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Water  repellency  on  natural  stone  surfaces  is  the  most  important  issue  in the  protection  of  stone  monu-
ments  from  effects  of  atmospheric  pollutants.  In  this  study,  effectiveness  of  a bio-nano  composite  coating,
composed  of  a biodegradable  polymer  (poly-L-lactide  [PLA])  and  montmorillonite  clay  (MMT)  was  inves-
tigated  for  the  protection  of  marble  surfaces  from  pollution.  The  clay  dispersion  in polymer  matrices
was  analyzed  by using  Scanning  Tunnel  Electron  Microscopy  (STEM)  and X-Ray  Diffraction  (XRD),  while
protection  performance  was  investigated  by the  measurement  of  surface  roughness,  wettability,  water
LA/MMT
anocomposite
arble

rotection
O2

ulfation reaction

vapor permeability,  capillary  water  absorption,  and  color  changes  on  the  marble  surfaces.  As  a  result,
no alteration  on the color  of  coated  marbles  was  observed,  significant  improvement  was  obtained  for
hydrophobicity  of  the  surface  and inhibition  of  sulfation  reaction  on  the  exposed  marble  surfaces  under
acidic  atmosphere.  It could  be  said  that  PLA  based  nanocomposites  seem  to be  promising  materials  as
protective  coating  agents  in  reducing  the effects  of  water  and  atmospheric  pollutants  on  marble  surfaces.

©  2014  Elsevier  Masson  SAS.  All  rights  reserved.
. Introduction

Since the early ages, natural stones have been the most com-
only used material in construction of buildings, sculptures,

emples, etc. in every culture, due to their durability, strength and
ow maintenance cost. Durability and strength of the stone depend
n its mineral composition, pore structure, and pore size distribu-
ion which have significant effects on the transport of gas and water
apor from the surface to inside of the stone.

Atmosphere is the main pathway for the transport of gas and
articulates to the Earth’s surface. Atmospheric pollutants not only
ause the detrimental effects on human, animals and vegetation,
ut also accelerate deterioration of the earth materials. Transport
f gases and water vapor initiates the deterioration on the surface

f stones due to dissolved pollutant gases emitted from stationary
nd mobile sources.
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Deterioration mechanism on the stone starts with the depo-
sition of pollutants on the surface of the material either by dry
deposition that is the transfer of gas, particulates and aerosols
by wind or gravity, or wet deposition [1]. The most important
pollutant responsible for deterioration of stone is sulfur diox-
ide (SO2) gas. SO2 undergoes reaction with marble, composed of
mainly calcite (CaCO3) crystals, converts CaCO3 into calcium sul-
phite hemi-hydrate (CaSO3. 1/2H2O) in the presence of the water
[2–5]. Then, calcium sulphite hemi-hydrate is rapidly oxidized to
gypsum (CaSO4·2H2O) by the oxygen in the presence of water.

Gypsum is a semi-soluble mineral and occupies more volume
than calcite crystals. Consequently, the marble surface starts to
erode [2–4]. Therefore, many studies have been conducted to pro-
tect the stone surfaces from the attack of pollutants and penetration
of water and water vapor by using coating agents like acrylic poly-
mers, waxes, fluorinated or partly fluorinated compounds, etc.
[6–8].

International Conservation Community of Historic Monuments
and Building suggests that the coating agents applied on the stone
surfaces should not change their transparency, and should be
reversible to allow renewability of the coating without needing

extra removal technique of the old coating. Reversibility is defined
as a vital condition for conservation products since the treatment
applied to an object intended to last for a while should allow
renovation without leaving any damage on the original surface.

dx.doi.org/10.1016/j.culher.2014.07.004
http://www.sciencedirect.com/science/journal/12962074
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owever, most of the applied products were neither reversible
or showed enough protection on the surface against the acid
ttack [4,9]. As a result, renewal of irreversible coating agents cre-
ted more damages compared to uncoated ones due to mechanical
emoval requirement from the surfaces [4,10].

The use of biodegradable polymer (Poly-L-lactide [PLA]) as a
oating agent on the marble surface showed a great potential to
ulfill the principles of the International Conservation Community
f Historic Monuments and Building. Its protection performance
gainst the acidic atmosphere signified PLA as a new generation
oating material for the stone protection [5].

It is reported that even though biodegradable polymers have
reat commercial potential for many applications, the proper-
ies such as brittleness, low-heat distortion temperature, high-gas
ermeability, low-melt viscosity, etc. limit their use for further
rocessing. Therefore, nano reinforcement in polymers provided
n effective way to improve the properties concurrently [11].

Nanoparticle addition into synthetic polymer coatings was  used
o increase protection efficiency of stone surfaces in a few inves-
igations. Use of silicone containing polymer matrices formed by
iloxane cage penetrated by fluoropolymer, polyolefin and acrylic
esins [12]; nanosilica added flouro alkylsilane [13]; silica added
olymethyl methacrylate (PMMA) and functionalized perfluori-
ated polyether (PFPE) [14]; organoclay addition into epoxy and
ilane [15], silica nanoparticles addition into siloxane [16] and
olysiloxane [17] were the examples of these types of studies. All
f these studies showed some level of increase in thermal, mechan-
cal and morphological properties of different type of synthetic
olymers [18–20], while optical, electronic, magnetic, catalytic,
hemical, and tribological properties and hydrophobicity [14,16]
f the surfaces changed significantly with the addition of nanopar-
icles into polymers [21,22]. Similarly, addition of nanoclays into
iodegradable polymers improved mechanical, barrier, and ther-
al  properties of the polymers in biomedical and food packaging

pplications [23–26].

. Research aims

In this study, further improvements in nanofiller loaded
iodegradable polymer coatings on marble protection was  investi-
ated. The protection efficiency of the bio-nano composite coatings
as also explored for the inhibition or slowing down the effects of

ulfation reaction on the Marmara marble surfaces.

. Material and methods

.1. Preparation of marble samples

Marmara marble has been widely used as natural stone at his-
oric monuments and statues in the Marmara and Aegean regions.
t is mainly composed of calcite minerals and has a moderate den-
ity (2.7 g cm−3) and low porosity (0.2%) values [5]. Marble slabs
ere prepared by cutting them into rectangular shape (nearly

.5 cm × 1 cm × 0.15 cm)  and polished with 400-grit silicon carbide
owder. Then, the samples were cleaned ultrasonically in deion-

zed water to remove fine particulates, and dried at 105 ◦C. Marble
labs were kept in a desiccator to bring them into a constant weight
rior the use.

.2. Preparation of biopolymer nanocomposite coatings
PLA (PL-65, intrinsic viscosity: 6.5 dl/g, Purac Biomaterials) was
issolved in chloroform approximately 8 hours at room tempera-
ure by using magnetic stirrer. Similarly, montmorillonite (MMT)
lay (Cloisite 10A, d = 1.92 nm basal spacing, Southern Clay Products
eritage 16 (2015) 299–306

Inc.), modified with quaternary ammonium salt (2MBHT, dimethyl,
benzyl, hydrogenated tallow), was also dispersed in chloroform at
different concentrations (0, 2, 5 and 7% by weight respectively) and
sonicated for an hour. Later, these solutions were mixed and stirred
approximately for 15 hours at the room temperature and sonicated
approximately for an hour.

3.3. Coating of marble samples

Clean marble slabs were coated by neat PLA and PLA/MMT com-
posites (called as PLA/MMT2, PLA/MMT5 and PLA/MMT7 based on
prepared concentrations) using by dip-coating apparatus (Nima-
dipper) at room temperature with a 100 mm  min−1 retraction rate.
Solvent was  removed from coatings by keeping in oven at 40 ◦C
for several hours. The average thickness of coating was measured
between 15-25 �m by Scanning Electron Microscope (SEM), and
the coated surface areas of marble were used to calculate amount
of the coating agent on the each marble by taking into account
of polymer percentage in the coated solution and the amount on
surface ranged between 4 and 5 g m−2 for the all coated marbles.

3.4. Identification and characterization of the surface and
physical properties

The film samples used for the determination of montmoril-
lonite dispersion in polymer matrices were analyzed by using
X-Ray Diffraction (XRD) and Scanning Tunnel Electron Microscopy
(STEM), while protection performance was investigated by the
measurement of surface roughness, wettability, water vapor per-
meability, capillary water absorption, and color changes on the
uncoated and coated marble surfaces.

X-Ray Diffraction (XRD) analysis of the coatings were conducted
by using Philips X’Pert Pro MRD  with Cu K� radiation (� = 1.542 nm)
under a voltage of 40 kV and a current of 40 mA between 2◦ and 8◦.
Basal spacings of layered silicates in the PLA matrix were calculated
by using Bragg’s Law Eq. (1), where � corresponds to the wave-
length of the X-ray source used, � is the diffraction angle measured
and d is the spacing between diffractional lattice planes.

� = 2d sin � (1)

Surface wettability of the samples was determined by measur-
ing the static contact angle with deionized water using goniometer
(Kruss-G10). The samples’ contact angle values were calculated
from the average of ten measurements on the surface of each sam-
ple and the average value with standard deviation was reported.

The water vapor permeability of uncoated and coated marble
experiments were conducted on circular samples. Each of the sam-
ples replaced in the partially water filled (1/2) cylindrical PVC
containers. The samples were fixed in these containers in trip-
licates. Then, their lids were closed and put into the oven at a
temperature of 40 ◦C, and relative humidity around 50%. The con-
tainers were weighed every 24 h, the differences in weight were
used to calculate the water vapor fluxes for uncoated and coated
plates. The details of the experiment and calculations were given in
our previous work [5]. Capillary water absorption (WCA) of samples
was measured by gravimetric sorption technique, while color vari-
ation was  determined using a colorimeter (Avantes). According to
Hunter system; L, a, and b values were averaged from ten readings
across for each coated marble. In this system, color is represented

as a position in a three-dimensional sphere where the vertical axis
L indicates the lightness (ranging from black to white), and the
horizontal axes, indicated by a and b, are the chromatic coordi-
nates (ranging from a: greenness to redness and b: blueness to
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Fig. 1. XRD chromatogram of Cloisite 10A, a

ellowness). The total color difference (�E) can be calculated with
he following equation:

E  =
√

�L2 + �a2 + �b2 (2)

Uncoated marble was used as a background for color measure-
ents of the coated marbles. Total color difference was calculated

or coated samples. At least ten measurements were carried out for
ach sample on different position of samples [27].

.5. Determination of protection efficiency of coatings under
cidic atmosphere

The uncoated and coated marble plates were exposed in a
ynamic 8 ppm SO2-enriched atmosphere at around 100% relative
umidity, and at room temperature in a reactor which was a mod-

fied from 10 L dessicator as a function of time for 180 days. The
mount of gypsum formed on samples was found by leaching the
xposed samples in deionized water containing hydrogen perox-
de (H2O2) and then sulphate ion concentration was determined
y ion chromatography (Dionex-GP50-2). The protection efficiency
f coatings was expressed as comparing the gypsum crust thick-
ess of the coated and uncoated marble plates. The samples’ crust
hickness calculations were given in our previous work [5].

Due to the limitation of reactor capacity, all samples could not be
un at once. Therefore, one set of neat PLA, 2, 5 and 7 wt% PLA/MMT
oated and uncoated marble samples were placed in the reaction
hamber as triplicates to determine the variation in crust thick-

ess. At the end of the 30th day, the gypsum crust thicknesses of
he triplicate samples were calculated. The obtained results were
ompared with each other by using relative standard deviation
RSD).
 samples of polymer-nanoclay composites.

4. Results and discussion

4.1. Structural characterization of bio-nano composite coatings

The level of layered silicate delamination in the matrix is a
critical issue for polymer nanocomposites. X-ray diffraction is the
most commonly used technique to characterize the structure of
nanocomposites. The distance between layers of the silicate can be
determined by utilizing Bragg’s law. If there is no change in basal
reflection of the layered silicate polymer nanocomposites with
respect to characteristic peak of nanoclay, it can be said that phase
separated structure is obtained owing to incompatibility between
the layered silicate and polymer matrix. Intercalated structures can
be determined by monitoring peak shifts to lower angles and/or
broader peaks as the spacing of the organoclay increases. Exfoliated
structures do not give diffraction peaks since distances between
layered silicate platelets are higher than the detection limit of XRD
[21,28,29].

Basal spacing of 1.902 nm by Bragg’s Law was  calculated for
Cloisite 10A. Complete disappearance of <001> reflection of Cloisite
10A nanoclay for 1 and 2 and 5 wt%  Cloisite 10A loaded PLA coatings
can be attributed to the increase in the interlayer spacing of clay
platelets. Since the distances between layered silicates increased
to more than 4.62 nm from 1.902 nm,  it can be taken as an indi-
cation of possible exfoliation of nanoclay platelets in PLA matrix.
The diffraction peaks of the nanocomposite films (Fig. 1) contain-
ing 7 wt% clay shifted to lower angles with broader peaks showing
intercalated flocculated structure. This can be explained by the

consequence of the coalescence phenomena due to the strong inter-
actions between the silicate platelets at the highest clay content
as commonly reported in the literature [22,30–33]. The results
indicated that high interaction between the layered silicates and
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moisture penetration resistance of the treated substrate through
Fig. 2. STEM image of the PLA/MMT5 bio-nano composite film.

olymer matrix was achieved for only low clay loaded (1, 2 and
 wt %) samples. The STEM picture (Fig. 2) of 5 wt% Cloisite 10A

oaded film also supported the presence of exfoliated structures.
he exfoliated structure were also observed at low clay loading in
oly(3-hydroxybutyrate-co-3) hydroxyhexanoate, biodegradable
olyester matrices while intercalated structures were predominant
t higher loadings with the addition of Clay 20A and Clay 25A into
he polymer matrix [22].

.2. Surface characteristics of the uncoated and coated marbles

.2.1. The surface wettability
The average water contact angle was measured as 75 ± 3.09◦

or the uncoated marble surface which implies that marble surface

as hydrophilic (Fig. 3). Coating with PLA polymer increased the

ontact angle of the surface to 96 ± 2.51◦ due to more hydropho-
ic nature of PLA compared to the marble surface. Addition of

ig. 3. Contact angle measurement of uncoated and neat PLA and PLA/MMT
anocomposite coated marbles.
eritage 16 (2015) 299–306

nanoclay into PLA showed a further increase in the contact angles
of the surfaces. The value reached up to 108 ± 2.49◦ for the sam-
ples coated by PLA/MMT5 nanocomposite (Fig. 3). The degree
of surface hydrophobicity indicated an increasing trend with
increasing MMT  content. Even a small addition of MMT  increased
surface hydrophobicity, and created a water-repellent surface.
Unfortunately, the static contact angle value slightly decreased
for PLA/MMT7 (105 ± 2.61◦). This is due to high level of clay
loading resulted in agglomeration due to the strong interactions
between clay particles. A critical limit of layered silicate con-
tent is reported by many authors, due to the poorer exfoliation
of nanofillers resulting in lower performance of the properties
[30–33]. Similar decreases were observed in several polymer/nano
clay composite systems such as 6% Cloisite 30B addition into
Fluoline CP and Antipluviol S resins on the concrete surfaces
[34].

4.2.2. Water capillary absorption and water vapor permeability
Gaseous pollutants dissolved in water penetrate into the stone

by capillary absorption and accelerate stone deterioration. Water-
repellents prevent or reduce the water penetration into stone
and diminish the effects of gaseous pollutants. Although, the sur-
face is changed into a hydrophobic surface by coating, the water
can penetrate to the stone by capillary absorption. Therefore,
an overall protection strategy is needed against such invasion
[16].

In this study, the average capillary water absorption of uncoated
marble was  nearly 4.17 ± 0.19 mg  cm−2 h−1. In the previous work
of our group, a decrease in capillary water absorption for PLA
coated Marmara marble was observed as well [5]. The addi-
tion of nanoclay filler to neat PLA showed further decrease in
the capillary water absorption for all concentrations of PLA/MMT
nanocomposite coatings on marble surfaces (Fig. 4). The percent-
age reduction in capillary absorption varied from 46% to 66%
(PLA/MMT5) (Table 1). Decrease in capillary absorption was also
reported for silica nanofiller added into polyalkysiloxane solu-
tion [14]. It was explained that lamellar nanofiller improved the
the pore blockage of the concrete, and lowered the diffusion
properties of the polymer matrices. They found out that water
capillary sorption was  strongly dependent on the character of the

Fig. 4. Average capillary water absorption for uncoated and coated marble surfaces.
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Table  1
Water vapor transmission rate (g.m−2d−1), % reduction in WVTR and WCA.

Sample WVTR (n = 3)
(g.m−2.d−1)

% Reduction of
WVTR

% Reduction of
WCA

Uncoated 0.00893 ± 0.01387
PLA 0.00613 ± 0.00586 31 ± 6.5 46.0 ± 1.8
PLA/MMT2 0.00392 ± 0.00433 56 ± 4.8 65.6 ± 3.6
PLA/MMT5 0.00363 ± 0.00379 59 ± 4.2 66.4 ± 5.4
PLA/MMT7 0.00406 ± 0.00025 54 ± 2.8 59.8 ± 5.4

r
n

o
0
o
d
t
w
i
3
d
w
s
n
b
o
r
p
t
v
t
m
w
d
n

4

c
s
o
t

e
i
r
l
a
2
a
P
a
s
l

Fig. 5. The total color difference (�E) of the neat PLA, and 2, 5, 7% PLA/MMT
nanocomposite coated marbles.

Inhibition of gypsum formation on the surface of neat PLA coated
marbles was observed 2–3 times lower than the uncoated mar-

T
P

esins (hydrophilic or hydrophobic, coating or pore liner) and the
anoclay addition [34].

The average water vapor transmission rate (WVTR)
f the uncoated marbles was determined as nearly
.00197 ± 0.0032 g cm−2 d−1. The water vapor transmission
f the uncoated Marmara marble was found out as 0.0045 g cm−2

−1 in our previous study [5], the variation is acceptable due to
he natural structure of the stone. The water vapor transmission
as evaluated as a function of nanoclay concentration. As seen

n Table 1, a thin coating of PLA on marble surfaces resulted in
1 ± 6.6% reduction in water vapor transmission rate. Continuous
ecrease in water vapor permeation with increasing clay content
as achieved, and the WVTR‘s of coatings decreased with a

imilar trend of WCA  (Table 2). It is noteworthy that addition of
anoclay to biodegradable polymer enhanced the water vapor
arrier properties of the polymer. Increased water vapor barrier
f the PLA/MMT nanocomposite coating can be interpreted as a
esult of layered silicate exfoliation and intercalation in the PLA
olymer matrix. When layered silicates effectively distributed in
he polymer matrix, impermeable obstacles to permeating water
apor molecules are created due to the better interaction between
he hydrophobic nature of clay particles and hydrophobic polymer

atrix, PLA. Because of this, the effective pathway of permeating
ater molecule increases and the water vapor permeability
ecreases. This was observed in similar biodegradable polymer
anocomposite studies [24,25,34].

.2.3. Color alteration
Transparency is one of the essential properties of the surface

oating which should not change the optical appearance of the
tone. Conducted color variation measurement determined the
ptical appearance of coated marble, which is not related to pro-
ection properties of the coating materials.

If the value of total color difference (�E) is < 1, it can be consid-
red that the difference is not distinguished by the human eye;
f 1 < �E  < 3, it is regarded as clinically acceptable; and �E  > 3.3
efers the appearance is not acceptable clinically [35]. The calcu-
ated total color difference (�E) values for neat PLA, PLA/MMT2,
nd PLA/MMT5 coated marbles were 1.43 ± 0.60, 1.87 ± 0.85,
.99 ± 0.41, respectively all of which were clinically accept-
ble (1 < �E < 3.3). However, the measured value (4.93 ± 0.96) for
LA/MMT7 coating agent showed that it was not clinically accept-
ble (Fig. 5). Similar trend was also observed for WCA, WVTR, and

urface wettability of PLA/MMT7 coated surfaces due to the low
evel of clay dispersion.

able 2
recision of the sulfation experiment based on the crust thickness (�m) for each coating 

Samples Uncoated Neat PLA 

Mean ± SD 11.77 ± 0.34 3.13 ± 0.067 

RSD%  2.9 2.1 
Fig. 6. Gypsum crust thicknesses of uncoated and nanocomposite coated marbles.

4.3. Protection efficiency of coatings in acidic atmosphere

After exposure of uncoated and coated marble slabs to SO2
and water vapor in the reaction chamber, SO2-calcite reaction was
investigated by the measurement of the total sulfate at the end
of exposure durations of 15, 32, 45, 60, 75, 90, 120 and 180 days
respectively. The measured total sulfate concentration was  used
to calculate gypsum crust thicknesses as described by Ocak et al.
[5] for uncoated and PLA/MMT composite coated marble slabs
(Fig. 6).
bles. In the meantime, PLA/MMT coated surfaces showed significant
reduction (4–5 times) in the crust formation with the addition of

(n = 3) in the same batch.

PLA/MMT2 PLA/MMT5 PLA/MMT7

0.37 ± 0.061 0.57 ± 0.085 0.76 ± 0.041
16 15 5.3
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Fig. 7. SEM images of the uncoated marble slabs

anoclay in the PLA polymer. It could be said that the addition of
anoclay enhanced the performance of the coating agent under
cidic environment.

To determine the repeatability of the experiment, triplicate
amples in each coating composition were placed in the reaction
hamber, and at the end of the 30th day of the experiment, gypsum
rust thicknesses were calculated (Table 2). The crust thickness RSD
%) values were found to be lower than 20%.
The changes on surfaces due to products of sulfation reac-
ion, degradation of the biopolymer coating were monitored by
sing scanning electron microscope (SEM) at defined time inter-
als. The calcite crystals were easily observed on the uncoated

Fig. 8. SEM images of the neat PLA (a), 2 (b), 5 (c) and 7%
e (a) and after (b) 180 days SO2-calcite reaction.

marble surfaces before reaction (Fig. 7a) due to the dominancy of
calcite crystals in marble components. However, the homogenous
coverage of huge gypsum crystals on the marble surface after 180
days of exposure to water vapor saturated SO2 (Fig. 7b) was also
apparent. In contrast with uncoated marbles, any significant sul-
fation reaction products were not observed on the coated surfaces
after exposure. Some small gypsum crystals were rarely observed
on the neat PLA coated surfaces (Fig. 8a). Homogenous pore distri-

butions on the surface of the coated marbles were interpreted as a
degradation of polymer (Fig. 8).

In order to indicate the protection efficacy of coatings on the
marble surfaces, semi-coated marble slabs were also prepared. The

 PLA/MMT (d) after 180 days SO2-calcite reaction.
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Fig. 9. SEM images of the sulfation products on the neat PLA (a), 2 (b), 5 (c

ifference of the sulfation product crystals between the coated and
ncoated sides were observed more remarkably after 180 days SO2-
alcite exposure (Fig. 9). As seen in the SEM images, gypsum crystals
ere formed anywhere on the non-protected (uncoated) sides of

he marble slabs.

. Conclusion

The addition of nanoclay into polymer increased the hydropho-
icity of the marble surface, and as a result decreased water vapor
bsorption of the polymer. Significant difference was observed
mong the coated surfaces compared to uncoated (control) and
eat PLA coated surfaces. The observed gypsum crust thickness
f coated marble was approximately five times lower than the
ncoated marble, and two times lower than neat PLA coated
arbles after 180 days SO2-water vapor exposure due to well dis-

ersion of inorganic layer of clay throughout the polymer matrix.
The degree of surface hydrophobicity increased with increasing

loisite 10A content. As degree of surface hydrophobicity increased,
apillary water absorption and water vapor transmission decreased
ndicating a possible relationship between contact angle changes
nd water vapor barrier due to presence of nanoclays in the poly-
er  matrix. The reduction of capillary water absorption and water

apor permeability would be due to the presence of exfoliated nan-
clays on the surface limiting water molecules to be absorbed by
he polymer matrix and/or due to the decreased affinity of water

olecules with more hydrophobic PLA coating.

Reversibility of coating agent is one of the important parameter

n the protection of historical monuments; therefore, observa-
ion of biodegradability of the composite implies the indication of
eversibility of coating. Furthermore, nanoclay addition extended
7% PLA/MMT (d) semi-coated surfaces after 180 days SO2-calcite reaction.

the lifetime of biodegradable polymer compared to our previous
study [5,27]. As a result, PLA/MMT coating agent seems to be a
promising agent for the protection studies.
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