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• POM-IL coatings did not significantly alter
the total porosity of calcareous stones.

• Macropore size variation for Dom and
Savonnieres did not alter water vapour
transfer.

• Weathered POM-IL coatings prevented
colonisation of stones by green algae.

• Biocidal POM-ILs have the potential to
prevent biocolonisation in outdoor envi-
ronments.
A B S T R A C T
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Rock-based materials exposed to outdoor environments are naturally colonised by an array of microorganisms, which
can cause dissolution and fracturing of the natural stone. Biocolonisation ofmonuments and architectures of important
cultural heritage therefore represents an expensive and recurring problem for local authorities and private owners
alike. In this area, preventive strategies to mitigate biocolonisation are generally preferred to curative approaches,
such as mechanical cleaning by brush or high-pressure cleaning, to remove pre-existing patina. The aim of this work
was to study the interaction between biocidal polyoxometalate-ionic liquid (POM-IL) coatings and calcareous stones
and evaluate the capacity of these coatings to prevent biocolonisation through a series of accelerated ageing studies
in climate chambers, carried out in parallel with a two-year period of outdoor exposure in north-eastern France. Our
experiments show that POM-IL coatings did not affect water vapour transfer nor significantly alter the total porosity
of the calcareous stones. Simulated weathering studies replicating harsh (hot and wet) climatic weather conditions
demonstrated that the colour variation of POM-IL-coated stones did not vary significantly with respect to the natural
uncoated stones. Accelerated biocolonisation studies performed on the weathered POM-IL-coated stones proved that
the coatings were still capable of preventing colonisation by an algal biofilm. However, a combination of colour mea-
surements, chlorophyll fluorescence data, and scanning electron microscopy imaging of stones aged outdoors in
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northern France for two years showed that coated and uncoated stone samples showed signs of colonisation by fungal
mycelium and phototrophs. Altogether, our results demonstrate that POM-ILs are suitable as preventative biocidal
coatings for calcareous stones, but the correct concentrations must be chosen to achieve a balance between porosity
of the stone, the resulting colour variation and the desired duration of the biocidal effect over longer periods of
time, particularly in outdoor environments.
1. Introduction

Many rock-basedmaterials exposed to the outdoor environment are nat-
urally colonised by microorganisms. The deteriorative effects related to
biocolonisation, and possible shifts between neutral or even bioprotective
behaviour and biodeterioration actions, depend on several factors related
to climate, micro-environment, pre-existing weathering of the substrates,
nature of the substrates, etc. A vast corpus of scientific research has ex-
plored such issues in recent years (Alisi, 2011; Bartoli et al., 2014; Urzì
et al., 2014; Warscheid and Braams, 2000). Biofilms growing on monu-
ments and statues are defined as a microbial community attached to a
solid surface and are composed of phototrophicmicroorganisms as pioneer-
ing colonisers like microalgae, cyanobacteria, lichens which synthesise
organic extracellular organic matter, and facilitate the growth of heterotro-
phic microorganisms such as bacteria and fungi (Di Martino, 2016; Pinna,
2021; Romani et al., 2021; Santo et al., 2021). Biofilm growth on buildings
whichwas previously regarded in romantic and bucolic terms is now gener-
ally considered as a threat to be mitigated in order to preserve and protect
built cultural heritage (Warscheid and Leisen, 2011). Nowadays, the bio-
logical colonisation of monuments is a relevant and an expensive problem
for local authorities, museums, and private collectors who strive against
an everlasting phenomenon. Two main strategies against biocolonisation
are often undertaken, the first is a curative approach (to remove existing
biofilms) which consists of a mechanical - physical - cleaning of the biolog-
ical patina by brush, UV irradiation, thermal treatment, laser (Bertuzzi
et al., 2017; Mascalchi et al., 2020; Pfendler et al., 2018; Vlasov et al.,
2019), followed by the application of biocides that are active against a
broad range of microorganisms (Coutinho et al., 2016; Favero-Longo
et al., 2017; Speranza et al., 2012). The second strategy is a preventive ap-
proach (to delay biocolonisation and subsequent cleaning operations) to
achieve a longer lasting protection of stone heritage. Further mitigation
strategies included the control of external factors like limiting the water
content inside the stones by optimising the rain draining and favouring sun-
light areas which help to a faster rain evaporation (Liu et al., 2020). Never-
theless, limited control over external factors means that a preventive
application with biocidal products is routinely used to achieve a longer-
lasting action against a microbial colonisation. Importantly, the use of bio-
cides on heritage involves important requirements, such as product efficacy
and transparency (colourless coatings), substrate/surface compatibility, as
well as the potential to re-treat/re-apply the coating to achieve the desired
long-term efficacy. Nanomaterials are considered as innovative alternatives
to conventional biocides based on quaternary ammonium compounds
and have been successfully applied in various fields where disinfection is
required, such as water purification, food safety, preventing infection and
disease, and are widespread in heritage conservation. The large range
of metal and metal-oxide nanoparticles and carbon nanomaterials cur-
rently known have enhanced their use in heritage conservation applica-
tions as consolidants, water repellents and biocides (Becerra et al.,
2020; Carrapiço et al., 2023; Gómez-Ortíz et al., 2014; Shilova et al.,
2022; Zarzuela et al., 2016). For example, there has been significant in
the application of TiO2-based materials based on their self-cleaning
and antimicrobial properties (Colangiuli et al., 2019; La Russa et al.,
2014; Luvidi et al., 2016; Ruffolo et al., 2017; Shilova et al., 2020).
However, recently ionic liquids (ILs) have gained attention as a new
generation of multifunctional materials for the Cultural Heritage field
(De Leo et al., 2021; Franco-Castillo et al., 2021; Lo Schiavo et al.,
2020; Romani et al., 2022). The use of stable water insoluble ionic
2

liquid coatings that prevent biofilm formation have the potential to
generate a lower environmental impact than nanoparticles whose the
ecotoxicological impact arise from their release through aqueous lixiv-
iation into the environment (Brunelli et al., 2021; Reyes-Estebanez
et al., 2018).

For the last two decades, ionic liquids have drawn a lot of academic in-
terest owing to their unique physicochemical properties like low melting
point, high viscosity, low vapour pressure, molecular-level tunability, and
low environmental impact (Jordan and Gathergood, 2015; Petkovic et al.,
2011). Traditionally, ILs are formed by combining bulky organic cations
such as alkylpyridinium or imidazolium with organic or inorganic anions
such as Cl−, BF4− or PF6−, giving ILs which are typically liquid at room tem-
perature, have negligible vapour pressure and offer a wide range of useful
applications in synthesis, catalysis and electrochemistry (Hallett and
Welton, 2011; Smarsly and Kaper, 2005; Wasserscheid and Keim, 2000).
When the classical IL anions are exchanged for polyoxometalate anions,
polyoxometalate-ionic liquids (POM-ILs) are obtained (Herrmann et al.,
2014b). Polyoxometalates (POMs) are a diverse class of nanoscale molecu-
lar metal oxides, which are characterised by a wide and versatile range of
physicochemical properties that can be tuned on the molecular level
(Cronin andMüller, 2012). Their redox properties and high oxidation activ-
ity also make them useful to a wide variety of applications, from cataly-
sis (Streb, 2012) to medicine (Daima et al., 2014) while importantly
POMs also display antimicrobial activity (Bijelic et al., 2018). POM-ILs
have been employed as functional composites for universal pollutant
removal (Herrmann et al., 2017) or reactive surface protecting anti-
corrosion coatings (Herrmann et al., 2014a; Misra et al., 2018) because
the composites can be tailored to target biological, organic and inor-
ganic pollutants including microbes, acids and reactive oxygen species
(Kubo et al., 2017). Rheological properties and hydrophobicity can be
tuned by chemical design which is important to obtain surface coatings.

Our research has focused on the design and development of multifunc-
tional POM-ILs as hydrophobic acid-stable coatings with antimicrobial and
anticorrosive properties to prevent biocolonisation of natural carbonate
stones (Franco-Castillo et al., 2022; Misra et al., 2018; Rajkowska et al.,
2020). Proof-of-principle studies demonstrated how long-chain quaternary
alkylammonium cations combined with acid-stable polyoxotungstate an-
ions can be used to access room-temperature POM-ILswhich combine facile
application and high surface adhesion on porous and non-porous stone sur-
faces with high surface hydrophobicity, acid stability, and biocidal features
(Misra et al., 2018). Remarkably enhanced corrosion-resistance was
achieved under harsh chemical and mechanical conditions. The stone sam-
ples were even exposed tomodel bacterial strains (Gram negative E.coli and
Gram positive B. subtilis) in order to establish the effective resistance of the
POM-ILs against microbial growth. In general, both bacterial strains incu-
bated with POM-ILs showed evidence of stress and damage including
general loss of cell shape, cell membrane damage and leakage of cyto-
plasmic material. POM-IL coated stones prevented bacterial biofilm
formation. Furthermore, we have demonstrated that POM-IL can be de-
ployed as innovative protective coatings against lampenflora (green
cyanobacteria and algae) growing on the bas-reliefs carved in the under-
ground Pommery Champagne Cellar in Reims, France (Franco-Castillo
et al., 2022). Biocidal assays carried out in laboratory demonstrated
how two different colourless POM-IL coatings were more effective
than the commercial Preventol RI80 against two algal strains isolated
from the Pommery bas reliefs, Pseudostichococcus monallantoides and
Chromochloris zofingiensis.
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We have established that water-insoluble, high-viscosity POM-ILs
can be deployed as effective biocidal coatings in the laboratory against
a broad spectrum of microbes, including bacteria and cyanobacteria,
moulds, and algae. However, their activity in simulated and real out-
door environments has yet to be investigated. Here we report on the du-
rability and performance of biocidal POM-IL treatments coated on four
limestones widely used in buildings and monuments through a series
of accelerated, drastic weathering studies in climate chambers and
algal biocolonisation studies, carried out in parallel with a two-year pe-
riod of outdoor exposure in north-eastern France. The investigation is
based on colorimetric measurements and chlorophyll fluorescence
data. Porosimetric studies and water vapour permeability tests have
been conducted on selected stones and complementary SEM-EDX analy-
ses have been conducted to qualitatively assess the durability of the
treatments and efficacy upon weathering.

2. Material and methods

2.1. Presentation of the stones

Four model calcareous stones were selected for their wide use in build-
ings and monuments in North-East France and Belgium and for their differ-
ent visual aspects, intrinsic properties, susceptibility to weathering. Dom
Stone (DO) (Bajocian, 180 My) is a russet macroporous limestone with
21.4 % of well-connected porosity (Eyssautier-Chuine et al., 2018). It is
composed of bioclastic debris (50 %) surrounded in a calcitic cement.
Savonnieres stone (SA) (Lower Tithonian, 150 My) is a clear grain-
supported facies with large elements (Eyssautier-Chuine et al., 2021).
It is a macroporous stone highly connected with a porosity of 34.9 %.
SA has been employed to build monuments and is now a restoration
stone. Both porous stones are employed as ashlars for walls, door, and
window frames and for sculptures. They are altered by the rainfall and
wind driving to an alveolization, and they are strongly sensitive to the
biological colonisation leading to scaling of the substrate. Romery
stone (RO) (Sinemurian, 195 My) is a grey sandy limestone with a low
porosity (4.8 %) and capillarity. It is employed in walls and pavements
and its low porosity does not avoid the biocolonsation due to its rough-
ness. Finally, the Belgian Blue Stone® (BB) (Tournaisan, 350 My) has
been used to build many monuments, buildings (e.g., door and window
frames), pavements and graves in Belgium. BB is a dark compacted lime-
stone made of sea fossils like corals, shells and crinoids surrounded by a
fine dark grey mud. The porosity is low from 0.03 % up to 1 %measured
in Hg porosimetry and reported at 0.28 % (Pereira et al., 2015), how-
ever, BB is known to be susceptible to biocolonization depending on
the exposure and orientation conditions, e.g., the stagnation of water
at a horizontal BB stone surface such as graves.

2.2. POM-IL biocides

POM-ILs 1 and 2 were synthesised according to a previously reported
synthetic procedure (Misra et al., 2018). Both POM-ILs are based on the
same lacunary Keggin polyoxoanion ([α-SiW11O39]8−), whose negative
charge is balanced by a tetraalkylammonium cation: tetraheptylammonium
(POM-IL1) and trihexyltetradecylammonium (POM-IL2). POM-ILs were
applied as biocidal treatments to prevent the proliferation of microorgan-
isms. POM-ILs were dissolved in acetone and applied at a concentration
of 100 mg/mL, on the top face of three non-colonised stone slabs
(1 × 5 × 5 cm in dimension) for each treatment and each test, and of
four stone discs (5 × 0.5 cm in dimension) per treatment for the water va-
pour permeability test, and on all faces of three cubes (0.5 × 0.5 × 1 cm
dimension) per treatment for Hg porosimetry. Weight measurements indi-
cated that non-porous stones BB & RO, the coverage was ca. 0.5 mg/cm2

for slabs and discs (60 mg/cm3 for cubes), while for porous stones DO &
SA the coverage was closer to 1 mg/cm2 (300 mg/cm3 for cubes). The em-
ployed concentration of the treatments was already tested in two acceler-
ated biocolonisation tests on chalk stone (Franco-Castillo et al., 2022) and
3

on DO, SA and RO stones in a preliminary test with coated stones which
were not previously aged like in this study (Fig. S1).

2.3. Evaluation of surface changes upon treatment and treatment durability

2.3.1. Colourimetry
The colour of stone samples was measured by using a Chroma Meter

CR-400 from Konica-Minolta with a light projection tube CR-A33c of
11 mm diameter (corresponding to the measurement zone). Calibrations
were performed with a white ceramic plate CR-A43. Values are given in
the CIELAB colour space (European Committee for Standardization,
2011). Three parameters determine the colour location in colour space:
L* indicates lightness (0 = absolute black, 100 = absolute white), and a⁎
and b⁎ are the chromaticity coordinates. a⁎ is the position between
green (a⁎ < 0) and red (a⁎ > 0); b⁎ is the position between blue
(b⁎ < 0) and yellow (b⁎ > 0).

The CIELAB lightness and chroma differences were calculated: ΔL⁎,
Δa⁎, Δb⁎ correspond to the differences between different surface condi-
tions: coated and no coated stones, before and after the climatic test, the bi-
ological colonisation of stones through time (accelerated and outdoor
biocolonisation tests). The global colour variation (ΔE⁎ab) was calculated
as follows:

ΔE∗ab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔL∗2 þ Δa∗2 þ Δb∗2:

p

Colour measurements were carried out on the upper surface of the slabs
by taking 30measurements per sample to assess the stone aspect before and
after coating. Then the colour change was surveyed by 20 measurements
per sample before and after the simulated climatic test, after the inoculation
of algae (T0) for the accelerated biocolonisation test then every week (for
five weeks) and every two months for the outdoor biocolonisation test
(for two years). In this last test, every sample surface was wet before mea-
surements because thewetness of stones changed according to theweather,
the season, the time of the measurements that could make an artefact by a
darkening of stones which was not assigned to the biocolonisation. Finally,
an average of the colour parameters was established for each type of stone.

2.3.2. Water vapour permeability
The water vapour permeability investigates the diffusion of water va-

pour through stone and was performed for high porous stones (Dom and
Savonnieres), on four uncoated (control) and four coated stones. The
European Standard for cultural heritage (European Committee for Stan-
dardization, 2010) details its measurement on stone discs 50 mm in diam-
eter and 5 mm thick that we especially cut for this experiment. Discs were
sealed in a glass cup containing water and placed in a desiccator (relative
humidity maintained at ca. 53 % using a saturated solution of magnesium
nitrate; temperature maintained at 20 ± 2 °C). The apparatus of disc in
glass cup are weighted before and every 24 h until stabilisation of the
weight. Thewater vapour permeability (δp) was calculated with the follow-
ing formula and the average was computed from the measurements of con-
trol and coated stones:

δp ¼ G
A:Δpv

:D kg:m−1:s−1:Pa−1� �

with G = Δm
Δt (kg.s

−1): the slope of the linear part of the curve corre-
sponding to the mass variation in function of the time

A: surface of the disc (m2)
Δpv: variation of water vapour pressure on both sides of the cup (Pa)
D: thickness of the disc (m)

2.3.3. Porosity and pore access radii
Dom, Savonnieres and Romery porous networks were investigated

with triplicates of 1 × 0.5 × 0.5 cm dimension, and they were coated
on every face. Data were obtained with a mercury intrusion porosimeter
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(Micromeritics Autopore IV 9500), reaching a pressure of 247 MPa and
measuring pore radii sizes from 0.003 to 178 μm. The BB network was
also investigated but the porosity was so weak that the porous network
of this stone was below the limit of detection of the technique. In conse-
quence, the impact of coatings on the BB porous network could not be
investigated.

2.3.4. Chlorophyll a fluorescence (chlaF)
Ten measurements were carried out directly on each slab with a Junior

PAM Chlorophyll Fluorometer (Walz, Effeltrich, Germany) (Eyssautier-
Chuine et al., 2021). This device detects and quantifies the chlorophyll a
fluorescence emitted by plants andmicroalgae, it was connected to the sam-
ple with a flexible 1 mm active diameter fibre optic that employed a visible
blue power LED (460 nm) for pulsemodulated and saturating pulses. It was
used with the pulse-amplitude modulated (PAM) in combination with satu-
rating pulse analysis of fluorescence quenching. This technique was carried
out everyweek during the accelerated biocolonisation test, where all stones
arewet because of the regular intake of medium in each cup, and every two
months during the outdoor biocolonisation test, where all stone surfaces
were wet before measurements like in colorimetry. The initial fluorescence
(F0) was obtained after 30 min of dark adaptation. Maximal fluorescence
(FM) was obtained with a saturating flash (1 s, PAR:7000 μmol.m−2.s−1,
Blue LED at 445 nm). The ratio of variable to maximal fluorescence (maxi-
mum quantum yield of PSII) was calculated as FV/FM = (FM-F0)/FM).

2.3.5. Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM) images and energy dispersive X-

ray spectroscopy (EDX) spectra were acquired using a field emission SEM
Inspect F50 with an EDX system INCA PentaFETx3 (FEI Company, Eindho-
ven, The Netherlands). The observations were carried out on stones after
the outdoor test with the aim of detecting the development of any biologi-
cal patina on stones. Samples were previously sawn dry to not alter the sur-
face, with a diamond saw to get 1 × 1× 0.5 cm dimension. Samples were
coated with carbon prior to SEM imaging.

2.4. Experimental design

2.4.1. Simulated weathering test
Simulated weathering, combined with the accelerated biocolonisation

tests (see Section 2.4.2., below), aims to investigate the experimental
treatments' residual efficacy when subjected to particularly harsh exposure
conditions. These can be considered representative of possible climate
change-related future scenarios in the geographical areas where the tested
stones are traditionally employed. The simulated weathering test was per-
formed in triplicate samples of uncoated (control) and coated stones, by
using the climatic chamber Suntest XXL+ from Altas in order to test the
weather resistance of coatings applied on different stone types by a simula-
tion of drastic and worst climatic conditions (strong irradiance, storm rain)
than the moderate oceanic climate of the Reims region, through sunlight,
rainfall, temperature and humidity. The device is equipped with three
1700 W air-cooled Xenon Lamps to simulate daylight with the control of
irradiance 300–400 nm. Chamber temperature (CHT), black standard tem-
perature (BST) and the relative humidity (RH) were set up and controlled.
Rainfall was simulated by a spray system with two nozzles (Schlick nozzle
11–90°=420mL/nozzle/min). 21 cycles were performed, one cycle lasted
12 h with a succession of periods of high temperature (50 °C), high relative
humidity (80 %), irradiance at 55 W/m2 for 6 h per cycle corresponding to
1 month of real exposure in Southern France (conversion given by Atlas
company), followed by 1 h of heavy rainfall which corresponded to
168 mm (Fig. S2). The samples were exposed for 252 h (10.5 days).

2.4.2. Accelerated biocolonisation test
Stone triplicates aged by the previous weathering test were submit-

ted to a biocolonisation test in a climatic test chamber VC3 4034
(Vötsch), to verify the biocidal efficiency of POM-IL coatings after
harsh climatic conditions. Slabs were inoculated by spraying out
4

1 mL suspension of Pseudostichocossus monallantoides green alga
(OK432519) (Eyssautier-Chuine et al., 2018; Franco-Castillo et al.,
2022; Sasso et al., 2016) cultivated from an isolated natural strain in
a liquid medium composed of sterile distilled water and Hoagland
medium (Table S1). The algal suspension was diluted to obtain a con-
centration of around 120 cells/0.1 μL and checked by the chlorophyll
a absorbance control at 665 nm using spectrophotometry (Thermo
Fisher Scientific Genesys 10-S). Each slab was placed in a Plexiglass
cup and 20 mL of Hoagland medium was provided from the bottom
to get wetted slabs. A transparent lid on every cup limited the evapora-
tion and the mediumwas added one a week for porous stones and twice
a week for non-porous stones over the test to get around 5 mL of liquid
in the bottom of cups the goal was to keep a wetness on porous and non-
porous stone surfaces. The incubation lasted five weeks with 20 °C,
80 % relative humidity and 12 h daylight per 24 h ensured by two fluo-
rescent lights (Sylvania Gro-Lux-15 W lamp, PAR= 25 mmol (photons)
m−2. s−1). The biocolonisation of slabs was measured by colorimetry
and chlaF.

2.4.3. Outdoor biocolonisation test
The natural outdoor biocolonisation of POM-IL-coated and uncoated

stones was evaluated over a two-year period (Nov. 2019-Nov. 2021) in a
private garden with trees in Reims city (Eastern France) (49°14′18.4”N
4°03′43.3″E) corresponding to temperate climate (Table S2). Triplicates
of coated and uncoated stones (controls) and were left tilted at 30° in a
rack facing South. The monitoring of the biocolonisation on the samples
was carried out every two months by non-destructive techniques (colorim-
etry and chlaF). Sample surfaces were beforehand wet by spraying distilled
water to avoid the artefact that the variation of water content in stones
through the seasons could generate on the colour measurements like the
darkening of the stone surface instead of the biocolonisation.

2.5. Statistical analysis

The open-source software R.4.2.1 (R Core Team, 2014) has been used to
compute statistics and to produce all graphics, with the following packages:
ggplot2 (Wickham, 2009), R. utils (Bengtsson, 2016), doBy (Højsgaard and
Halekoh, 2016), readxl (Wickham, 2016). Gaussian distributions of colori-
metric and chl.a fluorescence parameters were achieved independently
then ANOVA tests were generated to define the statistical significance
level p-values between data from control stones and data from coated
stones(no significant difference (no letter): p > 0.05; significant difference
with p < 10−4 (a), p < 0.001 (b), p < 0.01 (c), p < 0.05 (d)). The water va-
pour permeability data were analysed with the non-parametric Mann and
Whitney U test at the 0.05 probability level between control (uncoated
stones) and coated stones.

3. Results

3.1. Stone surface characterization after treatment

3.1.1. Colour variation
Overall, we observed a darkening (decrease of ΔL⁎) and a yellowing

(increase of Δb⁎) of the stones. Of the four POM-IL-coated stones, the
calculated ΔE⁎ab was lowest for SA at 3.3 and 2.9 for POM-IL1 and 2,
respectively (Fig. 1 and Table S3). ΔE⁎ab for DO were at 4.8 and 4.4
that is high but values were close to data obtained for this stone in an-
other study (Eyssautier-Chuine et al., 2018). RO and BB, which have a
natural dark colour, both had ΔE⁎ab between 14.6 and 18.1, which
can be explained by the strong decrease of ΔL⁎ and further darkening
of the stones.

3.1.2. Variation of the porous network
The microstructural characteristics of uncoated and coated stones were

assessed through the mercury (Hg) intrusion measurements to evaluate
how coating application can modify the porous network, saturating the



Fig. 1. Colour variations (ΔE⁎ab, ΔL⁎, Δa⁎, Δb⁎) at the stone surface calculated with the colour measured before POM-IL1 and POM-IL2 coating application and after the
application of coatings.

Fig. 2. Incremental mercury intrusion in relation to the pore size for the porous stones. Comparison of the pore access radii distribution of the natural stone and the POM-IL1
and POM-IL2 coated stones.
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stoneswith a large amount of product. Only the BB porous network was not
measured because its porosity is below the limit of detection of this tech-
nique (Fig. 2, Table S4). The natural porosity of DO (29.1 %) decreased to
26.8 % for the POM-IL1 stone and 28.4 % for POM-IL2 stone. The
macropore (>10 μm) access radius decreased drastically for both coated
stones and an increase in the smaller pore sizes (between 10 and 0.1 μm)
was observed. For SA (34.9 % porosity), the porosity of POM-IL1 stone
was close to the uncoated stone and decreased a little for the POM-IL2-
Fig. 3.Water vapour permeability (δp) with respect
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coated stone (32.4 %). Overall, there was a low global impact of coatings
on the porosity of these porous stones. The pore network change was no-
ticed by a shift of the macropore size from 10.3 μm to 4.7 and 5 μm for
POM-IL stones that fostered to a decrease of the quantity of pores >10 μm
access radius and an increase of pores between 10 and 1 μm. We also ob-
served a decrease in the number of small pores (1–0.1 μmand<1 μmaccess
radius). For RO, the initial weak porosity of 4.8 % decreased slightly to
4.1 % and 3.2 % for stones coated with POM-IL1 and POM-IL2,
to partial vapour pressure (kg.m−1.s−1.Pa−1).
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respectively. The major microporosity with pores size at 0.06 μm lowered
to 0.03 μm for POM-IL2 stone, where the number of pores slightly de-
creased in comparison with the uncoated stone.

3.1.3. Permeability to water vapour
Thewater vapour permeability of four natural DO and SA samples (con-

trol) were compared to four POM-IL1 and four POM-IL2-coated samples.
Statistical analysis (non-parametric Mann and Whitney U test) confirmed
that there was no significant variation between control and POM-IL-
coated stones (Fig. 3).

3.2. Testing POM-IL durability on stones through a simulation of drastic weather

3.2.1. Colour variation
Triplicates of POM-IL-coated and uncoated (control) stones were sub-

jected to 21 climatic cycles, then colour variations of the upper stone sur-
face were calculated from the colour before and after the test. For Dom
stone, ΔE⁎ab as the global colour change was 6.8 for control, in particular
the stone tended to be yellower (Δb⁎ = 4.7) and less red (Δa⁎ = −4.2)
(Fig. 4 and Table S5). ΔE⁎ab of coated stones were similar to ΔE⁎ab of con-
trol with 7.2 and 6.6 respectively for POM-IL1 and POM-IL2, coated stones
were less red (Δa⁎=−5.5 and -5.4) like control, while the yellowing was
lower than control (Δb⁎=1.7 and 1.9).ΔL⁎ increased for both POM-ILs, so
they were slightly clearer than control. For SA, the colour trends were sim-
ilar to DO, ΔE⁎ab of control and coated stones had the same increase after
the weathering (7.1 and 6.9). There was a similar decrease of Δa⁎, but
Δb⁎ was lower for POM-IL stones (1.6 and 2.4) instead of 4.3 for control,
Fig. 4. Colour variations (ΔE⁎ab, ΔL⁎, Δa⁎, Δb⁎) of the four stones on control and P
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thus the yellowing of stones was less evident than that of the control. More-
over,ΔL⁎ increased for coated stones (2.7 and 2.4) thus POM-IL stoneswere
clearer after the weathering whereas control ΔL⁎ tended to decrease
(−1.7) thus control was slightly darker than before the weathering test.

Controls of RO and BB had an increase ofΔE⁎ab of 7.5 for RO and 4.5 for
BB. For RO, this result is associated to a lighter (ΔL⁎=43.9) and a yellower
(Δb⁎ = 4.3) appearance, whereas for BB controls, the global colour varia-
tion was only linked to a lightening of the stone with ΔL⁎ of 3.8. ΔE⁎ab of
both coated stones was between 15.1 and 18.3 thus the colour changed
strongly after the test mostly due to a high ΔL⁎ (14.4 and 16.8 for RO,
16.0 and 17.8 for BB respectively for POM-IL1 and POM-IL2) so a lighten-
ing of the stones, more important than observed on controls.

3.2.2. EDX analysis of POM-IL-coated stones
EDX detected Tungsten from the polytungstate anion, [a-SiW11O39]8−,

used to form both POM-ILs. The % W on the four types of stone ranged
from 1.20 % on SA to 6.53 % on BB (Fig. S3) providing an indication
of the durability of the coatings following the simulated weathering
tests.

3.3. Testing of the anti-algal activity of POM-ILs with aged stones

3.3.1. Δa⁎ variation
The efficiency of POM-ILs was firstly evaluated by themonitoring of the

colour change of stones and specifically by the greening throughΔa⁎ (Fig. 5
- Fig. S4), the average and the deviation standardwere reported in Table S6.
During the 5-week incubation, DO controls displayed no colour change at
OM-IL1 and POM-IL2 coated stones after ageing by the simulated climatic test.



Fig. 5. Δa⁎ colour variations of Dom, Savonnieres, Romery and the Belgian Blue stone during the five-week accelerated biocolonisation test showing the control, anti-algal
activity of POM-IL1 and POM-IL2 samples that had previously been aged in the simulated climatic test.
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week 1 and 2. Δa⁎ decreased and was negative with −1.3 from week 3
until the end of the experiment where Δa⁎ of−7.3, which showed a green-
ing of the stones. In comparison, both POM-IL1 and 2 stayed close to 0 that
disclosed no colour change thus no greening. SA showed a similar trend
that DO, a decrease of Δa⁎ started at week 3 until week 5 nonetheless,
the greening was less significant than on DO since Δa⁎ was at−2.4 at the
end of the test for SA and -7.3 for DO. Δa⁎ of POM-IL slabs had a weak in-
crease, between 0.2 and 0.7 that displayed no greening of the stones. On
RO and BB which are not porous, the growth of algae was carried on by a
high humidity in the Petri dishes thanks to a constant medium at the bot-
tom of slabs which rose to the surface by the weak capillarity of the
stone or by evaporation of the water. On RO controls, Δa⁎ decreased
progressively through time from −0.1 at week 1 to −5.5 at week 5
which displayed a greening. For POM-IL1, Δa⁎ decreased from week 2
with −0.1 to −3.4 at week 5. There was a progressive greening of the
slabs even if it was less pronounced than on controls. POM-IL2 Δa⁎
displayed very weak values over the test to the end which showed a
weak greening. With BB stones, Δa⁎ of controls decreased slightly to
−1.6 at week 5, whereas on POM-IL1 and 2 stones, the values were
close to 0 until the end of the experiment.

3.3.2. Chlorophyll a fluorescence
Biocide treatments can generate such a stress that chlaF can detect and

show by a decrease of photosystem II efficiency (FV/FM) in the
7

photosynthetic chain. At week 5 of the experiment, FV/FM of controls
were at 0.65 and 0.64 for DO, RO and BB and at 0.54 for SA (Fig. 6). On
DO and SA coated stones, FV/FM was much weaker than controls and was
0.30 and 0.33 for DO, and 0.19 and 0.17 for SA. Therefore, results revealed
a weaker photosynthetic activity on stones treated by POM-IL1 and 2. On
RO, FV/FM remained as high as controls on POM-IL1 with 0.66 and a little
lower on POM-IL2 with 0.53, thus the photosynthetic activity was similar
on POM-IL1 than controls and it decreased on POM-IL2 but much less
than on DO and SA. Finally, on BB, FV/FM was 0.48 for POM-IL1 and 0.37
for POM-IL2, the photosynthetic activity with the coatings decreased com-
pared to the controls but remained higher than on DO and SA.

3.4. Outdoor biocolonisation test

The biocidal activity of POM-IL coating on the four stone variants was
assessed by exposing the stone slabs to all four seasons of the year over a
two-year period in an outdoor environment in Reims, north-east France
(Fig. S5). This two-year-long experiment was used to study the natural
seeding and biocolonisation of the stone slabs and evaluate the activity of
the POM-IL biocides. This process was carried out in parallel to the climate
chamber tests, which subjected the coatings to a succession of severe cli-
matic conditions to evaluate the response of the coatings to climate change,
where global climatic conditions are going to be much harsher, then to a
biocolonisation with algal species.



Fig. 6. Chl.a fluorescence (FV/FM) measured on Dom, Savonnieres, Romery and the
Belgian Blue stone on aged control and aged POM-IL1 and POM-IL2 stones after the
five-week accelerated biocolonisation test.
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3.4.1. Colour variation
After two years of natural ageing in an outdoor environment, the col-

our of both the coated and uncoated porous SA and DO stones changed
significantly (Fig. 7 and Table S7). The ΔL⁎ and Δa⁎ values were similar
for both the control and POM-IL-coated stones. Over the two-year pe-
riod of study, the colour of stones tended to darken and, in addition,
an increase in Δb⁎ in the POM-IL coated SA and DO indicated a gradual
greening and yellowing over time, when compared to control stones.
The RO stone was also characterised by a high Δb⁎ (from 5.8 to 6.1)
for both control and POM-IL-coated samples, indicating a gradual
yellowing. Finally, there was no appreciable variation in colour for BB
following the two-year exposure to outdoor climes.
Fig. 7.Variation of colour parameters: (a)ΔL⁎; (b) Δa⁎ and (c)Δb⁎, for the four types of s
standard deviation values were calculated from triplicates of controls (uncoated stones)
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3.4.2. Chlorophyll a fluorescence
Results displayed similar FV/FM values between controls and coated

stones for the four types of stone, indicating that a similar photosynthetic
activity was detected thus POM-ILs were not efficient enough to resist
biocolonisation of phototrophic microorganisms after two years of expo-
sure outdoors (Fig. 8). However, it seems that the POM-IL coatings were
still active after one year. Taking the SA stones as an example, monitoring
every two months showed a net increase of the PSII efficiency of 0.38 on
the control samples (in December 2020; month 14), which was not ob-
served on POM-IL stones, indicating that the coatings were still active
after one year (Fig. S6).

3.4.3. SEM observations of coated stones
SEM was used to provide a qualitative analysis of the biological col-

onisation of the stones following the two-year exposure period (Fig. 9
and Fig. S7-S9). All uncoated stones showed significant biological colo-
nisation (Fig. S9). For the POM-IL-coated stones, porous DO and SA
stones showed development of fungal mycelium. Low porosity RO and
non-porous BB stone coated with POM-ILs showed almost no evidence
of biocolonisation, only a few signs of mycelium growth and isolated
cells (Fig. 9 and Fig. S7-S8).

4. Discussion

The first step of this study was to assess the effect of the application of
POM-ILs on the stone colour and properties. The global colour variation
(ΔE⁎ab) threshold was established as ΔE⁎ab ≤ 3, which has been defined
by our previous work and other authors who have applied biocidal coatings
on stoneswith similar appearance to Savonnieres (Burgos-Cara et al., 2017;
Franco-Castillo et al., 2022; Moreau et al., 2008). In our study, the colour
change induced by the coatings was under the threshold for SA and close
to 5 for DO, so higher than the threshold but it was in accordance with
the other studies. On RO and BB, the biocides were too high to be consid-
ered as protective coatings for stone-based heritage. This result revealed
that the biocidal POM-IL products do not absorb and penetrate inside RO
and BB, which are weakly and not porous, respectively. On the other
hand, water vapour permeability tests revealed that POM-IL coatings did
not significantly alter the water vapour permeability through DO and SA,
making these coatings highly promising for the effective biocidal protection
of stone heritage constructed from porousmineral stone. The analysis of the
pore network of DO, SA and RO, for which the amount of POM-ILs was ex-
cessively increased, displayed how both coatings produced a moderate
tone between the beginning and at the end of the experiment (two years). Mean and
and POM-IL1 and POM-IL2 coated stones.



Fig. 8. FV/FM of the four types of stone after two years of experiment. Mean and standard deviation values were calculated from triplicates of controls (uncoated stones) and
POM-IL1 and POM-IL2-coated stones.
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reduction in the macropore size of DO and decreased the SA micropores.
This suggests that the coatings tended to partially seal macropores and
thus to decrease the pore sizes and their quantity.

The climatic tests aimed to evaluate POM-IL coatings under harsh
climatic conditions which could simulate future events predicted by
current climate models (Jacob et al., 2014; Jones et al., 2009). In partic-
ular, the test was designed with an irradiance close to that experienced
in the south of France, with high temperature (40 °C). The BST (black
panel) reached as high as 60 °C meaning that the darker coloured
stone surfaces BB, DO and RO reached this temperature. High tempera-
ture exposure was directly followed by heavy rainfall with a water flow
similar to a thunderstorm, which is similar to the summertime weather
in the south of France.

The colour of all natural uncoated stones (controls) changed follow-
ing the climate chamber test; thus the weather had a net impact on all
types of stone whatever the initial colour (Eyssautier-Chuine et al.,
2018). Comparison of control and coated stones displayed two trends
of colour variation: (i) in the case of DO and SA where the global colour
Fig. 9. SEM images showing biological development on stone slabs after two years exp
green arrows indicate fungal mycelium.
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change was the same for control and coated stones. This result suggested
that similar intrinsic properties of stones (high porosity, capillarity,
roughness) benefitted the penetration of the biocide into the substrates
and played an important role on the durability of the coatings. And (ii)
in the case of RO and BB, since the application of POM-ILs led to their
darkening and since the weathering produced a gradual lightening,
the final colour of coated stones actually became close to the natural col-
our of uncoated stones (Table S8). This result was only observed for the
non-porous stones for which there was a weak penetration of the prod-
ucts inside the substrate, raising the question of the coating's adhesion
to the stone thus of durability and efficiency in the face of severe
weather. EDX analysis detected the residual presence of tungsten from
the POM anion on coated stones after the weathering test in climatic
chamber, indicating that POM-ILs were still embedded within the stones
after the weather ageing. The accelerated biocolonisation test using
green algae on aged, coated stones provided an answer to whether the
quantity of such coatings could be enough to deter algal colonisation.
Colour data displayed neither greening nor yellowing of coated slabs
osure outdoors in Reims (north east France). yellow arrows indicate spores or cells;
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for DO, SA and BB, indicating an absence of algal development on the
stone surface and an efficient anti-algal activity of both POM-ILs. How-
ever, a minor greening was detected on POM-IL-coated RO (Fig. S4).
ChlaF analysis through FV/FM, provided a more in-depth insight into
the effect of the POM-ILs on the physiological status of algae since the
photosystem II (PSII) of the photosynthetic chain is sensitive to environ-
mental stress. ChlaF was detected on every coated stone thus this photo-
synthetic activity suggested that algae were still alive but the maximum
quantum yield of PSII of POM-IL-coated DO and SA stones decreased sig-
nificantly compared with controls which infers those coatings had detri-
mental impact on the PSII of the algae. Nonetheless, this effect had also
been detected on BB to a lesser extent and on RO with POM-IL2. Accord-
ingly, after the drastic climatic test, both POM-IL1 and 2 retained their
anti-algal activity on all four stones. Both POM-IL1 and POM-IL2 had
an equivalent efficiency on DO and SA stones probably due to their
high porosity which promoted an improved penetration of POM-ILs as
it was already reported with tufa and marble coated with ILs (De Leo
et al., 2021). However, On RO and BB, POM-IL2 was more efficient
than POM-IL1.

The two-year outdoor exposure test was carried out in parallel to the
simulated climate chamber weathering and accelerated biocolonisation
tests. Colour results of both DO and SA for control and POM-ILs displayed
a darkening which were induced by a fungal growth (SEM observations).
A gradual greening and a yellowing was also observed by colorimetry
measurements and was associated to phototrophs such as algae and
cyanobacteria, whichwere detected by chaF and constitute themain photo-
synthetic microorganisms colonizing stones. Nonetheless, FV/FM values
were weak, indicating a low phototrophic growth on stones probably due
to the competition with other microorganisms. However, after the climatic
lab test, a natural greening and yellowing colour change to DO, SA and RO
was also observedmeaning that such alterations could be the natural result
of outdoor exposure. SEM analysis suggested that the POM-ILs were not ef-
ficient enough to fully inhibit the biocolonisation of the four stones over
this period (Fig. 9 and Fig. S7-S9). In particular, the porous stones DO
and SA showed signs of typical outdoor colonisers such as moulds and
phototrophic microorganisms, whereas virtually no microorganism growth
was found onweakly porous RO or non-porous BB. A previous study testing
the efficiency of POM-IL1 and 2 against bacteria (E. coli) on BB, RO and DO
had the best result with POM-IL1 on BB (Misra et al., 2018). In addition,
a better anti-fungal activity was already proved on brick with POM-ILs
with a higher number of C atoms of alkyl substituents, such as POM-
IL2 (Rajkowska et al., 2020). Altogether, these results suggest that a
higher amount of POM-IL should be applied to non-porous stones to pre-
vent long-term biocolonisation in outdoor environments. Importantly,
colour studies and water vapour permeability data support the idea
that higher concentrations of POM-IL could be applied instead of in-
creasing the amount, with no deleterious cosmetic or physical effect to
the stone to avoid impacting the porous network. Furthermore - and in
contrast to the results from porous DO and SA stones - even lower con-
centrations and total amount of POM-IL could be applied to less porous
mineral stones such as RO and BB.

5. Conclusions

Our aim has been to develop custom-made antifouling solutions
based on POM-ILs and perform an in-depth analysis of their capacity
to prevent biocolonisation of calcareous stones in simulated and out-
door environments. POM-IL coatings did not affect water vapour perme-
ability and only moderately reduced the total porosity of the calcareous
stones. The colour variation of POM-IL-coated stones following a period
of simulated weathering in climate chambers - simulating harsh
(hot and wet) climatic weather conditions - did not vary significantly
with respect to the natural uncoated stones. Crucially, accelerated
biocolonisation studies on weathered POM-IL-coated stones were still
capable of preventing biocolonisation by an algal biofilm. However,
while colour measurements and chlorophyll fluorescence data obtained
10
over a two-year period of ageing outdoors in northern France were
promising, scanning electron microscopy imaging of the stones high-
lighted that coated and uncoated stones showed signs of colonisation
by fungal mycelium and phototrophic cells. Consequently, while our re-
sults demonstrate that POM-ILs appear to be suited to deployment as
preventative biocidal coatings for calcareous stones, the microstruc-
tural/porosity features of different types of calcareous stones play a sig-
nificant role in the overall performance of the coatings. In this respect,
the correct concentrations must be carefully chosen to achieve a balance
between colour variation and biocidal effect over longer periods of time,
particularly in outdoor environments.
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