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Highlights 

• Stones are materials largely used for building and monuments. 
 
• Algal growth may negatively influence the visual quality of architectural surfaces. 
 
• TiO2-based compounds were tested to assess their effect against algal development. 
 
• Metal nanoparticles (Ag, Cu) were used to increase the biocidal property of TiO2. 
 
• Metallic nanoparticles influenced algal growth but further analyses are needed. 
 

Abstract 

Stones are among the most widespread traditional materials used in construction for both 
structural and ornamental purposes, especially for Cultural Heritage monuments. Stone 
materials – both natural and man-made – are quite prone to algal colonisation that may cause 
biodeterioration of building materials by both affecting the aesthetic of their surfaces and 
compromising their entirety and durability. Nanotechnology has been recently used in both 
Cultural Heritage and construction industry to improve the preservation of building surfaces 
and titanium dioxide (TiO2) in its nanometric form is among the most used and promising 
nanotechnological material. 
This study investigated the biocidal ability of photocatalytic TiO2-based nanocompounds (also 
in combination with Ag and Cu nanoparticles) applied on travertine surfaces by spray-coating in 
order to limit or inhibit algal fouling. The aesthetic compatibility with stone has been assessed 
using colorimetry. Algal fouling was simulated by means of an accelerated water run-off test 
under artificial solar light and weak UV irradiation. Antialgal capability of metallic 
nanotreatments was evaluated through the combination of different parameters monitored for 
9 weeks: human perception of the colour change, reflectance reduction and measurement of 
area colonised by algae. Nanoproducts had a limited impact on surface colour of the substrate 
after application making them suitable for restoration. Even though photocatalysis prevented 
algal fouling only partially, some nanotreatments moderately reduced the bioreceptivity of 
coated stones – mainly limiting the area colonised by microalgae. Further investigations are 
necessary, since the conditions used to accelerate algal growth may affect greatly the biocidal 
efficiency of nanotreatments.  
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1. Introduction 

Stones have been used diffusely in architecture since ancient times – especially for structures, 
claddings and artworks – and like other building materials exposed outdoor may be affected by 
different sources of decay altering their properties over time, including their appearance. A 
very wide range of factors may influence the visual quality of architectural stones over time: 
their own characteristics (mainly surface roughness, porosity and chemical composition) [1], 
[2], [3], [4], natural weathering, urban pollution, growth of microorganisms, bird droppings, fire 
damage, salt efflorescence, building defects, conservative treatments (including cleaning) [4], 
design features [5] and environmental conditions (such as humidity and irradiation) [6]. 
 
In this study, we focused on biodeterioration, i.e. the ability of biological activity to deteriorate 



building materials [7], [8], [9] compromising also their aesthetic quality [1], [3], [4], [5], [6], 
[10], [11], [12]. Biological growth on building surfaces may depend on several factors such as 
environment (mainly an appropriate combination of humidity, warmth, light [7], [12], [13], 
[14], [15]) and bioreceptivity i.e., the aptitude of a material to be colonised by living organisms 
[16], [17], [18]. Usually, the visual nuisance caused by deterioration and soiling is considered 
undesirable, especially in urban areas [2], [3], [4], [6], [10], [12], [19]; on the other hand, 
building envelopes are considered visually enhanced by cleaning [19]. Furthermore, biofilm 
growth is responsible for a large part of the weathering of building surfaces composed by 
stones and concrete [20]. 
 
Several authors considered cyanobacteria and green algae as pioneering inhabitants of outdoor 
surface [21], [22], [23], [24], [25], [26], [27]. Among them, green algae were the most frequent 
microorganisms and Chlorella is among the most frequent microorganisms encountered, after 
Klebsormidium (the most frequently recorded species in urban environments in Europe [28]). 
In addition to the obvious aesthetic damage, microalgal biofilms are able to dissolving stones, 
creating microscopic holes in their structure, increasing the substrate porosity that allow algal 
colonisation into the underlying layers of the substrate as well [29], [30], [31]. The alteration of 
the size and distribution of the pores in the material modifies the moisture circulation pattern 
and the response to temperature increasing its degradation process [32], [33]. Moreover, 
biofilms can indirectly deteriorate the colonized stone through the wide volume changes during 
the drying and rewetting cycles that lead to fragmentation and loss of rock fragments [12], 
[32], [34], [35]. 
 
Biodeterioration of external architectural surfaces may be limited by several methods, 
including correct design to avoid water run-off [5], the use of building materials with low 
bioreceptivity and the application of several treatments to hamper biological proliferation, 
such as water repellent products to reduce the availability of water for colonizing 
microorganisms and biocides to limit their biological activity [36], [37], [38], [39]. However, 
mainly because of leaching, traditional biocidal products may be ineffective in the long term 
and eventually release hazardous materials in the environment [13], [37], [40], [41], [42]. 
 
Nanoscience proved to be an alternative as well as unique resource in several fields including 
construction industry. Nanotechnological materials may show different and somehow 
unpredictable behaviours compared with their macroscopic counterparts, potentially being 
more efficient and less dangerous for the environment as well as more compatible with 
traditional materials causing limited or absent alterations of their original features [43], [44], 
[45], [46]. Photocatalytic materials are among the most promising tools provided by 
nanotechnology. Photocatalysis is the acceleration of redox mechanisms triggered by light in 
the presence of a catalyst [45], [47], [48], [49], [50]. This process is potentially able to degrade 
stains [51], [52], [53], [54], [55], [56], [57], [58], low-level pollutants [51], [56], [59], [60], [61], 
[62], [63], [64], [65], [66], [67], [68] and aggressive microorganisms [69], [70], [71], [72], [73], 
[74], [75], [76], [77] effectively limiting biological growth. 
 
Titanium dioxide (TiO2) in its nanometric form is a photocatalyst activated by ultraviolet (UV) 
light and it is the most used photocatalytic material by far especially in building industry [45], 
[48], [49], [78]. The biocidal effect of photostimulated nano-TiO2 has been proved [69], [70], 
[71], [72], [73], [74], [75], [76], [77] but it is still under investigation. Metallic and non-metallic 
nanoparticles can be used to enhance nano-TiO2 properties, such as phase stability [79], [80], 
[81], photoactivity [79], [80], [82] and reactivity to visible as well as UV light [79], [80], [83], 
[84], [85]; moreover, metals and metallic nanoparticles may show their own biocidal action 
[86], [87] consequently increasing the efficiency of nano-TiO2 against biodeterioration. In 
addition to photocatalysis, TiO2 nanoparticles used as surface treatment may activate a 
superhydrophilic phaenomenon under UV irradiation [47], [88], [89], [90], [91] that allows the 
formation of a thin water film on treated substrates accelerating the evaporation [92]: this 
process may reduce the availability of water and impede the biological growth. Several studies 



already analysed the use of TiO2 to contrast algal growth on several building materials such as 
concrete, bricks, mortars, roof tiles [37], [39], [92], [93], [94], [95], [96], [97], [98]. More 
recently, TiO2 nanoparticles have been successfully used in the field of Cultural Heritage to 
preserve the aesthetic of several surfaces including building stones [44], [95], [99], [100], [101], 
[102], [103], [104], [105], [106], [107], [108], [109], [110] but the potential use of its biocidal 
ability on stones has been still poorly investigated. 
 
In this work, we evaluated and compared the biocidal effectiveness of different TiO2 
nanometric compounds also in combination with metallic nanoparticles – silver (Ag) and 
copper (Cu) – to preventively preserve the visual quality of stone surfaces from biofouling due 
to algal growth. Travertine, a porous calcareous natural stone, has been chosen as the 
reference substrate because of its high bioreceptivity and its widespread use in both historical 
and contemporary buildings (e.g., monuments and artworks). The aim of this study was to 
investigate the biodeterioration effect of a microalgal mixture composed by the green algae 
Chlorella sp. and Klebsormidium sp. and the cyanobacteria Phormidium sp. (Oscillatoriales) and 
Chlorogloeopsis sp. (Nostocales) isolated from urban architectural materials in order to 
investigate the performances of biocidal coatings against real algal biofilms [39]. These algae 
were chosen among the other isolated organisms for their ability to develop rapidly and ease 
to homogenise in liquid culture, allowing the easy moisten of the tested samples of travertine. 
Moreover, these algae are reported in other study on the bioreceptivity of various substrata 
[18], [37], [38], [111], [112] as well as in the ASTM D 5589–97 [113]. A laboratory test was 
designed to simulate the accelerated growth of algae by means of water run-off under solar 
including UV-A irradiation during a 9 weeks long period. In order to evaluate the influence of 
photocatalytic treatments on the bioreceptivity of travertine over time, we used two different 
complementary parameters: the extent of the area covered by algae measured through digital 
image analysis and the density of algal development estimated by colourimetry and 
spectrophotometry. 
 

2. Materials and methods 

2.1. Materials and treatment 

Five different titanium dioxide aqueous solutions (sols) were prepared via sol-gel method: pure 
nanometric TiO2 solution (TiO2 amount: 1 wt%), two sols with both TiO2 and Ag nanoparticles 
(additional Ag content: 1 mol% (0.6 wt%) and 5 mol% (3.15 wt%), two sols containing both TiO2 
and Cu nanoparticles (additional Cu content: 1 wt% and 5 wt%). Designations of treatments are 
reported in Table 1; the values of wt% are relative to the entire weight of the sol. Silver and 
copper were selected because of their ability to increase photoactivity of TiO2 exposed to UV 
light and their sterilising property [43], [49], [79], [83], [114], [115], [116], [117]. 
 
Light-coloured travertine was cut to obtain prismatic specimens (dimensions: 8.0 × 8.0 × 1.5 
cm3). Three specimens were used per case study, including the untreated reference. Before 
treatment, all specimens were cleaned by water flow and air brushing and then dried in a 
ventilated oven at 103 °C until reaching the constant mass, defined as a difference between 
two successive daily weights less than 0.1% of the mass of specimen previously measured. The 
porosity of three additional travertine samples was evaluated by mercury intrusion 
porosimetry (Micromeritics Autopore III) according to ASTM D4404–10 [118]: an average total 
porosity of 5.90% was measured. 
 
TiO2-based sols were manually sprayed on a single surface per stone specimen, in three 
overlapping layers per sample (gravity feed air paint spray gun, nozzle: 1.5 mm, air pressure: 6–
8 bar, spraying distance: about 30 cm, product amount used per layer: 1.8 ml). Spray-coating 
was selected mainly because of its simplicity and feasibility of use for surface-engineered 
applications on monumental surfaces and architectural façades. The amount of sol applied on 



stones was assessed by weighing (RADWAG Analytical XA 60/220 electronic balance, Alliance 
Analytical) just after the deposition of the layers: average chemical retentions of treated 
specimens per nanoproduct are listed in Table 1. After spray-coating, treated stones were dried 
in a ventilated oven at 70 °C for one hour to accelerate the drying phase (this additional drying 
process is not necessary in real-case application because it simply accelerates the natural 
drying of the coating exposed to outdoor air). 
 
Morphology and chemical composition of stone surfaces were analysed via scanning electron 
microscopy. In order to have detailed information of the elemental composition of the 
travertine surfaces in relation to their morphology, a FEI Quanta 200 FEG Environmental 
Scanning Electron Microscope (FEI, Hillsboro, Oregon, USA), equipped with an energy 
dispersive X-ray spectrometer (EDAX inc., Mahwah, NJ, USA) was utilised. 
 
Stone samples were deposited onto the aluminium specimen stubs previously covered with a 
conductive carbon adhesive disk (TAAB Ltd, Berks, England). The analysis were performed by 
using a strong accelerated and focalised electron beam in a vacuum (5.0 e−6 mbar), utilizing 
the SEM in low vacuum mode, with a chamber pressure set from 0.60 to 0.94 mbar and 
accelerating voltages from 10 to 20 kV. The images were obtained by means of a secondary 
electron detector, or with a back-scattered electron detector, with a magnification of 1000×. 
 
The spectrometer unit was equipped with ECON (Edax Carbon Oxigen Nitrogen) 6 utw x-ray 
detector and a Genesis Analysis software. Each analysis was achieved with a time count of 100 
s and an Amp Time of 51, while the probe current was about 290 μA. 
 

2.2. Aesthetic compatibility 

The aesthetic compatibility with treated substrates is a key prerequisite for the application of 
coatings on pre-existing building surfaces, especially for the preservation of Architectural 
Heritage. The colour of surfaces was monitored before and after treatment in order to estimate 
possible incompatibilities with travertine capable of deteriorate the visual quality of treated 
surfaces. Colourimetric measurements were carried out by means of a portable 
spectrophotometer (Konica Minolta CM 2000 D, diameter of circular measuring area: 3 mm) 
set up according to CIE standards (daylight illuminant: D65, observer angle: 10°). The results 
were expressed in the CIELAB colour space defined by chromatic coordinates L*, a* and b* 
(defining the intensity of colours in the black-white, green-magenta and blue-yellow range 
respectively) [119]. Colour variations after treatment were calculated according to: 
(1) 
 
where L*t, a*t and b*t and L*or, a*or and b*or are respectively the original and the post-
treatment average CIELAB coordinates per specimen. Chromatic variation of each specimen 
was calculated considering the average of nine measurement points randomly selected per 
surface before and after treatment (measurements taken in triplicate for each point). Then 
colour changes ΔE* referred to each treatment were obtained as the average of the colour 
differences of three specimens per case. 

2.3. Algal isolation and cultivation 

The city center of Ancona (Italy) was surveyed for the presence of algal biofilms on various 
surfaces (buildings, soil, barks etc.). Samples were collected by scraping a surface of few cm2 
with a scalpel [120] into 50-ml flasks filled with Bold's Basal Medium (BBM [121]). Several 
species of cyanobacteria and green algae were identified and isolated using the capillary 
pipette method [122] from the suspension of each flask after shaking. After an initial growth in 
microplates, a batch culture of single strain of Chlorella sp. (green algae), Klebsormidium sp. 
(green algae), Phormidium sp. (Oscillatoriales, cyanobacteria) and Chlorogloeopsis sp. 



(Nostocales, cyanobacteria) was grown at 21 ± 0.1 °C under a 12:12 h L:D photoperiod and an 
irradiance of 90–100 mmol m−2 s−1, in 1l-flasks filled with BBM. 

2.4. Accelerated algal growth test set-up 

In favourable growth conditions, natural algal covering requires year to become visible and 2 
up to 5 years to intensely cover architectural surfaces [123]. To accelerate algal growth on 
stone surfaces, a water run-off apparatus was set, similarly to previous studies [37], [38], [39], 
[92], [93], [123], [124], [125]; the apparatus is described in Fig. 1. 
 
The system consisted of a glass tank (dimensions: 145 × 50 × 50 cm3) containing aluminium 
racks with tilted supports (45°) where no outside natural light could penetrate. The glass tank 
was filled with 60 L of BBM inoculated with a mixture of the four algae Chlorella sp., 
Klebsormidium sp., Phormidium sp. and Chlorogloeopsis sp. at final concentration of 0.5, 3.7, 
3.0 and 3.0 mg/L, respectively and stones samples were placed on inclined supports without 
direct contact with culture medium. The microalgal mixture suspended in the culture medium 
was inoculated directly on moist stone surfaces through drip irrigation thus allowing the 
microalgal strains to flow on the sample surfaces, eventually adhering and forming a biofilm. 
Dripping system contained in the glass tank was constituted by a sprinkling rail made of a 
suspended PVC tube and a set of dripping units aligned on sample surfaces (three drippers per 
specimen) at a distance of about 10 mm connected to a submerged water pump (Aquarium 
Systems Newa Maxi-Jet, volume rate of water flow: 1000 L/h). 
 
The apparatus was equipped with visible daylight (Philips Aqua Sky 36 W) and UV-A lamps 
(Wood's lamp: Philips TL-D 36/08 Blacklight Bulb, power: 36 W, wavelength range: 350–400 nm 
irradiance value on stone surfaces: 4.18 ± 0.56 W/m2) in order to stimulate respectively algal 
growth on stone substrates and photocatalysis by nanocoatings. The intensity of UV-A light on 
stone surfaces was quite low compared to possible peaks of natural daylight but sufficient to 
activate the photocatalysis of TiO2 [49], [91], [114] with no influence the kinetics of algal 
colonisation, since stronger UV illumination may slow down or temporarily inhibit algal growth 
[39], [126], [127]. 
 
Algal growth was stimulated by a cyclic day/night regime: the photoperiod, including UV 
illumination, was divided into 14 h day and 10 h night. Run-off cycle started simultaneously 
with day periods, divided into alternate on/off intervals lasting 15 min up to a total duration of 
6 h (3 h on and 3 h off) with a water flow of about 5 L/h (15 L of algal inoculation for every 
day/night regime). A thermo-hygrometer sensor (PCE-HT71) monitored environmental 
conditions inside the glass chamber at a 5 min interval: average temperature and relative 
humidity during day/night cycles throughout the water run-off test were 25.0 ± 3.3 °C and 97.7 
± 2.8% respectively. The accelerated growth test lasted 9 weeks, sample conditions were 
monitored weekly as follows. 
 

2.5. Evaluation criteria to assess algal growth on test surfaces 

Two different aspects have been monitored to assess the algal colonisation on stone surfaces 
and therefore the efficiency of nanocoatings against biofouling during the water run-off test: 
the intensity and the extent of algal growth. Quantitative data were collected on a weekly 
basis; colour and reflectance of surfaces were examined to determine intensity and digital 
image analysis was used to assess the extent of algal development on stone. Furthermore, at 
the end of accelerated growth test, biofouled surfaces were analysed by microscopy. 
 
Finally, in order to avoid the influence of the moisture on the aesthetical parameters 
considered, samples were dried for 2 h at room temperature before any measurement. 
 



2.5.1. Colourimetry 

The colour of surfaces was monitored weekly [37], [38], [92], [123] by means of the same 
procedure used to establish colour changes due to the application of nanomaterials, 
monitoring the same points per specimen. Colour changes due to the algal colonisation on 
stone were referred to surface aspect after treatment; each variation per specimen was 
determined as the mean of nine monitored points, then colour changes per case were 
calculated as the average of three specimens. 
 

2.5.2. Spectrophotometry 

The reflectance of surfaces toward visible light was measured simultaneously with colour by 
the same portable spectrophotometer (Konica Minolta CM 2000 D, daylight illuminant: D65, 
wavelength range: 360–740 nm, observer angle: 10°, considered wavelengths: 390–740 nm, 
nine measurement points per surface) in order to quantify the algal development over time 
[38], [123]. Reflectance spectra as a function of wavelength were measured with a 10 nm 
interval. 
 
To relate the algal development to spectral reflectance curves, we considered the maximum 
absorption peaks of the most important pigments typically present in the selected algae: 
chlorophyll a and β-carotene for green algae (Chlorella sp. and Klebsormidium sp.), chlorophyll 
a, β-carotene and phycobilins for cyanobacteria (Phormidium sp. and Chlorogloeopsis sp.) 
[128]. Specific wavelengths were monitored as the absorbance peaks of the pigments: 500 nm 
for β-carotene and phycobilins, 630 nm for phycobilins, 680 nm for chlorophyll a. 
 
The intensity of algal covering was quantified weekly as the average reflectance changes at 
specified wavelengths due to the mentioned pigments, normalizing the results with reference 
to original (OR) values (i.e. before the beginning of accelerated growth test) according to: 
(2) 
 
with Rn,OR and Rn,w being respectively the percentage of light reflectance at specified n 
wavelength (500, 630 and 680 nm) before streaming test and at the week w of accelerated 
growth. Reflectance value for each specimen was calculated as the average of the nine 
measurement points used, the average of three specimens determined the intensity of algal 
growth ΔRw per analysed case. In conclusion, greater reductions in the reflectance values 
correspond to greater intensity of algal covering. 
 

2.5.3. Digital image analysis 

The surfaces of stone specimens were scanned before the beginning of water run-off test and 
during accelerated algal growth on a weekly basis (EPSON Perfection V350 PHOTO, image 
resolution: 600 dpi). Scanning was used to get homogeneous and constant lighting, resolution 
and exposure. The extent of the area occupied by algal colonisation was established via digital 
image analysis (DIA) [37], [38], [39], [92], [111], [123] by means of ImageJ 1.48v software. The 
K-means-like method was used to quantify the percentage of area colonised by algae in 
relation to available surface: each original image (RGB coordinates) may be parted 
automatically by this algorithm into a given number k of classes formed by homogeneous 
colour zones and converted into a greyscale image having an arbitrary grey level for each 
partition [39], [123]. Since the algal colonisation showed different intensities and colours, we 
parted each original scanned image of stone surfaces into four classes (k = 4): two 
corresponding to non-colonised areas (white and light grey), partially contaminated surfaces 
(light green) and high-intensity colonisation (dark green). To identify the classes corresponding 
to each level of colonisation, each processed image was visually compared with the 



corresponding original picture at the end of every single DIA. The number of pixels belonging to 
the same grey level were counted and referred to the total area of each specimen in order to 
obtain the percentage ratio occupied by each class (i.e. by the same level of algal growth). 
Sample images are given in Fig. 2. 
 
The combination of these quantitative parameters (colour, reflectance, area covering) ensures 
an objective quantification of the aesthetical alteration due to algal growth on travertine, thus 
avoiding human's eye subjectivity. 
 

2.5.4. Microscopical observation of algal growth 

Some subsamples of each stone were fixed with 2% glutaraldehyde and dehydrated by 
immersion in ethanol at increasing gradations (10, 30, 50, 70, 80, 90, 95 and 100%). After one 
day in absolute ethanol, the dehydrated samples were treated in a Critical Point Dryer (Polaron 
CPD 7501). Samples were placed on stubs, and sputtered with gold-palladium in a Sputter 
Coater (Polaron SC 7640) for observation under scanning electron microscope (FE-SEM, Zeiss 
Supra 40). 
 

2.6. Statistical analysis 

To estimate the statistical significance of results, colour changes due to spray-coating and final 
values of antialgal efficiency measured at the end of the test were compared by one-way 
Anova analysis using Assistat software. The results were grouped according to the Tukey's 
honest significant difference (HSD) test with a significance of differences set at P-value p = 0.05. 
 

3. Results and discussion 

3.1. Microscopical analysis of coatings 

The analyses performed on SEM (Fig. 3) showed that the travertine surfaces are 
compositionally homogeneous and generally free of contaminants. The morphology of the 
surfaces is compact and smooth, occasionally affected by the presence of different size cavities, 
due to the nature itself of the material, in which well-formed calcium carbonate crystals can be 
recognized (R sample). 
 
Treated surfaces presented rather uniform coatings, but affected by widespread cracks (nT, 
nTA1, nTA5, nTC1, nTC5), coarse or finer, also in relation to the morphology and the 
compactness of the substrate. The presence of cracks has been already observed on TiO2-
based nanocoatings applied on several surfaces, especially with high concentrations of TiO2 or 
high amount of treatment deposited on substrate [57], [100], [129]. The surfaces of the 
travertine specimens revealed different cracks developed in all directions, at times abundant 
and wide, locally smaller, but apparently not related to the kind of treatment (only TiO2, Ag or 
Cu containing coatings). 
 
EDS analyses of the coating containing only TiO2 (nT) clearly revealed the presence of titanium, 
as well as Ag-containing coatings (nTA1, nTA5) and Cu-containing coatings (nTC1, nTC5) in 
which titanium was always detectable while silver or copper could only be discerned carrying 
out analyses for areas (not punctual) and in correspondence of zones rich in particles. In 
general, while the silver nanoparticles are homogeneously distributed in coatings, copper 
occurs in coarser particle aggregates. 
 



3.2. Aesthetic compatibility 

The application of nanotreatments under investigation did not alter significantly the colour of 
stone: the results of colourimetric analysis are reported in Table 2. Chromatic changes of 
coated surfaces were negligible since ΔE* = 1 is conventionally considered the inferior 
threshold for the perception of colour differences by human eye. Furthermore, colour changes 
up to ΔE* = 5 are considered acceptable in the field of Cultural Heritage [100], [130], [131], so 
the coatings are aesthetically compatible with the use on travertine for both construction and 
conservative purposes. The presence of metallic additives in surface treatments could cause 
greater and therefore unacceptable colour variations of coated substrates [87], [132]: this 
effect did not occur because of the restricted dimensions of metallic nanoparticles and their 
limited loading in the sol compositions. Coatings containing the highest amounts of metallic 
nanoparticles (nTA5 and nTC5) caused the greatest chromatic variations. Anyway, chromatic 
changes due to different treatments were not significant according to the statistical analyses 
carried out as described in Section 2.6. 
 

3.3. Biocidal efficiency 

Macroscopic observation of samples pointed out the algal covering of travertine with the 
notable exception of stone samples treated with Ag-containing coatings, irrespective of the 
amount of Ag used in the sol. The evolution of the visual appearance of exemplar surfaces over 
time is summarised in Fig. 4. 

3.3.1. Colourimetry 

Algal colonisation clearly altered the aspect of stone surfaces over time; colour changes due to 
algal growth on travertine are reported in Fig. 5. After two weeks of accelerated test, algal 
covering considerably modified the aspect of travertine surfaces, already beyond the 
acceptable limit in the field of Cultural Heritage (ΔE*>5). Average surface colours changed 
more intensely in the middle part of the test (weeks 2–5), until reaching very large ΔE* values 
(usually higher than 30), then further chromatic variations were quite limited. In the second 
half of the water run-off test, nTC1 showed limited variations of ΔE* thus having the best 
performance at the end of the 9 weeks monitoring period. 
 
In order to better establish the presence and intensity of algal biofilm, it is important to 
consider chromatic coordinates L*, a* and b* separately. All cases showed a severe decrease of 
the L* value, indicating a darkening of the surfaces – in accordance with the growth of 
biofouling over the originally white surfaces of travertine specimens; Ag-containing coatings 
showed a partially different behaviour with an evident change of L* during the first week 
followed by more restrained changes. Usually a* values decreased towards green, reflecting 
the development of a greenish patina over stone surfaces, with the notable exception of Ag-
treated surfaces during the first two weeks of the test. Furthermore, in the second half of the 
test, a* values went back towards their original values, thus indicating a minor presence of 
chlorophyll and consequently of algal biomass. This algal biomass decrease could be explained 
as a natural decline of algal populations, which start to die after a period of intense 
proliferation. The trend of b* over time was less homogeneous; anyway, the significant 
increase of b* value especially in the first half of the accelerated growth indicates a chromatic 
shift towards blue probably due to phycobilin pigments; in the second part of the test, b* 
variations were less pronounced, except for Ag-treated surfaces that showed a slower kinetic 
of colour change in the blue-yellow axis. 
 
The colourimetric outcome of Ag-containing coatings was different from the other cases and 
related not only to algal contamination. Colour changes were more consistent during the first 
two weeks of the test than those in the other treatments, then ΔE* progression clearly 



changed and remained quite constant until the end of the test; final values were similar to the 
other cases. Visual observation by naked eye did not notice a corresponding intense algal 
growth on Ag-treated surfaces; conversely they appeared almost entirely free from biological 
stains during the first weeks of the test. Furthermore, while colour variations were more 
limited after 5 weeks, nTA1 and nTA5 showed a more uniform and slower trend through the 
entire test without evident changes in the last weeks of the test. The most remarkable 
difference was in the trend of a* parameter: during the first two weeks of water run-off test, 
a* values shifted towards red while – as expected due to the increasing presence of chlorophyll 
during algal development – biofouled surfaces changed their colour towards green. 
 
In fact, colour changes measured on Ag-treated surfaces were mostly due to a darkening effect 
of the coatings themselves rather than algal covering; this behaviour was confirmed by DIA 
analysis later reported since the area occupied by biofouling was smaller for nTA1 and nTA5. 
Chromatic changes can be related to the migration and consequent aggregation of silver 
particles on treated surfaces caused by high-humidity environment already observed in 
previous studies [133], [134]. 
 
In conclusion, Ag-based nanotreatments showed the minor colour changes due to algal growth 
and consequently the best biocidal performances, but the darkening effect due to moisture 
altered the aspect of treated surfaces making Ag-based nanotreatments unsuitable for the 
preservation of Architectural Heritage. 

3.3.2. Spectrophotometry 

The analysis of spectral reflectance over time clearly agreed with colourimetric results, 
confirming that colour changes were mostly due to the presence of algal pigments over stone 
surfaces corresponding to selected wavelengths. Fig. 6 shows average ΔR values during water 
run-off test. The variation of reflectance over time was more similar to the evolution of ΔE* 
values rather than that of single chromatic coordinates since the combination of different to 
obtain ΔR values corresponded to the monitoring of different colours over time. 
 
Untreated surfaces showed the highest change of reflectance; nT and nTC5 had a very similar 
behaviour both in progression and values. In the same way as for colour changes, Ag-containing 
treatments showed a different trend with an evident reflectance change in the first week of the 
test (corresponding to the darkening effect due to the aggregation of silver nanoparticles 
already described) followed by a slower development in comparison with other cases. Results 
at the end of the experiment were slightly better than those of the majority of the other 
treatments, but especially before week 5 differences were clearly more evident. The behaviour 
of nTC1 was less homogeneous over time, especially in the second part of the water run-off 
test and, as already observed for colour variations, in the last week of the test there was an 
evident change in ΔR leading to the best performance measured at the end of the experiment. 
 
Results of this study highlighted that higher amount of metallic nanoparticles in addition to 
photocatalytic TiO2 did not necessary lead to better biocidal performances. 

3.3.3. Digital image analysis 

Biofouling on travertine surfaces during the water run-off test was evident; Fig. 7 shows the 
percentage area occupied by algal biofilm. 
 
In most cases, the surface available below the arrangement of the dripping units (about 70%) 
was completely and homogeneously covered by algae; photocatalytic nanotreatments usually 
did not inhibit (or slow down) algal growth over stone surfaces, with the significant exception 
of Ag-containing coatings. Differences between untreated surfaces and nT, nTC1 and nTC5 
coatings were negligible and maximum algal covering was reached already after 5 weeks of 



accelerated test. After reaching its maximum, the percentage area occupied by biofouling 
remained almost constant until the end of the 9-weeks long test. 
 
On the other hand, Ag nanoparticles in synergy with photocatalytic TiO2 showed better 
biocidal performances: the progression of algal growth was slowed down noticeably and the 
area occupied by biofouling at the end of the test was 25% less than that of the reference case. 
The performance of nTA1 and nTA5 were almost the same, with significant differences in the 
first two weeks of the test when only nTA5 totally inhibited algal development and in the last 
two weeks in which a partial acceleration of algal colonisation took place on nTA5 surfaces; 
results at the end of the test of Ag-based coatings were basically the same. These results 
confirm that higher colour changes of nTA1 and nTA5 surfaces in the first part of the test were 
not related to algal covering but they were mostly due to the aggregation of silver 
nanoparticles. 
 
The amount of metallic nanoparticles used in addition to nano-TiO2 influenced moderately the 
performance of the coatings: the highest content of Ag enhanced the biocidal activity only 
partially while no differences were noted between Cu-based treatments. 
 
The results of DIA are consistent with the outcomes of colourimetry and spectrophotometry, 
with the only significant difference of nTC1 that limited the intensity of algal development 
without reduce its extent. 
 

3.3.4. Microscopical observation of algal growth 

SEM analysis showed a copious covering of algae on all tested stone surfaces. Although all the 
four algae were detected on all the samples, the cyanobacterium Phormidium sp. dominated 
and produced an intricate matrix in which other algal species were sporadically observed (Fig. 
8). A treatment-specific effect on the community structure was not observed and the relative 
proportion of algal species present in the tank water was maintained on the stone surfaces. 
Travertine porosity strongly enhanced the algal colonisation as in that portion of stones not 
covered by a thick algal layer, pores were strongly colonized anyway (Fig. 8d and 8e). 
 
The only remarkable difference among all samples observed by SEM was that the multilayer 
covering of algae was thicker in the untreated reference than in all other treated samples (Fig. 
8b). 
 

3.3.5. Statistical analysis 

Differences between the results obtained after 9 weeks usually were not statistically relevant. 
Only the final values of algal covering showed some significant differences: reference stone and 
surfaces treated with solely TiO2 belonged to the same statistical group, Cu-containing coatings 
had an intermediate behaviour, while the performances of both nTA1 and nTA5 treatments 
were completely separated from the results of untreated surfaces, thus showing a different 
and better behaviour. Statistical groups for DIA analysis are reported in Fig. 7. 
 

4. Conclusions 

In this study, we analysed the inhibitory effect of photocatalytic nanocoatings against algal 
development on travertine surfaces in accelerated growth conditions. 
 
The results pointed out that: 

- Nanocoatings did not alter the original aspect of travertine. The majority of colour 



changes measured after treatment were compatible even with their use in the 
preservation of Cultural Heritage, except for Ag-based treatments as visible 
aggregation of silver nanoparticles caused by environmental conditions during 
accelerated test strongly altered the original colour; 

- The algal growth was only partially inhibited by nanocoatings in both intensity and 
extent; the most relevant performances were established by the coatings containing 
silver or low-percentage copper; 

- The use of metallic nanoadditives in conjunction with TiO2 to increase the biocidal 
activity was crucial since silver and copper reduced (or slowed down) algal colonisation 
(anyway the algal inhibition was not directly proportional to the amount of the metallic 
nanoadditives); analogous studies showed similar outcomes, especially in comparison 
with water repellent products applied in order to reduce bioreceptivity [37], [39]. 

 
Further investigations performed in order to better establish the biocidal efficiency of 
photocatalytic nanotreatments against algal development on architectural stone surfaces 
related to several parameters are strongly recommended. 
 
In this regards, other factors should be considered for the future investigations: 

- more intense UV illumination (compatible with natural daylight values) could increase 
photoactivity and therefore the biocidal performances of TiO2-based nanocoatings 
with limited or temporary alteration to the vitality of algae [39], so further 
investigation on the effect of UV light intensity on photoactivity of TiO2 against algal 
growth are recommended;  

- the acceleration due to the environmental conditions and the set-up of water run-off 
test could be too high and consequently inappropriate for the identification of the anti-
algal properties of the photocatalytic surface in real case application;  

- dead algae may create a barrier effect leading to (i) reduce the contact between living 
algal cells deposited by dripping and underlying reactive oxygen species created by 
nanocoatings and (ii) limit the amount of UV light received by photocatalytic 
nanoparticles and therefore their activity;  

- the vigour and adherence of algal biofilm still attached to stone surfaces at the end of 
the accelerated growth should be assessed in order to establish its resistance to 
possible further cleaning actions (as for example washing). 
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Fig. 1. DIA: K- means like method, sample partition in four classes dur ing water run-off test. Dark and midd le grey cluster s ide ntify cle an 

sur face s. light grey are low-colonise d gree nish area s and hi gh-co lonise d are as are made black by the algorith m. 

 

 

Fig. 2.  System use d for the acce le ra ted algal growt h tes t: (a) syste m over vie w, ( b) de tail of speci mens on the racks und er dn ppers. (c) test cham ber after 3 weeks of acce le 

rated algal g rowth. The glass chamb er was covered dur in g the tes t to av, o d any i nflu e nce by external light 

 

 



 

Fig. 3. Microscopic analyses of trave rt ine surfa ces befo re accelerated algal g rowth test: SEM images (magnit ude 1.000 x , detectio n area for EDS ana lyses reported as red 

squares ) and EDS spec tr,1 ( to the rig ht of the correspond i ng SEM images). ( Fo,- i nterpr etat ion of the referen ces to colo ur in this figur e lege nd, the reader 1s referred to the 

web ve rsion of this a rti cle 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Fig. 4. Weekly progression of the macrosco pic visua l app ear anc e of test ed sur faces during water run-off test 

 

 

Fig. 5. I nte  nsi ty of a lg al fou l i ng : co lo ur changes du ri ng wa ter run -o ff test. mean val ue s ( n -   3 ); tota l colour chan ge CI E' (a) and variations of si ng le c hro mat ic coordinates L' . 

a' and b' are repo rted se parately ( b. c. d res pect ively 



 

Fig. 6. I nten si ty of alg al fou li ng: ave rage ren ectance chan ges du ri ng wate r run -o ff test ( n; 3) monitored by spect ropho tome tr 

Fig. 7. Extent of the alg al fou li ng: evo lu tio n of the area covered by .ilgal co lo nis at io n dur i ng the water run -off test. mea n val ues ( pe rcent age up to tota l. n; 3). Lette rs i n 

to square brac ke ts i nd icate the affili atio n of the outcomes at the e nd of the tes t to res pec tive s tati stic al group s; cases wi t ho ut comm o n le tters are sig nificantly 

diffe re n t accordi ng to HSD analy sis. 

 



 

Fig. 8. Algal biofilm grown on travertine surfaces. (a, b) Untreated refer ence sho wing a wide and thick algal multila yer, with an intricate matrix of the cyanobacterium Phormid 

ium sp. on the cop layer (a) and cell s of the green alga ChloreIla sp. visible through the fissures in the top level (b). (c- e) Treated stones nTCl. nTCS and nTCS. re sp ectively; algal 

biofilm leaves uncovered the right part of the stone surface ( c) where algal cell s are mainly concentr ate d inside the pores of the stone (d); ChloreIla sp . and Phormidium sp. do 

minate th e algal communit y inside the pore (e 


