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a b s t r a c t 

Four biocidal treatments based on nanoparticles were designed and their penetration depths were char- 

acterized by laser-induced breakdown spectroscopy (LIBS) technique. This kind of biocidal nanoparticles 

are being studied to be employed in historic buildings and stone monuments due to their capability to 

inhibit the growth of biofoulings. The effectiveness of the treatment is related to the penetration depth 

of the nanoparticles in the limestone pore. For this reason, LIBS depth profiling was used in this work to 

characterize the diffusion of the nanoparticles in the limestone matrix and to compare the penetration 

depth of the different treatments. Four different nano-biocides based on silver/titanium dioxide nanopar- 

ticles were analysed by LIBS in limestone from Novelda quarry (Alicante, Spain). This limestone has been 

widely employed in both historical and contemporary buildings in Spain. 

The positive detection of the emission line of Ag at 338.289 nm was examined in the depth-related 

emission spectra as evidence of the presence of the silver nanoparticles and derived nanocomposites in 

the limestone matrix. The LIBS depth-profiles that were generated, showed a decrease of the Ag net signal 

with depth due to the diffusion of the nanoparticles in the limestone. Furthermore, the comparison of the 

in-depth sequences of spectra, and of the Ag depth profiles evidenced penetration differences between 

the nano-biocides which were explained by differences in the hydrodynamic diameter of the nanoparti- 

cles that would affect their diffusion in the limestone pore. The results of this assessment demonstrate 

the capability and potential of LIBS technique for the in-depth characterization of the nanoparticles and 

for the comparison of the effectiveness of nanoparticles biocidal treatments based on their penetration 

in the stone matrix. 

© 2022 The Author(s). Published by Elsevier Masson SAS on behalf of Consiglio Nazionale delle Ricerche 

(CNR). 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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In the process of historical building restoration, the use of 

etallic nanomaterials as biocides is one of the most recent ad- 

ances. Although there are different metallic nanoparticles studied 

s inhibiting treatments for microorganism and biofouling growth 

n stone monuments [1–5] , it is remarkable the case of silver 

anoparticles. The biocidal benefits of silver nanoparticles have 

een studied in different works [ 6 , 7 ] and the protection that gen-

rates this treatment against bacterial development has been suc- 
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essfully used in different applications of diverse fields [8] . Other 

anoparticles widely used for cultural heritage are the titanium 

ioxide (TiO 2 ) nanoparticles. These nanoparticles have photocat- 

lytic [ 3 , 9 ] and biocide properties [ 10 , 11 ]. The mixture of both

anoparticles in a single nanocomposite enhances the properties 

f each nanomaterial separately. In this case, photocatalytic capac- 

ty of TiO 2 nanoparticles is improved by the biocidal properties of 

he silver nanoparticles [ 12 , 13 ]. 

There are important considerations in the application of 

estoration treatments in stone monuments and buildings to take 

nto account, like the use of innocuous solvents to disperse the 

anoparticles [14] or the preservation of the original color of the 

reated material [15–18] . In addition, the use of nano-biocides re- 

uires the evaluation of the restoration effectiveness through the 
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easurement of the penetration depth of the nanomaterials. In 

his sense, the effectiveness of the nano-biocides is related to the 

apability of the nanoparticle/nanocomposite to penetrate deep in 

he material for the inhibition of the growth of biodegradation and 

iocrusts [19] . In some cases, scanning electron microscopy with 

nergy dispersive X-ray spectroscopy (SEM-EDX) has been used to 

ssess the penetration of nanoparticles [ 20 , 21 ], but this technique 

as some disadvantages such as sample preparation or low sensi- 

ivity to detect trace elements [22] . These inconveniences can be 

liminated using a spectroscopy technique based on laser ablation 

LIBS). This technique employs a pulsed laser beam to irradiate the 

ample and the analysis of the emission spectrum corresponding 

o the plasma generated provides the elemental chemical compo- 

ition of the sample. LIBS is a minimally invasive technique that 

oes not require previous sample preparation, with a higher sen- 

itivity than other techniques such as SEM-EDX and that allows 

o perform in situ analysis if needed [ 23 , 24 ]. Other advantages of

IBS technique are the possibility to perform the analysis of the 

ample in the desired location (spatially-resolved analysis) and to 

chieve depth-profiling without additional equipment. These ad- 

antages of LIBS technique have been applied in the Cultural Her- 

tage field [25–34] and to the analysis of nanoparticles in a vari- 

ty of applications [35–38] . In addition, nanoparticles have been 

sed in LIBS to enhance the signal of the analyte due to a bet- 

er ablation and excitation efficiency caused by laser electromag- 

etic field coupling with the induced nanoparticles plasmonic field 

39–42] . In previous works [ 43 , 44 ], LIBS technique has been vali-

ated for the in-depth analysis of biocides based on nanoparticles 

y our researcher’s groups, but none comparative study of penetra- 

ion depth of different nano-biocidal treatments by LIBS has been 

one to date. 

esearch aim 

In this work, LIBS technique is assessed for the analysis and 

omparison of the penetration depth of different nanocomposites 

mployed as biocides in the restoration of historical buildings and 

tone monuments. This study was carried out on four treatments 

ased on silver or silver/titanium nanoparticles applied on lime- 

tone samples. LIBS in-depth analyses were carried out in these 

reated samples in order to obtain compositional information from 

he spectral signal corresponding to different depth levels, char- 

cterizing the diffusion of the nanoparticles inside the limestone 

atrix. From those analyses, in-depth sequences of emission spec- 

ra were obtained. The depth-profiles associated to Ag signal were 

enerated and compared for the in-depth characterization of the 

iocidal nanoparticles, and for the comparison between the dif- 

erent nanocomposites designed as biocidal treatments for stone 

uildings because their effectiveness is related to their penetration 

epth into the stone pore. 

aterials and methods 

ynthesis, characterization and application of treatments 

Materials. Silver nitrate (AgNO 3 ), active charcoal (AC) and 

risodium citrate from Panreac, sodium borohydride (NaBH 4 ) from 

igma-Aldrich and titanium dioxide (P25) from DEGUSSA were 

sed for the synthesis of the nanocomposites in addition to ultra- 

ure water. 

Synthesis. Four biocidal treatments based on silver and tita- 

ium dioxide have been prepared and compared. In some cases, 

risodium citrate was used as stabilizing agent. Silver/titanium 

ioxide/active charcoal nanocomposites (Ag/TiO 2 /AC) were pre- 

ared by reduction of silver nitrate with sodium borohydride in 

queous solution [15] . 4 mL of an aqueous solution of NaBH 
4 

238 
0.01 mmol) were added to 20 mL of an aqueous solution of AgNO 3 

0.02 mmol), TiO 2 (10 mg) and active charcoal (1 mg) under mag- 

etic stirring in an ice bath. After 10 min, the resulting suspension 

as kept in darkness until being applied over stone samples. Sil- 

er/titanium dioxide nanocomposites (Ag/TiO 2 ) were synthesized 

sing the same protocol but without adding active charcoal. 

AgNO 3 was reduced with NaBH 4 in an aqueous solution to syn- 

hesize citrate-capped silver nanoparticles (AgCit) and stabilized by 

risodium citrate [15] . For that purpose, 1 mL of an aqueous so- 

ution of AgNO 3 (0.005 mmol) was added to 16 mL of an aque- 

us solution of trisodium citrate (0.169 mmol) under magnetic 

tirring in an ice bath. Then, 100 μL of an aqueous solution of 

aBH 4 (0.01 mmol) were added dropwise. The reaction mixture 

as stirred for 1 h and 45 min, and the resulting suspension was 

ept in darkness until being applied over stone samples. Citrate- 

apped silver /titanium dioxide nanocomposites (AgCit/TiO 2 ) were 

repared in the same way but adding 9.6 mg of TiO 2 nanoparti- 

les to the initial 16 mL of aqueous solution containing trisodium 

itrate. 

Stone sample. Limestone slabs (1.5 × 1.5 × 0.5 cm) were em- 

loyed as stone samples because it is one of the most widely 

tones used as construction materials since ancient times. The 

uarry of Novelda (Alicante, Spain) was chosen as the source of 

labs because it has been used in both historical and contempo- 

ary buildings [45] . This is a biosperite limestone with a low open 

orosity (5%) (average pore diameter between 0.01 and 0.5 μm) 

nd a high content of quartz and fossil materials [46] . 

Application of the treatments on limestone slabs. Equal concen- 

ration referred to silver nanoparticles (0.015 mg/mL) was em- 

loyed for each treatment (i.e. 0.015 mg/mL AgCit, 0.145 mg/mL 

gCit/TiO 2 , 0.11 mg/mL Ag/TiO 2 /AC or 0.1 mg/mL Ag/TiO 2 ) by de- 

ositing two applications of 200 mL of aqueous suspension of 

anocomposites over the surface of each slab. The slabs were dried 

t room temperature (24 °C ± 2) for three days. 

Characterization . The prepared nanocomposites were character- 

zed by Raman spectroscopy (Bruker Senterra confocal Raman mi- 

roscope, 785 nm laser excitation, DU420A-OE-152 detector), Dy- 

amic Light Scattering (DLS) and UV–Visible (UV–Vis) spectropho- 

ometry. A Zetatrac Analyzer (Microtrac, USA) was used to measure 

ydrodynamic diameter (HD) by DLS. UV–Vis spectra were regis- 

ered on an Ocean Optics spectrometer equipped with a HR40 0 0 

etector (Dunedin, FL. USA). The color change of the slab surfaces 

as measured by colorimetry using a colorimeter PCE-CSM 2 (di- 

meter of circular measuring area: 8 mm, daylight illumination: 

65). The slab surfaces were analysed before and after application 

f treatments. Color changes ( �E ∗) were calculated according to 

he parameters defined by the CIELAB color-system according to 

q. (1) . 

E ∗ = 

√ 

�L ∗2 + �a ∗2 + �b ∗2 (Eq. (1)) 

here �L ∗, �a ∗ and �b ∗ characterize variations of the color val- 

es in the brightness (black-white), red-green and yellow-blue 

xes, respectively. 

enetration depth analyses 

The in-depth analysis of the silver-based biocidal treatments 

as carried out employing a LIBS experimental setup. In particu- 

ar, a Q-Switched Nd:YAG laser beam (Brilliant, Quantel, 5 ns pulse 

idth, 532 nm, 27 mJ pulse energy) was focused by a plano-convex 

uartz lens (f = 100 mm) onto the sample surface producing the 

blation of the sample and the generation of a plasma. The light 

mitted by the laser-induced plasma was guided to the entrance 

lit of an Echelle spectrograph (Mechelle, Andor) by means of a 

uartz optical fiber. There, the plasma light was dispersed and sub- 

equently it was detected in an ICCD camera (iStar, Andor) in a 
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Fig. 1. Raman (a) and UV–Vis (b) spectra of the different nanocomposites. 

Table I 

Hydrodynamic diameter (HD) of the different types of treatments. 

Treatment Hydrodynamic diameter (nm) 

Ag/TiO 2 94 ±33 

Ag/TiO 2 /AC 134 ±18 

AgCit 36 ±8 

AgCit/TiO 2 72 ±18 
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s  
pectral region that covered from 200 to 850 nm. Timing parame- 

ers were set at 2.5 μs (delay time) and 10 μs (integration time) 

or spectral detection. All the LIBS analyses were carried out in air 

nder atmospheric pressure without the need of sample cutting or 

ther type of previous preparation. 

It should be noted that the samples were also analyzed by 

EM-EDX for comparison, but the sensibility of the technique was 

ot enough to detect the silver at the concentration levels of the 

anoparticles in the sample. 

esults and discussion 

ynthesis, characterization and application of treatments 

Four biocidal treatments based on nanoparticles were obtained 

y reducing silver nitrate with a strong reducing agent, sodium 

orohydride. Fig. 1 a shows the Raman spectra of the four treat- 

ents, where spectral differences are evidenced according to 

heir composition. The treatments based on AgCit, AgCit/TiO 2 and 

g/TiO 2 have previously been characterized by Raman and UV–Vis 

44] . In the case of the treatment based on Ag/TiO 2 /AC, it was also

ossible to detect in the present study the vibrational modes of Ti- 

 at 144, 400, 520 and 640 cm 
−1 while the presence of AC was

ndicated by two characteristic peaks at 1300 and 1600 cm 
−1 [47] . 

The hydrodynamic diameter (HD) of the aqueous dispersions 

f the different nanocomposites is included in Table I . The low- 

st HD of the four treatments was obtained for AgCit nanoparticles 

36 nm). On the other hand, the treatments without citrate exhib- 

ted the highest HD, especially in the case of Ag/ TiO 2 /AC (134 nm).

Fig. 2 shows the limestone slabs after deposition of the treat- 

ents and the color change ( �E ∗) caused by each treatment. The 

ow porosity (5%) and the size of the stone pores (0.01 and 0.5 μm) 

ade that treatments remained on the stone surfaces and caused 

heir color changes. In the case of cultural heritage, it is a com- 

on practice to accept �E ∗< 5 [48–50] . The treatments based on 
239 
g/TiO 2 /AC and AgCit exhibited �E ∗ values nearby to 5, so they 

ould be used for the conservation of monuments. On the other 

and, the chromatic changes were more remarkable in the case 

f the nanocomposites Ag/TiO 2 and AgCit/TiO 2 and, consequently, 

heir use should only be recommended in low visual impact areas 

f monuments, such as cornices or roofs, or when decreasing the 

oncentration of product that is applicated. 

enetration depth analyses 

The capability of LIBS technique to detect biocidal treatments 

ased on silver nanocomposites and to analyze their penetration 

epth into the stone sample has been demonstrated in previ- 

us works of our research group [ 43 , 44 ]. However, these stud- 

es have been focused on only one biocidal treatment each time: 

gCit applied in a quite porous limestone from Utrera quarry 

43] and AgCit/TiO 2 applied in a low porosity limestone form Nov- 

lda quarry. For this reason, the aim of the present study was to 

ontinue with the previous ones through the LIBS comparison of 

he penetration depth of four different biocidal treatments based 

n silver/titanium nanoparticles in limestone of the same prove- 

ance. The main purpose was to know what treatment achieved 

he highest penetration depth because its penetration is related 

ith its efficiency as biocide. In fact, if a biocide does not have 

 good penetration depth through the stone pores, the microor- 

anism placed there (endolithic colonization) could recolonize the 

tone surface (epilithic colonization) in a short time [51] . Because 

f that, LIBS in-depth compositional analyses were carried out by 

elivering fifty laser pulses at the same sample position in order 

o ablate different depth levels and to monitor the spectral sig- 

al from the associated laser-induced plasmas. This process was 

epeated in five distant positions of each sample to obtain rep- 

esentative results. During the analyses, the signal from Ag was 

onitored as evidence of the presence of the silver nanocompos- 

tes. In this sense, the Ag signal detected by LIBS during the depth 

nalysis should totally proceed from the diffused nanoparticles and 

anocomposites because the composition of all the biocidal treat- 

ents was silver-based, while the limestone matrix from Novelda 

nly could have undetectable traces of silver. In particular, the in- 

ensity of Ag (I) 338.289 nm emission line was analyzed in the LIBS 

pectra of the samples to carry out the penetration depth com- 

arison. It should be noted that other Ag (I) peaks at 328.068, 

20.9078 and 546.5497 nm were also detected during the analy- 

is of the samples, as shown in Fig. 3 . In this figure, LIBS spec-
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Fig. 2. Photographs of limestone slabs after the application of the treatments based on nanoparticles and nanocomposites and of one slab without any treatment (untreated). 

Below each photograph appears indicated the color change ( �E ∗) caused by the treatment, according to Eq. (1) . 

Fig. 3. a) and b) LIBS spectra corresponding to the first in-depth laser pulse of the analysis of the sample treated with AgCit biocide; c) and d) LIBS spectra corresponding 

to the analysis of the sample treated with AgCit/TiO 2 biocide; e) and f) LIBS spectra corresponding to the analysis of the limestone matrix. Two spectral ranges are shown 

for each sample. 
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ra corresponding to the first in-depth pulse of the analysis of the 

ample treated with AgCit biocide were plotted in two wavelength 

anges that include the main emission lines of Ag ( Fig. 3 a and 3 b).

s shown, the intensity of the Ag peaks at 328.068, 520.9078 and 

46.5497 nm was much weaker than that corresponding to the Ag 

eak at 338.289 nm and not enough to allow to stablish a reli- 

ble trend with depth. In this sense, the Ag peaks around 328, 

20 and 546 nm were detected in the first laser shot, correspond- 

ng to the analysis of the sample surface where the concentration 

f the nanoparticles is higher. However, these peaks were hardly 

istinguished from the background and the peaks of the matrix 

hen analyzing deeper in the samples, due to their lower inten- 

ity compared to that of the Ag peak at 338. The same behavior 

as found in all the samples and is the reason of choosing the 

g emission line around 338 nm to carry out the present study. 

n the case of the expected more intense emission line of Ag at 
240 
28 nm, the authors suggest that the low intensity of this peak ob- 

erved in the spectra generated from the analysis of the nanoparti- 

les is related to a problem of efficiency at that wavelength of the 

chelle spectrometer that is employed in the present study. To dis- 

ard other possible causes related to the analysis of the nanoparti- 

les or to the limestone matrix, complementary LIBS analyses were 

erformed in several metallic samples of high purity silver, obtain- 

ng very similar results: a much lower Ag peak at 328 nm com- 

ared to that at 338 nm, which support the author’s assumption. 

In Fig. 3 a and 3 b, the rest of peaks in the spectra different

han Ag were attributed to the matrix. LIBS spectra corresponding 

o the analysis of the sample treated with AgCit/TiO 2 biocide are 

lotted in Fig. 3 c and 3 d, where several lines of Ti were detected:

i (II) 334.904–334.941, 336.121, 337.28 and 338.028 nm and Ti (I) 

19.298–519.404, 521.0384 and 522.269–522.495 nm. It should be 

oted that, although close, the Ag peak at 520.9078 nm and the 
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Fig. 4. LIBS spectra corresponding to the in-depth laser pulse 31 (estimated depth 

of 186 μm) from limestone samples treated with a) AgCit/TiO 2 , b) Ag/TiO 2 and c) 

Ag/TiO 2 /AC. The peak identified as Ag has been indicated in the spectra by a dotted 

line. 
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Fig. 5. LIBS spectra corresponding to the in-depth laser pulse 43 (estimated depth 

of 258 μm) from limestone samples treated with a) AgCit and b) AgCit/TiO 2 . The 

peak identified as Ag has been indicated in the spectra by a dotted line. 
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i peak at 521.0384 nm were enough resolved to be differentiated. 

n addition, as commented before, the Ag peaks at 520.9078 and 

t 546.5497 nm were only detected in the first laser pulse but not 

eeper inside, in contrast to that of Ti at 521.0384 nm. This fact 

s evidenced in the spectrum of Fig. 3 d corresponding to the sec- 

nd in-depth pulse. Spectra of the limestone matrix were plotted 

n Fig. 3 e and 3 f in the same ranges than the lines of interest, for

omparison. In Fig. 3 e, the peaks from the limestone matrix were 

ot enough intense and well-resolved to allow an exact identifi- 

ation. In contrast, in Fig. 3 f, the main peaks corresponding to the 

imestone matrix have been labeled: Mg (I) 516.733, Mg (I) 517.268, 

g (I) 518.361, Ca (I) 518.885, Ca (I) 526.171, Ca (I) 526.224–

26.556, Ca (I) 527.027, Ca (I) 534.947 and Ca (I) 551.298 nm. 

The penetration depth study was carried out by analyzing the 

g intensity at 338.289 nm in the depth-related spectra to com- 

are the depth reached by the different nano-biocides. This emis- 

ion line was selected due to its intensity, as shown previously, 

nd because Ag was present in all the treatments under study, in 

ontrast to Ti. Figs. 4 and 5 show several spectra corresponding 

o the same in-depth laser pulse for samples with different treat- 

ents around the wavelength of interest. In this sense, the emis- 

ion spectra of Fig. 4 correspond to pulse 31 and those of Fig. 5 to

ulse 43. In order to compare the penetration of the nanoparti- 

les, it was necessary to convert the number of laser pulses into 

epth by calculating an approximate ablation rate [43] , that is, the 

epth eroded in each laser pulse. For that purpose, a varied num- 

er of depth laser pulses were delivered in the treated samples 

o generate different craters which depth was measured by opti- 

al microscopy. Afterwards, the measured depth of the craters was 

ivided by the corresponding number of delivered laser pulses to 

alculate an average ablation-rate of 6 μm/pulse. It should be noted 

hat no significant differences were found in the ablation rate cal- 

ulated for the samples treated with the four nano-biocides. Us- 
241 
ng an average ablation-rate value of 6 μm/pulse, LIBS spectra of 

ig. 4 were related to a depth of 186 μm and those of Fig. 5 to a

epth of 258 μm. 

Fig. 4 shows the spectra acquired from the in-depth analysis of 

hree of the treated samples, AgCit/TiO 2 , Ag/TiO 2 and Ag/TiO 2 /AC, 

t a depth closer to the sample surface, at 186 μm. The comparison 

f these spectra revealed that the Ag peak was clearly visible in 

he spectrum corresponding to the AgCit/TiO 2 treatment ( Fig. 4 a) 

t that depth level. In the case of naked-silver nanocomposites, 

hile in the spectrum of Ag/TiO 2 sample ( Fig. 4 b) could be still 

istinguished the Ag peak at 338.289 nm from the noise, in the 

pectrum from the Ag/TiO 2 /AC sample ( Fig. 4 c) was not detected. 

his result indicates that the Ag/TiO 2 /AC treatment did not diffuse 

o deep in the limestone in contrast to AgCit/TiO 2 and Ag/TiO 2 

anocomposites, and therefore that the AgCit/TiO 2 treatment ex- 

ibits a higher penetration in the matrix, followed by Ag/TiO 2 , 

ompared to that of Ag/TiO 2 /AC treatment. 

Fig. 5 exhibits the LIBS spectra corresponding to the analysis 

f the samples treated with citrate-capped silver nanocomposites, 

t a depth of 258 μm. As shown, the Ag peak was clearly visible 

n the spectrum corresponding to the AgCit nanoparticles ( Fig. 5 a) 

t that depth level, however, the Ag peak at 338.289 nm was not 

etected in the spectrum from the AgCit/TiO 2 sample ( Fig. 5 b). This 

esult indicates that the AgCit/TiO 2 nano-biocide did not reach that 

epth level in the limestone in contrast to AgCit nanoparticles, and 

herefore that the AgCit treatment exhibits a higher penetration in 

he matrix compared to that of AgCit/TiO 2 . 

Following with the penetration depth analysis, and in order to 

onfirm the conclusions attained from the comparison of the in- 

epth spectra corresponding to the different biocidal treatments, 

IBS depth profiles were generated from the previously acquired 

ata. For this purpose, the Ag net intensity of each spectrum was 

lotted versus the corresponding number of laser pulses of the 

epth sequence. The Ag net intensity was calculated from the sig- 

al of the Ag (I) 338.289 nm emission line after subtraction of 

he continuum background measured in the spectral range 336.35–

36.82 nm. This spectral window was selected because it is close 

o the Ag peak and it was free of peaks. 

Some LIBS depth profiles generated in such a way and corre- 

ponding to the analysis of the four treated samples are plotted 

n Fig. 6 . As shown, all the profiles exhibited a decay trend of 

g intensity with the number of in-depth laser pulses. This de- 
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Fig. 6. LIBS depth profiles of Ag (square) and Ti (circle) net intensity from limestone 

samples treated with a) AgCit b) AgCit/TiO 2 , c) Ag/TiO 2 and d) Ag/TiO 2 /AC. The Ti 

depth profile of the sample treated with AgCit has not been plotted because the Ti 

is not present in that treatment. 
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rease of the signal was an expected result because it agrees with 

he diffusion of the silver-based nanoparticles and nanocompos- 

tes inside the limestone matrix. The small intensity fluctuations 

bserved in the depth profiles of Fig. 6 was attributed to the ef- 

ect of the porosity and heterogeneity of the stone in the diffu- 

ion of the nano-biocides. As shown in the depth profile of Fig. 6 a,

orresponding to the treatment with AgCit nanoparticles, the Ag 

ignal was low after 35 in-depth laser pulses but it can be still 

etected, in contrast to the depth profiles of the other samples. 

his result indicates a higher penetration of the AgCit nanoparti- 

les compared with the other treatments, which can be explained 

y the lower hydrodynamic diameter of these silver nanoparticles. 

n the depth profile of the AgCit/TiO 2 sample ( Fig. 6 b), the Ag net

ntensity was negligible after 33 pulses, while in the profiles of the 

g/TiO 2 sample ( Fig. 6 c) the signal was very low after 26 pulses

nd it completely disappeared after 33 pulses. In the Ag profile of 

ig. 6 d, corresponding to the sample with Ag/TiO 2 /AC, no Ag sig- 

al was observed after about 24 pulses. These results indicate that 

gCit nanoparticles diffuse deeper inside the stone matrix than 

he other treatments, followed by its TiO 2 -derived nanocomposite. 

g/TiO 2 /AC nanocomposite seems to be the lowest efficient nano- 

iocide in terms of penetration depth. 

With the aim of comparison, the LIBS depth profiles corre- 

ponding to Ti net intensity were also included in Fig. 6 for the 

hree biocidal treatments which contains that element. The Ti net 

ntensity was calculated from the signal of the Ti (I) 521.0384 nm 

mission line after subtraction of the continuum background mea- 

ured in the spectral range 521.47–521.79 nm. It should be noted 
242 
hat, although the Ti profiles of Fig. 6 correspond to the net sig- 

al of Ti (I) 521.0384 nm emission line, other Ti emission lines 

Ti II 368.52, Ti II 337.28, and Ti I 451.803 nm) were tested with 

ery similar results to those plotted. As shown in Fig. 6 , all the Ti

rofiles exhibited a decay trend of signal with the number of in- 

epth laser pulses, as the presence of nanocomposites decreases 

ith depth, corroborating the results obtained for Ag. In Fig. 6 , al- 

hough the trend of Ti profiles is the same than that of Ag pro- 

les, however, the Ag signals take more pulses to disappear than 

he Ti signals. This effect was also observed for the AgCit/TiO 2 

reatment in a previous research [44] and the cause is still un- 

er study, but the possibility of the presence of different types of 

anoparticles with different penetrations after the treatment is be- 

ng considered. Anyway, as Ag is the element common to all the 

reatments under comparison, the penetration study has centered 

n it. 

In order to carry out a quantitative comparison of the penetra- 

ion depth of the different treatments, the laser pulse from which 

he Ag signal disappeared in the LIBS in-depth analyses was con- 

erted into depth with the use of the average ablation rate pre- 

iously calculated. That resulting depth was representative of the 

enetration of the corresponding treatment because it indicated 

he depth from which the signal from the nano-biocide was not 

etected. The penetration values estimated in such a way have 

een included in Table II for five different positions analyzed in 

ach treated sample under the same experimental conditions. As 

hown in the table, the calculated penetration range of the biocidal 

reatments in the limestone matrix was 246–276 μm, 156–228 μm, 

56–192 μm and 138–168 μm for AgCit, AgCit/TiO 2 , Ag/TiO 2 and 

g/TiO 2 /AC treatments, respectively. It should be noted that, al- 

hough an average value of penetration have been calculated, in- 

tead of that, the authors prefer to provide penetration ranges 

o take into account variations in the diffusion of the treatments 

ue to the porosity and heterogeneity of the limestone pore sys- 

em. From the values of Table II , the lowest penetration can be 

ssigned to Ag/TiO 2 /AC nanocomposites, followed by Ag/TiO 2 and 

gCit/TiO 2 , while the highest penetration corresponds to the AgCit 

anoparticles. These results are in agreement with the hydrody- 

amic diameter of the different types of treatments (see Table I ): 

g/TiO 2 /AC > Ag/TiO 2 > AgCit/TiO 2 > AgCit: the bigger the hydro- 

ynamic diameter, the lower the penetration depth. Therefore, the 

gCit nanoparticles seems to be the most effective biocidal treat- 

ent for limestones in terms of depth penetration. To corrobo- 

ate the results of this comparison, the penetration depth of three 

f the biocides was calculated from the Ti analysis, resulting in 

enetration ranges of 66–72 μm, 36–42 μm, and 18–30 μm for 

gCit/TiO 2 , Ag/TiO 2 and Ag/TiO 2 /AC, respectively. Although the val- 

es are different than those obtained from the analysis of Ag, due 

o the earlier disappearance of Ti signal, the order of the biocidal 

reatments in terms of penetration depth is the same than with 

g, confirming the results. 

It should be noted that, despite its interest, the penetration 

epth of biocidal treatments based on nanoparticles is not usu- 

lly measured due to the difficulty of conventional analytical tech- 

iques to detect, with spatial resolution, the nanoparticles at the 

ow concentration levels employed. In this sense, in a previous 

ork [43] , Ag was not detected in one of the treatments used in

his study, AgCit, by SEM-EDX, even when using higher concen- 

rations. In this work there were fresh attempts in the four treat- 

ents with no success. As a consequence, the penetration data 

resented in this work could not be validated by another analytical 

echnique nor the possibility of the presence of different types of 

anoparticles with different penetrations. This fact, although is an 

nconvenient, demonstrates the usefulness of LIBS technique in the 

estoration field related to nano-biocidal protection, and its poten- 

ial for the characterization and comparison of nano-biocidal treat- 
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Table II 

Penetration values (μm) of the different types of treatments in Novelda limestone, estimated from LIBS in-depth analysis of Ag. 

Number of analysis AgCit penetration (μm) AgCit/TiO 2 penetration (μm) Ag/TiO 2 penetration (μm) Ag/TiO 2 /AC penetration (μm) 

1 246 156 192 168 

2 276 204 192 144 

3 270 168 156 156 

4 276 204 168 138 

5 270 228 180 168 

Average 268 ±12 192 ±29 178 ±16 154 ±14 
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[

ents effectiveness from the analysis of the penetration depth of 

he nanoparticles. 

onclusions 

The effectiveness of the nano-biocides employed for the protec- 

ion of historic buildings and stone monuments is related to the 

apability of the treatments to reach the same depth that the mi- 

roorganism colonies to inhibit them. For this reason, it is neces- 

ary to measure the penetration depth of the nano-biocides in or- 

er to characterize their effectiveness. In this study, LIBS technique 

as been successfully used for the analysis and comparison of the 

enetration depth of four biocidal treatments (silver nanoparti- 

les and silver/titanium dioxide nanocomposites: AgCit, AgCit/TiO 2 , 

g/TiO 2 , Ag/TiO 2 /AC) in limestone samples. For this purpose, sev- 

ral in-depth analyses were carried out by LIBS in different posi- 

ions of each treated sample in order to obtain depth-related spec- 

ra. The presence of the emission line of Ag at 338.289 nm was 

tudied in those emission spectra as evidence of the presence of 

he silver nanoparticles and derived nanocomposites in the Nov- 

lda limestone. Depth profiles were generated by plotting the evo- 

ution of the net Ag intensity with the increase of the number of 

n-depth laser pulses. For comparison, complementary depth pro- 

les of Ti net signal were also generated. Both, the in-depth spectra 

equences and the depth profiles evidenced the decrease of Ag and 

i signal with depth, in agreement with the diffusion of the treat- 

ents in the limestone, and showed penetration differences be- 

ween the nano-biocides. In this sense, after the conversion of laser 

ulses into depth, the calculated penetration depth of the biocidal 

reatments decreased in the following order: AgCit > AgCit/TiO 2 > 

g/TiO 2 > Ag/TiO 2 /AC. This result was explained by the increas- 

ng hydrodynamic diameter that complicated the diffusion of the 

anoparticles in the stone matrix, especially in the case of a low 

orosity and low medium average pore size limestone as the lime- 

tone from Novelda. 

In conclusion, the capability of LIBS technique has been demon- 

trated in this work for the characterization and comparison of 

ano-biocidal treatments effectiveness from the analysis of the 

enetration depth of the nanocomposites. Considering the diffi- 

ulty of other analytical techniques to provide that information, 

hese results evidence the potential of LIBS technique as a charac- 

erization tool in the restoration field related to nano-biocidal pro- 

ective treatments. 
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