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A B S T R A C T

Paraloid B72 is a methyl acrylate/ethyl methacrylate copolymer which is extensively used as a consolidant, 
binder, adhesive, protective coating and varnish for the conservation and preservation of cultural heritage 
buildings and objects. In this study, a one-step method is developed to convert the inherently hydrophilic B72 
into a superamphiphobic material, thereby improving its protective performance against both water- and oil- 
based pollutants. In particular, B72 is blended with silica nanoparticles (Si) and a fluororesin (F) in various 
concentrations, producing coatings which are initially deposited on glass (reference substrate). The nanoparticles 
highly affect the surface morphology of the coatings, inducing superhydrophobicity, whereas F lowers its 
apparent surface energy resulting to superamphiphobicity. A systematic study is conducted to carefully select the 
relative concentrations of the two additives, Si and F, which are necessary to achieve the desired super
amphiphobicity. The interaction of the selected superamphiphobic coating with liquid drops spanning a wide 
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range of surface tensions is examined, while the evaporation process of a water drop on the superamphiphobic 
surface is shown to be governed by a series of stick-slip events. Furthermore, it is demonstrated that the coating 
imparts superamphiphobicity to wood, paper, cotton and limestone. The latter is subjected to further in
vestigations, revealing that the treatment has minimal impact on both the colour and breathability of limestone 
while it enhances the resistance of the treated stone to capillary water absorption. Finally, a key finding is that 
the liquid-repellent nature of the superamphiphobic coating inhibits the growth of S. aureus.

1. Introduction

Paraloid B72 consistently draws significant attention from the sci
entific community, as it is a versatile material extensively used for the 
conservation of heritage buildings made of natural stone and other ob
jects of the cultural heritage [1–5]. As B72 is an organic polymer it has 
faced considerable criticism, particularly for its incompatibility with 
inorganic materials [6,7]. Despite these concerns, B72 is still widely 
used in conservation practice and therefore continues to be a material of 
ongoing research, as evidenced by the plethora of relative published 
articles. Overall, B72 is appreciated for its mechanical properties and 
ease of use [8]. Moreover, it demonstrates good thermal stability [9] and 
resistance to UV radiation [10,11], although under prolonged exposure 
it may undergo significant degradation [12,13].

B72 is a methyl acrylate/ethyl methacrylate (MA/EMA) copolymer 
with a low amount of butyl methacrylate (BMA) units [14]. To improve 
the properties of the acrylate polymers designed for the protection and 
conservation of cultural heritage, two approaches were followed. First, 
acrylate polymers were modified by introducing fluorine atoms to their 
structures, thus producing fluorinated acrylate-based resins with 
enhanced hydrophobicity, resistance to the UV radiation and overall 
improved efficacy and durability [15–21].

In the second approach, nanoparticles (NPs) were incorporated into 
acrylate polymers, including B72, to impart improved properties to the 
resulting composite/hybrid materials. For instance, titanium dioxide 
(TiO2) NPs were incorporated into B72 to induce photocatalytic self- 
cleaning properties [22,23]. Zinc oxide (ZnO) [24,25] and zinc tita
nium oxide (ZnTiO3) [24] NPs were dispersed in the B72 matrix to 
develop hybrid materials with enhanced properties, including biocidal 
activity. Additionally, calcium carbonate (CaCO3) NPs, which are 
chemically compatible with calcareous stones, were blended with an 
acrylate copolymer (MA/EMA) of similar composition to B72 [26].

The second approach, that involves the use of NPs, was adopted to 
produce B72-based hybrid materials of enhanced hydrophobicity or 
even superhydrophobicity. The latter is defined by a static contact angle 
of water drops larger than 150◦ (CAW>150◦) and a very small contact 
angle hysteresis of water drops (CAHW<10◦) which implies small sliding 
angle (SAW<10◦). It is stressed that, for practical applications, the dy
namic contact angles (CAHW, SAW) are more important than the static 
contact angle (CAW), as their low values govern the water repellency and 
the rolling motion of water drops (lotus effect) [27]. Notably, certain 
rare surfaces, such as the rose petal, exhibit high CAW, yet also display 
high CAHW and SAW, making them water-adhesive rather than 
water-repellent surfaces [28]. As water plays a significant role in various 
direct and indirect degradation processes of heritage materials, pro
ducing superhydrophobic, lotus-like materials for the protection of 
cultural heritage is very important, as described in several review arti
cles [29–31]. However, the majority of the superhydrophobic materials 
developed for the protection of cultural heritage are composites of 
siloxane-based polymers combined with NPs. Only few attempts have 
been made to induce superhydrophobicity or enhanced hydrophobicity 
in acrylate polymers, particularly in B72, as summarized in Table 1 and 
described next.

D’Amato et al. incorporated TiO2 and silicon dioxide (SiO2) NPs into 
B72 and obtained a CAW of up to 135◦ [32]. In a more systematic 
method, Ntelia and Karapanagiotis produced a composite coating, 
comprising B72 and hydrophilic SiO2 NPs, which exhibited 

superhydrophocity with high CAW (>150◦) and low SAW (<15◦) [33]. As 
both B72 and SiO2 are inherently hydrophilic materials, the study 
demonstrated that superhydrophobicity can be achieved through 
appropriate surface design, without the need for chemical modification 
involving low surface energy compounds, as suggested in other reports 
[34–36]. The composite coating had a minimal impact on the colour of 
treated marble or wood, while it noticeably altered the color of brass 
[33]. Additionally, the coating exhibited good chemical stability [33]. 
The method was further elaborated by He et al. who mixed B72 and 
hydrophobic SiO2 NPs, achieving extreme non-wetting properties on 
treated paper, fabric, and wood, with CAW> 160◦ and SAW< 10◦ [37]. 
The colours of treated substrates were not affected by the application of 
the composite coating and air permeability was maintained [37]. Zhou 
et al. enriched the above recipe by adding polydimethylsiloxane (PDMS) 
to the B72 and hydrophobic nano-SiO2 [38]. The hybrid coating was 
deposited on mural surfaces which exhibited remarkable super
hydrophobic properties. The inclusion of PDMS significantly enhanced 
water repellency, as evidenced by the exceptional SAW, with the lowest 
reported value being approximately 5◦. Moreover, the coating main
tained minimal impact on the murals’ color and breathability, alongside 
other advantageous characteristics [38]. In another attempt, SiO2 NPs 
were first functionalised with hexamethyldisilazane (HMDS) and then 
incorporated into a blend of B72 and fluorinated polymers [39]. The 
resulting composite material was deposited on bricks which obtained 
enhanced hydrophobicity with a CAW up to 142◦ and resistivity against 
weathering from acid, alkali, salt and UV radiation [39]. Bai et al. 
wrapped TiO2 with a SiO2 shell which was functionalised by grafting 
methyl (Me) groups [40]. The obtained TiO2@Si–Me core-shell NPs 
showed superhydrophobicity. The superhydrophobic NPs were incor
porated into B72 solution and the dispersion was deposited on marble 
which obtained enhanced hydrophobicity with 145◦<CAW< 150◦ [40].

The aim of this study is to tailor the wetting properties of B72 by 
incorporating SiO₂ NPs and a fluorosilane resin, in order to develop a 
superamphiphobic hybrid coating capable of repelling virtually any 
liquid with a surface tension between that of water (~72 mN/m) and oil 
(~32 mN/m). Superamphiphobic coatings can be highly beneficial to 
protect heritage buildings and objects, particularly in urban environ
ments where oil-based pollutants pose significant threats. Despite their 
potential, only a few studies have developed and investigated super
amphiphobic, liquid-repellent coatings for cultural heritage conserva
tion, and these have relied on silane-based systems rather than acrylate 
polymers [41–44]. To the best of our knowledge, this is the first attempt 
to produce a superamphiphobic B72-based coating. Equally important is 
the finding of the present study that the superamphiphobic nature of the 

Table 1 
NPs and other polymers added to Paraloid B72 to promote hydrophobicity. The 
reported contact (CAW) and sliding (SAW) angles of water drops are included.

NP Other polymer CAW SAW Ref

SiO2 & TiO2 (hydrophilic) - ~135◦ n.r. [32]
SiO2 (hydrophilic) - > 150◦ < 15◦ [33]
SiO2 (hydrophobic) - > 160◦ < 10◦ [37]
SiO2 (hydrophobic) PDMS > 160◦ < 10◦ [38]
SiO2 (functionalized with 

HMDS)
Fluorinated 
polymers

> 140◦ n.r. [39]

TiO2@Si–Me 
(superhydrophobic)

- > 145◦ n.r. [40]

n.r.=not reported.
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produced coating inhibits the growth of bacteria, such as S. aureus, 
without using a biocidal agent.

The investigation is carried out in three phases. First, a super
amphiphobic B72-based coating is developed through the careful se
lection of NP and fluororesin concentrations (Section 3.1). In this phase, 
experiments are conducted using glass slides as substrates, because glass 
surface is atomically smooth and has minimal influence on the 
morphology and, therefore, the wetting properties of the deposited 
coatings [30]. Second, since B72 is widely used for treating various 
materials, the versatility of the developed coating to induce super
amphiphobicity to different substrates is demonstrated (Section 3.2). 
Finally, the focus shifts to limestone, a material extensively used in both 
heritage and modern buildings (Section 3.3). It is shown that coated 
limestone samples exhibit two important properties: extreme liquid 
(water and oil) repellency and antibacterial properties.

2. Experimental

2.1. Materials

Paraloid B72 and acetone were purchased from In Situ (Greece) 
while hydrophobic pyrogenic silica nanoparticles (HDΚ®H30RM) with 
a high specific surface area (~ 200 m2/g) were provided by Wacker 
(Germany). SRA-450, a fluorochemical resin concentrate in ethyl ace
tate, was purchased from 3 M (USA). According to the manufacturer the 
product contains 40 % w/w active solids. Drops of distilled water, 
sunflower oil (purchased from the local market) and isopropanol (ob
tained from Sisco Research Laboratories, India) were used to study the 
wetting properties of the coating surfaces. Aqueous hydrochloric acid 
solution (HCl) and sodium hydroxide (NaOH) were purchased from 
Penta Chemicals (Czech Republic) and were used to prepare drops of 
different pH. Limestone specimens originating from Crete, Greece were 
obtained from K-Stones (Greece). Other materials, used as substrates 
such as glass, balsa wood, paper, kraft paper white and brown cotton 
were obtained from the local market. For the antimicrobial test sterile 
petri dishes and Nutrient broth (Panreac Applichem, Spain, reference 
CA413793.1210) were used.

2.2. Coating preparation and characterisation

Paraloid B72 was dissolved in acetone to prepare a stock solution of 
3 % w/w. Silica nanoparticles (NPs) were dispersed in Paraloid solutions 
in various concentrations i.e. 0.5, 1.0, 2.0 and 3.0 % w/w. The disper
sions were stirred vigorously for 20 min at ambient conditions and were 
cast (2 mL) onto clean glass slides using a pipette. For comparison, so
lution of pure Paraloid (without NPs) was also deposited onto glass.

Dispersions of B72 and 2 % w/w NPs were enriched with the fluo
roresin at concentrations of 0.2, 0.4, 0.8, and 1.2 % w/w. These con
centrations correspond to the active solids of the SRA-450 product. The 
dispersions were then deposited onto glass slides following the previ
ously described procedure. Moreover, dispersions containing B72, 2 % 
w/w NPs and 1.2 % w/w fluororesin were prepared and deposited onto 
sandstone, balsa wood, paper, kraft paper white and brown cotton. The 
produced coating is referred to as B72-2Si-1.2F.

Contact angles (CAs) of drops of various liquids and contact angle 
hystereses (CAHs) were measured in triplicate using the ImageJ soft
ware. At least three drops were placed on different areas of coated glass 
samples and average values were calculated. Scanning electron micro
scopy (SEM; TM3000, Hitachi, Japan) was employed to study surface 
morphologies of the deposited coatings. Surface roughness measure
ments were carried out using a confocal microscope (Leica DCM8, Leica 
Microsystems CMS, Germany) at profilometer mode.

To evaluate the performance of the B72-2Si-1.2F coating for the 
protection of limestone, some more experiments were conducted as 
follows. Water absorption by capillarity and water vapour permeability 
experiments were conducted on limestone samples coated with B72-2Si- 

1.2F. For comparison, the same tests were also performed on samples 
coated with B72 (reference). For the capillary water absorption test, pre- 
weighed, coated limestone samples were placed in a vessel containing 
distilled water, with the coated side facing downward, and kept under 
ambient conditions for 24 h. After this period, the samples were gently 
wiped to remove surface-adhered water and then re-weighed. For the 
water vapour permeability test, limestone blocks were mounted with the 
coated surface facing upward on top of polypropylene containers half- 
filled with distilled water. The blocks were sealed onto the containers 
using a reusable adhesive (Blu Tack), and the entire assembly was 
wrapped laterally with parafilm, leaving only the treated surface 
exposed to the surrounding air. The assemblies were then placed in a 
thermostatic cabinet maintained at 40 ◦C. Each setup was weighed every 
24 h until the weight difference between two consecutive measurements 
was less than 2 %. The above-described procedures were followed using 
pristine (uncoated) limestone specimens.

The stability of the B72-2Si-1.2F coating on limestone against the 
effects of the UV radiation was tested using a chamber equipped with a 
300-W Osram Ultra Vitalux light (UV-A component). The tested samples 
were exposed to the extreme UV conditions for 24 h. A thermal imaging 
camera (UTi 120MS, UNI-Trend Technology, China) was used to esti
mate the temperature of the samples during UV exposure. Drops with pH 
ranging from 0 to 14 were placed on the surfaces of treated limestone 
samples and CAs were measured. The solutions were prepared using 
hydrochloric acid (HCl, ChemLab) and sodium hydroxide (NaOH, 
ChemLab). Finally, the anti-smudge performance of the B72-2Si-1.2F 
coating was demonstrated by repeatedly dipping a coated limestone 
sample into a water–mud bath 100 times.

Antimicrobial testing was conducted using the gram-positive Staph
ylococcus aureus (NCIMB #8625). Bacterial strains were grown in 
autoclaved nutrient broth medium. Uncoated limestone and limestone 
samples with B72 and B72–2Si-1.2F coatings were placed individually 
into sterilised containers, and 400 μL of each bacterial culture was 
applied to the surface of each sample. The specimens were incubated 
overnight at room temperature in a humid, saturated environment. The 
next day, both samples and the attached membranes were rinsed with 
10 mL of autoclaved 0.9 % NaCl with continuous agitation for 30 min. 
The resulting suspensions were subjected to serial tenfold dilutions, 
which were plated onto nutrient agar Petri dishes and incubated over
night at 37◦C. Post-incubation, colony-forming units per millilitre (cfu/ 
mL) were determined for each condition. The antimicrobial efficacy of 
each coating was assessed by comparing the recovered bacterial counts 
against the uncoated limestone sample. Аll experiments were performed 
with technical replicates to ensure reproducibility and reliability of the 
results.

3. Results and discussion

3.1. Method development: from hydrophilicity to superhydrophobicity 
and superamphiphobicity

The wetting properties of coatings prepared using B72 and varying 
silica nanoparticle (NP) concentration are investigated in Fig. 1a. The 
water contact angle (CAW) increases with NP concentration rising from 
74.8◦ (pure B72) to values exceeding the threshold of super
hydrophobicity (CAW>150◦) when the NP concentration reaches 2 % or 
3 % w/w. Conversely, the water contact angle hysteresis (CAHW) de
creases with NP concentration, dropping from 63.6◦ (pure B72) to values 
below 10◦ at 2 % or 3 % w/w NP concentration. The origin of the CAHW 
variation, reported in Fig. 1a, is revealed in Fig. 1b which shows the 
variations of the advancing (ACAW) and receding (RCAW) contact angles 
of water drops. Both ACAW and RCAW increase with NP concentration 
but not with the same rate. RCAW rises significantly faster than ACAW 
leading to a reduction of CAHW (=ACAW–RCAW) as NP concentration 
increases.

The behaviours of CAW and CAHW discussed above, align with 
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previously published studies on the effect of silica NP concentration on 
the wetting properties of B72-silica composite coatings. These studies 
reported that CAW increases while CAHW decreases with rising NP 
concentration, with superhydrophobicity and water repellency achieved 
at high NP concentrations [33,37,38]. The evolution of the observed 
non-wetting properties is attributed to the influence of the NPs on the 
surface morphology of the polymer–NP composite coatings, as evi
denced by the SEM images in Fig. 1c and revealed in previous studies 
[30,33,41,42,44]. At lower NP concentrations (e.g., 1 % w/w), discrete 
microscale clusters are formed, interspersed with relatively smooth 
areas. As the NP concentration increases to 2 % and 3 % w/w, these 
clusters grow in size and begin to coalesce, resulting in a densely 
textured surface that underlies the observed superhydrophobicity and 
water repellency [30,33,41,42,44].

According to the results of Fig. 1, either the NP concentration of 2 or 
3 % w/w could be selected for further consideration, as they provide 
comparable levels of the desired superhydrophobicity and water repel
lency. Between these two concentrations, the lower one (i.e., 2 % w/w) 
is selected to prepare coatings for further studies in order to align with 
the ongoing concern about the potential toxic effects of NPs [45,46]. 
Moreover, the mechanical stability of the composite coating is expected 
to deteriorate as the NP concentration increases [31].

The selected composite coating, consisting of B72 and 2 % w/w NP 
(hereafter referred to as B72–2Si) demonstrated oleophilicity, as the 
contact angle of oil drops (CAO) was only 56.5◦. Therefore, it was clear 

that in order to achieve oleophobicity, it was necessary to add a low 
surface energy agent to the B72–2Si formulation. Fig. 2 reveals the effect 
of the concentration of the fluororesin which was added to B72–2Si 
coatings. The results suggest that the fluororesin had practically no ef
fect on the interaction of water drops with the coating surface, as both 
CAW and CAHW are stable in the plots of Figs. 2a and 2b, respectively. 
Therefore, superhydrophobicity and water repellency were maintained 
for any tested fluororesin concentration. However, adding fluororesin to 
coating’s formulation led to a major increase in the contact angle of oil 
drops (CAO) and a significant reduction of the corresponding contact 
angle hysteresis (CAHO). At the fluororesin concentration of 1.2 % w/w 
a very high CAO (=149.6◦) and a very low CAHO (=4.5◦) were measured. 
In sum, the composite coating, consisting of B72, 2 % w/w NP and 1.2 % 
w/w fluororesin (hereafter referred to as B72-2Si-1.2F) can be consid
ered superamphiphobic, as it is capable to repel both water and oil. It is 
noted that the advancing and receding contact angles of water (ACAW 
and RCAW) and oil (ACAO and RCAO) drops, which were used to 
calculate the hystereses (CAHW and CAHo) in Fig. 2, are provided in 
Figure S1 of the Supplementary file.

Fig. 3a illustrates the variation of the fractions of coating surfaces (fs) 
in contact with water drops as a function of NP and fluororesin con
centrations. Specifically, the figure highlights the effects of incorpo
rating NPs into B72 (B72 based coatings) and the impact of adding 
fluororesin to B72–2Si (B72–2Si based coatings). The fs parameter, 
which reflects surface morphology, is included in the Cassie-Baxter 

Fig. 1. (a) Contact angle (CAW) and contact angle hysteresis (CAHW) of water drops vs the silica NP concentration. (b) Advancing (ACAW) and receding (RCAW) 
contact angles of water drops vs the silica NP concentration. (c) SEM images at low (top) and high (bottom) magnifications of coating surfaces prepared with 1 %, 
2 %, and 3 % w/w silica NPs, as indicated. All coatings were applied to glass substrates.
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equation to relate the water contact angle on a rough surface (θR) to that 
on a smooth surface (θs) [47]: 

cosθR = − 1+ fs(cosθs +1) (1) 

Using the CAW values reported in Figs. 1a and 2a for θR in Eq. 1 and 
taking θs= 74.8◦ which was measured for water drops on smooth B72 
surface, the fs values were calculated and the results are reported in 
Fig. 3a. The results for the B72 based coatings show that adding NPs to 
B72 has an enormous effect on fs which is reduced from 1.00 (smooth 
B72 coating) to 0.10 (rough B72–2Si coating). However, the incorpo
ration of the fluororesin into B72–2Si based coatings, had a smaller ef
fect, reducing fs from 0.10 (B72–2Si coating) to only 0.05 (B72-2Si-1.2F 
coating). Notably, similarly low fs values have been reported in previous 
studies which investigated the surface structures of superhydrophobic 
surfaces, suggesting a very low fraction of the textured solid being in 
contact with the water drop [48–51].

The dominant influence of NPs and the comparatively minor effect of 
fluororesin on the surface morphology of the coatings are confirmed by 
surface roughness measurements, which are listed in the typical profil

ometry images of Fig. 3b. The average surface roughness (Sa) of the 
smooth B72 coating is 0.74 ± 0.08 μm, increasing by over one order of 
magnitude (Sa=10.04 ± 0.69 μm) for the B72–2Si coating. This finding 
aligns with the significant reduction of fs, caused by the NPs, which was 
reported for the B72–2Si based coatings in Fig. 3a. Moreover, the 
measured increase in surface roughness with the addition of NPs in
dicates that the Cassie–Baxter model should be applied (as was done) to 
interpret the results in Fig. 1a. Since B72 is inherently hydrophilic, with 
a contact angle of CAW = 74.8◦ (<90◦), the results cannot be explained 
by the Wenzel model [52], which predicts that surface roughness am
plifies the intrinsic hydrophilic or hydrophobic character of a material. 
Instead, the wettability results in Fig. 1a are consistent with the Cas
sie–Baxter model, which suggests that the CAW of any material (whether 
inherently hydrophilic or hydrophobic) increases with surface 
roughness.

As shown in Fig. 3b, the Sa for the B72-2Si-1.2F coating was 
measured to be 8.86 ± 0.39 μm. Consequently, according to the profil
ometry measurements the B72-2Si-1.2F coating is slightly smoother 
than the B72–2Si coating (Sa=10.04 ± 0.69 μm). However, it is 

Fig. 2. (a) Contact angle of water (CAW) and oil (CAO) drops vs the concentration of the fluororesin which was added to B72–2Si coatings. (b) Contact angle 
hysteresis of water (CAHW) and oil (CAHo) drops vs the concentration of the fluororesin which was added to B72–2Si coatings. Glass was used as substrate for 
coating deposition.

Fig. 3. (a) Variation of the solid fraction (fs) contacted by the water droplet as a function of NP and fluororesin concentrations. (b) Profilometry images and 
roughness measurements taken from the surfaces of the following coatings on glass: pure B72 (b1), B72–2Si (b2) and B72-2Si-1.2F (b3).
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important to note that the difference in surface roughness between the 
two composite coatings is minimal, when considering the standard de
viations in the Sa measurements, thus confirming that the fluororesin 
has only a minor effect on surface roughness. Moreover, it is noteworthy 
that the slightly smoother B72-2Si-1.2F coating corresponds to a lower fs 
(=0.05) compared to the slightly rougher B72–2Si (fs=0.10). This 
highlights that the contact area of the drop with the coating surface is 
influenced not only by the surface structure but also by its chemical 
composition.

To further discuss the effect of the fluororesin on the wettability of 
the produced coatings two more calculations were conducted. First, the 
forces (F) per unit length that cause water and oil drops to move along 
the surfaces of the B72–2Si based coatings, were calculated using the 
following equation [53,54]: 

F = γL(cosθR − cosθA) (2) 

where θR and θA are the receding (RCA) and advancing (ACA) contact 
angles and γL is the surface tension of the liquid, taken as γL= 72.75 mN/ 
m for the water drops and γL= 33.75 mN/m for the (sunflower) oil drops 
[55]. Taking into account the values of ACA(=θA) and RCA(=θR) which 
are provided in Figures S1a (for water drops) and S1b (for oil drops), the 
forces FW (water drops) and FO (oil drops) were calculated using Eq. 2, 
across varying fluororesin concentration. The results are provided in 
Fig. 4a and show that FO decreases significantly with the fluororesin 
concentration whereas FW remains practically unaffected. In summary, 
Fig. 4a demonstrates that the fluororesin greatly enhances oil repellency 
but has practically no effect on the water repellent character of the 
B72–2Si based coatings.

In the second set of calculations, the Chibowski equation was used to 
assess the apparent surface energies of the B72–2Si based coatings (γs) 
using the ACA(=θA) and RCA(=θR) values of water drops (Figure S1a) 
[56]: 

γs =
γL(1 + cosθA)

2

2 + cosθR + cosθA
(3) 

The results are presented in Fig. 4b and indicate that γs decreases as 
the fluororesin concentration increases. Specifically, γs decreases from 
3.5 mJ/m² for the superhydrophobic B72–2Si coating to 1.3 mJ/m² for 
the superamphiphobic B72-2Si-1.2F coating. These calculated values are 
consistent with previously reported data for other liquid-repellent sur
faces [57,58].

Based on the results reported so far, the B72-2Si-1.2F coating is 
selected for further studies due to its superamphiphobic properties, 
demonstrating extreme repellency against both water and oil. To gain 
deeper insight into its interaction with liquids, two additional 

experiments were conducted. First, the wetting properties of the B72- 
2Si-1.2F coating were further examined using drops of water and iso
propanol (IPA) mixtures, which cover a fairly wide range of surface 
tension (γL) values depending on the water-to-IPA mass ratio, as detailed 
in Table S1 of the Supplementary file [59]. The results for the CA and 
CAH of these drops are shown in Figs. 5a and 5b, respectively. In 
addition, results for drops of pure IPA as well as pure water (CAW and 
CAHW) and oil (CAO and CAHO) drops are also included in Fig. 5. The 
results indicate that CA increases while CAH decreases with the liquid 
surface tension (γL). The transition to extreme non-wetting, falls within 
the critical range of 31–34 mJ/m2. The drop with γL= 31.16 mJ/m2 

exhibits a large CA of 150.7◦. However, this drop does not roll off the 
surface easily as CAH is still relatively high (=23.4◦). The (oil) drop with 
a slightly higher γL (=33.75 mJ/m2) demonstrates both large CA 
(>150◦) and small CAH (<10◦). The extreme non-wetting properties are 
maintained for drops with γL above the critical range.

In the second experiment, a water drop was placed on the B72-2Si- 
1.2F coating and allowed to evaporate under ambient conditions. The 
evolutions of CAW and the liquid-solid apparent contact diameter (d), 
normalized to its initial value (do), were monitored during the evapo
ration process. The results are provided in Fig. 6 and show that the 
evaporation process is dominated by a series of stick-slip events. Four 
“sticky” regions are identified in the plot of Fig. 6, where the contact 
diameter remains nearly constant, indicating that evaporation follows 
the constant contact radius (CCR) mode. These “sticky” regions are 
separated by five slip events. At the start of each slip event, the contact 
line depins, abruptly shifting to a smaller value before becoming pinned 
again, maintaining a constant contact diameter until the next slip occurs. 
This stick-slip evaporation behavior has been previously observed on 
superhydrophobic surfaces [41,60].

3.2. Application of the superamphiphobic coating on various substrates

As described in the Introduction, Paraloid B72 is used for the pro
tection and preservation of a wide range of materials and objects. 
Therefore, a brief study was conducted to assess the applicability of the 
developed superamphiphobic B72–2Si-1.2F coating on different sub
strates, which correspond to a large variety of applications ranging from 
cultural heritage to paper and textile industry. Kraft paper was included 
in the tested substrates, as a particular interest has been recently 
emerged to induce extreme non-wetting properties to this type of paper, 
which is used by the packaging industry [61]. The results are provided in 
Table 2 which shows measurements of static and dynamic contact angles 
of water and oil drops on coated substrates, as well as colour changes 
induced by the coating applications. Notably, colourimetric results are 
particularly important for assessing the performance of materials 

Fig. 4. (a) Force per unit length that causes water (FW) and oil (FO) drops to move along the surfaces of the B72–2Si based coatings vs the concentration of the 
fluororesin. Calculations were performed using Eq. 2. (b) Apparent surface energies (γs) of B72–2Si based coatings, calculated using Eq. 3, vs the concentration of the 
fluororesin. Coatings were deposited on glass.
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intended for cultural heritage conservation, as significant colour 
changes in pristine materials are unacceptable in heritage science. The 
total colour variations (ΔE) of the coated samples, compared to the 
pristine (uncoated) samples, were calculated using the following 
equation: 

ΔE =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ΔL∗2 + Δa∗2 + Δb∗2

√
(4) 

where ΔL∗, Δa∗ and Δb∗ are the changes of the lightness, the red–green 
component and the yellow–blue component of the CIE 1976 scale, 
respectively, which are defined as follows: ΔL∗ = L∗

c − L∗
u; Δa∗ = a∗c −

a∗u; Δa∗ = b∗
c − b∗

u. The “c” and “u” subscripts indicate the coated and 
uncoated samples, respectively.

According to the results presented in Table 2, superamphiphobicity 
was achieved on all coated substrates, as evidenced by the high contact 
angles and low contact angle hysteresis values. Specifically, for every 
substrate listed in Table 2 it is reported that CAW> 155◦ and CAO> 145◦

while CAHW< 7◦ and CAHO < 10◦. Examples of water and oil drops on 
bare and coated limestone and cotton are shown in the photographs 
Figure S2. The advancing and receding contact angles used to calculate 
the hysteresis values reported in Table 2 are provided in Figure S3.

The colour changes (ΔE) reported in Table 2 are generally below 5, 
with the exception of kraft paper (ΔE = 7.2) and brown cotton 
(ΔE = 28.1). Notably, any ΔE value below 5 is typically considered 
minor and acceptable within the conservation practices of cultural 
heritage [62]. The variations of the ΔE results are elucidated if we take 
into consideration the values of the L∗, a∗ and b∗ coordinates which are 
given in Figure S4 of the Supplementary file.

According to Figure S4, the application of the B72-2Si-1.2F coating 

Fig. 5. (a) CA and CAH of liquid drops on B72-2Si-1.2F coatings vs the surface tension of the liquid (γL) drop. The concentrations of water (% w/w) in the mixtures 
are included in the plots and correspond to 50, 80 and 95 % w/w. In addition, results for drops of pure IPA (i.e. 0 % water), pure water (i.e. no IPA) and oil are 
included in the plots. Values for pure water (CAW & CAHW) and oil (CAO & CAHO) were reproduced from Figs. 2a and 2b. Coatings were deposited on glass.

Fig. 6. CAW and contact diameter (d) normalised to its initial value (do) vs evaporation time for a water drop which was placed on a B72-2Si-1.2F coating. Five slip 
events (1− 5) are identified, which are separated by regions where d remains nearly constant, indicating that evaporation in these “sticky” regions is dominated by the 
constant contact radius (CCR) mode. Glass was used as substrate for the deposition of the B72-2Si-1.2F coating.

Table 2 
Wetting properties and colour change (ΔЕ) of various substrates, treated with 
the superamphiphobic B72-2Si-1.2F coating.

Substrate CAW (◦) CAHW 

(◦)
CAO (◦) CAHO 

(◦)
ΔЕ

Limestone 160.2 
± 0.4

3.5 ± 1.4 146.9 
± 1.2

6.8 
± 1.2

3.1 ± 1.0

Balsa wood 160.3 
± 0.9

6.9 ± 1.0 147.6 
± 0.7

5.1 
± 2.5

4.2 ± 0.5

Paper 158.4 
± 0.8

6.6 ± 0.3 149.9 
± 1.2

8.6 
± 3.8

1.0 ± 0.2

Kraft paper 159.3 
± 0.6

4.3 ± 1.1 147.6 
± 0.7

6.9 
± 1.9

7.2 ± 0.5

White cotton 160.2 
± 0.3

5.7 ± 1.0 149.7 
± 3.5

8.3 
± 1.2

1.2 ± 0.3

Brown 
cotton

159.5 
± 0.8

4.2 ± 1.7 147.3 
± 0.9

9.2 
± 1.9

28.1 
± 1.9
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caused virtually no change in the colour coordinates for paper and white 
cotton, resulting in ΔE values below 1.5 (Table 2). In the cases of 
limestone and balsa wood, the coating led to notable reductions in the a∗

and b∗ values (Figure S4), which corresponded to moderate colour 
changes, with ΔE values of 3.1 and 4.2, respectively (Table 2). For kraft 
paper, the decreases in a∗ and b∗ were even more pronounced 
(Figure S4), leading to a higher overall colour change of 7.2 (Table 2). As 
shown in Figure S4, the application of the B72-2Si-1.2F coating resulted 
in significant changes in the colour coordinates of brown cotton, marked 
by a pronounced increase in L∗ and substantial decreases in both a∗ and 
b∗. As silica NPs are whitish their application on brown, dark cotton 
resulted in a major enhancement of brightness/lightness and this was 
reflected in the rise of the L∗ value. Moreover, the NPs shifted the a∗ and 
b∗ values to substantially lower values, as indicated in Figure S4. 
Consequently, the overall colour change (ΔE) for brown cotton was as 
high as 28.1 (Table 2). Brown cotton was deliberately included among 
the tested substrates to deliver the message that the B72-2Si-1.2F 
coating is not suitable for the treatment of dark-coloured materials, 
whenever the preservation of the original colour of the substrate is 
important, as it is in the case of cultural heritage conservation.

3.3. Evaluation of the superamphiphobic coating for the protection of 
limestone

According to the results of Table 2, the B72–2Si-1.2F coating induced 
superamphiphobicity to limestone while it caused only moderate change 
to the colour of the pristine stone which is within the acceptable limits of 
conservation practice i.e., ΔE = 3.1 < 5. The exceptional non-wetting 
behaviour of limestone specimens treated with the superamphiphobic 
coating is illustrated in the photographs of Fig. 7. Specifically, Fig. 7a 
displays static drops of water, water-based ink, coffee and oil on the 
coated limestone surface. Fig. 7b shows water and oil drops sliding off 
the surface of tilted, coated specimens. The self-cleaning capability is 
depicted in the successive snapshots of Fig. 7c, where methylene blue 
particles, which were deliberately placed on the surface of coated 

limestone, are effectively removed by rolling water drops.
To assess the protective performance of the B72-2Si-1.2F coating on 

limestone against prolonged exposure to liquid water, the relative 
reduction of water absorption by capillarity (RC%) was calculated using 
the following equation: 

RC% =
muw − mcw

muw
× 100 (5) 

where muw and mcw are the masses of water absorbed by capillarity per 
unit area, by the uncoated and coated limestone samples, respectively. 
The effect of the B72-2Si-1.2F coating on the breathability of limestone 
was evaluated by calculating the relative reduction of water vapour 
permeability (RVP%) using the following equation: 

RVP% =

(
muv − mcv

muv

)

× 100 (6) 

where muv and mcv are the masses of water vapour per unit area which 
penetrate the uncoated and coated limestone samples, respectively.

The effects of the B72-2Si-1.2F coating on the capillary water ab
sorption and vapour permeability are revealed by the results of Table 3. 
For comparison, the RC% and the RVP% were calculated for limestone 
samples coated with B72 (reference). The results for the water absorp
tion test show that the composite coating (RC% = 48) provided more 
than twice (RC% = 22) the level of protection compared to the reference 
B72 coating (Table 3). It is worth noting that the limited effectiveness of 
B72 in reducing water absorption by capillarity has also been 

Fig. 7. Photographs demonstrating the non-wetting properties of limestone specimens, treated with the B72-2Si-1.2F coating. (a) Drops of liquids on the surface of 
coated limestone. (b) Water and oil drops sliding down the inclined, coated limestone. (c) Demonstration of the self-cleaning effect, as water drops remove con
taminants from the coated limestone surface.

Table 3 
Relative reductions of water absorption by capillarity (RC%) and vapour 
permeability (RVP%) for limestone samples treated with B72 and B72-2Si-1.2F 
coatings.

Coating RC% RVP%

B72 22 17
B72-2Si-1.2F 48 6
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highlighted in previous studies [7,38].
Furthermore, the results presented in Table 3 indicate that the 

application of the composite coating was beneficial in terms of vapour 
permeability when compared to the B72 coating. The limestone sample 
treated with B72 exhibited an RVP% of 17, whereas the sample treated 
with the composite, superamphiphobic coating showed a significantly 
lower RVP% of 6. This finding aligns with previously published studies, 
which have demonstrated that the diffusion rate of water vapour 
through porous materials increases as the hydrophobicity of the pores is 
enhanced, due to the suppression of water molecule condensation 
[63–66]. In particular, experiments conducted on calcareous stones and 
marble have shown that water vapour diffuses more readily through 
hydrophobic pores than through hydrophilic ones [64–66]. Thus, the 
reduced RVP% observed for the sample treated with the super
amphiphobic composite coating, compared to the hydrophobic 
B72-coated sample, is consistent with the aforementioned literature 
[63–66]. Finally, it is noted that the RVP% of 17, reported in Table 3 for 
limestone coated with B72 is in agreement with the RVP% of 16.3 re
ported by Zhou et al. for mural crafts treated with the same acrylate i.e., 
B72 [38].

The stability of the B72-2Si-1.2F coating against the UV radiation is 
revealed in Fig. 8a1 and 8a2 which show that the CAs (Fig. 8a1) and 
CAHs (Fig. 8a2) of both water and oil drops on the B72-2Si-1.2F coating 
were practically unaffected by the accelerated ageing treatment. Only a 
slight increase of CAHO be noticed which, however, is almost within the 
experimental error. Notably, a side effect of the UV radiation was a 
significant temperature increase of the sample during treatment, which 
exceeded approximately 120◦C, as evidenced by the thermal image 
shown in Fig. 8a3. Furthermore, colourimetric measurements conducted 
after the artificially accelerated ageing process revealed a ΔE value of 
1.1 ± 0.7. This value, calculated relative to the uncoated limestone 
which was not exposed to the UV radiation, is notably lower than the ΔE 
reported in Table 2 (ΔE = 3.1 ± 1.0) for coated limestone prior to UV 
exposure. These results suggest that UV treatment significantly affected 

the appearance of the coated sample, making it more similar to that of 
the uncoated stone. This change implies partial degradation or possible 
removal of the coating. However, this alteration did not compromise the 
coating’s non-wetting properties, as evidenced by the data presented in 
Fig. 8a. The excellent chemical resistance of the B72-2Si-1.2F coating 
against drops of varying pH is demonstrated in Fig. 8b. The composite 
coating exhibits consistently high CAs and low CAHs across a broad pH 
range, indicating strong liquid repellency irrespective of the drop’s 
acidity or alkalinity. The anti-smudge performance of the B72-2Si-1.2F 
coating is demonstrated in Fig. 8c1. A limestone sample coated with 
the composite material was repeatedly dipped into a water-mud bath 
100 times, yet the surface remained visibly clean. In contrast, as shown 
in Fig. 8c2, the uncoated limestone surface became heavily soiled after 
just a single immersion, with mud adhering strongly to the surface. In 
sum, the results of Fig. 8 indicate that the B72-2Si-1.2F coating exhibits 
notable stability across the various tests it underwent. However, it 
should be stressed that long-term exposure of the coating to outdoor 
environmental conditions is essential in order to draw reliable conclu
sions about its durability under real-world conditions.

Calcareous stones, such as limestone, are highly vulnerable to bac
terial colonization, which can lead to both aesthetic alteration and 
structural degradation [67]. Hence, the potential antibacterial proper
ties of the B72-2Si-1.2F coating could be a major advantage for the 
protection of limestone. Typically, the antibacterial efficacy of protec
tive coatings is achieved through the incorporation of biocidal agents 
such as, for instance, ZnO or TiO₂, into their formulation. Notably, none 
of these agents were used for the production of the B72-2Si-1.2F. 
However, as shown in Fig. 9, the application of the superamphiphobic 
coating on limestone significantly inhibited the growth of S. aureus. In 
particular, Fig. 9 presents the cfu/mL results obtained for uncoated 
limestone specimens, as well as those coated with B72 and B72-2Si-1.2F. 
The B72 coating offered considerable protection against bacterial 
growth, achieving an inhibition of 94.3 %. However, stone protection 
against the growth S. aureus was largely enhanced when the 

Fig. 8. (a) Stability of the B72-2Si-1.2F coating against the artificially accelerated UV radiation. (a1) CA and (a2) CAH results for water and oil drops on coated 
limestone samples, before and after UV exposure. (a3) Thermal image captured during the UV exposure process. (b) CA and CAH values of aqueous drops on 
limestone coated with B72-2Si-1.2F, plotted as a function of drop pH. (c1) The surface of limestone coated with B72-2Si-1.2F remained clean after 100 immersions in 
a mud bath. (c2) Uncoated limestone became visibly soiled after just one immersion.
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B72-2Si-1.2F coating was used for the treatment of the limestone. Ac
cording to the results, the cfu/mL values for S. aureus retrieved from the 
B72-2Si-1.2F coated limestone are significantly lower than those from 
the B72-coated samples, corresponding to an inhibition rate of 99.9 %.

4. Conclusions

The development of a superamphiphobic material based on Paraloid 
B72 –a methyl acrylate/ethyl methacrylate copolymer widely used in 
the conservation and preservation of cultural heritage– is reported. The 
method was initially optimised using glass substrates for the deposition 
of the various coatings. To modify the inherently hydrophilic nature of 
the copolymer, a two-step approach was followed. First, B72 was 
blended with silica (Si) nanoparticles (NPs), which altered the surface 
morphology of the resulting coatings, leading to superhydrophobicity. 
Second, a fluororesin (F) was incorporated into the formulation, 
reducing the apparent surface energy of the coating and ultimately 
yielding a superamphiphobic coating. Based on studies which revealed 
the influence of the relative concentrations of Si NPs and F on the 
wetting properties of the composite coating, it was concluded that the 
optimal formulation to proceed with was 2 % w/w Si and 1.2 % w/w F, 
referred to as B72-2Si-1.2F coating. It was found that liquid drops placed 
on the B72-2Si-1.2F coating, with surface tension values exceeding the 
critical threshold of 31–34 mN/m, exhibited very high contact angles (i. 
e., >150◦) and very low contact angle hysteresis (i.e., <10◦). The 
evaporation process of a water drop on the superamphiphobic B72-2Si- 
1.2F coating was dominated by a series of stick-slip events. The versa
tility of the method was demonstrated by showing that the B72-2Si-1.2F 
coating imparts superamphiphobicity to a variety of substrates, 
including limestone, wood, paper, kraft paper and cotton. Focusing on 
limestone it was shown that the B72-2Si-1.2F coating had a minimal 
impact on both the colour and breathability of natural stone while it 
significantly enhanced the resistance of the treated stone to capillary 
water absorption. The coated limestone obtained self-cleaning proper
ties and anti-smudge performance while its repellent properties were 
practically not affected by the UV radiation or the pH of the drop. It is 
noted, however, that long-term exposure of coated specimens to atmo
spheric conditions is important for a more comprehensive evaluation of 
the coating’s durability under real conditions. Finally, it was found that 
the liquid-repellent nature of the superamphiphobic B72-2Si-1.2F 
coating induced antibacterial properties as it inhibited the growth of 
S. aureus.
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