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A B S T R A C T

Synthetic polymers can be replaced by biodegradable ones as adhesives, water repellents and consolidants on the
stone surfaces and facades of the historic buildings in their conservation to minimize future deterioration. In this
study, the long-term stability of two biodegradable polymers, polyhydroxybutyrate (PHB) and poly-L-lactide
(PLA), and an acrylic polymer (Paraloid B72) which is commonly used in conservation works of artefacts, were
evaluated on limestone using a UV lamp-weathering chamber (up to 104 days) for future protection studies.
Chemical and morphological changes induced by an accelerated weathering test were examined by Fourier
Transform Infrared spectroscopy (FT-IR) and Scanning Electron Microscopy (SEM) analyses. Protection effi-
ciency of the polymers was determined by the changes in color, capillary water absorption, static contact angle
on limestone. Paraloid B72, PHB, and PLA coatings significantly increased hydrophobicity while decreasing
capillarity water absorption and caused negligible change in the color of the limestone. Protection efficiencies of
PLA and PHB polymers were almost the same as that of Paraloid B72, a widely used acrylic polymer. However,
PLA and PHB seemed to be favorable polymers as protective agents due to their reversibility and biodegrad-
ability, low chromatic changes, good hydrophobic behavior and good stability to weathering in reducing the
effects of outdoor exposure on limestone surfaces.

1. Introduction

Natural and synthetic polymers have been used as water repellent
and consolidant in the conservation of movable and built cultural
heritages. The polymers used in conservation work should be re-
versible, re-treatable, compatible, water repellent and breathable to
allow the passage of water vapor, not cause any color variation on the
object, easy in application and resistant against weathering. Acrylic
polymers extensively used in stone conservation to preserve monu-
ments from further deterioration mostly fulfill these principles except
reversibility [1,2].

Paraloid B72, an acrylic polymer, is widely used as adhesive, water
repellent and consolidant in the conservation work of several movable
or immovable artefacts [3–5]. It acts as a waterproof coating, but loses
its efficiency and removability in time due to polymer decomposition
[3]. The surface discoloration resulting from Paraloid B72 coating is not
acceptable for the conservation of cultural heritage [3,6,7]. On the
other hand, Paraloid B72 increases the water repellency (hydro-
phobicity) of stone surfaces while hydrophobicity decreases due to the
weathering effects.

Paraloid B72 penetrates into the pores of stones producing a

uniform surface and, due to outdoor conditions, it is subjected to
weathering through UV light exposure, which causes degradation by
chain scissions, photoinduced crystallization and cross linking [7–19].
UV irradiation leads to color changes and loss of surface hydrophobicity
depending on the relative intensity of the radiation [3,7].

Biodegradable polymers, which are produced from natural re-
sources in the natural environment during the growth cycles of or-
ganisms, that can be classified as agro-polymers and bio polyesters are
used in pharmaceutics, tissue engineering and food packaging industry
[20,21]. The resistance of biodegradable polymers to accelerated
weathering was evaluated by previous studies [22–27]. The results of
these studies indicated that, the main degradations were chains scis-
sions and cross-linking reactions. Their average molecular weight was
decreased, ester linkages were hydrolyzed, and the degree of crystal-
linity was increased.

The effect of certain biodegradable polymers mostly zein, chitosan,
PHB and PLA as protective agents on stone surfaces were investigated in
a few studies [28–34]. Zein is a thermoplastic protein with a hydro-
phobic nature, excellent film-forming properties and higher strength
and lower gas permeability than other biopolymer films [28,32].
Chitosan is produced from chitin found in the exoskeleton of
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invertebrates and arthropods. PHB and PLA are bio polyesters with
relatively good water barrier properties. Both of them have crystalline
structures and high melting points [35,36].

The studies showed that biodegradable polymers form a thin film
and exhibit negligible color variation, increased hydrophobicity and
reduction in the effects of gases present in polluted air (such as SO2) on
stone surfaces [28,37,38]. However, UV light degrades the polymers
and leads to reduced protection efficiency depending on light intensity,
humidity and temperature. Among the biodegradable polymers in-
vestigated in the studies, PLA exhibits higher photo-stability and water
protection efficiency and lower color variations [30,33,39], while PHB
causes negligible color changes with good water protection efficiency
on stone surfaces [34]. However, protection efficiency drastically de-
creases and weathering leads to loss of hydrophobicity [33,39].

Biodegradable polymers have started to be considered as alternative
protective agents for the conservation of movable and built cultural
heritages in the past decade. PLA and PHB are renewable, re-treatable
and removable polymers. These properties are considerably significant
for the sustainability of authenticity in cultural heritage conservation.
Although they are high-priced materials, price is of secondary im-
portance for the conservation of cultural heritage. In addition, their
long-term stability has not been examined in detail, therefore this study
is conducted to evaluate the long-term stability of biodegradable
polymers. This study aimed to investigate the use of PLA and PHB as
alternative surface coating agents to acrylic ones on limestone surfaces.
The stabilities of PLA, PHB and Paraloid B72 on limestone were eval-
uated together under same conditions by accelerated weathering tests
with the combination of UV light, heat and moisture. Protection effi-
ciency of the coatings was evaluated by the changes in color, capillary
water absorption, and static contact angle on limestone surfaces.

2. Experimental

2.1. Materials and sample preparation

In this study, the protection efficiency of biodegradable polymer
coatings was investigated on limestone samples. Limestone is a sedi-
mentary rock and has been the major source of architectural and sta-
tuary stone [40]. The chosen limestone was less dense (2.2 g/cm3) and
a porous stone (11.3%). Limestone was mainly composed of CaCO3 and
has traces of quartz, alumina, magnesium and iron oxides. It contains
high amounts of amorphous silica from diatoms [41]. The samples were
prepared by cutting limestone pieces into rectangular plates 1.5 cm×
2.5 cm using a Buehler Isometry cutting instrument and polished with
400-grit silicon carbide powder. The samples were then cleaned ultra-
sonically in deionized water and dried at 60 °C.

The biodegradable polymers were poly(L-lactide) PURASORB PL 65
(PLA) (Corbion, Netherlands) and Polyhydroxybutyrate (PHB) (Good
Fellow) and the synthetic polymer was Paraloid B72 (ZAG Kimya).
Based on the recent studies of the protection efficiencies of biode-
gradable polymers on calcareous stones under the effect of acidic de-
position [28], PLA and PHB possessing higher molecular weight were
chosen for their better protection performances. They are semi crys-
talline and have good water barrier properties. Both have the density
around 1.2 (g cm−3). In addition, PHB has high melting point
(175–180 °C) and is a water insoluble biodegradable polymer similar to
petroleum based synthetic polymers. PLA is also biodegradable, ther-
moplastic, aliphatic polyester derived from renewable resources. The
properties of PLA are determined by the molecular architecture and the
molecular weight while the melting temperature is in the range of
130–180 °C. Polymer solutions were prepared without any purification
as 5% (weight/volume). The PLA solution was prepared by dissolving
PLA in chloroform with magnetic stirring at room temperature for 4 h.
The PHB solution was prepared by dissolving PHB in chloroform at 60°-
70 °C by a reflux system for approximately 2–3 h. The Paraloid B72
solution was prepared by dissolving Paraloid B72 in acetone with

magnetic stirring at room temperature for approximately 1–2 h.
Each polymer solution was applied onto a limestone plate by a dip-

coating apparatus (Nima dipper) at room temperature with a 100mm/
min immersion rate and 150mm/min retraction rate. After coating, the
samples were left in an oven to volatilize the solvent at 40 °C for several
hours until they reached a constant weight. The film thicknesses of
biodegradable polymers (PHB and PLA) and synthetic polymer
(Paraloid B72) determined by SEM analysis were approximately 30 μm
and 50 μm, respectively. The four coated parallel samples were
weathered in an accelerated weathering chamber and used in evalu-
ating the protection performances of coatings.

The effects of accelerated weathering conditions on the chemical
properties of the polymers were determined by FT-IR analysis on thin
polymer films. Thin films were prepared by casting each polymer from
solution. The polymer solutions were poured into petri dishes and left
under a hood for 24 h to volatilize the solvent. The formed films were
then left under vacuum at 60 °C for 24 h.

2.2. Accelerated weathering test

Accelerated weathering tests were carried out in the test chamber
(QUV/se Q Lab chamber) equipped with 4 UVA-340 lamps (wavelength
from 365 nm to 295 nm) at up to 80 °C temperature and 100% relative
humidity.

The weathering conditions were determined in accordance with the
European Standard titled “Plastics - Methods of exposure to laboratory
light sources - Part 3: Fluorescent UV lamps” [42]. The samples were
exposed to 8 h of UV irradiance of 0.76 (W/m2) at 60 °C followed by 4 h
of condensation without irradiation at 50 °C up to 2500 h (104 days).
Almost 500 h of irritation under UV exposure may correspond to 60
months of exposure to atmospheric weathering when water protection
efficiency results of Paraloid B72 coated stones have been considered
[16].

2.3. Evaluation of chemical and morphological changes of polymers

The chemical and morphological changes on polymer films during
weathering were monitored by Fourier Transform Infrared (FT-IR) and
Scanning Electron Microscope analyses (SEM).

2.3.1. Determination of chemical changes by fourier transform infrared
analysis (FT-IR)

The chemical changes on the polymer films were determined by
recording the FT-IR spectrum of the films at the specified time intervals
of the weathering test. For the B72, 7 measurements were taken be-
tween at 0, 25, 125, 250, 500, 750 1000 h. For PLA and PHB, 10
measurements were taken at 0, 25, 125, 250, 500, 1000, 1500, 2000,
2250, 2500 h. Spectral measurements were conducted by a Spectrum
BX II FT-IR spectrometer (Perkin Elmer) operated in absorbance mode
and spectra were collected with the use of 4 cm−1 resolution in the
range of 400 to 4000 cm−1.

The chemical changes on the surface of the polymer films were
monitored by calculating the absorption band area of each polymer
during weathering. The band areas were first normalized by dividing
each band value by the band value that did not change significantly
(internal standard) due to the apparent randomness of the data. The
C–H stretching band at 2988 cm−1 were chosen for Paraloid B72, PHB
and PLA, respectively, as internal standard [19,43]. Calculation of the
percent change of normalized peak areas was based on the average area
for virgin polymer bands and the area of the weathered polymer bands
(Eq. (1)) [22,44].

% change in area=100 × [Av - Aw]/Av (1)

where Av and Ad are the area under peak bands for virgin and weath-
ered sample, respectively.
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The FT-IR results were expressed as a percentage increase or de-
crease in the peak area after completion of each exposure cycle. Values
above zero indicate decrease in the peak areas, while values below zero
indicate increase in the peak areas. A one-tailed paired sample t-test
analysis was performed on the band areas to determine whether the
final values for areas were statistically different from the original ones.

2.3.2. Determination of morphological changes by scanning Electron
microscopy analysis (SEM)

Morphological changes of coated limestones were examined by
Scanning Electron Microscope analysis with a FEI QUANTA 250 FEG
equipped with an EDX detector (Oxford Azteck). In the analysis, sam-
ples were fixed onto aluminum stubs through carbon adhesive disks and
coated with gold. Images were collected at different magnitudes by
secondary electron detector at a voltage of 3 kV. Analyses were carried
out at room temperature.

Removability of Paraloid B72 was tested on 2500 h weathered
limestone samples by extraction with acetone. Limestone samples were
treated in acetone for 24 h and acetone was evaporated. Then, SEM-
EDX analysis were performed with uncoated limestone and 2500 h
weathered limestone after removal of Paraloid B72 [7,16].

2.4. Evaluation of the protection performances of polymer coatings

The protection efficiency of biodegradable polymer coatings (4
parallel samples) were estimated by recording color, capillary water
absorption and static contact angle of the coated and weathered sam-
ples with 9 cycles at specified time intervals between 0 and 2500 h of
weathering tests.

2.4.1. Color measurements
The color change of coated and weathered samples was examined

with a colorimetric measurement instrument (Avantes) by Avasoft 6.2.
Measurements were conducted on the surface with 4mm diameter spot
size, D65 daylight illuminant and 10° observer. Measurements were
performed at 23 ± 2 °C and 50 ± 3% relative humidity [28].

For four parallel samples, three measurements were taken on

different positions of the surface of each sample. Color coordinates were
determined as CIELAB (CIE L*a*b*) values. L* is the lightness (ranging
from black to white), a* and b* are the chromatic coordinates (a*: green
to red; b*: blue to yellow). Color differences of coated samples were
calculated by the following equation (Eq. (2)). The results were ex-
pressed as EΔ * values and uncoated limestone slabs were used as re-
ference.

= + +E L a bΔ (Δ ) (Δ ) (Δ )2 2 2 (2)

2.4.2. Water absorption by capillarity measurements
The amount of water absorbed by capillarity forces were de-

termined by measuring the amount of water that is absorbed by ca-
pillarity through the stone surface when it is in contact with water.
Measurements were conducted with each coated limestone plate at
23 ± 2 °C and 50 ± 3% relative humidity before and after each period
of weathering test [28]. The water protection efficiency of treated
limestones was calculated as percentage change of the amount of ab-
sorbed water of coated and weathered limestones (Eq. (3)).

%E (Protection Efficiency) = (Qi (c) - Qi (w))/ Qi (c) *100 (3)

where Qi (c) is the amount of absorbed water before weathering and Qi

(w) is the amount of absorbed water after weathering.

2.4.3. Static contact angle measurements
Surface wetting properties of coated limestone samples were in-

vestigated by measuring the static contact angle of a water drop on
sample surfaces with a Goniometer (Attension Theta). Measurements
were conducted at 23 ± 2 °C and 50 ± 3% relative humidity.

For measurement, each polymer coated limestone plate was dried to
a constant weight in an oven at 40 °C and then kept in a desiccator until
the temperature reached 23 °C A micro-pipette filled with deionized
water was used to deposit the drop on the sample surface slowly. The
measurement was carried out after the deposition of the drop [28]. Six
measurements were taken on each sample for four parallel samples to
ensure reliable values.

Fig. 1. FT-IR spectrum of the virgin and weathered Paraloid B72 samples.
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3. Results and discussion

3.1. Chemical changes on the polymer surface

The chemical changes on the polymer films were observed at the
surface and deeper into the interior after weathering. The changes in
Paraloid B72, PHB and PLA thin films during weathering were mon-
itored by Fourier transform-infrared (FT-IR) spectroscopy (Figs. 1 , 3
and 5). Variations observed due to chemical changes on the normalized
absorption band areas of FT-IR spectra of each polymer were presented
in (Figs. 2, 4 and 6 ). Chemical changes in the polymers occured in a
similar pattern, which is presented in the following sections.

3.1.1. Paraloid B72
The FT-IR spectrum of virgin Paraloid B72 showed the characteristic

bands of C–H stretching at 2982 cm−1, eC]O ester carbonyl stretching
at 1730 cm−1, eCeH deformation at 1475-1450 cm−1, eCeOe ester
stretching at 1365-1024 cm−1 and eCeC stretching at around
860 cm−1 (Fig. 1) [3,45].

FT-IR analysis showed that the degradation of Paraloid B72 started
just after 25 h and gradually increased until 1000 h (Figs. 1 and 2).
Statistical analysis confirmed that the mean peak area for 25 h-aged
Paraloid B72 was found to be significantly lower (5% statistical sig-
nificance level) compared to the mean peak area of virgin Paraloid B72
(Table 1).

The variations observed due to chemical changes at the absorption

Fig. 2. % changes in the absorption band areas of the Paraloid B72 peaks after the normalization to –C–H stretching at 2988 cm−1, during accelerated weathering
tests.

Fig. 3. FT-IR spectrum of the virgin and weathered PHB samples.
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bands after 25 h weathering can be explained as follows:

i A broadening and a decrease at the absorption band of carbonyl at
around 1730 cm−1 (-C=O ester) mainly due to the hydrolysis of
ester linkages, may be causing a decrease in average molecular
weight and breaking down of long macromolecular chains (Fig. 2)
[8,19].

ii Formation of a weak band at 1645 cm−1 (C]C) due to the forma-
tion of small fragments by chain scissions, causing the polymer to
acquire a yellowish hue [14,24,25,46].

iii An increase at the absorption band 3750 and 3250 cm−1 related to
hydroxyl groups (−OH), due to the formation of carboxylic acid and
hydroperoxides, resulting in the loss of hydrophobicity of the
polymer (Fig. 2) [14,45].

3.1.2. Polyhydroxybutyrate (PHB)
Similarly, the FT-IR spectrum of virgin PHB showed the

characteristic bands of−OH stretching at 3430 cm−1, eCeH stretching
at 2973 cm−1, eC]O ester stretching at 1730 cm−1, CeH deformation
at 1450–1350 cm−1, CeOe stretching ester at 1277–1054 cm−1 and
eCeCe stretching at 978 cm-1 (Fig. 3) [22,44]. The chemical changes
observed at the absorption bands of PHB after 1000 h could be ex-
plained as follows:

FT-IR analysis results indicated that the chemical changes of PHB
started at 1000 h of weathering and then gradually increased with each
weathering cycle (Figs. 3 and 4). One-tailed paired sample t-test ana-
lysis confirmed the statistical significance of the difference between the
mean peak areas at 0 and 1000 h of weathering (Table 1).

The changes seen in the absorption bands after 1000 h of weath-
ering could be explained as follows;

i A broadening and a decrease at the absorption band of carbonyl at
around 1730 cm−1 (-C=O ester) mainly due to the hydrolysis of
ester linkages, may be causing a decrease in average molecular

Fig. 4. % changes in the absorption band areas of the PHB peaks after the normalization to –C–H stretching at 2988 cm-1, during accelerated weathering tests.

Fig. 5. FT-IR spectrum of the virgin and weathered PLA samples.
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weight and breaking down of long macromolecular chains (Fig. 4)
[43,47].

ii A weak band formed at 1845 cm−1 (C]Oe) due to acetic anhydride
formation, causing decreased strength [24,25,46].

iii An increase in eCeC stretching at 978 cm−1 due to the change in
the degree of crystallinity of the polymer, leading to an increase in
density, stiffness and strength [24,43].

iv An increase in the CO2 region at 2200 cm−1 due to UV irradiation,
causing degradation of the polymer [26].

v A decrease in the −OH region at 3525-3390 cm−1 related to
thermal decomposition of tertiary hydroperoxides (Fig. 4)
[3,22,38,45,48].

3.1.3. Poly-L-Lactide (PLA)
The FT-IR spectrum of virgin PLA showed the characteristic bands of

eOH stretching at 3723-3636 cm−1, eCeH stretching at 2988 cm−1,
eC]O ester stretching at 1771 cm−1, eCHe deformation at
1450–1350 cm−1, eCeOe ester stretching at 1277-1055 cm−1 and
eCeCe stretching at 872 cm−1 (Fig. 5) [24,49].

The chemical changes of PLA started at 1000 h and then gradually
increased with each weathering cycle (Figs. 5 and 6). This was con-
firmed by statistical analysis (Table 1). Since the mean peak areas for
1000 h-aged PLA were found to be significantly lower (1% statistical
significance level) than the mean peak areas of virgin PLA.

The changes identified in the absorption bands after 1000 h
weathering could be explained as follows;

i A broadening and a decrease at the absorption band of carbonyl at
around 1730 cm−1 (-C=O ester) due to the hydrolysis of ester
linkages, may be causing a decrease in average molecular weight
and breaking down of long macromolecular chains (Fig. 6)
[24,43,47].

ii An increase at the eCeC stretch band at 872 cm−1 due to the
change in the degree of crystallinity of the polymer by increased
temperature, improving physical characteristics of the polymer (60°)
(Fig. 6) [24,43].

iii An increase in the CO2 region at 2200 cm−1 due to UV irradiation,
causing degradation of the polymer [26].

iv A weak band formed at 1845 cm−1 (C]Oe) due to acetic anhydride
formation by UV irradiation, causing etching on the polymer sur-
faces [24,25,46].

v An increase in the eOH region at 3700-3360 cm−1 due to the for-
mation of carboxylic acid and hydroperoxides, which resulted in the
loss of hydrophobicity of the polymer [22,24,25,38,43,48].

The chemical changes on all of the polymer films can be summar-
ized by hydrolysis of ester linkages, change in the degree of crystal-
linity, increase in the CO2, formation of carboxylic acid, formation of
acetic anhydride and hydroperoxides. All these chemical changes re-
sulting in a decrease at the average molecular weight and a breaking
down of long macro molecular chains, as well as etching, loss of hy-
drophobicity, increase in density stiffness and strength and changes in
color (cause yellowing) on the polymer surfaces.

3.2. Morphological changes of polymer

The structural characteristics of the limestone, the surface mor-
phology of the polymers and the influence of weathering on polymer
surfaces were investigated by SEM.

The uncoated limestone samples exhibited a slightly rough surface
with the presence of small and large grains-sized calcite crystals and
with diatoms distributed randomly through the stone (Fig. 7). The
polymer coatings on the limestone surfaces were smooth and uniformly
spread. Paraloid B72 produced a uniform flat surface with 8–10 μm
layer thickness on the limestone (Fig. 7a). PHB produced a coralloid
surface with 10–15 μm layer thickness and with pores of mostly smaller
than 2 μm (Fig. 7c). The PLA coating had a surface with 10–15 μm layer
thickness and very fine pores approximately 8 μm in size, which were
regularly distributed and interconnected with each other (Fig. 7e).

All polymer coatings showed signs of chemical changes that caused
surface damages. Etching, holes, voids and growth of calcite crystals in
the pores were observed on the PHB-coated surfaces (Fig. 7d).

Fig. 6. % changes in the absorption band areas of the PLA peaks after the normalization to –C–H stretching at 2988 cm−1, during accelerated weathering tests.

Table 1
Results of the one-tailed paired sample Welch approximation t-test with peak
mean areas of polymer spectra of virgin and weathered samples.

Paraloid B72 PHB PLA

Virgin 25 hrs Virgin 1000 hrs Virgin 1000 hrs

Peak Mean (%
change)

180.2 49 78.7 22.1 89.7 92.2

t-test (P Value) 0.07** 0.06** 0.39***
Null Hypothesis 1000 h and 0 h

peak values are
identical

2500 h and 0 h peak
values are identical

2500 h and 0 h peak
values are identical

Result Reject the null
hypothesis:
1000 h values are
significantly
lower

Reject the null
hypothesis: 2500 h
values are
significantly lower

Reject the null
hypothesis: 2500 h
values are
significantly lower

*denotes significance at 10%, **5%, ***.1%.

Z. Kaplan, et al. Progress in Organic Coatings 131 (2019) 378–388

383



Detachment of the polymer film from surface, etching, irregular crazes
and cracks, holes and voids were indicated on the PLA-coated limestone
(Fig. 7f). These damages could have originated from chain scission,
breaking of polymer bonds and formation of volatile gaseous products

during the weathering of PLA and PHB. Solubility reduction of Paraloid
B72 is investigated by removing the films on stone surface with acetone
and by calculating the % differences of CO2 and CaO contents of un-
coated and Paraloid B72 removed limestone surfaces through SEM-EDX

Fig. 7. SEM images (x5000) of the coated (0 h.) and weathered (2500 h.) limestone samples.

Fig. 8. SEM images of uncoated (a) and Paraloid B 72 removed limestone (b) surfaces and their % oxide compositions.
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analysis. SEM-EDX analysis indicated that between 4–9 % solubility
reduction of Paraloid B72 was observed possibly due to the effect of fast
and extensive cross linking of the long ester groups (Fig. 8) [45].

3.3. Surface color changes

Since color stability of coated stone surfaces is an important factor
used in the selection of polymers for the protection of historic stone
buildings, a polymer used as coating material on stone surfaces should
not significantly change surface color. The acceptable total color
change (ΔE*) should be lower than 5, the standard accepted by the
International Conservation Community of Historic Monuments and
Buildings [50], whereas the human eye perception threshold is lower
than 3 [51,52]. In this study, surface color changes of uncoated, coated
and weathered polymer surfaces were indicated by L*, a*, b* values and
ΔE* values (Table 2).

The lightness values (L*=black to white) of Paraloid B72 and PLA
treated limestones were found to be lower than the uncoated one.
However, the lightness value was found to be higher than the uncoated
one for PHB coated surface. The lower L* values indicated that Paraloid
B72 and PLA coated stone surfaces were slightly more darkened than
uncoated surfaces. During accelerated weathering cycles, the L* value
of B72 fluctuated but the trend was slightly downward. However, the L*
values of PHB and PLA coated limestones increased as weathering
progressed, causing whitening on limestones due to significant changes
in surface roughness [39,48].

The a* (green to red) and b* (blue to yellow) values were found to
be higher in Paraloid B72 and PLA but lower in PHB as compared with
the uncoated ones. The b* values of all polymers slightly decreased and
a* values of B72 and PLA slightly increased with weathering period.
However, the a* value of PHB decreased during weathering.

The total color change (ΔE*) of Paraloid B72 treated limestones was
higher than the threshold (< 5) reported by the International
Conservation Community of Historic Monuments and Buildings.
However, ΔE* values of the PHB and PLA treated limestones were near
the threshold for human eye perception (< 3) [53]. At the end of the
accelerated weathering test (2500 h.), the ΔE* values of Paraloid B72
and PHB treated limestones were higher than the acceptable total color
change value for the conservation of cultural heritage, while the ΔE*
value of PLA coated limestones was lower than the human eye per-
ception threshold (Fig. 9).

Color measurements showed that PLA did not significantly change
the surface color of the stone and exhibited better color stability after
weathering than Paraloid B72 and PHB, since it maintained low ΔE*
values.

3.4. Water protection efficiency

Water protection efficiency for coatings on limestone samples was
determined using water absorption by capillarity and static contact
angle measurements during weathering tests.

3.4.1. Water absorption by capillarity
Water absorption by capillarity test results showed that all the

polymer treatments improved water protection efficiency by reducing
the amount of absorbed water (Fig. 10, Table 3). Coatings with Paraloid
B72 and PLA on limestone provided approximately 80% and 90%
protection efficiency, respectively, while PHB treatment provided 40%.
Paraloid B72 and PLA coated limestones fairly maintained their water
protection efficiency (E%) until 500 h of weathering, after which the
water protection efficiency drastically decreased. In contrast with
Paraloid B72 and PLA, the amount of absorbed water remained con-
stant in PHB treated limestone samples during weathering (Fig. 10).
After 2500 h of weathering, none of the coatings retained their effi-
ciency in preventing water penetration into the stone.

The loss of water protection efficiency of polymers can be explained
by the detachment of the polymer film from the surface, as well as, the
formation of etchings, irregular crazes, cracks, holes and voids on
coating surfaces due to the effects of UV light, heat and moisture during
weathering.

3.4.2. Contact angle measurements
The water contact angle of limestone was determined as 30°, in-

dicating the hydrophilicity of limestone surface. Polymer treatment
increased the contact angle of limestone. Paraloid B72 and PHB treat-
ments increased the contact angle to 80° and 90°, respectively, which
was a borderline case and would almost be accepted as hydrophobic
(Figs. 7 and 11). The higher contact angle value was obtained on PLA
coated limestones around 125°, which was above the borderline of
hydrophobicity. The hydrophobicity of a surface directly related with
the surface free energy (or coating material) and surface roughness
(microstructure) [54]. PLA coating significantly increased the surface
hydrophobicity, by increasing the surface roughness more than those of
Paraloid B72 and PHB (Fig. 7).

The static contact angle of PHB and PLA treated limestones sig-
nificantly decreased down to the hydrophobicity line after 1000 h of
weathering (Fig. 11). On the contrary, the static contact angle of
Paraloid B72 coated limestone was not significantly affected by
weathering and still retained a contact angle of approximately 80°.

Hydrophobicity of a surface is directly related with the surface to-
pography of the coating. SEM analysis showed that the coatings de-
graded by etching, irregular crazes, cracks, holes and voids that resulted
in the reduction of surface hydrophobicity.

4. Conclusion

In this study, protection efficiency of Paraloid B72, PHB and PLA as
coating agents on limestone were investigated under accelerated
weathering conditions. Paraloid B72, PHB and PLA coatings sig-
nificantly decreased capillary water absorption, increased hydro-
phobicity and caused negligible change in the color of the limestone.

All polymers deteriorated to some extent by exposure to UV light
and the combination of high humidity and temperature. Paraloid B72
was decomposed by decomposition of ester groups, formation of

Table 2
L*, a*, b* values and errors of coated and weathered limestone samples.

Limestone coated 250 hrs 500 hrs 1000 hrs 1500 hrs 1750 hrs 2000 hrs 2250 hrs

L* Paraloid B72 62.5 ± 0.8 54.8 ± 1.2 56.9 ± 1.3 56.7 ± 1.9 54.6 ± 1.6 57.4 ± 2.1 57.2 ± 3.7 58.2 ± 1.0 56.6 ± 2.3
PHB 64.4 ± 9.2 65.7 ± 6.5 67.5 ± 6.4 67.3 ± 6.8 67.6 ± 5.8 68.13 ± 5.91 68.84 ± 7.34 69.04 ± 7.10
PLA 60.6 ± 1.9 62.8 ± 1.2 63.2 ± 0.9 63.0 ± 1.7 65.9 ± 0.4 66.55 ± 0.16 66.09 ± 0.53 64.58 ± 2.08

a* Paraloid B72 0.4 ± 0.1 0.3 ± 0.1 −0.1 ± 0.1 0.0 ± 0.0 0.1 ± 0.1 0.3 ± 0.1 0.2 ± 0.4 0.0 ± 0.1 0.1 ± 0.3
PHB 0.0 ± 0.3 −0.2 ± 0.1 −0.1 ± 0.0 −0.2 ± 0.1 0.4 ± 0.1 0.1 ± 0.1 −0.2 ± 0.1 −0.3 ± 0.1
PLA 0.0 ± 0.1 0.1 ± 0.1 0.1 ± 0.0 0.1 ± 0.1 0.5 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1

b* Paraloid B72 5.1 ± 0.3 8.1 ± 0.9 6.1 ± 1.0 5.1 ± 1.0 5.2 ± 0.7 4.9 ± 0.5 6.13 ± 1.81 5.22 ± 0,39 6.01 ± 2.67
PHB 4.2 ± 4.5 2.0 ± 2.3 2.0 ± 2.2 0.0 ± 2.0 0.4 ± 1.7 0.75 ± 1.77 1.09 ± 2.02 0.64 ± 1.92
PLA 6.3 ± 0.3 3.5 ± 0.7 2.6 ± 0.9 1.8 ± 0.5 1.4 ± 0.6 1.47 ± 0.65 2.20 ± 0.59 3.87 ± 0.09
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gamma lactones and hydroperoxides and cross linking of the ester
groups. PHB and PLA were decomposed with the formation of CO2 and
hydroperoxide, hydrolysis of ester groups and reduction of the mole-
cular weight.

All coating agents demonstrated chemical, physical and optical
changes under accelerated weathering conditions. Accelerated weath-
ering tests led to surface color change along with etching, holes, voids
and cracks due to chain scission, breaking of polymer bonds and for-
mation of volatile gaseous products.

The biodegradable polymers PLA and PHB and the widely used
acrylic polymer Paraloid B72 tested in the study yielded very similar
color changes and water protection efficiencies after accelerated
weathering tests. However, PLA and PHB seem to be more suitable
polymers as protective agents due to their reversibility and biode-
gradability, low chromatic changes, good hydrophobic behavior and
good stability to weathering in reducing the effects of outdoor exposure
on limestone surfaces.

Fig. 9. Total color change values (ΔE*) of coatings during accelerated weathering tests.

Fig. 10. Protection efficiency (%) of water absorption by capillarity of the coatings during accelerated weathering tests.

Table 3
Water absorption by capillarity values (Qi: kg/m2) during accelerated weathering tests.

uncoated coated 250 hrs 500 hrs 1000 hrs 1500 hrs 1750 hrs 2000 hrs 2250 hrs

B72 0.16 ± 0.02 0.03 ± 0.01 0.03 ± 0.01 0.08 ± 0.04 0.12 ± 0.04 0.13 ± 0.03 0.10 ± 0.05 0.12 ± 0.04 0.17 ± 0.05
PHB 0.10 ± 0.03 0.14 ± 0.06 0.13 ± 0.02 0.13 ± 0.02 0.13 ± 0.01 0.12 ± 0.01 0.13 ± 0.01 0.14 ± 0.01
PLA 0.01 ± 0.00 0.03 ± 0.00 0.04 ± 0.02 0.10 ± 0.04 0.15 ± 0.02 0.17 ± 0.05 0.17 ± 0.02 0.19 ± 0.02
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