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a b s t r a c t 

Many biocidal products are applied to stone monuments as a conservative treatment against biodeterio- 

ration. However, checking national and international committees for the Conservation of Cultural Heritage 

and scientific literature, it stands out that most standards define single tests, but in the case of biocides, 

a well-defined standard methodology to check their interactions with the substrate is not drawn up yet. 

The present work thus provides comparative evaluations and suggestions to monitor the potential inter- 

ference of biocides on stone materials. For this purpose, we built a dataset based on fifty scientific papers 

dealing with interference tests on biocides, and then we compared several methods and the obtained re- 

sults, considering different biocides, stones and modes of application. The comparative data point out that 

the most investigated features are: changes in the surface colour, using colourimetry methods; water ab- 

sorption, using capillary rise; contact sponge; contact angle; and morphology, using Scanning Electron 

Microscope (SEM). Here, we also provide a guidance standard on these methodologies, considering both 

in situ and in-laboratory analysis. 

© 2023 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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ntroduction 

Biodeterioration phenomena on stone monuments are in- 

reasingly gaining attention, especially where the environmental 

onditions(humidity, temperature, lighting), nutrients and edaphic 

onditions (bioreceptivity) Favour the biological growth on the 

aterials [ 1 –4 ]. These phenomena can permanently damage the 

ubstrates, and to slow down the adverse effects of such pro- 

esses, which proceed in time, many different biocidal methods 

nd/or products have been used [ 5 , 6 ]. To avoid further damage

nd frequent interventions, preventive strategies could be useful, 

ntervening in changing some environmental factors to slow down 

ndesirable processes. The ecological assessment of different 

iodeterioration patterns (BP), i.e. communities showing a certain 

henomenology of alteration, could support the intervention 

lans, reducing at least one limiting factor (Liebig’s law of the 

inimum) under the threshold limits on the occurring species 
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 7 , 8 ]. When preventive conservation cannot be easily performed, 

r if it is not sufficient, different treatments, using physical or 

hemical methods, come to the rescue. The different choices are 

lso linked to the selection of methods, which can have a lower 

oxicological potential with respect tobiocides. As a consequence, 

V treatment [9] , laser cleaning [ 10 , 11 ], microwaves [ 12 , 13 ],

nd Heat Shock Treatments (HSTs) [ 14 –16 ] have been employed. 

mongst these approaches, nowadays, the research is focusing 

n novel eco-friendly and sustainable biocides. A green biocide 

s a substance that kills or retards the growth of microorganisms 

ausing minimal or no harm to the environment. For total sustain- 

bility, an eco-friendly product can be prepared in a manner that 

voids waste formation, consumes minimal energy and produces 

o by-products [17] . In the Cultural Heritage field, the main 

equirements of a biocide are that it must be effective against 

icroorganisms, compatible with the environment and it must 

ot cause any alterations or, more technically, “interference ” to the 

ubstrate where it is applied [ 18 , 19 ]. 

Moreover, a correct conservative approach is also realised by 

valuating parameters that define the efficacy of a biocide, such 

s its chemical nature, the mode of application and the combina- 
Nazionale delle Ricerche (CNR). This is an open access article under the CC 
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ion with other restoration products, the different microorganisms 

o be removed, and their potential protective barriers (e.g., the EPS 

atrix presence can reduce applied treatments’ effectiveness), the 

ioreceptivity and nature of substrate, the climatic conditions of 

he site and the season of application [ 20,21 ]. After evaluating the 

eed of applying a biocide, as well as the selection of the most ac- 

ive and the less dangerous compounds, however, the further pa- 

ameter of a potential interference of the biocide with the sub- 

trate should be considered [18] . As stressed out for a long time, 

he potential adverse effects of biocides on stone surfaces need to 

e carefully evaluated before their application in situ , if the infor- 

ation already possessed results to be insufficient. The chemical 

omposition of a biocide must be compatible with the substrate 

nd not cause any unwanted colour changes or alter the materi- 

ls’ properties [ 5 , 21 , 22 , 23 ]. The main problems about the biocide-

ubstrate interference are linked to the stone chromatic variation, 

he changes in water absorption, the permeability, elements mobil- 

sation, and the variation of rugosity, with the consequently chang- 

ng of the substrate bioreceptivity [ 5 , 21 , 22 ]. 

In this regard, none of the standards describes procedures to 

erform interference tests of biocidal products on materials. The 

nternational Organization for Standardization (ISO) only provides 

tandards for the characterisation of the substrate. All types of arti- 

cial stones have their standards: cement, gypsum, lime, and mor- 

ar. However, regarding cultural heritage, the significant standard 

hat could be adopted for the interference tests is ISO 787–25:2019 

24] , which refers to the comparison of the colour, in full-shade 

ystems, of white, black and coloured pigments, by colourimetric 

ethod. Furthermore, ISO 18,314–1:2015 [25] , ISO 18,314–2:2015 

26] , ISO 18,314–3:2015 [27] , ISO 18,314–4 [28] , and ISO/CD 18,314–

 [29] provide standards for analytical colourimetry. 

The first work on producing recommendations aimed at 

tandardisation in the analysis of stone materials in the field 

f cultural heritage started way back (in 1977), in Italy, when 

he National Research Council (CNR) and the Central Institute 

f Restauration (ICR- which is now the “Istituto Superiore per 

a Conservazione e Restauro” - ISCR) initiated the works of the 

ORMAL Commissions (the Italian acronym for NORmalizzazione 

Ateriali Lapidei) [30] . Amongst such documents, several recom- 

endations suggested some control methods for biodeterioration: 

haracterisation of biocides; sheets for archives; evaluation of 

fficiency (NORMAL 30/89 [31] ; 35/91 [32] ; 37/92 [33] ; 38/93 

34] ); physical characterisation of natural stone materials; contact 

ngles method, water absorption due to capillarity and at low 

ressure, and colourimetry; (NORMAL 7/81 [35] ; 11/85 [36] ; 33/89 

37] ; 43/93 [38] ; 44/93 [39] ). In 1996, such commissions became 

arts of the Italian standardisation body (UNI – Ente Italiano di 

ormazione), and the Commission became UNI-NorMaL , forming 

owadays 7 UNI’s Technical Commissions (see Appendix A). In 

uch context, the UNI 10921:2001 [40] (efficacy of water repellent 

reatments), gives interesting information, which can be useful 

lso for evaluating interference. 

In 2004, the European Committee for Standardization (CEN), 

pproved the formation of the Committee for the Conservation 

f Cultural Heritage “CEN/TC 346”, that have produced 10 stan- 

ardised test methods to characterise the material properties and 

he performance of new products (see Appendix B). Recently, the 

EN approved Document EN 17488 (2021) [41] , which gives gen- 

ral suggestions for selecting cleaning methods considering their 

ffects on the cultural heritage. However, to date, no standard 

ives clear information about the test to be performed for avoid- 

ng interference between biocide and substratum. Until now, ex- 

ept for the previously cited documents [ 40 , 41 ], no comprehensive

tandards for evaluating interference have been produced. Indeed, 

ifferent studies report several standardised measurement meth- 

ds, but they are limited to a part of the analysis: colourimetric 
24
nalysis (UNI EN 15886:2010 [42] , UNI Normal 43/93:1994 [38] ); 

ater absorption measurements (Normal 44/93:1993 [39] , UNI EN 

5801:2010 [43] , UNI 11432:2011 [44] ); contact angle measure- 

ents (UNI EN 15802:2010 [45] ), morphology studies (Normal 

/81 [46] ) and molecular spectroscopic analysis. Moreover,this di- 

ersification of methods produces differences which do not allow 

 simple comparison of results. 

esearch aim 

Based on the scientific literature on biocides applied to stone 

aterials, and on the international standards in the field of cul- 

ural heritage, this review wants to suggest guidelines to facilitate 

 standardised methodology to define the most suitable interfer- 

nce tests to be carried out before a biocide application. Starting 

rom a comparison of materials and methods for measuring the 

nterference, we wish also to highlight the substances/compounds 

hich resulted to be potentially dangerous. 

aterial and methods 

The present work of review was realised according to previous 

orks’ approaches in elaborating and using databases [ 18 , 47 , 48 ].

he methodology was developed following the steps described as 

ollows. 

iterature search 

To establish the extent of the state of art of experimentation 

egarding interference tests, we searched the literature to com- 

ose an overview of the methods of evaluation of the interfer- 

nce of biocidal substances and products when applied to ma- 

erials of cultural heritage interest. The search was performed 

mongst peer-reviewed papers, book chapters and proceedings, us- 

ng the international database Scopus ( https://www.scopus.com/ ), 

nd considering data from 1992 up to December 2022. It was 

erformed amongst papers’ titles, abstracts, and keywords, using 

he ’TITLE-ABS-KEY’ tool. Various combinations of keywords were 

sed, implementing 2- or 3-keyword queries. The keywords chosen 

ere: ’biocide(s)/biocidal’ (keyword No. 1), in combination with 

ach of the keywords No. 2, namely ’brick(s)’, ’mortar(s)’, ’mural 

ainting(s)’, ’stone(s)’including: ‘granite’, ‘marble’, ‘sandstone’, and 

limestone’. We did not use the ’SUBJECT AREA’ tool –to narrow 

own the field to cultural heritage– since the specific subject ar- 

as’ cultural heritage’ or ’conservation science’ are not presented 

n Scopus. We considered all the derived papers, also including the 

esulting ones that were written in Italian, Portuguese, Spanish and 

rench languages. 

Amongst the document results obtained, we perused all the 

ocument’ titles’ and ’abstracts’, and the whole record of the pa- 

ers dealing with biocides consistent with the field of cultural her- 

tage and construction science. In other words, we excluded from 

he study only the documents regarding the medical, agronomical 

ectors and fuel oil extractions. 

ataset building 

Starting from the literature search, mentioned above, a dataset 

f the only papers regarding biocide interference tests was created. 

he considered descriptors – each one occupying a column of the 

ataset –were: ’tested material’, ’tested method’, ’tested biocide’, 

biocide concentration’, ’conditions of testing’, ’observations’, ’ac- 

epted limit’ and ’reference’. The first five listed descriptors were 

aken from the experimental or "materials and methods" section of 

ach paper, while the observations of descriptors and the accepted 

imit were extracted from the "results and discussion" section. Its 

escriptors are detailed as follows: 

https://www.scopus.com/
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ested material 

This descriptor refers to the kind of materials upon which the 

ests are performed. 

ested method 

This descriptor refers to the typology of analysis or measure- 

ent performed to test a given biocide’s possible interference with 

 given material. 

ested biocide 

This descriptor refers to the biocidal substance or product, both 

s an unknown experimented substance and a commercial and tra- 

itional product. 

iocide concentration and conditions of testing 

The first descriptor refers to the biocide’s concentration ap- 

lied to the materials for the test, expressed in one of the follow- 

ng: percentage weight/weight (w/w); percentage volume/weight 

v/w); percentage volume/volume (v/v); concentration in millilitres 

er litre; concentration in milligrams per millilitres, or grams per 

itres; molarity. The second one refers to the details regarding the 

pplication of the biocide. It includes the way of application, such 

s spraying, brushing, rubbing, immersion, pouring, soaking, de- 

osition (the last one in the case of coating), inoculation (in the 

ase of organisms used as biocides); incorporation in one or more 

olymer(s), consolidant(s) or coating(s), if applicable; spraying dis- 

ance, if applicable; the number of repetitions of the application; 

he time lag between repetitions. 

bserved interference 

This descriptor refers to the test results or measurement and 

upplementary observations, all of them reported according to the 

uthor of the paper considered. 

ccepted limit 

In some cases, the author(s) tested multiple and increasing con- 

entrations of the biocide to establish the concentration limit that 
Fig. 1. Amount of papers dealing with biocides and describing interference tests. Th

25
an be accepted in the field of cultural heritage, which is an alter- 

tion non-perceivable or not affecting the material. This descriptor 

efers to the identified limitations. 

ibliographic information 

This descriptor refers to the reference (author(s), year). 

esults 

iterature search 

The search realised in the Scopus database, using the tools and 

eywords described in the “methods” section, gave back 202 docu- 

ent results. The documents appearing in more than one query 

re counted once. More in detail, the search produced the fol- 

owing products: 11 document results for the query issued by 

he combination of keywords’ biocide(s)/biocidal AND brick(s)’; 

7 document results for the query given by the combination of 

eywords’ biocide(s)/biocidal AND mortar(s)’; 10 document results 

or the query provided by the combination of keywords’ bio- 

ide(s)/biocidal AND mural AND painting(s)’; 166 document results 

or the query given by combining keywords’ biocide(s)/biocidal 

ND stone(s)’ included also ‘granite’, ‘marble’, ‘sandstone’, and 

limestone’. The papers dealing with biocides and not describing 

nterference tests, considering any undesired effect of the biocide 

n the material, or not describing in detail the biocide methods 

ere 40 out of 202. On the other hand, the papers dealing with 

iocides and describing interference tests represent 25% of the to- 

al “literature search ” with 50 documents (see Fig. 1 ) plus 3 reviews 

 18 , 19 , 49 ]. 

ataset building 

The structure of the dataset describing only the biocide interfer- 

nce tests is shown in Tables 1–4 , and the data obtained for each 

escriptor are detailed as follows: 
e histogram reports the percentage of tested materials for interference tests. 
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Table 1 

Commercial and usual biocide: Dataset of all the interference tests performed present in the scientific literature. T. Bio. = Tested biocide; B. Con. = Biocide concentration; Con. 

Tes. = Conditions of testing; T. Mat. = Tested materials; S. Mat. = sub material; M = Methods; W. Abs. = Water Absorption; Colour; Morp. = Morphologic; A. lim. = Accepted 

limit; Ref. = Reference. References [21,50–62,64] are cited in this table. 

( continued on next page ) 

26 
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Table 1 ( continued ) 

Legend. Conditions of testing : ( AG ) Air gun with pressure; ( B ) Brushed; ( CA ) Capillarity absorption; ( D ) Deposition; ( I ) Immersion; ( In ) Inoculated; ( P ) Poured; ( Po ) Poultice; 

( S ) Soaked; ( Sp ) Sprayed - Tested material = ( B ) Brick; ( Co ) Contrete; ( D ) Dolostone; ( F ) Fresco; ( G ) Granite; ( L ) Limestone; ( Ma ) Marble; ( P ) Plaster; ( S ) Sandstone; ( T ) Tuff - 

M : (AAT) Accelerated ageing tests; ( C ) Colorimetry; ( CA ) Contact angle meausure; ( CSM ) Contact sponge method; ( CWA ) Capillary water absorption; ( FTIR ) Fourier-transform 

infrared spectroscopy; ( L ) Lidar fluorosensor scanning); ( OM ) Optical Microscope; ( P ) Porosity; ( Pr ) Profilometer; ( SEM/EDS ) Scanning Electron Microscopy/Microprobe anal- 

yses; ( SS ) Soluble salts; ( W ) Change in weight; ( XRD ) X-ray diffraction - Observed interference = ( A ) Alteration; ( D ) Decrease; ( I ) Increment; ( N ) No Alteration; ( ND ) Nessun 

dato; ( SC ) smallest changes; ( SD ) Slightly decrease; ( SI ) Slightly increase; ( ∗) The hash mark indicates that the material was not considerable. 
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ested materials 

From the collection of papers for the present dataset describing 

nterference tests, many different stone materials were considered. 

n the same papers, we can find different materials investigated. 

he most frequently tested materials were: limestone ( Lim. )- 22 

apers; marble ( Mar. ) - 18 papers; sandstone ( San. ) – 9 papers;

alcarenite ( Cal ) – 6; travertine ( Tra. ) - 5 papers; firebrick ( Fir. ) - 5

apers; plaster ( Pla.) −4 papers; and granite ( Gra. ) - 2 papers; tuff

 Tuf. )– 2 paper; concrete (Con.) – 1 paper; fresco ( Fre. ) – 3 papers 

See Fig. 2 ). 

ested methods 

Colourimetry ( C ) methods (44 cases) were the most recurrent 

see Tables 1–4 ) (see Fig. 2 ), and they were used in almost all the

ubstrata, primarily on limestone and marble. With a lower extent, 

ifferent indirect methods were used to measure the stone’s poros- 

ty and hydrophobic proprieties changes, such as water absorp- 

ion by capillarity ( CWA ) (15 cases), contact angle measurement 

 CA ) (9 cases), 1 H NMR relaxometry ( NMR ) (2 cases), porosity by

orosimeter ( P ) (4 cases), water absorption by contact sponge( CS ) 

4 cases), water vapour diffusion ( WVP ) (1 case), Scanning Elec- 

ron Microscopy ( SEM ) (15 cases) also resulted frequently applied, 

ainly for the limestone, along with image observation through 

ptical microscopy, stereomicroscope and digital microscope ( OM ) 

3 cases), rugosity measure by profilometer system ( Pr ) (3 cases) 

nd detection of discolouration of the surface by a lidar system 
27 
 L ) (1 case). Mechanical methods and physical methods able to de- 

ect chemical compound resulted rarely employed, as the weight 

hange ( W ) (1 case); drilling test/peeling test/ Vickers hardness 

est ( DR ) (1 case), X-ray diffraction ( XRD ) (2 cases), FT-IR analysis

 FTIR ) (1 case) and determination of soluble salts ( SS ) (2 cases).

bout 30% of the studies applied accelerated ageing tests (e.g. ex- 

osure to heat, moisture, UV light, etc.) ( AAT ) after the biocidal 

reatments to monitor over time the stability of the product and 

he absence of alteration on the substrate. For the most recurring 

nterference tests, we enhance the presence of standardised meth- 

ds: Colour measurement UNI EN 15886:2010 [42] , Water absorp- 

ion by capillarity UNI EN 15801:2010 [43] ; Contact sponge UNI 

1432:2011 [44] ; Contact angle UNI EN 15802:2010 [45] (Table 1S 

 Supplementary material): 

olourimetry. This technique investigates the chromatic alterations 

n a surface by measuring colourimetric coordinates according to 

he CIELAB system. 

L ∗ indicates lightness (0 = absolute black, 100 = absolute 

hite); a ∗ and b ∗ are the chromaticity coordinates. a ∗ is the posi- 

ion between green (a ∗< 0) and red/magenta (a ∗> 0); b ∗ is the po-

ition between blue (b ∗< 0) and yellow (b ∗> 0). The global colour 

ariation is underlined by �E ∗ [ 42 , 99 ]. 

E ∗ = 

√ 

�L ∗2 + �a ∗2 + �b ∗2 

ab 
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Table 2 

Metal-based nanocoating and metal oxides biocide: Dataset of all the interference tests performed present in the scientific literature. T. Bio. = Tested biocide; B. Con. = Bio- 

cide concentration; Con. Tes. = Conditions of testing; T. Mat. = Tested materials; S. Mat. = sub material; M = Methods; W. Abs. = Water Absorption; Colour; Morp. = Mor- 

phologic; A. lim. = Accepted limit; Ref. = Reference. References [64–79] are cited in this table. 

( continued on next page ) 

28 
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Table 2 ( continued ) 

Legend. Conditions of testing : ( AG ) Air gun with pressure; ( B ) Brushed; ( CA ) Capillarity absorption; ( D ) Deposition; ( I ) Immersion; ( In ) Inoculated; ( P ) Poured; ( Po ) Poultice; 

( S ) Soaked; ( Sp ) Sprayed - Tested material = ( B ) Brick; ( Co ) Contrete; ( D ) Dolostone; ( F ) Fresco; ( G ) Granite; ( L ) Limestone; ( Ma ) Marble; ( P ) Plaster; ( S ) Sandstone; ( T ) Tuff - 

M : (AAT) Accelerated ageing tests; ( C ) Colorimetry; ( CA ) Contact angle meausure; ( CSM ) Contact sponge method; ( CWA ) Capillary water absorption; ( FTIR ) Fourier-transform 

infrared spectroscopy; ( L ) Lidar fluorosensor scanning); ( OM ) Optical Microscope; ( P ) Porosity; ( Pr ) Profilometer; ( SEM/EDS ) Scanning Electron Microscopy/Microprobe anal- 

yses; ( SS ) Soluble salts; ( W ) Change in weight; ( XRD ) X-ray diffraction - Observed interference = ( A ) Alteration; ( D ) Decrease; ( I ) Increment; ( N ) No Alteration; ( ND ) Nessun 

dato; ( SC ) smallest changes; ( SD ) Slightly decrease; ( SI ) Slightly increase; ( ∗) The hash mark indicates that the material was not considerable. 

Fig. 2. The frequency, expressed as a number of the scientific paper, of specific interference tests on different substrata: 

Lim . (Limestone); Mar. (Marble); Pla . (Plaster); Tra. (Travertine); San. (Sandstone); Gra. (Granite); Cal. (Calcarenite); Fir. (Firebrick); Tuf. (tuff); Con . (Concrete); Fre. 

(Fresco). 

29 
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Table 3 

Biocides based on metal NPs and oxides with water repellents and consolidants: Dataset of all the interference tests performed present in the scientific literature. T. Bio. 

= Tested biocide; B. Con. = Biocide concentration; Con. Tes. = Conditions of testing; T. Mat. = Tested materials; S. Mat. = sub material; M = Methods; W. Abs. = Water 

Absorption; Colour; Morp. = Morphologic; A. lim. = Accepted limit; Ref. = Reference. References [52,55,58,80–87] are cited in this table. 

( continued on next page ) 

30 
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Table 3 ( continued ) 

Legend. Conditions of testing : ( AG ) Air gun with pressure; ( B ) Brushed; ( CA ) Capillarity absorption; ( D ) Deposition; ( I ) Immersion; ( In ) Inoculated; ( P ) Poured; ( Po ) Poultice; 

( S ) Soaked; ( Sp ) Sprayed - Tested material = ( B ) Brick; ( Co ) Contrete; ( D ) Dolostone; ( F ) Fresco; ( G ) Granite; ( L ) Limestone; ( Ma ) Marble; ( P ) Plaster; ( S ) Sandstone; ( T ) Tuff - 

M : (AAT) Accelerated ageing tests; ( C ) Colorimetry; ( CA ) Contact angle meausure; ( CSM ) Contact sponge method; ( CWA ) Capillary water absorption; ( FTIR ) Fourier-transform 

infrared spectroscopy; ( L ) Lidar fluorosensor scanning); ( OM ) Optical Microscope; ( P ) Porosity; ( Pr ) Profilometer; ( SEM/EDS ) Scanning Electron Microscopy/Microprobe anal- 

yses; ( SS ) Soluble salts; ( W ) Change in weight; ( XRD ) X-ray diffraction - Observed interference = ( A ) Alteration; ( D ) Decrease; ( I ) Increment; ( N ) No Alteration; ( ND ) Nessun 

dato; ( SC ) smallest changes; ( SD ) Slightly decrease; ( SI ) Slightly increase; ( ∗) The hash mark indicates that the material was not considerable. 
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mongst the experimental conditions, the standard guidelines (Ta- 

le 1S - Supplementary material) define 5 five single colouri- 

etric readings on a minimum of 5 specimens, while the condi- 

ions reported in the literature appear more varied also on equiv- 

lent stone for material and size. Amongst 44 documents deal- 

ng with the colourimetric measures, 23 papers contain data about 

he number of measures performed on the samples and 14 report 

nformation about the diameter measurement heads. Few and no 

lear information is found about the total number of investigated 

pecimens, while often the measured area reported is 25 cm 

2 , ex- 

ept for a few studies where it is smaller or about 36 cm 

2 . As sum-

arised in Fig. 3 , “9” is the most recurring colourimetric reading 

umber (labelled in the figure with circles) with different diame- 

er measurement heads (3, 8, 11 cm). Later, “3” or “4” readings for 

ach sample are commonly found. 

Moreover, the literature review points out the great variability 

f the threshold limit for the colour variation values, �E ∗. Over 

his limit, the treatment is not accepted as tolerable for stone cul- 

ural heritage. As reported in literature (Table 2S - Supplementary 

aterial), the suggested threshold changes, and, depending on the 

ingle study, goes from a value of �E ∗ < 2 to �E ∗ < 10. 

ater absorption by capillarity. This technique investigates the 

mount and rate at which a specimen absorbs water by capillarity 

hrough the test surface when in contact with water. Any variation 

oints out a change in the porosity of the materials treated. 

The mathematical formula for the measurements of water 

mount absorbed by the specimen per unit area (Qi) at time t 
I 

31 
time elapsed from the beginning of the test, in (s)) is calculated 

s follows [43] : 

i = [ ( m i − m 0 ) /A ] 

here ( m i ) mass of the specimen at time ti, ( m 0 ) mass of the dry

pecimen, and (A) the area of the sample in contact with water. 

mongst the standard, the minimum number of specimens to in- 

estigate is three. In literature, to detect only the first initial water 

ptake, like the contact sponge method, and not the entire water 

bsorption, the coefficient absorption times reported are values of 

0, 60, 90 or 120 s [100] . 

ontact sponge. This method works through a contact sponge po- 

itioned on a contact plate. The investigated characteristics detect 

he initial water absorption of material just below the surface. 

The contact plate’s difference in weight gives the amount of 

ater absorbed by the stone before and after the proof. It is es- 

ential to perform the analysis before and after the treatment since 

ests made after some days or more are not reliable. 

The mathematical formula for the in-situ test to be applied is 

44] : 

 a 

(
g 

cm 

2 
∗ min 

)
= 

P i − P f 

23 . 76 ∗ t 

Where (Wa) is water absorbed; ( P i ) is the initial weight of the 

ponge inside the plate; ( P f ) is the weight of the sponge inside the 

late after the contact (23.76) is the sponge area; (t) is the total 

ime of contact. 
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Table 4 

Natural biocides and alternative to biocide treatments: Dataset of all the interference tests performed present in the scientific literature. T. Bio. = Tested biocide; B. 

Con. = Biocide concentration; Con. Tes. = Conditions of testing; T. Mat. = Tested materials; S. Mat. = sub material; M = Methods; W. Abs. = Water Absorption; Colour; 

Morp. = Morphologic; M. Com. = Mineral composition; Por. = Porosity; A. lim. = Accepted limit; Ref. = Reference. References [7,56,60,64,88–98] are cited in this table. 

( continued on next page ) 

32 



A. Casanova Municchia, M.R. Fidanza and G. Caneva Journal of Cultural Heritage 64 (2023) 23–41 

Table 4 ( continued ) 

Legend. Conditions of testing : ( AG ) Air gun with pressure; ( B ) Brushed; ( CA ) Capillarity absorption; ( D ) Deposition; ( I ) Immersion; ( In ) Inoculated; ( P ) Poured; ( Po ) Poultice; 

( S ) Soaked; ( Sp ) Sprayed - Tested material = ( B ) Brick; ( Co ) Contrete; ( D ) Dolostone; ( F ) Fresco; ( G ) Granite; ( L ) Limestone; ( Ma ) Marble; ( P ) Plaster; ( S ) Sandstone; ( T ) 

Tuff - M : (AAT) Accelerated ageing tests; ( C ) Colorimetry; ( CA ) Contact angle meausure; ( CSM ) Contact sponge method; ( CWA ) Capillary water absorption; ( FTIR ) Fourier- 

transform infrared spectroscopy; ( L ) Lidar fluorosensor scanning); ( NMR ) Measurements of hygroscopic properties through NMR ( OM ) Optical Microscope; ( P ) Porosity; ( Pr ) 

Profilometer; ( SEM/EDS ) Scanning Electron Microscopy/Microprobe analyses; ( SS ) Soluble salts; ( W ) Change in weight; ( XRD ) X-ray diffraction - Observed interference = ( A ) 

Alteration; ( D ) Decrease; ( I ) Increment; ( N ) No Alteration; ( ND ) Nessun dato; ( SC ) smallest changes; ( SD ) Slightly decrease; ( SI ) Slightly increase; ( ∗) The hash mark indicates 

that the material was not considerable. 

Fig. 3. Number of colourimetric readings for each sample reported in the literature. The single readings are labelled in the figure with circles. The different trama underlines 

specific substrata. The numbers in the squares indicate the diameter expressed in cm of the measuring head. The dashed circle encloses more results reported in a single 

article. 

33 
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Fig. 4. The ratio between the documents concerning the interference tests. For each kind of biocide, the ratio is between the documents concerning the interference tests 

following the biocide application, and the paper dealing with biocides but not considering any effect on the substrate. 
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The standard guidelines (Table 1S - Supplementary material) 

uggest for the application method, 4 different measures on 

reated/untreated areas for each sample with a sponge diameter of 

.8 cm or 2.7 cm, with a time, starting from 30 s until 3 min. In the

iterature, the experimental conditions changed from two zones for 

ach treated/untreated area [ 55 , 58 ] by a sponge diameter of 5.8 cm

or a time of 1 min, to three areas per treatment by a sponge di-

meter of 8 cm for a time of 30 s [71] . The test frequency sug-

ested in the scientific literature is four times a year, one for each 

eason [55] . Cause the ability to absorb water from the content of 

anufacture humidity becomes crucial to detect temperature and 

elative humidity during the measurement [101] . A positive eval- 

ation of the material is represented by no variation between the 

reated and untreated areas. 

ontact angle. This technique investigates the static contact angle 

etween a water drop and the test surface of the specimen. Any 

ontact angle variation underlines a change in the hydrophobic 

aterials’ proprieties. The mathematical formula for the measure- 

ents is calculated as follows [45] : 

= 2 arctg 
2 h 

d 

Where ( θ ) is the static contact angle, (h) is the drop’s height 

nd (d) is the diameter of the contact surface. A positive evalua- 

ion of the material is represented by no variation in the contact 

ngle. 

ested biocide 

Several biocidal substances and products were subjects 

o investigation in the dataset’s papers; the commercial 

ames/substances are summarised in Tables 1–4 . 

In detail, the biocidal compounds based on metal oxides mixed 

ith other metal elements or alone are the major investigated 

roducts for their potential harm on the substrate (57% of the total 

apers) ( Fig. 4 ). On the contrary only 11 papers on a total of 42

ocuments regarding natural biocides on cultural substrata report 

he interference test. However, the worse ratio is for commercial 

nd usual biocide where only 16% of interference tests are adopted 

n the biocide studies (see Fig. 4 ). 

iocide concentration and conditions of testing 

Authors often used different concentrations of biocides, which 

ere expressed in various measurement units, according to each 

xperiment’s requirements (see Tables 1–4 ). The testing conditions 
34 
ere different, according to the origin of the substance (commer- 

ial product, nanoparticles, organisms, etc.) and the material’s re- 

uirements (see Tables 1–4 ). In 15 cases the biocides were ap- 

lied by brushing ( B ). In 13 cases, spraying ( Sp ), in a specific case,

y air gun with pressure ( AG ) was the application mode. In most 

ases (15 cases), the biocide was applied through nanocoating, es- 

ecially for those based on metal oxides. The lichen secondary 

etabolites investigated by Gazzano et al. [56] were poured ( P ) 

nto the marble slabs. The same application method was used by 

e Muynck et al. [52] for biocide based on metal oxides. After in- 

orporating the biocides, Barriuso et al. [102] , Spada et al. [60] and 

ianchi et al. [94] used cellulose poultices ( Po ) to let the mate- 

ial absorb the product by capillarity. Romano et al. [91] . inoculate 

In) the limestone slabs with the cell-free filtrate of the bacterium 

urkholderia gladioli pv. agaricicola ICMP 11096 strain. Jeong et al. 

89] . Tretiach et al. [51] , and Altieri et al. [21] immersed ( I ) the

tone samples into the biocidal solution. Becerra et al. [ 74 , 77 ] ap-

lied the nanocomposites of silver and titanium dioxide via depo- 

ition ( D ) onto the limestone slabs. Whereas Nugari et al. [50] ap-

lied the biocide using capillarity absorption ( CA ). 

bserved interference 

The variation observed about the water absorption was re- 

orted as ( D ) decrement; ( SD ) slightly decrement; ( I ) increment;

 SI ) slightly increment; ( N ) no alteration, ( ND ) no data reported;

 

∗) not considered for the authors. An increment in the water ab- 

orption put evidence of a change in the stone’s intrinsic character- 

stics as the porosity value. On the other hand, a reduction of the 

bsorption gives to the stone’s hydrophobic characteristic. To point 

ut the changes in the surface morphologies and the mineral com- 

osition in Tables 1–4 are labelled with ( SC ) any smallest changes, 

 A ) alteration, and ( N ) no alteration. 

ccepted limit 

Few authors tested multiple concentrations of biocides to iden- 

ify the endured concentration limit, that is, the maximum concen- 

ration of the biocidal substance that can be used without alter- 

ng the surface or causing negligible and acceptable alteration for 

he field of cultural heritage. Indeed, Quagliarini et al. [75] tested 

ifferent amounts of TiO 2 until identified the maximum percent- 

ge concentration causing minor alteration. In this case, the con- 

entration was 1% weight/volume [75] . Goffredo et al. [68] di- 

ectly tested titanium dioxide nanoparticles, titanium dioxide and 

ilver nanoparticles, and titanium dioxide and copper nanoparti- 

les, in all three cases at a concentration of 1% weight/weight, 
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o avoid unacceptable chromatic changes or other incompatibili- 

ies, basing their assumption on previous studies. Zarzuela et al. 

73] tested multiple percentage concentrations of a nanocompos- 

te based on copper oxide and silica, identifying the value of 0.15% 

eight/volume as the accepted limit to avoid significant chromatic 

lterations or mechanical modifications. Becerra et al. [70] tested 

 different kind of nanocomposite to identify that only the one 

ased on silver and titanium dioxide stabilised with trisodium cit- 

ate, and containing 0.02 mg/ml of silver and 0.12 mg/ml of tita- 

ium dioxide, could be considered for applications on limestone. 

iscussion and suggested guidelines 

ested materials 

The materials investigated by the interference tests were dif- 

erent but most data regard limestone, marble and sandstone. Only 

5 papers (see Tables 1–4 ) give detailed information on stone char- 

cteristics, mineralogy, chemical composition, porosity, and rough- 

ess. This lack seems relevant since, as underlined previously 

tressed, different porosity and roughness values could influence 

he final interference test, driving to different results. Therefore, 

uch information is essential, before applying a biocide, to avoid 

he undesirable effect of a product, and help in a better selection. 

ested methods 

Results showed the heterogeneity of the methods of measure- 

ents, carried out in the assessment of biocides interferences. In- 

eed, adopting only one method can be insufficient, since each 

nalytical method can study only some properties, but not all 

he needed evaluations in the field of cultural heritage protection. 

ost techniques were focused on the colourimetric analysis and 

he water absorption surveys, and a few on the solubles salts, mon- 

toring or characterising new mineralogic phases. 

Such methods can have some critical points to be considered in 

he final assessment, such as downside effects. For exam ple, in the 

ase of the colourimetry methods, the critical element is given by 

ossible differences in relative humidity between the readings. The 

olour changes to yellow and darkens under high humidity condi- 

ions. In the laboratory, this difficulty could be overcome by using 

rying systems. Then, in the field, it is important to register the 

icroclimatic parameters before starting tests [103] . Moreover, the 

olourimetric values vary from type to stone. Stones can have ir- 

egularity due to great cavities (travertine), different grains colour 

granite) or material included (bioclastic stone). These irregulari- 

ies should be evaluated to define accurately both the number of 

eadings and the measurement head size. As reported in the study 

f Prieto et al. [104] , concerning a proposed procedure for the 

olour measuring of granite rocks (excluded by the dataset because 

ot allude to biocidal use), in inhomogeneous samples like granite 

tones, the number of colourimetric readings should increase. In 

etail, in granite stone, the recommendations are 6 readings for a 

6 cm 

2 surface area using a 50 mm diameter measurement head, 

4 readings for a 36 cm 

2 surface area for 8 and 10 mm diameter

easurement heads, and 17 for a 36 cm 

2 surface area for a 5 mm

easurement head [104] . This approach has been applied by He 

t al. [62] on a wall painting, where a total of 9 measurements 

ere applied using a 4-mm measurement head within 4 cm 

2 of 

urface area. 

In addition, the great critical point concerns the different colour 

ariation values ( �E ∗), considered acceptable for historical or 

onumental surfaces. In this review, the lack of an univocal limit 

alue ( �E ∗) above it emerges and the chromatic variation cannot 

e considered suitable for the cultural heritage. This aspect implies 
35 
hat the same product could be believed adequate in some stud- 

es and not suitable for others. The absence of uniformity raises 

rom the lack of rules in the standards of Cultural Heritage, and the 

ndicated threshold limit came from analysis and visual observa- 

ions performed in other research studies. For example, certain pa- 

ers [ 68 , 70 , 74 , 78 ] follow the classification suggested by García and

alaga [105] for antigraffiti products. These authors state that a to- 

al colour change cannot be seen by a human eye only when �E ∗

alues are < 5 units, but following this classification, �E ∗ values 

ange between 5 and 10 units and are still considered to be accept- 

ble, even if slightly visible. Other reports that the colour varia- 

ion is very distinct when �E ∗ > 3.0, small differences when 1.5 < 

E ∗ < 3.0 and cannot be distinguished by naked eyes when �E ∗ < 

.5 [62] . On the other hand, most studies [ 6 , 19 , 86 , 95 , 106 ], indicate

E ∗ values below 4 as acceptable in the field. Therefore, it comes 

o light that is necessary to draw a common value to follow. Con- 

erning the water absorption interference tests, the contact sponge 

est can be applied with high precision for less porous materials, 

ut it is unfit for more porous stones [107] . In this case, it is pos-

ible to replace the water absorption method, using the Karsten 

ipe method [108] . Both these methods, the contact sponge and 

asten pipe technique, are specific for in situ conditions. Fur- 

hermore, the availability of instruments for the in situ measure- 

ents is essential to monitor biocide-substratum interaction in the 

riginal environmental condition. Again, this implicates the pos- 

ibility of periodic monitoring by non-destructive methods, rela- 

ively handy and straight forward, that permit to keep preventive 

aintenance. 

Then, such comparative evaluation underlines the importance of 

arrying out several evaluations of the interference, before and af- 

er treatment, such as colour, water absorption, water vapour per- 

eability, contact angle, visual and microscopic analysis, mechani- 

al tests, and chemical and mineralogical analysis. 

ested biocide 

Concerning biocidal products used in stone conservation and in- 

estigated for their interference with the substrate, the predomi- 

ance is represented by the metals and metal-based compounds 

see Fig. 4 ). Although a growing number of studies proposes es- 

ential oils and components of EOs as alternatives to conventional 

iocides, data about their stone interference are often lacking, thus 

xcluding a limited number of papers (see Table 4 ). 

It is decisive, for further research related to the natural and 

nnovative biocides in stone restoration, including the tests about 

heir potential interference with the materials (changes in colour, 

ater absorption, morphological aspect variation, mobilisation of 

he solubles salt, and accelerated ageing tests). 

iocide concentration and conditions of testing 

Concentrations and applications of biocide greatly varied. Only 

n a few studies, detailed information about the biocide is de- 

cribed. For example, not always the solvent (e.g. water, alco- 

ol, acetone, or mixing) or the additive (e.g. surfactant as Tween 

0/80 or Span 20) adopted are specificated. Data about method- 

logy detail are also lacking: e.g. the distance and the diame- 

er of the spray nozzle used for the biocide application. Instead, 

hese data could be useful for the correct reproducibility of the 

xperiment. 

In addition, the information about the physical characteristics 

f the biocide adopted, such as pH, density and viscosity values 

re rarely reported in the studies. These features are extremely 

mportant to understand the interaction of the products with the 

tone: How much can it penetrate the substrate? Can it activate 
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b

n acid dissolution of the stone? Is it so viscose that could re- 

ain on the surface? The solvent or the additive could affect neg- 

tively the substrate? This is to conduct a selection of the suitable 

iocide product concerning the stone characteristic (e.g. carbon- 

tic or siliceous stone, high or low porosity, etc.). Thus, a complete 

nalysis report information about the biocide is advisable, such as 

18] : a) substance: scientific name, origin; b) application (in vitro 

nd situ); c) concentration; d) material: lithotype, chemical, and 

ineral characterization; d) target organism: referring to potential 

iodeteriogens; e) efficacy: ranking of the level of activity for each 

ubstance and f) the physical/chemical characteristic of the biocide, 

ts solvent and/or additive. 

bserved interference 

The data highlighted that the chromatic final results strongly 

epend on the biocide concentration, stone material characteris- 

icssuch as porosity, roughness, mineral and chemical composition 

nd water amount. 

Graziani et al. [ 66 , 69 ] reported that the same product (TiO 2 

anocoating) applied to stones with different porosity and rough- 

ess gives different chromatic variations: clay bricks with highly 

orous and rough surfaces showed no relevant colour changes con- 

erning those with low porous smoothed surface. A high porosity 

n the substrata allows the biocide to penetrate almost totally in- 

ide the stone avoiding the depositing of the product on the sur- 

ace causing a visual variation [19] . In the study by Altieri et al.

21] , Algophase on the marble stone produced a yellowing effect, 

hich was not registered in the sandstone or travertine samples. 

imilarly, the application of the hydrogen peroxide on marble stone 

id not cause any visual change, but stains to a rust-coloured spot 

ere registered on sandstone “Pietra Serena” [50] , probably due to 

he interaction between hydrogen peroxide and the iron presence 

nside the stone. 

Some products (DTSACl, DAVICIL, Glyphosate mono- 

sopropylammonium, Bioestel) (see Table 1 ) caused darkening 

n concrete, marble and sandstone surface [ 50 , 52 , 55 ], while

ther biocides (sodium dimethyldithiocarbanates and sodium 

-mercapto-benzo-thiazole) produced a yellowing effect on 

he surface or a whitening effect (Bioestel) on Carrara marble 

 21 , 50 , 55 ]. 

Furthermore, the chromatic change due to the application of 

iO 2 -based coatings and nanocoatings showed a great variability 

n the final results depending on concentration, stone material and 

he kind of nanoparticles metal mixture. The variation seems to 

e strongly dependant on the amount of TiO 2 , in fact, in the re-

earch by La Russa et al. [67] colour variation decreases as TiO 2 

ontent decreases, except for the pure TiO 2 . The whitening effect 

s more evident on dark stones and could be underrated on light 

olour stones [ 66 , 69 ]. The metal particles that have registered a

ignificant chromatic alteration ( �E > 5) are Ag/TiO 2 nanocompos- 

tes, ¼ Ag/TiO 2 nanocomposites, Ag nanoparticles (with trisodium 

itrate), and Nano-Ag plus TEOS (tetraethyl orthosilicate) applied 

n limestone materials [ 70 , 74 , 77 , 78 , 79 ]. In general, the presence of

g-nanoparticles is responsible for the higher alteration of the final 

olour as underlined in the study of De Muynck et al. [52] , where

g-nanoparticles at the concentration of 250 and 100 mg/m 

2 in- 

uce a darkening with �E ∗ values of 8.7 and 15.9. Amongst the 

iocidal natural compounds, the products based on essential oils 

 EO ) and constituents of essential oils ( CEO ) have given a good re-

ult with �E ∗ value < 4 [ 90 , 91 , 60 ], except for the pure application

f Syzigiumaromaticum on marble registered in the study of Spada 

t al. [92] , where the �E ∗ is > 12 after artificial ageing of 60 days.

lso, the biocides as the New FloorCleaner and the biocides based 

n lichen secondary metabolites ( SM ) (see Table 4 ) appeared to be
36
uitable, not showing any kind of chromatic alteration respectively 

n materials such as firebrick and marble [ 56 , 57 ]. 

On the other hand, high �E ∗ values have been registered 

or the biocides constituted by microorganisms or microbial by- 

roducts ( M ). In the study of Sasso et al. [88] , after the applica-

ion of B. gladioli pv. Agaricicola, S. nigrum, and T. harzianum T22 a 

ritical chromatic variation with a �E ∗ value > 8 have been high- 

ighted. 

Interestingly, some studies have also taken into account the sta- 

ility of the applied biocide, monitoring its effect over time. As re- 

orted by Van der Werf et al. [84] , two hours after the applica-

ion of a hydrorepellent mixing with a nano-ZnO on limestone the 

E ∗ was about 10.1/10.2, passed 14 days the value decreased with 

 �E ∗ = 5.9/5.8, up to a negligible chromatic effect after 38 days 

ith a value �E ∗ = 2.9/2.8 [84] . Moreover, in Aldosari et al. [87] a

light variation after two different ageing processes has been high- 

ighted: without ageing a �E ∗= 0.45, after UV ageing �E ∗= 2.41, 

nd after thermal ageing �E ∗= 2.59. 

However, other studies have noted the opposite effect, with a 

orsening of the chromatic values with ageing. In the studies of 

pada et al. [60] , firstly (after 14 days) the benzalkonium chloride 

pplication gives a good result with a �E ∗< 4, but after 60 days

he chromatic variation increased until a value of �E ∗> 6. On the 

ther hand, in the same study, the natural biocide ( EO ) did not un-

ergo any change in chromatic values. Moreover, In Goffredo et al. 

71] after ageing, a darkening effect of the coating has been ob- 

erved. Concerning the change in water absorption after biocide 

pplication, a decrease in water amount absorption is observed 

hen the biocide is mixed with a hydrorepellent/consolidant prod- 

ct [ 54 , 55 , 58 , 80 , 82 , 85 , 87 ]. As for the chromatic results, also for

ater absorption, the porosity of the stone influences the results. 

n Altieri et al. [21] , four commercial products (Algophase, Arse- 

al, Roundup, and Metatin N58–10/101) were applied on three dif- 

erent lithotypes: Carrara marble, sandstone from Fiorenzuola, and 

ravertine. Results showed that Algophase reduces the water ab- 

orption in the marble stone, but on the contrary, it increases in 

he sandstone, while its effect is negligible on travertine. This dif- 

erent behaviour is probably due to a larger deposition on the 

andstone surface. Roundup was the most aggressive product, in- 

ucing a stone dissolution of all four substrates and consequently 

ncreasing water absorption [21] . In the study by Nugari et al. 

50] marble appeared to be more affected by an increment of wa- 

er absorption to limestone samples, probably as a consequence of 

n alteration of the microporosity inside the stone [50] . Regard- 

ng the biocides made up of metal oxide, the results underlined a 

ydrophobic behaviour. In almost every case, it was registered a 

ecrement in water absorption after the applicationof nano-metals 

oating with a biocidal effect [ 72 , 73 , 76 ]. All the data about water

bsorption for natural biocide have not revealed any alteration of 

he water absorption proprieties [ 57 , 64 , 89 ] ad exception in Zuena

t al. [63] where a hydrophobic behaviour, due to the nanocap- 

ules and silica mesoporousnanoparticles, has been registered. In 

he database ( Tables 1–4 ) the morphological alterations, labelled 

s “A ”, are considered “any change in the morphological structure 

f the stone,” although some superficial modification can impli- 

ate an improvement as a better superficial cohesion. In fact, in 

iocides based on CuO-SiO 2 [ 73 , 76 ] the coating reduces the sur- 

ace roughness forming a more compact film on stone. The same 

urface modification was detected on the sample treated by mix- 

ng Estel 10 0 0 and nano-ZnO [ 81 , 84 ], where the homogeneity of

he stone surface was improved. A similar study is reported by 

ldosari et al. [87] where the biocide evens the surface without 

reating fractures. In Nugari et al. [50] , three commercial biocides, 

lyphosate mono-isopropylammonium, sodium dimethyldithiocar- 

anates and sodium 2-mercapto-benzo-thiazole, and hydrogen per- 
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Fig. 5. Proposed method to test the biocide interference on the stone for laboratory tests. 
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Fig. 6. Proposed method to test the biocide interference on the stone in situ . 
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xide, resulted to be more aggressive marble stone than on sand- 

tone. 

No morphological alteration was reported for natural biocide 

pplication on substrates [ 64 , 91 , 93 ]. The only two porosity anal-

sis applied for the interference test [ 66 , 95 ] reported no variation.

oreover, the observed interferences are limited to a few param- 

ters: water absorption variation, colourimetric modification, and 

ariation in porosity and surface roughness. Other equally impor- 

ant parameters are rarely considered, such as the soluble salt de- 

ection (e.g. by specificity conductivity, pH and ions content mea- 

urement), and the analysis of residues due to additive (e.g. sur- 

actant) or interaction with the solvent. A biocide based on a wa- 
er solvent could affect variations in the distribution and concen- a

38 
ration of soluble salts, especially in calcareous stones [ 109 , 110 ].

urthermore, specific chemical compounds present in the biocide 

ormulation can affect pH variation, inducing dissolution phenom- 

na, and changing the concentration of salts soluble. The standard 

N 17488:2021 [41] : “Procedure for the analytical evaluation and 

election of cleaning methods for porous inorganic materials used 

n cultural heritage" relating to the methodologies to evaluate the 

armful effect and the efficiency of cleaning methods, in addi- 

ion to optical observation, colour analysis, water absorption as- 

essment, suggests also methodologies as wet chemical analysis on 

queous extract, vibrational spectroscopy investigation, and surface 

on analysis and elemental analysis. For a whole analytical evalu- 

tion, these parameters should always be taken into consideration 
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n the study of biocidal interference. Also, accelerated ageing tests 

e.g. exposure to heat, moisture, UV light, etc.) are necessary, espe- 

ially for new products. 

ccepted limit 

In general, to simulate a real conservative treatment, the bio- 

ide application doses should be higher than the dose that has 

een established as effective for the removal of biodeteriogens. 

owever, few authors tested multiple concentrations of biocides to 

dentify the limited concentration of treatment regarding the in- 

erference tests. For this reason, it is relevant to increase the bio- 

ide concentrations to establish the concentration limit that can be 

sed without altering the surface or causing negligible and accept- 

ble alteration for the field of cultural heritage. The missing of this 

arameter is serious because, in a real situation, the exact amount 

f the applied biocide is not always controllable. 

uggested guidelines 

Based on the standard methods (UNI 10921:2001 [40] ; UNI 

N15886:2010 [42] ; UNI EN15801:2010 [43] ; UNI EN 15802:2010 

45] ; UNI EN 11432.2011 [44] ;EN 16302:2014 [108] ;EN 16455:2014 

111] ; EN17488:2021 [41] ) and guidelines presented in other re- 

earch studies [ 104 , 105 , 106 , 112 , 113 , 114 ] in following flow charts

 Figs. 5 - 6 ), we propose a way to test the possible interference on

tone due to the biocidal treatment (Table 3S - Supplementary ma- 

erial). In detail, in Fig. 1S we report a preliminary assessment to 

lan the correct interference tests based mainly on if the biocide 

s a new product; if there is data about its interference test; if the 

onditions for the test are the same and if the substrate has the 

ame chemical and petrography characteristics. By answering these 

uestions both the application of the biocide and the evaluation of 

he interference tests are more aware. The two flow charts ( Figs. 5 

nd 6 ) are focusing in detail on the kind and the modality of the

ests to apply in situ and laboratory. For in situ test a representa- 

ive reference area on site is necessary to compare the interference 

ata obtained with which from the treated area by the biocide. In 

his way, it is possible to point out any unwanted changes. When 

o data occurs, the interference tests should be conducted before 

he biocidal treatment, after one/two months from the product ap- 

lication and after the accelerated ageing cycle. These steps appear 

o be essential for monitoring product stability. 

For each propriety, it is possible to use one or more methods, 

ased on the available technologies and the specific case of studies 

Table 3S - Supplementary material). 

The biocide application should be consistently overestimated to 

imulate a real conservative treatment. The proposed method con- 

iders checking property as appearance, water absorption and chem- 

cal alteration . 

The sequence of application of different tests can vary with the 

pecific case. Concerning the water absorption tests, we suggest 

ocusing on the superficial surface of the stone, because it is the 

ost exposed to variations due to the application of biocides. Usu- 

lly, the alteration and deterioration processes are concentrated in 

his area. Furthermore, it is essential to report for each method 

he corresponding information of the reference standard, especially 

or the colourimetric measure and the water absorption method, 

here the temperature and humidity data are necessary. 

onclusions 

Data obtained from the current literature confirmed a certain 

ariability in methods for the analysis of stone monuments’ al- 

eration “interference” caused by the application of biocides. The 
39 
ain usually applied interference tests are the colourimetric anal- 

sis and the water absorption tests. However, diversification of 

ethodological approaches occurred, in measuring field observa- 

ions and readings, giving rise to the high heterogeneity of ac- 

uired final data. This makes it complicated to compare interfer- 

nce tests conducted in different research. Moreover, sometimes 

he literature interference data are not very useful to a final real 

pplication, because the biocide concentration applied during the 

ests could be distant from a real new situation, where frequently a 

igher dose occurs. Therefore, based on the national/international 

tandards and the existing literature, we suggest a guideline for 

nterference tests both in the lab and in situ , which could help in 

onitoring any unwanted changes on the stone after the biocide 

pplication, especially to detect the great multiplicity of the novel 

iocides put on the market. Establishing a standardized shared 

ethodology for interference evaluation is crucial to compare the 

esults obtained accurately. This will help identify the application 

f a particular biocidal product while ensuring the safety of the 

onument. 

upplementary materials 

Supplementary material associated with this article can be 

ound, in the online version, at doi: 10.1016/j.culher.2023.08.001 . 
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