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A B S T R A C T   

In this work, innovative, sustainable, multifunctional surface treatments for tuff protection that 
combine water-repellency, consolidating function and long-lasting antimicrobial activity were 
developed and tested. In particular, different water-based formulations were prepared by adding 
to a commercial polysiloxane treatment a biocide against biodeterioration, or clay nanoparticles 
to strengthen the tuff or their combination where the biocide was partially loaded into the 
nanoclay to join protective, consolidant and long-lasting biocide activity. The last formulation 
showed the best overall performances, since the constituents synergically improve its water- 
repellency and aggregative effectiveness without changing the color. Moreover, all surface 
treatments showed promising antimicrobial activity.   

1. Introduction 

Conservation of buildings and cultural heritages is one of the greatest challenges of contemporary research. Among the many 
natural building materials used all along history, tuff stone, an igneous rock of volcanic origin, is one of the most vulnerable, because of 
its porous nature, which promotes water penetration into its structure and microorganism growth on its surface. Tuff stones are used in 
many world countries and, where available, they were commonly used for construction. In Italy, for example, tuff stones are typical 
features of the Romans Republican and early Imperial buildings and monuments. In particular, this volcanic rock is widely spread in 
the Campania region (Southern Italy) and its excellent workability contributed to its great fortune in the historical building of this area 
[1–3]. Nevertheless, due to its macro-porous texture, mineralogical composition and high bioreceptivity, relevant degradation pro
cesses affect tuff stone [4–6]. Water has a key role in the deterioration mechanisms of the tuffs because it easily penetrates the material, 
which has a strong hydrophilic character and high capillary porosity, thus carrying corrosive or reactant substances, dissolving soluble 
constituents, inducing high tensile stresses if freezed and promoting microbial activity [7–9]. Therefore, reducing the tuff hydro
philicity is an essential tool to counteract the chemical-physical and biological phenomena that cause its deterioration. 

To obtain this goal, many water-repellent polymer protection systems were developed, mostly based on silicone, siloxane and 
acrylic resins and fluorinated polymers [10–14]. All of them are effective hydrophobizing agents since they strongly reduce the water 
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permeability of the substrates, but often show limited performances in restoration processes, where additional requirements should be 
satisfied, such as e.g., surface consolidation, transparency, photo-oxidative stability, compatibility with the substrate, etc., or against 
other degradation factors as the microbial growth. Thus, to inhibit the proliferation of microorganisms the most widespread and easy 
way is the additional use of biocides, which however have often short durability, because of their leaching and denaturation phe
nomena [15–20]. Hence, new high performing, multifunctional and durable treatments are still required. 

The last few years have seen the rising of many studies on nanotechnologies in the preservation and restoration of building ma
terials and cultural heritages, as they could overcome some limits of conventional protective methods [21–39]. Manoudis et al. were 
among the first (2007) to test nanocomposite polymer-silica films as protective coatings for stone-based monuments [21]. Other 
authors tested different nanosilica-based formulations on several substrates (tuff, marble, sandstones, limestone, etc.) to develop smart 
surfaces capable of preventing deterioration processes from starting [22–27]. D’Arienzo et al. proposed a nanocomposite treatment 
based on an organomodified nanoclay and a fluoroelastomer-acrylic resin for protection and consolidation of Neapolitan yellow tuff 
[28]. Cappelletti et al. tested the addition of TiO2 nanoparticles to a commercial water-repellent for protection of several stone 
substrates (Botticino marble, Carrara marble and Angera stone), getting superhydrophobic surfaces, with no aesthetical alteration 
[29]. More recently, Chatzigrigoriou et al. (2020) obtained superhydrophobicity using siloxane resin and Ca(OH)2 nanoparticles for 
marble protection [30]. D’Orazio and Grippo, instead, used TiO2 nanoparticles in poly(carbonate urethane) formulations to treat tuff 
surfaces [31]. Then, Lettieri et al. exploited nanostructured TiO2 stone coatings analyzing their compatibility with the substrate and 
the self-cleaning behavior [32]. Recently, nanocomposite treatments incorporating biocide activity were developed by Ditaranto et al. 
and Van Der Werf et al., which used Cu and Zn nanoparticles embedded in a polysiloxanic matrix as novel conservation treatments [35, 
36], by Scarfato et al. (2016), which developed and evaluated halloysite nanotube-based biocide carrier for construction materials 
protection [37] and also by Zarzuela et al. (2018), which evaluate the effectiveness of a nano-structured multifunctional treatment, 
that combine consolidant and biocidal action, on different stones [38]. 

In this work, we report the results of a preliminary experimental study on an innovative, multifunctional surface treatment for tuff 
protection, able to ensure at the same time water-repellency, consolidating function and long-lasting antimicrobial activity, in a water- 
based environmentally friendly, nontoxic formulation. For this purpose, a commercial protective/consolidant oligosiloxanic resin was 
used as the base for designing new treatment systems incorporating alternatively a wide range biocide, a natural layered nanoclay 
(sodium montmorillonite) and their combination. In the latter case, however, part of the biocide was intercalated into the interlayer 
space of nanoclay, which therefore acts as carrier and offers a potential for a delayed release of the biocide. The effectiveness of the 
multifunctional surface treatments was evaluated by applying them on tuff substrates that were then submitted to water capillary 
absorption tests, static contact angle measurement, abrasion tests, colorimetric analysis and preliminary microbiological tests. 

2. Experimental section 

2.1. Materials 

The protective treatment used for the experiments was the Silo 112 (hereinafter referred to as OS), a water-repellent formulation 
commonly used to treat historical and artistic surfaces, produced and commercialized by CTS s.r.l. (Altavilla Vicentina – VI, Italy). It is 
a mixture of organosiloxane oligomers dispersed in demineralized water and it is completely solvent free. Its reactive organosiloxane 
oligomers, consisting of a few tens of monomers, can deeply penetrate stone pores before they crosslink, usually after 24–48 h since 
their application. They impart excellent waterproofness to the treated surfaces without forming any superficial film impervious to 
water vapor, thus maintaining high vapor permeability of the tuff substrate [40]. OS is particularly recommended to treat limestones 
and silicate stones, as well as for paintings and fine plasters, because it does not change the exterior aspect of the surface. The specific 
properties of the product, as reported in the technical sheet, and the dry matter measured after curing for 24 h at room temperature, are 
denoted in Table 1. 

Biotin T (hereinafter referred to as B) is a commercial biocide with a wide range, active against lichenes, fungi and algae, produced 
and commercialized by CTS s.r.l. (Altavilla Vicentina – VI, Italy). It’s a water based liquid composition containing as active principles 
alkyl-benzyl-dimethyl-ammonium chloride (referred as quaternary ammonium salt), formic acid and n-octyl-isothiazolinone (OIT). 
The specific properties of the product, as reported in the technical sheet, are listed in Table 2. 

Commercial sodium montmorillonite with trade name of Cloisite Na+ (referred as CNa; cation exchange capacity: 92.6 meq/100 g; 
d001 basal spacing: 11.7 Å) was purchased from Southern Clay Products Inc. (USA), having molecular formula [Na0.75(Al3.25Mg0.75) 
(Si8O20) (OH)4]. Montmorillonite clay particles are characterized by stacks of aluminosilicate layers (of about 1 nm thick) with gaps in 

Table 1 
Main properties of the OS product used as protective surface treatment.  

Description Water-based, water repellent protective for construction materials of historic interest 

Active material Organosiloxane oligomers 
Active material content (%) 10 
Solvent Demineralized water 
Appearance Milky liquid 
pH 7–8 
Density at 20 ◦C (g/ml) 1.0 
Dry matter after 24 h curing (%) 7  
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between them. The lateral dimensions of the layered sheets are 0.1 µm to more than 1 µm [41]. 
Not-weathered Neapolitan yellow tuff stones (density 1.10 g/cm3, collected in a quarry located in Comiziano, Naples, Italy), cut 

into cubic specimens (side length 5 cm), have been used as a substrate. Fig. 1 reports its x-ray diffractogram (a) and a SEM image (b). 
XRD spectrum shows the presence of the main mineralogical components: phillipsite (Phi), chabazite (Cha), segelerite (Se) and 
analcime (An) [11,42]. Accordingly, the SEM micrograph shows rod-shaped phillipsite and pseudo-cubic chabasite crystals aggregated 
in crusts and granular masses. 

2.2. Preparation of samples 

CNa clay was loaded with the biocide according to the following procedure: (1) sonication of 5.0 g of clay powder in 20 ml of B (for 
30 min at room temperature), to increase the clay layer interspace; (2) magnetic stirring (24 h, 50 ◦C); (3) recovery of the solid matter 
by centrifugation; (4) washing (for removal of the unloaded biocide, by suspension in water/acetone (1:1 by volume)) and centri
fugation, and air drying. The amount of biocide loaded into the clay was equal to 24.3 wt%, as determined by thermogravimetric 
analysis (see the Result and discussion section). In the following, the loaded clay system will be referred to as CNaB. 

After, by using B, CNa and CNaB as co-formulating agents, three different surface treatments based on OS were prepared by 
mechanical stirring. according to the compositions and nomenclature reported in Table 3, together with the corresponding pH and 
viscosity values. 

In all systems, the loading amounts of the constituents were selected in order to give a final B content of ca. 2%, as recommended by 
the producer, and a clay content of ca. 3 wt%, chosen on the basis of our previous studies on other nanocomposite systems for tuff 
protection [28,33,37]. The OS_CNaB system formulation was set in order to combine the same B and CNa content of the OS_B and the 
OS_CNa ones, respectively. For this, part of B was added as liquid formulation, and therefore is immediately available for antimicrobial 
action, and part was added as B loaded into the clay (i.e. CNaB), thus it must be released from the clay before being able to act, which 
could prolong the activity of the system over time. 

Then, the prepared systems were applied on the specimens in two layers by paint-brushing, according to the producer recom
mendations (yield ~ 4 g/dm2). All treated samples were left to age for 24 h at room conditions before being analyzed, to ensure that 
the crosslinking reaction of the organosiloxane oligomers was completed. 

2.3. Characterization methods 

X-ray diffraction (XRD) analyses were performed with a Bruker D8 Advance diffractometer (Ni-filtered CuKα radiation 
λ = 1.5418 Å, 40 kV, 40 mA). Diffraction patterns were recorded in the 2θ angular range of 5–70◦ at a scanning rate of 0.5 deg/min. 

Scanning electron microscopy (SEM) analysis was carried out with a LEO 420 apparatus (LEO Electron Microscopy Ltd.) operated at 

Table 2 
Main properties of the biocide formulation.  

Description Concentrate preservative for building materials Water dilutable 

Active principle n-octyl- isothiazolinone and quaternary ammonium salts 
Solvent Demineralized water 
Appearance Colorless to yellow liquid 
pH 5.5 (2% solution) 
Density at 20 ◦C (g/ml) 0.94 
Stability Temperature from − 5 ◦C to + 80 ◦C  

Fig. 1. XRD pattern and SEM image of the tuff stone used as substrate.  
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20 kV. The images were taken on AuPd sputter-coated fractured tuff sections. 
The pH was measured in triplicate using MACHEREY-NAGEL pH-indicator test strips (pH‑Fix 6.0–10.0). 
Viscosity measurements were performed using a rotational viscometer HAAKE Viscotester C (Thermo Scientific, USA) at 20 ◦C and 

200 rpm, using the L1 spindle. 
Thermogravimetric analyses (TGA) were performed using a SHIMADZU TGA-50WSI analyzer. Analyses were performed over the 

temperature range 30÷900 ◦C operating at a high resolution heating ramp of 10 ◦C/min (resolution 3.0 ◦C) in a nitrogen atmosphere. 
The tests were performed in triplicate. 

Fourier Transform Infrared (FT-IR) spectra were obtained using a Thermo Nicolet Nexus spectrometer (Thermo Scientific, USA), 
equipped with a Globar IR source and a potassium bromide (KBr) beam splitter. The measurements were performed in transmission 
mode on powder samples, prepared by grinding them with KBr powder (FT-IR grade) and pressing the ground mixture into a disk. The 
samples were scanned 64 times with a resolution of 2 cm-1 over the wavenumbers range from 4000 to 500 cm-1. The spectral analyses 
were performed using an Omnic spectra analyzer. 

The penetration depth of the protective treatments inside the tuff was evaluated was measured on fracture surfaces of paint- 
brushed specimens. After complete crosslinking of the treatment, the fracture surfaces of the samples were wetted with water and 
observed. For a clearer view, the measures were also made on tuff specimens paint brushed with solutions of the treatments added with 
a red water-soluble dye. 

Static contact angle measurements were performed with a First Ten Angstrom Analyzer System 32.0 (mod. FTA 1000). The tests 
were carried out on clay powder samples pressed into a disk, using distilled water as test liquid. The reported results are the average of 
five replicate measurements on each sample. Static contact angle measurements were also performed on tuff samples both untreated 
and treated with the protective systems. 

Capillary water absorption tests were performed according to the European Standard UNI EN 15801 (2010) [43] on cubic tuff 
specimens (5x5x5 cm3), both untreated and treated on one face by paint-brushing with the different protective systems. The specimens 
were immersed in water at a depth of 3–4 mm (kept constant for the duration of the experiment) and the weight increase resulting from 
the absorption of water by capillarity was measured as a function of the time. The capillary water uptake typically fits the following 
equations [44]:  

ΔW = [(mi - mo)/A]                                                                                                                                                                  (1)  

ΔW = WAC⋅t1/2                                                                                                                                                                        (2) 

In Eq. (1) ΔW is the mass increase (g) of absorbed water by the exposed area A (cm2). WAC (g⋅cm2⋅s-1/2) represents the water 
absorption coefficient and it can be calculated by the Eq. (2) as the slope of the linear section in the first step of the capillary absorption 
test. The tests were performed on five replicate specimens, obtaining a relative standard deviation always lower than 8%. 

The abrasion resistance of both treated and untreated stones was carried out by means of the Taber Linear Abrasion Tester (Model 
5700) equipped with P120 grade abrasive discs. Each sample was abraded under a weight of 750 g, by performing 150 runs at 40 runs/ 
min. The aggregative efficacy [45] was determined according to the formula:  

AE % = 100 × (ΔMuntr - ΔMtr) / ΔMuntr                                                                                                                                      (3) 

where ΔMuntr is the average difference in the untreated samples between the weight values before and after 150 abrasive runs; ΔMtr is 
the difference between the initial weight and the weight after 150 abrasive runs measured for each treated sample. The tests were 
performed in triplicate, obtaining a relative standard deviation always lower than 5%. 

Colorimetric analysis was carried out on the untreated and treated tuff samples with a CR-410 HEAD colorimeter (Konica Minolta 
Sensing, Inc.), based on the L*, a* and b* coordinates of the CIELAB space, according to the Italian Recommendation NORMAL 43/93 
[46]. Namely, the L* values range from 0 to + 100 and represent black and white, respectively, the negative and positive a* values 
represent green and red, respectively, while the negative and positive b* values represent blue and yellow. From the parameters above, 
the total color difference, ΔE, is calculated using the untreated tuff sample as a reference, according to the formula: ΔE = (ΔL*2+

Δa*2+ Δb*2)1/2. The reported ΔE values are the mean value of five measures per area. 

Table 3 
Nomenclature and composition of the prepared treatments.   

Sample composition [%] pH Viscosity [mPa⋅s] 

Sample name OS B CNa CNaB 

OS 100 – –  7.0 17.0 ± 1.8 
OS_B 98 2 –  6.7 16.5 ± 1.6 
OS_CNa 97 – 3  7.9 23.5 ± 2.9 
OS_CNaB 95 1  4a 7.3 20.1 ± 2.1  

a consisting - as determined by TGA analysis - of 0.97% of B loaded into the clay and 3.03% of CNa, thus getting a formulation containing a total 
amount of B and CNa equal to ~2.0% and ~ 3.0%, respectively. 
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2.4. Preliminary microbiological tests 

To verify the efficacy of the biocide against microbial proliferation, preliminary in vitro microbiological tests were carried out 
against a mold sample previously collected by scraping the walls of an encrusted tuff substratum with a sterile scalpel [47]. 

The material was deposited onto a sterile Petri dish containing YEPD-agar (Yeast Extract Peptone Dextrose Agar), a non-selective 
solid medium for the growth of yeasts and molds, prepared according to the composition of the following Table 4. 

Subcultures were grown aerobically overnight at 37 ◦C in an incubator. In order to collect the spores to be inoculated, 500 µL of 
physiological saline mixed with 0.05% v/v Tween 80 surfactant were gently poured onto the Petri dish and then recovered. The sample 
was serially diluted in 10-fold steps to 10–8 and aliquots containing 10 µL of each dilution were spread onto the antimicrobial-loaded 
plates prepared as follows (20 ml per each): (a) YEPD-agar (negative control); (b) YEPD-agar + 1% B; (c) YEPD-agar + 2% B; (d) YEPD- 
agar + 1.08% B + 3% CNaB (corresponding to a total amount of B equal to 2%). 

The inoculated plates were left in the incubator for 48 h at 37 ◦C, to promote the growth of microorganisms. At the end of the 
incubation, the plates were examined for microbial growth. Counts were performed in triplicate. 

3. Results and discussion 

3.1. Characterization of biocide-loaded nanoclay 

Thermogravimetric analysis has been carried out for both neat and loaded nanoclay, in order to quantify the amount of biocide 
incorporated into the mineral. The results are compared in Fig. 2. 

The neat CNa shows three weight loss steps: the first one, in the 30–100 ◦C range, is attributed to the free water volatilization; the 
next one, in the 200–550 ◦C range, is rather small and can be associated to dehydroxylation of kaolinite group minerals contained as 
impurities in the CNa; the last one, at T > 550 ◦C, is due to the structural water loss resulting from montmorillonite clay dehydrox
ylation [41]. 

The CNaB sample also has the first weight loss below 100 ◦C, which can be ascribed to free water and biocide volatile constituents’ 
removal. However, with respect to the neat CNa, the CNaB clay shows a lower weight loss in this T range, which indicates that the 
loaded clay contains less free water. This suggests that the clay acquires a more hydrophobic character after the loading of the biocide 
components, which can both enter the clay galleries and be adsorbed on clay surfaces, occupying hydrophilic binding sites that are 
consequently unable to form hydrogen bonds with the water. A higher temperature, in the 200–550 ◦C range, the CNaB curve shows a 
second two-stage decomposition zone, corresponding to the organic compounds’ degradation processes. The last decomposition zone, 
at T > 550 ◦C, is ascribed to dehydroxylation of both montmorillonite clay and oligosiloxanic constituents of biocide. The amount of 
biocide loaded in CNaB was 24.3 ± 1.2 wt%, as calculated from the difference between the weight change % in the range 120–900 ◦C 
of the loaded CNaB (68.5 wt%) and the neat CNa (92.8 wt%). 

With the aim to verify if the biocide has been simply adsorbed on the clay surface, only modifying the powder wettability, or has 
also entered the clay galleries so increasing the basal interlayer distance, too, static contact angle and X-ray diffraction experiments 
were carried out on pristine and loaded clays. 

Static contact angle experiments were carried out on powder samples of neat CNa and CNaB pressed into disks, using distilled water 
as test liquid. The images of the sessile drops deposited on the two disks and the corresponding contact angle (CA) values are reported 
in Fig. 3. The photos clearly show that the water wettability of the neat clay is significantly reduced after its treatment with the 
antimicrobial agent since the CA increases from 44◦ for CNa up to 68.9◦ for CNaB. The phenomenon can be explained considering that 
the biocide constituents were adsorbed on the clay surface: here they act as surfactants therefore they lower the clay surface energy and 
convert the surface hydrophilic character of CNa into a more organophilic one [48]. A further contribution to the observed wettability 
change can also be given by the occlusion of the clay galleries due to the biocide entry. 

The XRD spectra are reported in Fig. 4. The patterns clearly evidence the shift of the characteristic peak of the unloaded sample CNa 
from its original position (2θ = 7.2◦) to lower diffraction angles (2θ = 5.0◦) in the CNaB loaded system. This shift indicates an 
enlargement in the clay mineral interlayers with the basal D-spacing passing from 1.17 nm to 1.76 nm, so confirming that the biocide, 
in addition to being adsorbed on the clay surface, also penetrated the clay galleries. 

To ensure that the performed loading process has not chemically altered the biocide, FT-IR analysis was carried out on the neat and 
loaded clay and on the biocide. The corresponding spectra are compared in Fig. 5. The CNa trace shows the following absorption bands: 
at 3633 cm-1 the O-H stretching vibration of Al–OH and Si–OH; at 3440 cm-1 related the broad –OH stretching of the interlayer water; 
at 1637 cm-1 and 1044 cm-1 the interlayer water deformation vibrations and the stretching of Si–O group, respectively [49,50]. The 
biocide spectrum shows: in the ca. 3600–3000 cm-1 range the broad band due to N-H stretching of ammonium group; in the 

Table 4 
Composition of prepared culture medium.   

YEPD-agar [g/L] 

Bacteriological peptone  20 
Yeast Extract  10 
Glucose  20 
Agar  35  

A. Apicella et al.                                                                                                                                                                                                       
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Fig. 2. TGA curves of neat CNa and CNaB.  

Fig. 3. Static contact angles (CA) of powder samples of neat CNa and CNaB pressed into disks.  

Fig. 4. XRD patterns for neat CNa and CNaB.  
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2800–2900 cm-1 range the C-H stretching vibrations of the alkyls chains of the biocide quaternary ammonium salt; and at ca. 
1600 cm-1 the C = O stretching of the biocide isothiazolinone. 

All the diagnostic signals of both neat CNa and biocide can be recognized, with no significant shift, in FT-IR spectrum of CNaB. This 
evidence demonstrates that the bioactive agent is loaded successfully into the natural clay, suggesting also that it has kept its chemical 
integrity, and thus its activity. 

3.2. Characterization of treated and untreated tuff samples 

The penetration depth of the treatments was evaluated on tuff samples paint brushed with the OS-based formulations. For a clearer 
view, the observation was also made using formulations added with a red water-soluble dye. As an example, Fig. 6 shows the pictures 
of the sections of tuff samples treated with OS. A depth of penetration of about 2.5÷3 mm was observed in the stones, independently on 
the applied treatment, as expected based on the small differences in terms of composition and viscosity of their formulations. 

To investigate the waterproofing effectiveness of the developed biocide treatments on the tuff protection, tuff specimens, untreated 
and treated with the different protective systems, were submitted to static contact angle measurements and water capillary absorption 
tests. Table 5 reports the static contact angle values taken on all the samples. 

As it can be seen from the table, the OS based treatments drastically change the hydrophilic character of the tuff stone. In fact, 
whereas it was not possible to record the static contact angle on untreated specimens due to the immediate absorption of test drops, all 
treated specimens show a clear hydrophobic behavior, with contact angle values well above 90◦. In particular, the CA is approx. 125◦

for both the OS alone and its mixtures with the hydrophobic biocide and CNaB, whereas is 108.5◦ for the OS added with the hydrophilic 
CNa. At the same time, the treatments strongly affect the water absorption behavior too, as it comes out from Fig. 7, where it is reported 
the amount of absorbed water per unit of inflow surface, recorded versus time until 24 h. 

Fig. 5. FT-IR spectra of biocide, Cloisite Na+ and loaded clay.  

Fig. 6. Sections of tuff treated with OS, neat (left) or added with red water-soluble dye (right), for the estimation of the penetration depth of 
the treatments. 
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The graph shows that all the considered protective treatments markedly change the water capillary absorption behavior of the tuff. 
In fact, the untreated stone, due to its high open porosity and hydrophilic character, has a very fast water intake at short times, then 
reaching almost a plateau after ca. 4 h, when the specimen was saturated. On the other hand, all the treated stones have a very slower 
water absorption rate at short times, as it can be inferred from the lower initial slope of the curves. In fact, the corresponding values of 
the water capillary absorption coefficient, WAC, reported in Table 6, are about two orders of magnitude smaller than that of the 
untreated tuff. 

Comparing the data, it clearly comes out that the most effective system in reducing both the tuff surface wettability and WAC was 
the OS_CNaB system, followed by OS and finally by OS_B and OS_CNa ones (the latter two roughly equivalent). 

The hydrophilic/hydrophobic character of the treatment’ constituents and the occurrence of synergic interaction between the 
biocide and the nanoclay can explain this trend. In particular, with respect to the original tuff, the application of the OS alone changes 
the tuff surface polar character - from hydrophilic to hydrophobic one – through the crosslinking of its organosiloxane oligomer 
constituents, as discussed above. The incorporation into the OS of the solely CNa nanoclay slightly reduces the OS’ hydrophobic 
performance, which is coherent with the strong hydrophilic nature of the nanoclay [25,38]. Similar effect arises upon the addition of 
solely biocide: the biocide, although its hydrophobic character, can establish van der Waals and electrostatic interactions with the 
silanol groups of the oligosiloxane constituents, thus interfering with the crosslinking reaction and negatively influencing the OS 
effectiveness, once again to a limited extent [51,52]. On the contrary, significant benefits in terms of water repellence behavior, both at 
short and long-term, arise from the combined incorporation of CNa and B. The result can be explained as consequence of several 
synergic factors: (i) firstly, the B, which is both entrapped into the clay galleries and adsorbed on the clay surface, changes the nature of 
CNa from hydrophilic to hydrophobic: the modification of the surface character of the nanofiller reduces not only its swelling potential, 
but also its tendency to aggregate, thus leading to a better dispersion and distribution of the B-loaded clay a on a nano-scale into the 
liquid formulation [42,52]; (ii) secondly, the entrapment/adsorption of the biocide within the nanoclay prevents it from interacting 
with the crosslinking reaction of the organosiloxane oligomers. A similar synergic interaction between B and another natural nanoclay 
was also found in our previous published research [37], where a halloysite nanotube-based carrier for biocide activity in construction 
materials protection was developed and its effects on a mortar substrate wettability were investigated. Additional effects, arising from 
surface morphology changes after the application of the treatments, are expected to be poorly significant, similarly to what was found 
in another our study on yellow tuff treated with several nanoclay-based polymer protectives, where SEM observations revealed that the 
resin, both plain and nanocomposite, soaks the stone surface without significantly modify its morphology [28]. 

With the aim to evaluate possible consolidating effects of the OS based treatments, untreated and treated tuff samples were 

Table 5 
Static contact angle (CA) values of treated and untreated 
tuff samples.  

SAMPLE CA [deg] 

Untreated tuff not measurable 
OS 124.7 ± 1.6 
OS_B 125.8 ± 1.3 
OS_CNa 108.5 ± 1.0 
OS_CNaB 127.5 ± 1.6  

Fig. 7. Capillary absorption curves for treated and untreated tuff samples.  
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submitted to abrasion tests according to the procedure reported in the Experimental section. The obtained results are reported in  
Table 7 in terms of Aggregative Efficacy, AE (i.e., difference of mass loss by abrasion among untreated and treated tuff, with respect to 
the untreated tuff, taken as a reference). The application of OS and OS_B treatments significantly increases the resistance to abrasion of 
the tuff with respect to the untreated one, giving aggregative efficacies of 30–31%. The benefits are even greater when the CNa and 
CNaB nanoclays are incorporated into the formulation, bringing the aggregative efficacies up to 41–45%. The strengthening comes 
from the ability of the OS siloxane oligomers to bond to silicates of the tuff surface creating strong crosslinked Si-O-Si bonding, which 
increases the grain-to-grain cohesion [53,54]. Additionally, in the case of the OS_CNa and OS_CNaB treatments, the nanoclays 
deposited into the pore structure of the tuff further improve the consolidating effect by reducing the pore size and participating in 
Si-O-Si chemical bonding. The slightly better performance of the OS_CNaB than the OS_CNa can be related to a greater number of 
dispersed nanoclay platelets into the first systems: the loading of biocide, in fact, make easier the clay swelling and reduces its tendency 
to staking, thus resulting in a higher exfoliation degree. In all cases, the reaction leaves the apolar groups of the organosiloxane 
protruding from the tuff surface, making it hydrophobic, too, as discussed above. Both the hydrophobization and the consolidation 
actions have a key role in improving the durability of treated tuff. 

The aesthetic alteration of treated tuff surfaces was investigated by means of colorimetric measurements, collected after 48 h and 7 
days since the application of the treatment. The results, in terms of chromatic change ΔE, are reported in Table 8. 

The application of the OS treatments in all cases determine a variation in the color of the tuff substrate at short time (after 48 h), 
with ΔE values included in the 3.43–6.15 range. These values slightly decrease during time as the polymerization reactions evolves and 
the solvent (water) volatilizes; then, after 7 days, even in the worst case they are acceptable for stones subjected to consolidating and 
protective treatments, as also reported by other authors [22,55]. In particular, the OS_CNaB treatment gives the smallest chromatic 
change (ΔE < 3) that, after 7 days since the application, can hardly be noticed and is almost negligible. The low color alteration 
measured for the tuff treated with OS_CNaB may arise from the high dispersion level of the nanoclay in this system and a high color 
similarity between the nanoclay and the tuff substrate used for the study (ΔECNa/tuff = 3.07 ± 0.05). Deeper analyses are needed to 
better clarify this point. 

The effectiveness of the biocide percentage used to treat the tuff was verified with preliminary microbiological tests carried out 
against mold samples collected on encrusted tuff stone, according to the solid medium method described in the experimental section. 
Among the types of stone substrata, tuff, due to its high porosity values and surface roughness, is highly susceptible to colonization by 
several kinds of autotrophic microorganisms, including lichens, mosses, cyanobacteria and algae, and heterotrophic microorganism as 
fungi, which have been isolated from stone monuments located in different countries and cause bio-deterioration because of their 
complex metabolic activities on stone surface [56,57]. Fig. 8 shows the pictures of the tested plates after 48 h inoculated mold in
cubation at 37 ◦C. Five different systems were considered: (a) YEPD-agar (control); (b) YEPD-agar + 1% B; (c) YEPD-agar + 2% B; (d) 
YEPD-agar + 4% CNaB; and (e) YEPD-agar + 1% B + 4% CNaB, in order to discern the possible effects of both B concentration (1% as 
in (b) and (d), 2% as in (c) and (e)) and immobilization state (1% free as in (b) or entrapped into the clay as in (d)). After 48 h since the 
inoculation, the control plates exhibited a significant growth of the grafted fungi (Fig. 8(a)). In the presence of biocide concentration 
equal or higher than 1% (Fig. 8(b), (c), (d) and (e)), conversely, no viable cells could be detected, regardless of its immobilization state. 
These results indicate that all the developed biocide formulations are able to deliver the biocide sufficiently to inhibit the biological 
growth on the culture substrate, achieving an antimicrobial effect in vitro comparable with or higher than different micro- and/or 
nanoparticulated release systems containing bioactive agents widely used for building material protection and reported in literature 
[58,59]. Further studies are underway to examine the effectiveness of these systems over time, as a function of different substrates and 
of the different formulations developed. 

Table 6 
Water capillary absorption coefficient, WAC, and capillary water uptake at equilibrium for treated and untreated tuff samples.  

Sample WAC⋅103 [g cm-2 min-1/2] Capillary water uptake [g cm-2] 

Untreated tuff  194 ± 14  1.640 ± 0.120 
OS  6.51 ± 0.13  0.106 ± 0.011 
OS_B  8.23 ± 0.16  0.146 ± 0.012 
OS_CNa  9.21 ± 0.14  0.139 ± 0.012 
OS_CNaB  4.92 ± 0.12  0.084 ± 0.008  

Table 7 
Aggregative Efficacy (AE) of treated tuff 
samples.  

Sample AE [%] 

OS 30 ± 1 
OS_B 31 ± 2 
OS_CNa 41 ± 1 
OS_CNaB 45 ± 2  
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4. Conclusions 

In this work innovative and multifunctional surface treatments for hydrophobization, consolidation and protection from biode
terioration of tuff stone were developed and evaluated. 

The treatments were prepared mixing a commercial water-repellent product with a nanoclay and/or a wide range biocide, added 
both as liquid formulation and loaded in the nanoclay. 

All systems were demonstrated effective in modifying the tuff surface polar character from strongly hydrophilic to definitely hy
drophobic one, with CA values in the range 108.5◦− 127.5◦. This has also brought benefits in terms of water capillary rise, for both 
absorption kinetic and amount of water absorbed at free saturation. The best performances were shown by the OS_CNaB. Its greater 
effectiveness was related to a synergistic action of its constituents that leads to the following benefits: the nanoclay loading with the 
biocide changes the CNa character from hydrophilic to hydrophobic, promotes higher dispersion level on nanoscale and hinders the 
clay layer from stacking; the biocide entrapped/adsorbed within the nanoclay is prevented from interfering with the crosslinking 
reaction of the organosiloxane oligomers. 

The treatments have also shown good consolidating action, as proven by abrasion tests, and chromatic alteration of the substrates 
can be considered acceptable. Again, the OS_CNaB treatment resulted, albeit slightly, the most performing one. 

Finally, preliminary microbiological tests have evidenced that the OS_B and OS_CNaB treatments, containing B at 2%, can effec
tively inhibit the growth of microorganisms, therefore they can have promising protective effects against microbial colonization when 
applied on porous substrates as the Neapolitan yellow tuff. Future goals will be the evaluation of both the antimicrobial effectiveness 
and the activity duration of the treatments by applying them on tuff stones and monitoring during time the microorganisms growing on 
treated surfaces. 

Table 8 
Color alteration of tuff specimens after the treatments.  

Sample ΔE (after 48 h) ΔE (after 7 days) 

OS  6.15 ± 0.04  5.12 ± 0.03 
OS_B  5.15 ± 0.02  4.80 ± 0.04 
OS_CNa  4.91 ± 0.04  4.85 ± 0.05 
OS_CNaB  3.43 ± 0.02  2.58 ± 0.03  

Fig. 8. Inoculated plates after 48 h.  
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[14] F. Doğan, H. Dehghanpour, Characterization and hydrophobic surface study of silicon-based TiO2, ZnO and recycled carbon additives on cementitious materials 

surface, J. Build. Eng. 40 (2021), 102689, https://doi.org/10.1016/j.jobe.2021.102689. 
[15] C. Moreau, V. Vergès-Belmin, L. Leroux, G. Orial, G. Fronteau, V. Barbin, Water-repellent and biocide treatments: assessment of the potential combinations, 

J. Cult. Herit. 9 (4) (2008) 394–400, https://doi.org/10.1016/j.culher.2008.02.002. 
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