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Abstract This chapter will focus on the role of microorganisms in the removal of
nitrates and sulfates on artistic stoneworks. The main groups of microbes and their
metabolisms involved in bioremoval methods for the preservation and protection of
cultural artifacts are reported. The aim is to offer a comprehensive view on the role
and potentiality of virtuous microorganisms in the biocleaning and bioremoval of
black crusts and salts altering CH stoneworks. We highlight the importance of the
use of the selected microorganisms and the adoption of adequate carriers for the
anaerobic metabolism of nitrate and sulfate reducers to be applied on the altered
stone surfaces. The following characteristics of the delivery system are of great
importance: the ability to guarantee water content for microbes, the absence of
toxicity for the environment, no negative effects to the stone surfaces, easy to
prepare, to apply, and to remove from different stone surfaces at the end of the
treatment. We report an overview of the last 30 years on the biocleaning processes
including diagnostic studies of the alterations, the assessment of associated risks, the
effectiveness and efficacy of the proposed method, and the evaluation in terms of
economic and environmental sustainability.

Keywords Cultural Heritage · Biocleaning · Black crust · Nitrates · Sulfates ·
Biotechnology · Bacteria

It is well known that microorganisms have a crucial role in their natural habitats
being involved in the biogeochemical cycles and in the transformation of inorganic
and organic compounds as energy and carbon sources. However, in the Cultural
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Heritage (CH) field microorganisms have a double role in relation to the biodeteri-
oration processes and the biorecovery potentialities.

In this chapter, we briefly describe the role of microorganisms in the biodeteri-
oration of stoneworks and, in particular, we focus the attention on the use of viable
bacterial cells for the removal of nitrates and sulfates from CH altered stone surfaces.

Outdoor archeological and monumental CH stoneworks are subjected to deteri-
oration damages due to physical, chemical, and biological processes causing struc-
tural, mechanical, chemical, and aesthetic alterations of the original material and
leading to stone decay (Sorlini et al. 1987; Ortega-Calvo et al. 1995; Mansch and
Bock 1998; McNamara and Mitchell 2005; Gorbushina 2007; Pinna and Salvadori
2008; Ranalli et al. 2009; Scheerer et al. 2009; May 2010).

Climate change can indirectly affect stone deterioration due to fluctuation of
temperature, rainfall and humidity determining higher salt crystallization processes
(Brimblecombe and Grossi 2007; Grossi et al. 2007; Duthie et al. 2008).

Salts, deriving from various sources (e.g., air pollution, soil, wind from the sea or
the desert, de-icing salt, cleaning materials, garden fertilizers, etc.) can seriously
damage the CH stone surfaces due to the stresses generated by crystal growth in the
stone pores (Scherer 2000; Doehne and Price 2010).

All the deterioration processes depend on the stone physical and chemical
properties since different lithotypes have diverse strength, porosity, hardness,
absorption, etc. These aspects strongly affect the decay of monuments and building
materials and can also favor the surface colonization of microorganisms and this
concept is named bioreceptivity (Viles and Moses 1998; Herrera and Videla 2009;
Doehne and Price 2010). Indeed, together with physical and chemical agents,
biological agents are also important in the deterioration of historical and artistic
stoneworks acting in different ways: mechanically, chemically, and aesthetically
(Warscheid and Braams 2000; Dornieden et al. 2000; Saiz-Jimenez 2001; Ranalli
et al. 2009; Bhatnagar et al. 2010; Zanardini et al. 2011, 2016, 2019; De Leo et al.
2012).

The growth of the biodeteriogens on stone mainly occurs with the formation of
biofilm that can produce mechanical stresses to the mineral structure leading to
changes in the stone pore size and in the moisture circulation patterns and temper-
ature response (Gorbushina 2007). However, it has also evidenced that biological
patinas and biofilms in some situations do not cause stone decay but can act as a
protective layer of the stone surfaces (Caneva et al. 2008; De Muynck et al. 2010).

Among the principal groups of microorganisms involved in CH biodeterioration
processes, diverse bacteria have been detected and isolated from altered stonework
surface and/or at the depth of few millimeters; chemolithoautotrophs such as bacteria
involved in sulfur and nitrogen cycles that can strongly acidify by the production of
inorganic acid (sulfuric and nitric acids, respectively). In the past, great attention was
focused on acidifying bacteria such as sulfur oxidizers (Thiobacillus spp.) and
nitrifiers (Nitrosomonas spp.) which can cause the transformation of calcium car-
bonate giving calcium sulfate and calcium nitrate leading to material corrosion
(Mansch and Bock 1998; Tiano et al. 1999, 2006; Abeliovich 2006).
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1 Stone Sulfation and Nitration Mechanisms

Air pollution has been recognized in numerous studies as a strong factor involved in
the outdoor stoneworks deterioration for causing material transformation and surface
deposits (Camuffo 1998; Warscheid and Braams 2000; Zanardini et al. 2000; Saiz-
Jimenez 2003; Doehne and Price 2010). Inorganic atmospheric pollutants such as air
sulfur oxides (SO2 and SO3), nitrogen oxides (NOx), and carbon oxides, in the
presence of water, produce acidic solutions, which react with the calcareous mate-
rials and transform calcium carbonate into calcium sulfate dihydrate and calcium
nitrate giving consequently decay phenomena of “sulfation” and “nitration” and the
formation of damaging crusts namely “black crust” (Gauri et al. 1989; Rivadeneyra
et al. 1991, 1994; Orial et al. 1992; Salvadori and Realini 1996; Saiz-Jimenez 2003,
2004; Doehne and Price 2010).

In the case of the black crust formation, the main mechanism is the sulfation
reaction involving calcium carbonate as reported below:

2SO2 + O2 ! 2SO3

SO3 + H2O ! H2SO4

H2SO4 + CaCO3 ! CaSO4. (2H2O) + CO2

The corrosion processes operated by acidic pollutants on stone can differently
happen based on the environment where monuments are located: exposed and
sheltered areas can show in fact different levels of stone surfaces deterioration.
When the products from chemical reactions can accumulate, black crusts on stone
surfaces are often formed and the blackness mainly depends on the air pollutants
from fossil fuel combustion, while in exposed areas the rainfall normally inhibits the
formation of these kinds of alterations as shown in Fig. 12.1a and b. (Doehne and
Price 2010).

a b

Fig. 12.1 (a–b) Typical black crusts on ancient altered marble by exposition to outdoor conditions,
at Pisa Cathedral (Credits: Photos by OpaPisa)
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Restoration practices, aiming the cleaning of altered stone surfaces, need to
previously define and characterize the stone mineralogical properties and the level
and extend of decay in order to understand the causes and mechanisms of the
processes actually in place. Preservation and conservation of CH stoneworks is not
simple, as material decay is a natural process, and, therefore, can be only slowed
down (Fassina 1994).

Therefore, the conservation of stone surfaces needs a technical and scientific
approach. As we said above, outdoor stone surfaces accumulate different kinds of
materials, i.e. atmospheric pollutants, salts and residues from past restorative inter-
ventions giving the formation of surface deposits.

In the case of the black crusts, stone surfaces appear extremely damaged in their
aesthetic, chemical, and physical aspects; furthermore, stone properties are also
affected with the formation of fissures, fractures, exfoliation, disintegration up to
loss of original material.

2 Removal of Black Crusts, Sulfates, Nitrates, and Deposits

The removal of these kinds of alteration is a serious issue for the conservators-
restorers and the different treatments aim to be not too much aggressive and to avoid
the alteration of the original stone surfaces.

The first step is the accurate characterization of the materials (diagnosis) that must
be removed and the conservation state of the stoneworks followed by the individu-
alization of the best methodology to use, showing high efficiency, selective cleaning,
absence of aesthetic alteration, and durability (Vergès-Belmin 1996; Gulotta et al.
2014).

Conventional cleaning methods are mechanical (brushing and rubbing, washing
and steaming, wet and dry abrasives, etc.) and chemical (alkaline treatments, acidic
treatments, or organic solvents, etc.). These methods can be too aggressive and not
selective and therefore the effort to find an alternative has been recognized as a
priority.

Methodologies based on laser and biological cleaning can give a relevant contri-
bution in the treatment of such stone alterations (Ramirez et al. 2005; Doehne and
Price 2010; Junier and Joseph 2017). Lasers can discriminate between the soiling
and the substratum, are less intrusive, more easily controlled, allowing a cleaning
method with high selectivity. In some cases, the use of laser does not permit the
complete removal of the deposits and can cause color changes. Moreover, studies
report problems in the treatment of polychrome sculptures and in the use of laser on
large superficial areas since the cost considerably increases (Salimbeni et al. 2003).

Until now, we cited the conventional cleaning methods, considering the follow-
ing definition of the term cleaning reported in EWAGLOS project book: “Action
performed to remove dirt deposits, foreign matters and products of alteration
present on artworks surface that can be a source of decay or deterioration or
aesthetic disturbance” (EWAGLOS 2016). The main cleaning techniques are
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mechanical, physico-chemical and also biological; the last (the biocleaning) includes
the use of living organisms and/or the enzymes as cleaning agents by controlled
reproduction of their metabolic processes.

The biological methods based on the use of microorganisms and enzymes as
cleaning agents in the “biorestoration” of artworks represented in the last decades an
attractive alternative to the mechanical and chemical methods (Bellucci et al. 1999;
Cremonesi 1999). The key idea of using living cells in the conservation and
preservation of works of art is supported by the fact that microorganisms (mainly
bacteria) are the most versatile and ubiquitous organisms found on earth, and they
are able of colonizing almost any environment (Maier et al. 2000; Sorlini and
Cappitelli 2008).

Even if we know that some microorganisms have “negative effects,” many of
them are responsible for “positive effects” such as the degradation and transforma-
tion processes of pollutants (Sorlini et al. 1987).

The microorganisms involved in the biorestoration can be isolated from natural
environments (soil, water, etc.) and/or selected among the autochthonous microbial
communities inhabiting historical artworks. Once verified their ability in the removal
of the undesired substances, after an adequate increased cellular biomass, they can be
used in the recovery applications (bioaugmentation) showing in this case not a
negative factor, but a new and positive conservation perspective.

Therefore, the methods based on the use of specific microorganisms can posi-
tively help in the cleaning of stone surfaces exploiting the microbial versatility, their
different metabolic activities and role in the biogeochemical cycles in their natural
habitat. (Atlas et al. 1988; Ranalli et al. 2003). Safe living microbial cells under
optimal controlled conditions reproduce the same processes that occur in nature,
softly remove certain substances and represent an eco-friendly solution without
health risks for the conservator-restorers and the environment (Boquet et al. 1973;
Atlas et al. 1988; Ferrer et al. 1988; Heselmeyer et al. 1991; Saiz-Jimenez 1997;
Castanier et al. 2000; Maier et al. 2000; Rodriguez-Navarro et al. 2000; Ranalli et al.
2003, 2005; Tiano et al. 2006; Biavati and Sorlini 2008; Valentini et al. 2010; Sasso
et al. 2015).

In the last decades biocleaning technologies have been applied in the removal of
organic and inorganic unwanted substances on CH stone surfaces (marble, tuff,
sandstone, limestone, etc.), on ceramic material (brick-work), on paper materials,
and on concrete using specific bioformulations containing Desulfovibrio sp. and
Pseudomonas sp. cells (Gauri et al. 1989, 1992; Heselmeyer et al. 1991; Delgado
Rodrigues and Valero 2003; Ranalli et al. 2005; De Graef et al. 2005; De Belie et al.
2005; Cappitelli et al. 2006, 2007; Alfano et al. 2011; Gioventù et al. 2011;
Barbabietola et al. 2012; Troiano et al. 2013).

Table 12.1 reports the biotreatment studies carried out specifically for the removal
of salts from CH stoneworks, together with the bacterial strains and the delivery
systems adopted.

Sulfate and nitrate reducers (see Prokaryotes organisms involved in sulfur and
nitrogen cycles and reported in Table 12.2 a and b) have been used for the removal of
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sulfates and nitrates from CH stoneworks being able to reduce, in anaerobic condi-
tions, sulfates to H2S and nitrates to N2, respectively.

In the case of the sulfate-reducing bacteria, the mechanism of action occurs
through gypsum dissociation into Ca2+ and SO4

2� ions where the sulfates are

Table 12.1 Biotreatment studies carried out specifically for the removal of salts from CH
stoneworks

Main decay
agents Type of materials Biocleaning bacteria

Delivery
systems References

Sulfates Marble (Georgia) stone
and statue

Desulfovibrio
desulfuricans (An)

Immersion Gauri et al.
(1989, 1992)

Marble and sandstone D. vulgaris (An) Immersion Heselmeyer
et al. (1991)

Marble D. desulfuricans,
(An)
D. vulgaris (An)

Sepiolite Ranalli et al.
(1996, 1997)

Black crusts Marble (Candoglia
stone), Milan

D. vulgaris subsp.
vulgaris (An)

Sepiolite
Hydrobiogel
97

Cappitelli
et al. (2005)

Marble sculpture,
Milan

D. vulgaris subsp.
vulgaris (An)

Carbogel Cappitelli
et al. (2006)

Limestone sculpture,
Trento

D. vulgaris subsp.
vulgaris (An)

Carbogel Polo et al.
(2010)

Colored lithotypes,
Firenze

D. vulgaris subsp.
vulgaris (An)

Carbogel Gioventù
et al. (2011)

Black crusts
and grey
deposits

Marble column and
statue, Cemetery of
Milan

D. vulgaris subsp.
vulgaris (An)

Arbocel Troiano et al.
(2013)

Nitrates Brickworks and calcar-
eous stones, (marble
and Vicenza stones)

Pseudomonas stutzeri
(Ae)

Sepiolite Ranalli et al.
(1996)

Sandstone walls,
Matera

P. pseudoalcaligenes
(An)

Mortar and
alginate
beads

May et al.
(2008)

Nitrates and
Sulfates

Sandstone walls,
Matera

P. pseudoalcaligenes
(Ae)
D. vulgaris (An)

Carbogel Alfano et al.
(2011)

Calcium sul-
fate and
carbonate

Casina Farnese wall
paintings
(Palatine Hill, Rome)

Cellulosimicrobium
cellulans (Ae)

Laponite Mazzoni
et al. (2014)

Saline
efflorescence

Frescoes, Valencia P. stutzeri DSMZ
5190 (Ae)

Cotton wool
Agar

Bosch-Roig
et al. (2010,
2012, 2013)

Efflorescence Archaeological
frescoes, ceramic and
bones

P. stutzeri DSMZ
5190 (Ae)

Agar Martín
Ortega
(2015)

Ae Aerobic metabolism, An Anaerobic metabolism
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reduced by the bacteria into S, and the Ca2+ ions react with CO2 to originate new
calcite, following this reaction:

6CaSO4 + 4H2O + 6CO2 ! 6 CaCO3 + 4H2S + 11O2 + 2S
With regard to the use of these bacteria for the removal of black crusts and

sulfates, the first applied studies were performed by immersion of marble fragments
in broth anaerobic cultures of strains of Desulfovibrio desulfuricans and
Desulfovibrio vulgaris, for a period of 60–84 hours obtaining a removal efficiency
of 40–100% (Gauri et al. 1989, 1992; Heselmeyer et al. 1991).

After these studies, it has been recognized that the immersion technique in liquid
culture can have many limitations for large, fragile artworks; therefore, in order to
reduce the water absorption to stone due to this methodology, the use of a delivery
system has been considered in the successive studies. For this reason, biotreatments
have been performed, always in anaerobic conditions, using an inorganic delivery
system such as sepiolite colonized with D. desulfuricans and/or D. vulgaris for the
removal of sulfates. Lab-scale tests were carried out both using artificial enriched
specimens and real altered stone fragments; these studies evidenced the possibility of
obtaining a relevant sulfate removal percentage (around 80%) in a short period of
time (36 hours) (Ranalli et al. 1996, 1997). Sepiolite was also tested for the removal

Table 12.2 a and b Prokaryotes organisms involved in sulfur and nitrogen cycles and reported

Processes Reactions Microorganisms
Metabolic
pathways

Nitrification
[NH4

+ ! NO3
�]

[NH4
+ ! NO2

�]
[NO2

- ! NO3
�]

Nitrosomonas Nitrobacter Aerobic Aerobic

Nitrate reduction [NO3
� ! N2] Bacillus, Pseudomonas Anaerobic

N2- fixation Free-living cells Azotobacter Aerobic

[N2 +8H
+ ! NH3+

H2]
Clostridium Anaerobic

Symbiotic cells Rhizobium, Frankia Anoxic

Ammonification [Organic-N ! NH4
+] Several microorganisms Anaerobic

Ammonium
oxidation

[NH4
+ NO2

�!N2

+2H2O]
Brocadia, Kuenenia,
Scalindua

Anaerobic

Processes Reactions Microorganisms
Metabolic
pathways

Sulfate reduction [SO4
2� ! H2S] Desulfovibrio,

Desulfobacter
Anaerobic

Sulfur reduction [S0 ! H2S] Desulforomonas,
Extreme thermophilic
Archaea

Anaerobic

Sulfide/sulfur
oxidation

[H2S ! S0 !SO4
2�] Thiobacillus, Beggiatoa,

others
Aerobic

Phototrophic bacteria (pur-
ple and green),
chemolithotrophs

Anaerobic

Organic S ox/red [Org-S ! H2S] Several microorganisms Aerobic/
Anaerobic
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of nitrates on brick-works and calcareous stones (marble and Vicenza-stones) using
a Pseudomonas stutzeri strain in anaerobic conditions (Ranalli et al. 1996). How-
ever, the use of sepiolite gave in some cases problems of dark precipitates (for the
presence of iron in trace) requiring a pre-treatment of the sepiolite to remove the iron.
In addition, sepiolite as delivery system did not guarantee the right amount of water
for the metabolic activity of bacterial cells during the application on stone surface.

The inorganic delivery system was therefore substituted by an organic carrier
named hydrobiogel-97 for the immobilization of D. vulgaris subsp. vulgaris ATCC
29579 bacterial cells. The biotreatments were carried out both under lab-scale trials
on artificially specimens (different lithotypes) and real altered stoneworks, and in
situ trials to remove black crusts present on Candoglia stone at Milan Cathedral,
Italy. The in situ bioapplication has been carried out using carbogel (CTS, Vicenza,
Italy), covered by a thin film to create microaerophilic condition, and repeated
3 times (15 hours each) giving a removal of 98% of sulfates. A comparison of the
biological methods with a chemical one (using ammonium carbonate and EDTA)
was carried out in order to define the results in terms of removal, but also to
determine the effects on the stone surface; in this case the biotreatment was very
promising (Cappitelli et al. 2006, 2007).

Another case study where the sulfate crust was efficiently biocleaned by
D. vulgaris subsp. vulgaris ATCC 29579 and carbogel was the Pietà Rondanini
marble base sculpture by Michelangelo Buonarroti (Milan, Italy). In order to elim-
inate secondary iron black deposits, bacteria were grown in a modified broth
medium free of iron. Treatment times were of 24–30 hours in anaerobiosis
(Cappitelli et al. 2005).

In another applied studies on altered stone sculptures carried out by Polo et al.
(2010) the presence of black crusts and the microbial growth causing discoloration
were evidenced on the Demetra and Cronos sculptures, two of 12 stone statues
decorating the courtyard of the Buonconsiglio Castle in Trento (Italy). Desulfovibrio
vulgaris subsp. vulgaris, grown in DSMZ 63 medium without iron source and
carbogel as delivery system, was applied to remove the black crusts but preserved
the original stone and the patina noble. The altered surfaces were treated with three
12-hours applications for a total duration of 36 hours. This case study, combining
traditional and biomolecular methods, showed that conservators can benefit from an
integrated biotechnological approach aimed at the biocleaning of the alterations
together with the abatement of biodeteriogens (Polo et al. 2010).

Other positive results involved the colored lithotypes of Florence Cathedral
external walls. Green serpentine, red marlstone, and Carrara white marble black
crust were biocleaned. This work compared three different cleaning treatments:
chemical poultice, laser, and biocleaning. Results shows that the better cleaning
method was biocleaning using D. vulgaris subsp. vulgaris ATCC 29579 strain and
carbogel as a carrier, but long-time treatments and numerous applications were
needed (Gioventù and Lorenzi 2013).

In another recent study, the combination of chemical and biological (arbocel
nonionic detergent treatment colonized with D. vulgaris subsp. vulgaris) methods
allowed efficient cleaning of grey deposits and black crusts on marble columns and
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statues at the Cemetery in Milan, Italy, with a notable reduction in the treatment
duration (Troiano et al. 2013).

Carbogel alone together with mortar and alginate beads have been also used on
tuff stone walls at Matera Cathedral, Italy, for the removal of both sulfates and
nitrates (the latter present at higher concentration) using different microorganisms
such as Pseudomonas pseudoalcaligenes and D. vulgaris (May et al. 2008; Alfano
et al. 2011).

At Matera Cathedral the main problem arises from the rising of salts from the
groundwater rich in nitrates and sulfates causing reduction in cohesion of the tuff
stone, loss of materials, and the darkening of the lower external walls. The nitrates
originate from the oxidation of various N organic compounds (including proteins,
amino acids, and urea) from bodies buried in the ground when the area was used as a
cemetery (until eighteenth century). At the same way, sulfates derived mainly by
amino acids such as methionine and cysteine rather than environmental depositions.
In addition, chemical analyses detected egg residues as previous consolidant treat-
ments of the tuff surface. The biotreatment was efficient, showing a removal of
surface deposits and salt alterations after 24 hours (55% of the nitrate and 85% of the
sulfate deposits) (Alfano et al. 2011; Rampazzi et al. 2018).

Many of the reported studies were performed during a 3 years EU project named
BIOBRUSH project (BIOremediation for Building Restoration of the Urban Stone
Heritage). The main aims of the project were the selection of microorganisms and
delivery system for the removal of black crusts, sulfates, nitrates and also the
possibility of using bio-calcifying bacteria for the stone bio-consolidation (Webster
and May 2006; May et al. 2008).

The EU BIOBRUSH project gave the opportunity to perform studies under
different scale (lab and in situ experiments) giving promising results and showing
the aspects to improve and optimize. For example, in some cases, the delivery
systems adopted resulted not appropriate to treat large surface areas or decorative
elements.

In another study, the combination of chemical and biological (arbocel nonionic
detergent treatment colonized with D. vulgaris subsp. vulgaris) methods allowed
efficient cleaning of grey deposits and black crusts on marble columns and statues at
the Cemetery in Milan, Italy, with a notable reduction in the treatment duration
(Troiano et al. 2013).

More recent studies showed the use of improved delivery systems as agar-gel
colonized by Pseudomonas stutzeri DSMZ 5190 strain for the removal of salt
efflorescence on frescoes on the Santos Juanes Church in Valencia, Spain, as
reported in Fig. 12.2 (Bosch-Roig et al. 2010, 2012, 2013) and on archeological
frescoes, ceramic, and bones (Martín Ortega 2015).

In the first case, Bosch-Roig et al. (2013) demonstrated that short term (90 min)
application of P. stutzeri DSMZ 5190 and the use of agar as delivery system
provided an efficient cleaning of insoluble nitrate efflorescence deposited on wall
painting surfaces confirmed by Ion Chromatography (92% in nitrate efflorescence
reduction). Bosch-Roig et al. (2013) underlined the positive properties of agar
supporting the microorganisms as follows: (i) it can provided an adequate water
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supply to the bacterial viability, (ii) can release water only on the surface, in
homogeneous and controlled way to avoid damages on the artwork; (iii) absence
of stains or residues on the artwork; (iv) easy to apply and remove; (v) non-toxic and
eco-friendly. Furthermore, the use of agar is based both on the small volume of water
and on shorter time of contact; this means a reduction of risks if compared to others
systems that require extended contact periods (Lustrato et al. 2012).

Recently, hydrobiogel-97 colonized with D. vulgaris was also used for the
removal of black crusts from weathered stone surfaces in Failaka Island, Kuwait
(Elhagrassy and Hakeem 2018).

Laponite colonized with Cellulosimicrobium cellulans was used instead for the
removal of calcium sulfate and carbonate at Casina Farnese wall paintings (Palatine
Hill, Rome, Italy) as reported by Mazzoni et al. (2014).

Furthermore, advanced biocleaning system using new agar-gauze bacteria gel
was carried out at onsite historical wall paintings (Ranalli et al. 2019).

A recent study reports the use of agar-gel colonized with extremophilic bacteria
(Halomonas campaniensis) for the biocleaning of nitrate crusts from stoneworks
(Romano et al. 2019).

3 Conclusions

Numerous studies have been carried out in order to optimize the biocleaning
strategies in terms of microorganism efficiency and delivery systems able to main-
tain and guarantee the microbial activity and ready to be used also on difficult altered
stone surfaces (ornamented, vertical, and vaulted). Different substances can be

Fig. 12.2 a–b Before (left)/after (right) comparison picture of one detail of the biocleaning of
saline efflorescence from the frescos at St. Nicholas church in Valencia, Spain (Gentle concession of
the pictures by J.L. Regidor Ros & P. Bosch-Roig)
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present as stone alterations and for this reason, the choice of the best microorganism
is a crucial step in the biocleaning technology.

Microbial diversity includes Bacteria, Archaea, and Eukarya (prokaryotic and
eukaryotic cells) able to live and adapt to different natural habitats (soil, rocks, hot
springs, oceans, etc.), to perform a wide range of metabolic strategies in terms of
energy and carbon sources, in presence/absence of oxygen (aerobic and anaerobic
conditions) and using light for their photometabolism.

Therefore, a careful selection of the most performant microorganism in the
removal of the undesired substances present on stone surfaces as deposits and crusts
(in this case mainly represented by salts such as nitrates and sulfates) is the first step
in the biorestoration strategies.

The application of the selected microorganism is also important since the carrier,
used to apply the viable cells on the altered stone surfaces, must have specific
properties and provide them an adequate microenvironment to optimize their
activity.

The ideal delivery system should have the following characteristics: (i) able to
guarantee the appropriate water content for the microbial activity; (ii) not toxic both
for the microorganisms and for the environment; (iii) do not cause any color
variation to the stone surface; (iv) applicable to all types of surfaces (horizontal,
vertical, oblique, vaulted, rough, smooth, etc.), and finally, (v) easy to prepare and
also to apply and to remove at the end of the treatment.

All these aspects about the carrier properties and characteristics were evaluated in
a review in order to individualize the best choice for the different situations (Bosch-
Roig et al. 2015).

Biotechnologies for Cultural Heritage (BioteCH)

(Risk free, Selective performance, 

Easy to apply and remove, 

Effective, Environmentally sustainable)

Bio-cleaning, Bio-removal

Bio-treatment, Bio-consolidation, 

Bio-restoration

with

Microorganisms/Enzymes

+ delivery systems

before after

Fig. 12.3 Advantages and strengths of biotechnologies for Cultural Heritage (BioteCH) based on
the use of selected microorganisms (before and after comparison pictures of the biocleaning of black
crusts on one detail of statue St. Benedetto, at Montecassino Abbey, Italy (Pontone 2014)
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The biocleaning process also requires a deep diagnostic study of the work of art to
be cleaned, an assessment of any associated risks, an evaluation of the effectiveness
and efficiency of the process, and last but not least, an evaluation in terms of
economic and environmental sustainability (Bosch-Roig and Ranalli 2014)
(Fig. 12.3).
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