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Abstract A very simple method that can be used to im-
part superhydrophobicity to stone surfaces of monuments
using common and low-cost materials that are already em-
ployed or are easy to be found by conservators is presented.
A siloxane-nanoparticle dispersion is sprayed on a stone,
and this process can result in the formation of a rough two-
length-scale hierarchical structure that exhibits water repel-
lent properties, provided that the nanoparticle concentration
in the dispersion is higher than a critical value. Superhy-
drophobicity (static contact angle >150° and contact angle
hysteresis <7°) is achieved, by this simple method (i) on the
surfaces of three types of stones, Opuka, BoZanovsky and
Hoficky, which have been used for the restoration of the cas-
tle of Prague, (ii) using two poly (alkyl siloxane) products
such as Rhodorsil 224 and Porosil VV plus, which are uti-
lized by conservators and (iii) using common nanoparticles
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such as silica (Si0;), alumina (Al,O3), tin oxide (SnO»)
and titanium oxide (TiO5). It is shown that the stone sub-
strate and the nanoparticle size (5-50 nm) or type have al-
most no effect on the wettability of the superhydrophobic
surfaces, as comparable contact angles were measured on
the three stone substrates, treated with any siloxane-particle
composite. Treatments of the stones with pure (hydropho-
bic) siloxanes and siloxane-SiO; (superhydrophobic) com-
posites result in comparable reductions of the water vapor
permeability and the water amounts absorbed by capillar-
ity. Consequently, the use of nanoparticles in the protective
coatings does not have any obvious effect on the results of
the aforementioned tests. However, the aesthetic appearance
of the three stones, included in this study, is highly affected
by the nanoparticles.

PACS 68.35.Ct - 62.23.St - 96.12.kc - 81.15.Rs - 82.35.Np

1 Introduction

In nature many plant surfaces, like for instance the leaves
of Nelumbo nucifera Gaertn. (a divine symbol in Hindu tra-
dition from ancient times), Colocasia esculenta L. (grown
for its edible corm since antiquity) and Cotinus Coggygria
Scop. (used for dyeing textiles since antiquity), exhibit en-
hanced water repellency which is attributed to their textured
surfaces with hierarchical micrometer- and nanometer-sized
structures in connection to hydrophobic surface components
[1-4]. Interestingly, similar specially textured topographies
were observed in the wings of some insects [5-7]. In the
case of water repellent leaves, airborne dust particles can be
removed by water droplets that roll off the (self-cleaning)
surfaces [1]. The leaves of N. nucifera afford an impressive
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demonstration of this effect, which is, therefore, called the
“Lotus-Effect” [1].

This remarkable ability of nature has inspired numer-
ous researchers to fabricate surfaces which imitate the sur-
face structures of the superhydrophobic biosurfaces, by us-
ing numerous techniques and methods, for example, plasma
treatment [8—10], photolithography [11, 12], casting poly-
mers under controlled conditions or on appropriately de-
signed/selected templates[13—17], sol-gel [18-21], electro-
spinning [22], deposition of nanoparticles on smooth or
microroughened substrates [23-28], deposition of nano-
particle-polymer composites on smooth surfaces [29-32],
growth of aligned nanotube [33, 34] or polyacrylonitrile
nanofibers [35], laser fabrication [36-38], and controlled
grain growth [39]. In most of the aforementioned studies
the generated textured topographies are composed of inher-
ent hydrophilic materials (Young contact angle, 8y < 90°)
and therefore their surfaces are chemically treated to in-
duce hydrophobicity. Because of the two-length-scale hi-
erarchical structure and the hydrophobic character of the
surface, enhanced water repellency (superhydrophobicity)
is achieved. It is noteworthy, however, that in some studies
superhydrophobicity was induced on inherent hydrophilic
materials, without any chemical modification of their sur-
faces [32, 39]. These studies offered support to Herming-
haus’s model, which predicts that only the material hierar-
chical structure determines its wettability [2].

Water repellent coatings can be important in many appli-
cations including for example the prevention of icing in cold
weather and the promotion of self-cleaning processes in-
duced by rainwater on outdoor surfaces (automobiles, build-
ings, antennas, traffic lights, etc.), the prevention of clotting
in artificial blood vessels, the decrease of corona activity de-
veloped in conductors of transmission lines under rainy con-
ditions, the production of waterproof and stain resistant tex-
tiles and the reduction of friction in water (boat or swimsuit
coatings) [9, 36, 40, 41]. Another promising application of
the superhydrophobic coatings is their use as surface protec-
tive barriers for the preservation and conservation of monu-
ments. The most important degradation factor of outdoor,
immovable cultural heritage is rainwater which can cause
stone deterioration through cycles of freezing and thawing
inside the pores of the stone or by intraporous crystallization
of the salts transferred by water. For this reason, the appli-
cation of hydrophobic coatings has been suggested as a po-
tential strategy for the surface protection of outdoor cultural
heritage assets [42—49]. We have recently described a very
simple method that can be used to impart superhydrophobic-
ity to a large variety of different surfaces including marble,
a material that has been very often used in cultural heritage
objects [32, 50]. The method is summarized as follows [32]:
nanoparticles are dispersed in a (siloxane or acrylic) poly-
mer solution. The mixture is then sprayed on the substrate

@ Springer

and the resulting composite polymer-nanoparticle film ex-
hibits superhydrophobic properties.

In the present study the aforementioned method is em-
ployed to treat Opuka marlstone, BoZanovsky sandstone and
Hoficky sandstone, which have been used for the restoration
of the castle of Prague. Two commercially available poly
(alkyl siloxanes) “Rhodorsil 224” and “Porosil VV plus”
are used to treat the surfaces of the stones. The two silox-
anes are used by conservators as surface protective coat-
ings for monuments; Porosil has been actually used in the
conservation of the castle of Prague. The first goal of the
study is to demonstrate that the hydrophobic character of the
siloxanes, used by conservators, can be easily enhanced by
mixing them with nanoparticles. The siloxane-nanoparticle
composites are sprayed on the stones and the treated sur-
faces exhibit superhydrophobic properties. It is shown that
superhydrophobicity can be achieved (i) on any of the three
stones used in the restoration of the castle of Prague and
using (ii) both Rhodorsil and Porosil and (iii) various, com-
mon nanoparticles such as silica (Si0;), alumina (Al,03),
tin oxide (SnO») and titanium oxide (TiO;). Consequently,
superhydrophobicity is induced on various stone surfaces by
a one step, low-cost and very simple method, which can be
applied to treat large surfaces (monuments) by conservators
and restorators, as it does not include the use of any sophis-
ticated instrumentation and/or expensive materials. Super-
hydrophobicity is attributed to the textured surfaces of the
siloxane-particle composite films. Water repellency, evalu-
ated by contact angle measurements, cannot be the only cri-
terion for the selection of a product used for the protection of
outdoor cultural heritage. A good protective material must
not affect the aesthetic appearance of the stone substrate,
should assure a good permeability for water vapor and must
decrease the amount of water absorbed by capillarity. The
investigation of the effect of the nanoparticles in the proper-
ties of Rhodorsil and Porosil with respect to the aforemen-
tioned criteria is the second goal of the study.

2 Experimental

Three stones, described in Table 1 and used for the restora-
tion of the castle of Prague, were included in the study. Stone
specimens were squared blocks of around 2.5 x 2.5 x 1 cm
and were obtained from local suppliers in Prague. Speci-
mens were washed with deionized water and acetone and
dried. The chemical compositions of the stones were found
in the literature [51, 52] and were confirmed by X-ray dif-
fraction (XRD) analysis, which was performed using a
Rich.Seifert 3003 TT diffractometer with Ni-filtered Cu Ko«
radiation (A = 0.154 nm). The 26 scanning range was var-
ied from 5° to 80° with a step of 0.01° and a measuring time
of 15 s per step. Open porosity and specific gravity were
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Table 1 Stones included in the

study. Compositions were found Stone Composition Open. Spec.iﬁc \ Colorimetric measurements
in the literature [51, 52] and porosity (%) gravity (g/em”)  L* a* b*
some data were confirmed by
XRD. Open porosity, specific Opuka 40-70% SiO,, 7.7 223 77.7 4.0 15.8
gravity and colorimetric 10-30% CaCO
measurements were carried out 3
according to the Experimental 10-20% feldspars, other
section .
Bozanovsky  71-80% SiO, 7.0 2.19 72.3 4.3 11.8
5-8% feldspars,
3-5% rock fragments,
3—49% mica,
grains of heavy minerals
Hofricky 69% SiO,, 11.3 1.95 69.0 44 18.4
1% teldspars,

26% clay minerals,

3% limonite,

1% heavy minerals

measured by weighing the saturated surface dry mass of the
substrates according to the RILEM Technical Recommen-
dations [53]. Stone specimens were then treated according
to the following procedures.

Two commercially available poly (alkyl siloxane) prod-
ucts in white spirit, Rhodorsil 224 (Rhodia Silicones) 7% wt
and Porosil VV plus (AquaBarta) 10% wt, were used as re-
ceived. Silica (SiO,) particles (fumed powder, Aldrich) with
a 7 nm mean diameter were dispersed (2.0% w/v) in the
siloxane solutions. Dispersions were subsequently stirred
vigorously for 20 min. The siloxane—-SiO, dispersions were
immediately sprayed onto the stone substrates of Table 1
for 2 s through a nozzle with a diameter of 733 um us-
ing an airbrush system (Paasche Airbrush). For comparison,
pure siloxane solutions (no particles) were also sprayed onto
the stone substrates. Coated samples were annealed at 40°
overnight in vacuum to remove residual solvent and kept at
room temperature for 2 to 3 days.

Contact angle measurements were carried out on the
stones, coated with pure siloxanes and siloxane—SiO; com-
posite films, by the sessile drop method using a Kriiss DSA
100 (Kriiss) apparatus and distilled water. Water droplets
(24 uL) were delivered to different points of each speci-
men and from a height sufficiently close to the substrate so
that the needle remained in contact with the liquid droplet.
Then, the delivery needle was withdrawn with minimal per-
turbation to the drop [54] and the image of the drop was
captured immediately for static contact angle measurement.
The contact angle hysteresis was calculated by the dynamic
sessile drop method. The advancing/receding contact angle
was the maximum/minimum angle measured whereas the
volume of the droplet was increased/decreased without in-
creasing/decreasing the solid-liquid interfacial area. The re-
ported contact angle values are averages of five measure-

ments; variations are mentioned in the text or are shown in
the plots as error bars.

Water vapor permeability, water absorption by capillar-
ity and colorimetric measurements were performed on the
stones, treated with pure siloxanes and siloxane—SiO» com-
posite films, and compared with corresponding measure-
ments carried out on untreated, bare stone substrates, ac-
cording to the following procedures. For the vapor perme-
ability tests, sample blocks were fixed on top of cylindrical
PVC containers that were partially (1/2) filled with water.
Then, the sealed containers were placed in a climatic cham-
ber, kept at R.H. 25% and T = 40 &£ 0.5°C. The containers
were weighted every 24 h. It was assumed that the vapor
flow through the stone had reached a constant value when
the difference between two consecutive daily (24 h) weight
variations, AM;_; and AM;, was less than 5%:

AM; — AM;_,

x 100 < 5% (D
AM,;

Under constant vapor flow the water vapor permeability
was evaluated as the mass of water vapor passing though
the surface unit (cm?) in 24 h. Three consecutive measure-
ments with intervals of 24 h were carried out. Average val-
ues are reported and deviations are provided as error bars.
Capillary water absorption measurements were performed
by the gravimetric sorption technique. The dried weighted
sample blocks were placed (with the treated sides) on a fil-
ter paper pad (1 cm of Whatman paper, No. 4) partially im-
mersed in distilled water. After 1 h the samples were re-
moved and weighted again to determine the amounts of wa-
ter absorbed by capillary forces. The results are averages of
three measurements. Colorimetric measurements were taken
on three homogeneous spot areas of 4 mm in diameter using
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Fig. 1 Static contact angle (Ag) and contact angle hysteresis (64 — Og)
of Rhodorsil-SiO and Porosil-SiO; films deposited on Opuka vs. the
concentration of SiO; particles

a portable reflectance spectrophotometer MiniScan XE Plus
(HunterLab Associates Inc.). The results were evaluated by
the use of L*a*b* coordinates of the CIE 1976 scale.

More samples were prepared for contact angle measure-
ments using the spraying technique described previously.
Rhodorsil-SiO; and Porosil-SiO; dispersions with particle
concentrations of 0.1, 0.3, 0.5, 1.0, 1.5, and 2.0% w/v were
deposited on Opuka specimens. Titanium oxide (TiO), tin
oxide (SnO;) and alumina (Al,O3) nanoparticles were dis-
persed in Rhodorsil and Porosil solutions at a concentra-
tion of 10% w/v and were then deposited on Opuka sam-
ples. According to the manufacturer (Alfa Aesar), particle
dimensions were 5, 22-43 and 40-50 nm for TiO,, SnO,
and Al,Os3 respectively. Finally, Rhodorsil and Porosil solu-
tions were spin coated onto clean glass surfaces to produce
smooth surfaces, which were used to measure the Young
contact angles (fy).

The morphologies of the treated surfaces, prepared in this
study, were investigated by scanning electron microscopy
(SEM, Jeol-JSM 840A) and by atomic force microscopy, op-
erated in tapping mode (AFM, Multimode IIId, Veeco Inc.)

3 Results and discussion

Preliminary XRD experiments were performed to collect
some data regarding the qualitative compositions of the
stones, which were then confirmed by detailed, quantitative
compositions found in the literature [51, 52]. In particular,
Si0,, was detected in all three stones of Table 1 and CaCO3,
was found in Opuka. Stone compositions are summarized in
Table 1. The latter includes porosity and colorimetric mea-
surements, performed on bare, untreated stones. These data
are used for later discussion.
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Figure 1 shows water static contact angle (fs) and con-
tact angle hysteresis measurements, defined as the difference
of the advancing (64) and receding contact angle (6g), as a
function of particle concentration for Rhodorsil-SiO; and
Porosil-SiO, composite films deposited on Opuka stone.
No major difference is observed in the measurements col-
lected for the two polymers, as these are of similar nature;
both are poly (alkyl siloxanes). This is evidenced by 65 mea-
surements performed on spin coated films on glass surfaces.
As the films applied by spin coating are very/atomically
smooth any effect on the contact angle originating from sur-
face roughness (Wenzel or Cassie-Baxter models [55, 56])
is suppressed and therefore the measured s is very close
to the Young contact angle which is of course an intrinsic
property of the material. It is reported that the (Young) con-
tact angles of smooth Rhodorsil and Porosil films were com-
parable as they were found to be 102 £ 1° and 104 £ 1°,
respectively. Figure 1 shows that 05 increases initially with
particle concentration and reaches a maximum value (159°
for both Rhodorsil-SiO, and Porosil-SiO, films) when the
particle concentration in the dispersion is >0.5% w/v. Fur-
ther increase in particle concentration does not have any ef-
fect on O5. The contact angle hysteresis first increases with
particle concentration, then decreases and finally becomes
constant and very small (5° and 3° for Rhodorsil-SiO; and
Porosil-SiO; films, respectively). It is noteworthy that the
variations of fg and 64 — Or with particle concentration
(Fig. 1) are in agreement with previously published results
which were collected for Rhodorsil-SiO, and PMMA-SiO,
films, deposited on glass surfaces [32]. In the previous re-
port a detailed discussion is provided to explain the varia-
tion of fs and 64 — Or with particle concentration, based
on the film morphologies which were elucidated by SEM,;
a brief summary of this discussion is provided later. We
note, however, that in the present study our goal of is to
impart superhydrophobicity to stone materials and therefore
we focus on the siloxane-particle composite films which
were prepared from dispersions of high particle concentra-
tion (>0.5% w/v).

The high and low values of 85 and 64 — O, respectively,
measured for films prepared from dispersions with elevated
particle concentration (>0.5% w/v) suggest that the surfaces
of these siloxane-particle composite films exhibit enhanced
water repellency. This is supported by Fig. 2, which shows
that a drop bounces off when it impacts an Opuka surface
treated with a Rhodorsil-particle composite film. The latter
was prepared from a dispersion with 1.5% w/v particle con-
centration. Finally, the drop rolls off the treated substrate and
does not stick on the surface, which preserves its dryness.

Superhydrophobicity was induced on the surfaces of the
other two stones included in this study. Table 2 shows the
results of s and 64 — Og measurements, performed on
surfaces of BoZanovsky and Hoficky stones, which were
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Fig. 2 Water droplet bouncing
on Opuka which was treated
with Rhodorsil solution mixed
with 1.5% w/v SiO»
nanoparticles. A sequence
number is provided in the lower
right corner of each photograph

1
5 --

Table 2 Static contact angle (fs) and contact angle hysteresis
(04 — Or) measured on stone surfaces, which were treated with pure
Rhodorsil, Rhodorsil-SiO2, pure Porosil and Porosil-SiO,. Siloxane-

particle composite films were prepared from dispersions with particle
concentration 2% w/v

Contact angle Particle Rhodorsil Porosil
concentration (W/v) Opuka” Bozanovsky Hoficky Opuka” Bozanovsky Hoficky
Os (°) 0 141 +4 134 £3.5 140 £ 1.5 141+£3 140+ 4 143 £2
2% 159+ 1.5 157+2 155+3 159+1 158 £2.5 156 +2
04 —6r (°) 0 28+3 38+4 38+3 24+ 4 35+4 3345
2% 5+2 5+£2 6+2 3+£2 5+2 5+2

“Reproduced from Fig. 1

treated with pure siloxanes (Rhodorsil and Porosil) and
siloxane-particle (2% w/v) composite films. For compari-
son, measurements on treated Opuka, discussed previously,
are also included. The following conclusions can be drawn
from the results of Table 2: (i) superhydrophobicity was
achieved on both Rhodorsil-SiO; and Porosil-SiO» films
applied on any of the three substrates i.e. high 65 (>150°)
and low 64 — O (<7°) were measured on the surface of any
composite-substrate combination. As it was expected, the
surfaces of pure siloxanes (no particles) applied on the stone
substrates were hydrophobic with, however, substantially
lower 85 (<145°) and higher 64 — 6g (>20°), compared
to the siloxane-particle composite films. Consequently, su-
perhydrophobicity was induced by the SiO, nanoparticles.
(i1) Static contact angles measured for the siloxane-particle
composite films were found to be nearly independent of the
substrate material. When Rhodorsil was used for the appli-
cation of the composite films, the mean values of 65 varied
by £2° (155-159°). In the case of Porosil, the correspond-
ing variation of the mean 05 was only £1.5° (156-159°).
Similarly, small variations are reported in Table 2 for the
04 — Og measurements, suggesting thus that the underlying
substrate has negligible effect on the wettability of the de-
posited siloxane-particle composite films. It is noteworthy

that the same conclusion was reported in a previous report
in which polymer-particle composite films were applied on a
large variety of substrates including glass, silicon, concrete,
aluminum, silk, wood and marble [32]. (iii) The type of the
siloxane (Rhodorsil or Porosil) did not have any major ef-
fect on the measured 65 and 64 — Og. This is valid for ei-
ther pure siloxanes or siloxane-particle composite films. The
same was observed in Fig. 1 and was attributed to the similar
nature of the two siloxanes used in this study.

The origin of the observed superhydrophobicity on the
surfaces of the siloxane-particle films is elucidated in
Fig. 3. Figure 3a shows the surface of the bare, untreated
Bozanovsky stone. When pure siloxane is deposited on the
stone surface, a continuous film is formed which follows the
roughness of the underlying substrate (Fig. 3b). Apparently
this surface is not superhydrophobic according to the 65 and
04 — O values reported in Table 2. When the BoZanovsky
stone is treated with a siloxane—SiO; dispersion of high par-
ticle concentration (2% w/v), protruded particle aggregates
are formed on the surface according to Fig. 3c. We note that
a similar morphology (i.e. protruded aggregates) was ob-
served on glass surfaces treated with polymer-nanoparticle
dispersions, as it was described in a previous report [32].
Aggregates are separated by small, relatively “smooth” ar-
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Fig. 3 SEM images of
BoZanovsky stone (a) untreated,
(b) treated with pure Porosil and
(c¢) and (d) treated with
Porosil-2% w/v SiO;. The
hierarchical (¢) micrometer- and
(d) nanometer-sized structures
are shown. Protruded aggregates
formed at the micrometer scale
are separated by “‘smooth”
areas; some of them are
indicatively shown by circles

in (¢). Arrows are included in (c)
to show large pores for later
discussion

5pm

Fig. 4 AFM image collected on the surface of a protruded aggregate
which was formed after the deposition of Rhodorsil-2% w/v SiO».
Nanometer-sized structures are shown (as in Fig. 3d)

eas, which resemble the film produced by the deposition
of pure siloxane with no particles (some of these areas are
shown in Fig. 3c by circles). Figure 3d shows that the ran-
domly distributed aggregates consist of further nanostruc-
tures implying that a two-length-scale hierarchical struc-
ture is formed on the surface, which is responsible for the
observed superhydrophobicity [8-39]. Figure 4, shows an
AFM image collected on the surface of a protruded aggre-
gate formed on Rhodorsil-SiO; film and provides further
evidence on the nanoscale roughness, shown also in Fig. 3d
for Porosil-SiO; film.

@ Springer

Superhydrophobicity was not achieved when stone sur-
faces were treated with dispersions which corresponded to
low particle concentrations (e.g. <1% w/v according to
Fig. 1). As was mentioned, the morphologies of these sur-
faces were studied previously in detail and were used to elu-
cidate contact angle measurements which followed the trend
of the data reported in Fig. 1 [32]. In the present study these
surfaces are not of any interest and therefore they are just
briefly discussed next. Figure 1 shows that low 65 and large
04 —Og were recorded on films prepared from dilute particle
dispersions, indicating that the Cassie—Baxter scenario (su-
perhydrophobic state) which suggests that a water droplet
sits on a mixture of air and solid is not realistic for the sur-
faces of these films. Particle aggregates were formed in these
films but they were separated by “smooth” areas which were
much larger than those shown in Fig. 3¢ (which corresponds
to particle concentration of 2% w/v). The elevated hystere-
sis reported for films prepared from dispersions of low par-
ticle concentration can be explained if we consider that wa-
ter may fill the large, smooth areas that exist among the ag-
gregates. On the other hand, water does not fill the small
smooth crevices formed when dispersions of high particle
concentrations are used for treatment (Fig. 3¢) and therefore
in this case the Cassie—Baxter scenario appears to be realis-
tic. The variation of 84 — 6 in Fig. 1 is not surprising, as it
is in agreement with previous studies. The surface roughness
of the composite films increases with particle concentration
thus leading to the conclusion that the x-axis of Fig. 1 cor-
responds qualitatively to surface roughness [32]. Based on
that, we note that a very good agreement exists between the
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variation of 64 — 6 shown in Fig. 1 and the results reported
for roughened wax [57, 58] plasma-treated PDMS [10], and
Teflon [59] surfaces. In all of these studies, hysteresis first
increases with roughness, then decreases rapidly, and finally
becomes constant (similar to Fig. 1).

So far it was demonstrated that superhydrophobicity can
be achieved on the surfaces of the three stones of Ta-
ble 1 using commercial siloxane products mixed with SiO,
nanoparticles. Table 3 shows that the type or size of the
nanoparticles used to impart superhydrophobicity does not
affect the wettability of the siloxane-nanoparticle film sur-
face. High (>150°) and comparable values of 05 were
measured on Opuka samples treated with Rhodorsil and
Porosil solutions which were mixed with Al;O3, SnO;, and
TiO, nanoparticles. It is important to note, however, that
as it was shown in Fig. 1, a key parameter to achiev-
ing superhydrophobicity is the particle concentration. For
Rhodorsil/Porosil-SiO; composites, it was found that super-
hydrophobicity is achieved when the particle concentration
is >0.5% w/v (Fig. 1). Preliminary experiments were per-
formed using the nanoparticles of Table 3 to assess the par-
ticle concentration, above which 0 exhibits saturation be-
havior. It was found that elevated particle concentrations are
necessary to obtain high and constant 5. The contact angles
in Table 3 correspond to particle concentrations of 10% w/v;
further increase (or slight decrease) in particle concentration
did not have any effect on the reported values.

In addition to water repellence, a good stone protective
material should assure a good permeability for water vapor
which is quantified by the % reduction of vapor permeability
(RVP%) according to (2):

myy

RVP% — <w> x 100 )

where m,,, and m;, are the masses of water vapor penetrat-
ing the untreated and the treated substrate, respectively. Ap-
parently, an ideal coating must have no effect on the water
vapor permeability (RVP = 0). Results of RVP% measure-
ments are shown in Fig. 5a for Rhodorsil based coatings
and Fig. 5b for Porosil based coatings (with and without
Si0; particles), applied on the three stones of Table 1. Mea-
surements reported previously for Pentelic marble treated
with Rhodorsil based coatings are included in Fig. 5a to
show that the vapor permeability of this stone decreases

drastically when nanoparticles are used for surface treat-
ment along of course with siloxane (in this case Rhodor-
sil) [50]. On the contrary nanoparticles do not have any sig-
nificant effect on the RVP% measurements performed on
treated Opuka, BoZanovsky and Horicky stones. The value
of RVP% recorded for each stone treated with pure silox-
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Fig. 5 Reduction of vapor permeability % (RVP%) measured on
Opuka (1), Bozanovsky (2) and Hoficky (3) stones, which were treated
with (a) pure Rhodorsil and Rhodorsil-SiO» and (b) pure Porosil and
Porosil-SiO;. For comparison, measurements reported previously [50]
for Pentelic marble treated with pure Rhodorsil and Rhodorsil-SiO,
are included in (a). All siloxane-particle composite films were prepared
from dispersions with particle concentration 2% w/v

Table 3 Static contact angle (6s) measured on Opuka surfaces, which were treated with Rhodorsil and Porosil solutions mixed with various

nanoparticles: Al,O3 (40-50 nm), SnO; (22-43 nm) and TiO, (5 nm)

Contact angle Particle Rhodorsil Porosil
concentration (w/v) AL O3 Sn0, TiO, AL O3 Sn0, TiO,
0s (°) 10% 162£2 159+£2 158 £3 157 £1 158+1 155+3
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Table 4 Measurements of % reduction of water absorption by capillarity performed on stone surfaces, treated with pure Rhodorsil, Rhodorsil—
Si0;, pure Porosil and Porosil-SiO;. Siloxane-particle composite films were prepared from dispersions with particle concentration 2% w/v

Particle Rhodorsil Porosil

concentration (W/v) Opuka BoZzanovsky Hoficky Opuka BoZanovsky Hoficky

0 88.5+2 96.5+0.5 97.7£0.5 94 2 97.2+£0.7 98.1 £0.1
2% 94 +0.8 97.6 £0.7 98.1£0.2 945+1.5 97.6+0.9 98.3£0.2

ane is comparable with the corresponding RVP% measure-
ment performed on the same stone covered by a siloxane-
particle composite film. Some deviations between stones
treated with pure siloxane and composite films are observed
but these do not follow a particular trend and furthermore are
within the error bars (except probably for the results which
correspond to Opuka in Fig. 5a). In summary, Fig. 5 sug-
gests that the water vapor permeability through the treated
stones of Table 1 is not affected by the nanoparticles, in
contrast to treated marble in which nanoparticles impede
vapor flow [50]. We speculate that this contrast is based
on the large porosity difference between Pentelic marble
(0.21% [50]) and the three stones of Table 1 (7-11.3%).
In the case of low porosity stones (marble) particle aggre-
gates formed on the surface after treatment with a siloxane-
nanoparticle dispersion, may inhibit vapor flow. However,
the augmented porosity of Opuka, BoZanovsky and Hoficky
stones assures a good permeability for vapor. This is illus-
trated in Fig. 3c: large pores, shown by arrows, exist on
the surface of Bozanovsky stone, treated with Porosil-SiO».
Water vapor can easily flow through these pores.

The evaluation of the efficacy of a coating to pro-
tect monument surfaces and cultural heritage materials
should include measurements of capillary water absorption
[42, 43, 45-48]. Water contact angle measurements are not
adequate, as water can invade the stone also by capillary ab-
sorption. The methodology is described in the Experimental
section and the results of this investigation are summarized
in Table 4. The % reduction of water absorption by capillar-
ity (RC%) is defined in (3):

RC% = (M) % 100 3)

My

where m,,,, and m;,, are the masses of water absorbed by
capillarity by the untreated (bare) and treated substrate, re-
spectively. Apparently, an ideal coating must eliminate the
amount of water absorbed by capillarity (RC% = 100). Ta-
ble 4 shows that a considerable reduction in the quantity of
the absorbed water was achieved when siloxane—-SiO; com-
posite films were applied on the stone surfaces (94-98.3%),
which however is comparable to the corresponding reduc-
tion measured for stones treated with pure siloxanes (88.5—
98.1%). Therefore the same conclusion as drawn previously
for the RVP% measurements is reported here as well: RC%
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is not affected significantly by the nanoparticles. We cannot
envision any obvious reason for this result, apart from the
augmented porosity of the stones included in this study, as it
was discussed previously.

An ideal protective film should have no effect on the aes-
thetic appearance of the treated stone. Colorimetric mea-
surements were performed to evaluate the global color dif-
ferences (A E™) of the stone surfaces, due to treatment, ac-
cording to (4):

AE* =V AL*? + Aa*2 + Ab*? “4)

where L*, a* and b* are the brightness (0 for black—100
for white), the red—green component (positive for red and
negative for green) and the yellow—blue component (posi-
tive for yellow and negative for blue), respectively. Results
of AE* measurements are shown in Fig. 6a for Rhodorsil
based coatings and Fig. 6b for Porosil based coatings (with
and without SiO, particles), applied on the three stones of
Table 1. Overall, Fig. 6 shows that AE™* increases when
SiO, nanoparticles are used in the protective film i.e. AE*
measured for stones treated with siloxane-SiO, films are
clearly higher than the A E* recorded for stones treated with
pure siloxanes (no particles). We note that the color change
(AE*) caused by the pure siloxane films was mainly due
to the contribution of the L* component (brightness), which
decreased when stones were covered by the siloxanes. The
high values of AE™* reported for the stones treated with
siloxane—SiO» films were originated mainly by the contribu-
tion of the b* component, which decreased drastically, when
white SiO; (L* : 88, a : —2.5, b* : —7) particles were added
in the protective film, resulting thus in an elevated Ab*. The
nanoparticles also affected somewhat the brightness (L*)
of the stones. Figure 6 shows that the effect of the SiO;
nanoparticles in the color change of the Hoficky stone was
more pronounced compared to the other two stones. This
is because the values of the L* and b* components mea-
sured for this stone differ a lot, and more than the L* and
b* of the other two stones, from the corresponding L* and
b* of the SiO; particles. This is easily shown if the L* and
b* values reported in Table 1 for the three stones are com-
pared with the L* = 88 and b* = —7 of the SiO, parti-
cles.
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Fig. 6 Total color difference (AE™) of Opuka (1), BoZanovsky (2)
and Horicky (3) stones, treated with (a) pure Rhodorsil and
Rhodorsil-SiO, and (b) pure Porosil and Porosil-SiO;. Silox-
ane-particle composite films were prepared from dispersions with par-
ticle concentration 2% w/v

4 Conclusions

We have presented a very simple method that can be used to
impart superhydrophobicity to stone surfaces of monuments
using common and low-cost materials that are already em-
ployed or are easy to be found by conservators. Siloxane-
nanoparticle dispersions were sprayed on stones, and this
process resulted in the formation of rough two-length-scale
hierarchical structures that exhibited water repellent proper-
ties. It was shown that superhydrophobicity can be achieved,
by this simple method (i) on the surfaces of three types of
stones, Opuka, Bozanovsky and Hoficky, which have been
used for the restoration of the castle of Prague, (ii) using
two siloxane products such as Rhodorsil 224 and Porosil VV
plus, which are utilized by conservators and (iii) using com-
mon nanoparticles such as silica (SiO7), alumina (Al,03),

tin oxide (SnO;) and titanium oxide (TiO3). The effect of
the particle concentration on the wettability of the siloxane-
particle surfaces was briefly investigated for siloxane—SiO,
composites deposited on Opuka. It was found that superhy-
drophobicity was achieved only when the stone is treated
with dispersions of high (>0.5% w/v) particle concentra-
tion. It was shown that the stone substrate and the nanopar-
ticle size (5-50 nm) or type have almost no effect on the
wettability of the surfaces of the siloxane-particle films, as
comparable contact angles were measured on the three stone
substrates, treated with any siloxane-particle composite.

Nanoparticles induced superhydrophobicity but they did
not have any obvious effect on the results of the capillary
water absorption and the water vapor permeability tests.
Treatment of the stones with pure (hydrophobic) siloxanes
and siloxane—SiO; (superhydrophobic) composites resulted
in comparable reductions of the water vapor permeability
and the water amounts absorbed by capillarity. However,
the aesthetic appearance of the three stones, included in this
study was highly affected by the nanoparticles. Colorimetric
measurements showed that A E* measured after treating the
stones with siloxane-particle films was clearly higher than
the color change recorded when pure siloxanes were applied
on the surfaces of the stones.
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