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The use of polymers for conservation of cultural heritage is related to the possibility
to slow down or stop natural deterioration which, in many cases, corresponds to
stopping the entrance of liquid water and to favor spontaneous water vapor removal.
Unfortunately, hydrophobicity is generally favored by surface roughness and thus
competitive with transparency. It is therefore important to find an optimal balance
hydrophobicity, transparency and durability (especially to photooxidation). However,
polymers typically used for applications in this field come from non-renewable resources
and are not biodegradable. In this work, the mechanical, structural, and optical properties
of PLA, PBAT, and a PBAT/PLA blends, as well as surface properties and water vapor
permeability, were investigated before and after exposure to UV irradiation, in order to
evaluate their durability and suitability for conservation of cultural heritage.
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INTRODUCTION

The most important characteristics of polymers for conservation of cultural heritage are related to
the capability to slow down, or possibly stopping, the ongoing deterioration; however, since one
mostly causes of deterioration are related to the presence of water, the most important goal is to
stop the entrance of liquid water and to facilitate spontaneous water vapor removal. Therefore,
hydrophobicity is particularly important. However, one of the surface properties most affecting
the actual hydrophobicity is the roughness: typically, hydrophobicity increases on increasing the
surface roughness. Since the latter is competitive with transparency (which typically decreases
on increasing the roughness), a further challenge is to tailor the polymer coating thickness in
order to find the best compromise in terms of hydrophobicity, transparency, and durability.
Furthermore, a good durability requires a suitable resistance to photooxidation and a good water
vapor permeability after treatment.

The first category of polymeric materials to be actually investigated for application in this field
was represented by acrylic polymers (Feller, 1978, 1994; Favaro et al., 2006). Their actual resistance
to water and photooxidation was evaluated (Melo et al., 1999; Borgia et al., 2001; Chiantore
and Lazzari, 2001) finding an unsatisfactory stability under UV irradiation, as well as inadequate
water barrier properties over time. Thus, fluorinated polymers were taken into account as possible
alternatives, showing some encouraging results, but also questionable surface adhesion properties
(Frediani et al., 1982; Torrisi, 2008; Licchelli et al., 2013). Therefore, further efforts were focused
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on copolymers or blends from both acrylic and fluorinated
polymers (Mazzola et al., 2003; Malshe and Sangaj, 2009).
Furthermore, silanes and siloxanes (Tsakalof et al., 2007;
Vacchiano et al., 2008; Ershad-Langroudi et al., 2017) also showed
interesting properties in terms of impermeability and protection
against color loss, although these were strongly dependent on the
specific substrate. Polymers from cellulose have been extensively
used and studied for application on cultural heritage, finding that
both cellulose ethers (Feller and Wilt, 1990) and nitrate (Selwitz,
1988) have some stability issues. Finally, PEG was recently
proposed in order to consolidate collapsible soil, highlighting
interesting properties (Zimbardo et al., 2019).

However, all of the above discussed solutions are based
on traditional polymers, coming from non-renewable resources
and not biodegradable, with the well-known related issues
of environmental impacts: the increasing demand for better
use of natural resources and reduction of the environmental
impacts related to the use of plastics currently require the
search for alternative and more environment-friendly solutions
(Bastioli, 2005; Song et al., 2009; Lo Re et al., 2013; Morreale
et al., 2015). Furthermore, one of the main problems related
to the use for conservation of cultural heritage (especially, for
stone conservation) is related to reversibility (Andreotti et al.,
2018). In fact, any protective coating should be removable
in the future if needed, or at least retreatable. Unfortunately,
traditional organic coatings have been found to be hardly
removable (even using solvents) after some years of exposure
to outdoor conditions, and go on aging and progressively
losing their properties. This suggests, therefore, the use of
biodegradable materials in replacement for non-biodegradable
one; in particular, biodegradable polymers should spontaneously
disappear from the underlying stone, after their properties
(namely, water barrier and repellence properties) are lost
(Andreotti et al., 2018).

With regard to the actual suitability of biodegradable polymers
for cultural heritage conservation, the Literature does not report
a high amount of data in this context.

Ocak et al. (2009) studied the behavior of some biodegradable
polymers such as zein, chitosan, polyhydroxybutyrate (PHB), and
poly-lactic acid (PLA) in terms of protection capability of marble
surfaces under SO,. They found that the latter two were less
suitable to protect against sulphatation.

Giuntoli et al. (2012) prepared some PLA samples,
functionalized through fluorinated alcohols as co-initiators
of polymerization, finding that the polymers coming from the
L-lactide showed higher water protection in comparison to those
coming from a racemic mixture of L- and D-lactide.

Ocak et al. (2015) investigated the behavior of a PLA-
montmorillonite nanocomposite in terms of protection of marble
surfaces against air pollution. The presence of the nanofiller
evidenced an increased hydrophobicity, and therefore higher
impermeability to environment waters and, at the same time,
reduced water vapor permeability.

Sacchi et al. (2012) performed several investigations on
different systems such as a lactic acid omopolymer and two
lactic acid copolymers (copolymerized with a commercial low
molecular weight perfluoropolyether). Their suitability to protect
marble against aging (simulated by thermohygrometric cycles
and UV irradiation) was studied, finding an enhancement of
the water-repellent behavior in comparison to non-fluorinated
PLA; this was kept even after thermohygrometric aging, while
UV aging led, in some cases, to a detachment between the
polymer layer and the marble substrate, depending on the kind
of marble examined.

Andreotti et al. (2018) studied the behavior of PHA for stone
protection, finding interesting results in terms of effectiveness
and compatibility, while further improvements of durability and
applicability still seem necessary.
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FIGURE 1 | Dimensionless MFI of the three system (pristine and photooxidized for 128 h).
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Xing et al. (2017) prepared PBAT/lignin UV-blocking films.
More in details, they grafted bio-based 10-undecenoic and
oleic acids on soda lignin via solvent methods and then
blended the lignin, as well as the lignin ester derivatives, with
PBAT. They found good lignin dispersion, thermal stability
and retaining of tensile properties up to 10-20 wt% filler
loading, and very good UV-barrier properties even after 50 h
of irradiation.

It can be deduced from this brief literature report, that the
suitability of a polymer system as protective layer on stone is
dependent on its durability, which in its turn is related to the
loss of hydrophobicity. The latter can depend on photooxidation
(photooxidation, in fact, leads to the increase of polar groups
on the surface, and therefore to an increase of hydrophilicity).
Furthermore, most of the available information regards PLA,
while less information is available about other polymers, such as
for instance PBAT.

The photooxidation behaviors of PLA and PBAT have been
reported in the literature (Ikada, 1997; Tsuji et al., 2006; Janorkar
et al., 2007; Nakayama and Hayashi, 2007; Kijchavengkul et al.,
2010; Zaidi et al, 2010; Gardette et al.,, 2011; Stloukal et al.,
2012). With regard to PLA, the mechanisms involved are
a photolytic mechanism leading to the breaking of the C-
O bond in the macromolecular chain and a photooxidative
mechanism leading to the formation of hydroperoxides and, in
turn, of carboxylic acids and ketones (Janorkar et al., 2007);
moreover, also the Norrish II mechanism can be involved
(Tsuji et al., 2006; Nakayama and Hayashi, 2007), although
under UV irradiation at wavelengths higher than 300 nm,
different chain scission mechanisms were found (Gardette et al.,
2011). With concern to the PBAT, degradation can occur
via Norrish I and II chain scission, and can also lead to
significant crosslinking phenomena due to the free radicals
generated during the Norrish I path (Kijchavengkul et al., 2010;
Stloukal et al., 2012).

In this work, therefore, we focused on the investigation on
the mechanical and optical properties of PLA, PBAT, and a
PBAT/PLA blend, with particular concern on the behavior after
exposure to UV irradiation. The main objective was to evaluate
the suitability and durability of these materials for conservation
of cultural heritage.

EXPERIMENTAL

The materials used in this work were: a PLA sample,
commercially known as Ingeo 4032D (NatureWorks, USA),
having a MFI equal to 7 g/10 min (at 210°C and 2.16 kg), a density
of 1.24 g/cm® and a melting point between 155 and 170°C; a
PBAT sample, commercially known as Ecoflex (BASE, Germany)
with a MFI between 2.7 and 4.9 g/10 min; a sample of PBAT/PLA
blend, commercially known as Ecovio (BASE, Germany) with a
MFI between 5 and 11 g/10min. The neat, non-aged systems
were compared also to a reference commercial fluoropolymer
sample, Fluoline HY (CTS, Italy), that is a high molecular
weight fluorinated elastomer, typically used as protective layer for
porous stone substrates.

Sheets of all the samples (previously conditioned in a vacuum
oven at 70°C for 4 h) were prepared by compression molding at
T = 170°C (except for the PLA which was molded at 190°C) in a
Carver (USA) laboratory press.

The obtained specimens (thickness of about 300 wm) were
exposed to accelerated weathering in a “Q-UV” chamber (Q-
Labs Corp., USA) containing eight “UVB-313” lamps up to about
128 h, according to the procedures described elsewhere (Morreale
etal., 2013) at 70°C.

Mechanical (tensile) tests were carried out according to
ASTM D638 both on weathered and unweathered specimens
(90 x 10 x 0.3-0.5mm) using an Instron (USA) mod. 3365
universal testing machine. The elastic modulus was measured
at 1 mm/min deformation speed. When the deformation
reached 10%, the crosshead speed was increased to 100
mm/min until final breaking. The values of the elastic
modulus, E, tensile strength, TS, and elongation at break,
EB, were calculated as average of 10 tests, with an adequate
reproducibility (£7%).

FTIR spectra in ATR mode were obtained by using a Perkin-
Elmer (USA) Spectrum One spectrometer, using the embedded
SpectrumOne software. The spectra were obtained through 16
scans with a 4 cm™! resolution. Measurements were obtained
from the average of triplicate samples. Particular attention was
focused on the carbonyl peak centered at 1,720 cm ™!, which was
used to measure the dimensionless carbonyl index (ratio between
the carbonyl peak area of the sample at a given photooxidation
time and carbonyl peak area of the unirradiated sample) in order
monitoring the photooxidation.

UV-Vis spectra were obtained on triplicates using a Specord
252 (Analytik Jena, Germany) spectrometer in the 190-1,100
nm range.

Melt Flow index (MFI) values were measured using a CEAST
(Italy) equipment at 170°C under a 2.16 kg load, as the average of
four measurements (data reproducibility: £5%).

The cross-linked fraction was evaluated by measuring the
residual gel fraction obtained after Soxhlet extraction using
boiling tetrahydrofuran (THF) on triplicates.

Enthalpy of fusion of the samples was measured by
differential scanning calorimetry (DSC), using a Shimadzu
(Japan) DSC-60 apparatus, with 5°C/min heating rate from
40 to 200°C, as the average of four measurements (data
reproducibility: +6%).

TABLE 1 | Enthalpy of fusion of pristine (unirradiated) and photooxidized (128 h)
samples.

Exposure time, h AH(PLA), J/g AH(PBAT), J/g
PLA 0 1.59 £ 0.06 -
PLA 128 48.41 £1.9 -
PBAT 0 — 5.45 + 0.27
PBAT 128 — 5.57 +0.28
PLA/PBAT 0 1.22 £ 0.07 428 +0.26
PLA/PBAT 128 1.62 £ 0.1 0.56 + 0.03

For the blend sample, the enthalpies of fusion of the two phases are reported.
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Contact angle measurements (in order evaluating
wettability of the investigated materials) were performed
using a First Ten Angstrom (USA) FTA1000C system,
with  demineralized water (on four samples, data
reproducibility: +4%).

Water vapor permeability measurements were performed on
samples (diameter 4.5cm) coming from the above mentioned

compression-molded sheets, at 25°C and 50% relative humidity,
using a BYK-Gardner (Germany) permeability cup. Permeability
constant was calculated as the average of four measurements by
normalizing the measured weight loss of each sample against
the sample thickness (data reproducibility: £7%), according
to the procedures described elsewhere (lizuka et al, 2016;
Hendrickx et al., 2017).
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RESULTS AND DISCUSSION found to be still zero in the PLA sample, while they increased to
6.8 in the PBAT, and 22.6 in the PLA/PBAT.

In Figure 1, the dimensionless MFI values are reported, as a The photooxidation of PLA, therefore, gives rise to a decrease

function of the irradiation time. of the molecular weight—increase of the MFI value—and no

The gel fraction values of the three pristine (unirradiated)  presence of cross-linking was detected. These results indicate that
samples were obviously zero; after 128 h irradiation they were  the photooxidation proceeds to breakage of the macromolecules

0.6

K=}
W

——PBAT/PLA Oh

Absorbance, a.u.

~—PBAT/PLA 128h

k=]
S

0.3

0.2

0.1

3900 3400 2900 2400 1500 1400 900 400
‘Wavenumber, cm-1

FIGURE 4 | ATR spectra of pristine and photooxidized blend.
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and oxidation of the carbon atoms. PBAT and the PBAT/PLA
blend show similar behaviors, with a decrease of molecular
weight but, on the contrary, a formation of cross-linking
structures is observed in both of the systems. According to the
reported results, it is evident that the cross-linking occurs only
in the PBAT phase and that the increase of the crosslinking

in the blend, in comparison to neat PBAT, suggests that PLA
degradation (which follows a chain scission path) and the related
degradation products promote PBAT degradation (which, on the
other hand, mainly follows a crosslinking path). The observation
of Figure 1 further indicates that the PBAT undergoes significant
crosslinking phenomena (in particular, after 32 h) resulting in a
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FIGURE 6 | Dimensionless elastic modulus as a function of the irradiation time.
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decrease of the MFI, and this is even more important in the blend,
where the crosslinking of the PBAT fraction is able to lead to a
decrease of the MFI even though the greater part of the blend
is composed by PLA. On the other hand, the role of the chain-
scission degradation of PLA gains importance on increasing the
photooxidation time, leading to a gradual reversal of the trend.

The enthalpies of fusion of the three samples, virgin and
photooxidized, are reported in Table 1.

It can be observed that, in substantial agreement with
the crosslinking (gel fraction) data, the crystallinity generally
decreases on increasing the crosslinking rate.

Figures 2-4 report the ATR spectra of virgin and
photooxidized PLA, PBAT, and PLA/PBAT blend, respectively.

As regards the PLA, the main peaks to be observed are:
871 cm™! (-CH- bending), 1,453 (-CH3 bending), 1,745 cm!
(C=0 axial deformation vibration), 1,087, 1,129, and 1,184 cm ™!
(stretching of the ~-CO- bond).

In the case of PBAT, the main peaks are: 729 cm™! (-CH2-
stretching), 1,104, 1,120, and 1,165 cm~! (-CO- stretching), and
1,730 cm™! (C=0 axial deformation vibration). The blend shows
the typical peaks from both of the two components, in particular
at 1,745, 1,730, 1,453, 1,087-1,104-1,165, 871, and 729 cm™.
The reported peaks are in agreement with literature data (Dias
Fernandes et al., 2017).

The ATR spectra of the PLA show a decrease of the peak
located at 1,745 ¢cm~!, thus indicating a reduction of the
esters, but at the same time the overall carbonyl peak area

observed, but in this case also two shoulders at 1,790 and 1,750
cm~! appear, related to the formation of free carbonyls and
low molecular weight esters, respectively. These two findings
suggest that Norrish-I type chain scission reactions occurred
(Gardette et al., 2011).

Furthermore, a broadened peak around 1,000 cm~! was
observed, indicating the formation of C=C bonds, thus
suggesting that also Norrish-II type chain scission reactions
occurred (Gardette et al., 2011).

With regard to the blend, the peak modifications substantially
mirror those of the individual components. However, such peak
modifications are significantly sharper.

In order to deepen the analysis, the dimensionless carbonyl
peak area (calculated as the ratio between the peak from 1,600 to
1,860 cm™! at a given photooxidation time and the same before
photooxidation) as a function of irradiation time is reported
in Figure 5.

As previously discussed, a reduction of the carbonyl peak
upon increasing the UV exposure time should happen, mainly
attributable to chain scission reactions (especially Norrish I type).
However, as the oxidation goes on, it gives rise to different
oxidation species such as free carbonyls and low molecular

TABLE 2 | Elastic modulus, tensile strength and elongation at break of the three
unirradiated samples.

sam ; peak a E, MPa TS, MPa EB, %
does not change significantly, thus suggesting chain scission
degradation, in agreement with the hypotheses derived from the  pLA 1585 + 63 42 +£1.7 4+02
previously discussed data. With regard to PBAT, a somewhat  pgaT 48 + 3.4 20 + 1.4 820 + 41
similar decrease and a widening of the carbonyl peak was  pLapPBAT 111 +£ 7.8 93+05 327 + 20
5
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FIGURE 8 | Dimensionless elongation at break as a function of the irradiation time.
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weight esters, which allow the overall carbonyl peak area to not
decrease much, or to keep practically constant; in the case of
PBAT, C=C bonds are formed, reasonably due to Norrish II
type chain scission reactions, which slightly increase the related
peak area (between 900 and 1,100 cm™!, see dotted line in the
same Figure 5).

The degradation has a deep effect on the mechanical
properties that can strongly change during the photooxidation.
In Figures 6-8, the dimensionless values of the elastic
modulus, E, tensile strength, TS, and elongation at break,
EB, are drawn as a function of the irradiation time for the
three materials (PLA values reported only up to 64h, since
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FIGURE 9 | UV spectra of the pristine samples.
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the samples became excessively brittle after that exposure
time). The dimensionless values have been calculated by
dividing the values at each irradiation time by those of the
same virgin (unirradiated) polymer, which are reported
in Table 2.

As expected, the blend has intermediate properties in terms of
rigidity and deformability, while the tensile strength experiences
antagonistic effects.

It can be observed that the photooxidation had significantly
detrimental effects on the ductility (EB) of the materials, in

50
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FIGURE 11 | UV spectra of pristine and 128 h-irradiated PBAT.
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FIGURE 12 | UV spectra of pristine and 128h-irradiated PBAT/PLA blend.
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agreement with the previous discussions on the reduction of
molecular weight and crosslinking phenomena. With regard to
the tensile resistance (TS), all of the three materials undergo
(as expectable on the basis of the above consideration) a
reduction, but with remarkable differences: while the PLA
undergoes limited worsening of the TS, the PBAT undergoes
a drop. This may be due to the different embrittlement
kinetics of the two materials (see Figure 8), which lead to
premature breaking of PBAT. On the other hand, the blend
shows a different behavior, with significantly lower reduction
of the TS in comparison to the PBAT, in apparent contrast
with the deductions that could be drawn on the basis of
the embrittlement. This is explainable, however, considering
that the blend experienced increased crosslinking phenomena,
which mitigate the loss of tensile resistance. At the same
time, there is some increase or no change of the modulus,
due to the above discussed phenomena of crosslinking and
chain scission.

Due to its use for covering cultural heritage, the optical
properties play a very important role.

Figure 9 shows the UV spectra of virgin fluoropolymer, PLA,
PBAT, and PBAT/PLA blend, while Figures 10-12 report the
comparison to the spectra obtained after 128 h photooxidation
of the same samples. The transmittance (and thus transparency)
in the visible range (380-740 nm) of the reference fluoropolymer
is, on average, slightly higher, however the values of the
biodegradable polymers appear to be comparable. On increasing
the photooxidation time, it slightly decreases in the PBAT,
while the reduction is higher in the PLA; however, in the
case of the blend, in the 490-780nm range, the values are
almost unchanged. This suggests that the investigated polymer

blend should be suitable for cultural heritage applications, in
terms of maintaining the main optical properties over time,
although the use of suitable antioxidants would obviously
improve the behavior.

Contact angle measurements at different photooxidation
times were measured, and are shown in Figure 13.

It was not possible to measure the values of the PLA samples
irradiated more than 64 h since the specimens were significantly
damaged due to the photooxidation. It is observed that the
contact angle decreases on increasing the photooxidation time,
due to the increasing amount of polar groups formed during
the degradation (as discussed previously) and the increasing
rugosity of the surfaces. This is a further confirmation of the
interpretations provide with regard to the results coming from
spectral analysis.

Finally, the measured values of specific water vapor
permeability were found to be 1.35 £ 0.07 g/mm in the
reference fluorinated elastomer; with regard to the biodegradable
systems, it was found to change from 5.41 + 0.32 to 2.95 +
0.37 g/mm in the case of PBAT, and from 6.79 £ 0.47 to 2.88
=+ 0.2 g/mm in the case of the PBAT/PLA blend. Therefore, the
biodegradable systems are in the same order of magnitude and
thus comparable to the reference fluoropolymer. Also in this
case, it was not possible to measure the values of the PLA samples
irradiated more than 64 h since the specimens were significantly
damaged due to the photooxidation It is thus observed that, after
the UV aging treatment, the specific permeability significantly
decreases in comparison to the neat unirradiated systems. This is
in agreement with the previously discussed results, since it can
be explained on the basis of the increased crosslinked fraction
and the variations of crystallinity degree.
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CONCLUSIONS

In this work, the mechanical, structural and optical properties of
PLA, PBAT, and a PBAT/PLA blends, as well as surface properties
and water vapor permeability, were investigated before and after
exposure to UV irradiation. The main objective was to evaluate
the suitability and durability of these materials for conservation
of cultural heritage.

Photooxidation followed a complex path, involving mainly
chain scission in the PLA and crosslinking in the PBAT, while
synergistic effects were found in the blend.

The mechanical properties of the blend were intermediate
between those of the neat PLA and PBAT; however, the UV
exposure led to different worsening of the three systems, pointing
out that the blend undergoes more limited decay of the main
mechanical properties, in comparison to the neat PBAT.

Water vapor permeability was found to decrease on increasing
the exposure time; the UV transmittance in the visible range
slightly decreased in the PBAT, while the reduction was higher
in the PLA; in the case of the blend, the values in the 490-780 nm
range were almost unchanged, although the overall transmittance
was lower.

The obtained results suggest that the PBAT/PLA blend
investigated in this work could be suitable for cultural heritage
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