralizer has been used to avoid spectral shift in
samples and all spectra have been corrected
according to the charging effect, assigning to C1s
peak 248.8 eV binding energy. Sputtering; operates
with Ar* ions at 4keV on an area of 2x2mm®.

OM Analysis: Optical Microscope images were
obtained with a Zeiss Axiotech 100, working in
reflected light and a Nikon D90 Digital Camera,
operating in the 5-100 magnifying range.

RESULTS AND DISCUSSION

Historical surfaces: We carried out the weathering
of glass windows tesserae by water that simulates
the rain composition of Venice. Through wetting and



drying the glass samples the mechanisms of diffusion
and ionic exchange starts, causing a general loss of
the modifier ions on the glass surfaces (6; 7). The
result of this process is the generation of almost pure
silica iridescent layers (8; 9). The modifier ions
present at the surface of the glass interact with the
water molecules through diffusion or interchange,
and generate a pH increase at the surface, caused
by the formation of NaOH (10), if there is no surface
washing caused usually by rain.

To reach the original composition, we simply fracture
the samples and analyze this new surface by ESEM
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technique. The Figures 2, 3, 4 and 5 report the
composition profiles of samples G1, G3 and G4
respectively, both from the external and the internal
historical surfaces until a constant composition is
reached. The three graphs report the atomic

percentage of the elements present excluding silicon
(whose atomic abundance is around 21%) and
oxygen (through XPS evaluated around 64%). We do
not report these elements in the 3, 4 and 5 figures to
better emphasize the other elements.
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Fig. 2 Samples G1 (5mm thick), G3 (2mm thick) and G4 (4mm thick) come from the stained windows of the apse of
the Santi Giovanni e Paolo church; the bar length reported corresponds to 10 cm. The images on the left
side refer to the surface exposed to the inside of the church while those on the right side refer to the
outside.

As far as sample G1, whose chemical depth profile is
reported in Figure 3, the most evident variation of
atomic % is, as expected, the Na impoverishment of
the inside face of the basilica due to the leaching
phenomenon (11; 12) involving the first 5 um from the
surface; such behavior is not found in the outside
face. This evidence indicates that the water
condensation inside the Basilica plays a determinant
role in the glass corrosion of sample G1. As we can
observe in Figure 3, the bulk composition shows a
large amount of Na together with a very low amount
of Ca in the glass, this composition choice is known
to favor this leaching phenomenon (13). The
presence of Fe in the whole depth profile is the cause
of the green color of the sample. The presence of Mn
in atomic percentage significantly lower corroborates
this hypothesis.

In the past manganese has been used to remove the
iron green color but in this sample, its quantity could
be not enough to compensate the iron green color
(14).

As far as sample G3, the concentration profile
reported in Figure 4, shows that there is no broad
leaching phenomenon. This can be justified by the
presence of around the same amount of Na and Ca
(around 8% of atomic presence each). A depth profile
of the inside face, obtained through XPS together
with Ar" sputtering, shows an impoverishment of Na
(3-4%) in the first 1 um of depth indicating that some
leaching phenomenon is present but much less
extensive than what observed in sample G1. The
behavior of this sample together with the similar
atomic abundance of the Na and Ca ions (15)
suggests that this sample comes from a recent
production, probably replaced during a relatively
recent window restoration. In the back of the glass
tile this substitution however is not indicated (usually
reporting the author and the year of replacement) and
is not reported even in the books recording the
maintenance of the church.
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Fig. 3 ESEM atomic composition profiles of sample G1
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Fig. 4 ESEM atomic composition profiles of sample G3.

Figure 5, reporting the sample G4 depth
concentration profiles, shows a very evident Na
leaching phenomenon in both faces. This behavior
indicates that the water condensation inside the
Basilica is not the only cause of the glass corrosion
as observed in sample G1. However, this sample
shows a relevant presence of rust deposited on the
outside face probably due to the iron frame that hold
the window: this deposit accumulates humidity and
creates a wet environment that favors further sodium
release. Moreover, the inside face presents a
relevant amount of sulfur. Mounting a portion of the
sample G4 in the Ultra High Vacuum conditions to
perform a XPS analysis, we observed the formation
of new surface cracks probably caused by a strong
dehydration of the outer layers close to the surface.
Close examinations of this sample under the Optical
Microscope reveal the presence of these cracks at
the inside face but not at the outside face. This
behavior can be explained by the presence of sulfur
presumably as lead sulfates in the inside face.
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Altogether, the results indicate that this sample
presents much more pits than the other two indicating
a glass very liable to corrosion, typical of ancient
glass production.

Fresh surfaces: XPS analysis allowed determining
the atomic compositions of the fresh surfaces,
obtained, as mentioned earlier, by fracturing the
samples; Table 1 reports their values.

Tab.1 Atomic percentage of the principal elements
determined by XPS on the fresh fractured
surfaces of the G1, G3 and G4 samples.

Sample: Oxygen Silicon Calcium Sodium
Element —
Gl 63.8 20.8 1.2 14.2
G3 63.5 23.8 5.1 7.6
G4 65.7 17.0 0.7 16.6
We have exposed these "fresh surfaces" to

accelerated aging by sun-like light and wet/dry



alternating conditions using the rain composition of
current Venice atmosphere (see experimental). This
procedure would allow an experimental evaluation of
the validity of the aging treatment proposed.
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Moreover, these measurements would provide
valuable information about the corrosion velocity for
these three different samples. The Na/Ca ratio.
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Fig. 5 ESEM atomic composition profiles of sample G4

Measuring obtained measuring the new surfaces
composition by XPS are consistent with ESEM
results the “Na-forehead depth” (that is, the depth at
which the Na reaches its maximum concentration)
after the weathering treatment allows evaluating the
thickness of the leaching phenomenon. In this way, it
has been possible to study the behavior and the
corrosion speed of the three samples by simulating
the atmospheric aging.

The “Na-forehead depth” has been determined
guantitatively by ESEM/XPS measurements for the
accelerated aging samples and compared to both the
inside and the outside naturally aged faces of the
samples as reported in Tab. 2

From Tables 1 and 2 it is evident that the behavior of
the accelerated aging of the new surfaces has the
same trend of the naturally aged ones. The only
aspect that seems not consistent with the observed
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trend for natural aged surfaces is the slower leaching
process of sample G4, even if the artificial aging
occurs much faster for this sample than for G1 and
G3. In our opinion, the artificial aging process is a
valid approach, even if we cannot replicate some
aspects of the natural ageing process. In particular,
on the sample G4 the glass surface as we mentioned
before there is:

- the deposit of rust on the outside face, due to
the iron frame present to hold the window,

- a relevant amount of lead sulfates on the
inside face presents.

These deposits accumulate moisture and create a
wet environment that favors further sodium release.
Despite these limitations, the tested protocol
demonstrates its effectiveness and allow us to study
the leaching behavior of these three historical glass
tesserae.
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Tab.2 Na/Ca atomic ratio of the original glass for the three samples, natural leaching thickness of the aged surfaces
and accelerated leaching thickness of the G1, G2 and G3 samples (after 31 days of aging).

Sample Na/Caratio on the Natural inside face | Natural outside face | 31 days accelerated aging
fractured surface depth (um) depth (um) depth (um)

Gl 11.8 7.0 1.0 0.8

G3 1.50 0.0 0.5 0.1

G4 23.7 20.0 30.0 3.0

Having measured the trend of the leaching velocity in
three intervals we have now the possibility to look at
it, as reported in Table 3; it evidences interesting
differences among the three samples. Both G1 and

G3 samples start with a first leaching rate much more
rapid with respect to the second one and then
reaccelerate in the third interval, G4 sample goes
around the same velocity in the first two intervals and
then it accelerates of 3/2 in the third interval.

Tab.3 Leaching rate of Na/Ca in the samples measured through XPS profiling; each accelerated leaching cycle lasts

250 minutes.
Time (cycles) G1 leaching rate G3 leaching rate G4 leaching rate
(nm/cycle) (nm/cycle) (nm/cycle)
57-0 = 57 8.77 2.19 14.04
111-57 =54 3.70 0.93 14.81
177-111 = 66 7.58 2.65 21.21

The behaviors of samples G1 and G3 can be
explained in terms of a hydrolyzing action of water
that favors the monovalent ions release from the
glass network, this behavior will be then slowed
because it is governed by the diffusion phenomena
up to when a general deterioration of the outer layers
of network happens. A different behavior is observed
for sample G4, there the network is originally
deteriorated, as observed also by optical microscope,
and the leaching rate does not slow down and, in the
third interval, it increases significantly.

CONCLUSIONS: The glass behavior with respect to
natural or simulated aging strongly depends on his
composition in particular on the ratio between
alkaline (Na, K...) and alkaline earth (Mg, Ca...)
elements. This trend has been well attributed in
literature to the so called “cooperative jumps” (13;
16). When this ratio is close to one, as in sample G3,
indicating a glass composition typical of a recent
production, the glass is much less liable to corrosion
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in terms of alkaline ions depletion as reported in
Figure 4. The results of this research demonstrate
the validity on the simulated aging: when the
unaltered surfaces of the historical glasses are
treated for many cycles with water whose
composition is typical of the venetian current rain, we
have observed the same trend of Na depletion for all
the samples (G1, G3 and G4) as observed for their
historical surfaces. The employed methodology
allows the measurement of their relative leaching
rates.
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