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Abstract: This work aimed to assess the potential efficacy of a novel polysaccharides-based extract as
a green consolidant for the pictorial layer on marble substrates. Understanding its properties could
lead to determining whether it can ensure the correct conservation and transmission of the cultural
heritage. Four different types of marble specimens were prepared with paint based on malachite
(egg, tempera grassa, rabbit glue, and linseed oil as binders). Colorimetric analyses, peeling tests,
SEM-EDS, and FTIR spectroscopy were used to test the properties of the consolidant. Results reveal
that no aesthetic changes occur when using the extract on painted surfaces and that the cohesive
properties of most pictorial films increase after its application, confirming the consolidating effect. In
conclusion, the use of an innovative green product for the restoration of marble-painted surfaces can
be considered a possible good solution for consolidating treatment. Through this initial explorative
research, we suggest an innovative approach to the protection of cultural heritage that doesn’t cause
harm to both the restorer’s health and the environment.

Keywords: green materials; microalgae; natural consolidant; painted marbles; SEM-EDS; FTIR spectroscopy

1. Introduction

Cultural heritage has always been regarded as an essential means of transmitting to
future generations the rich cultural legacy of ancient populations and cultures.

However, considering that artefacts are subject to the inevitable course of time that
can cause their degradation [1–3], conservation and restoration practices are necessary in
order to fulfill this purpose.

As far as pictorial films are concerned, damage triggers can have both anthropogenic
and natural origins. Among the latter, the most common are seasonal climatic changes
and weathering, catastrophes, or biological agents, while other factors such as pollution,
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wars, and errors in handling or restoring the artifact arise from human influence [4–6]. The
selection of the optimal product for the preservation and protection of the pictorial film
depends upon the substrate under examination and the extent of the damage found. After
careful consideration, conservation scientists and restorers can select the most suitable
option from a range of organic and inorganic substances [7–10]. Those are usually divided
into three main categories, namely protectants, adhesives, and consolidants [11–16].

Specifically, consolidants are defined as substances whose aim is to re-establish the
physical and mechanical conditions of an artefact, thereby restoring a sufficient degree of
cohesion between the pictorial film and the substrate to which it was applied [17–19].

To consolidate the pictorial layer, organic consolidants such as animal glue, animal
waxes, and vegetable gums have historically been widely used [20–23], while in more
recent times, thermoplastic, vinyl, or acrylic resins such as polyvinyl acetate, have also
been employed [14,24,25].

In addition to some commercially available consolidants, there are ongoing studies to
continuously test new alternatives that are more effective and safer for both the environ-
ment and the operators [26–29]. Most researches are, however, often focused on the area of
consolidation of panel paintings or frescoes [24,30,31], while products to consolidate the
paint layer on stone substrates such as marble are, generally, less investigated. Although
very rare examples have come down to the present day on which the color is visible,
historically speaking, many marble works, both statuary and buildings, were actually
painted [32,33]. Unfortunately, in most cases, the original pictorial film has not survived,
making it challenging to determine the materials used. Some techniques, such as XRF [34],
allow the analysis of trace elements, which are useful in identifying and characterizing
the inorganic part, which comprises most of the pigments. The organic material originally
present as certain pigments and the binders, however, deteriorate almost completely over
time, and even in the very rare cases when the scarce remains are present on the artwork,
they can’t be detected. Recently, there has been an increase in the use of sophisticated alter-
natives such as gas chromatography coupled with mass spectrometry and pyrolysis [35],
which have made it possible to identify, for example, proteinaceous substances, such as egg
and glue, and lipidic substances, such as vegetable oils [36], whose use as binders is also
confirmed by historical literary sources [37]. However, due to difficulties mainly related
to the interference of other species and conservation conditions [36], their unambiguous
identification still represents a challenge, in particular as it concerns the composition of the
pictorial films on the statues, which to a greater extent present the problem of the scarcity
of available and collectable samples.

Heritage objects of this kind can be considered complex systems because of the differ-
ent nature and, therefore, the different characteristics of the two parts involved that must
be taken into account. The marble substrate is inorganic, crystalline, and not breathable,
whereas the surface paint layer may contain organic fractions represented by binders or
any dyes, in addition to inorganic pigments [14,38,39].

A suitable consolidating agent for this type of artifact should eliminate the discontinu-
ity between substrate and pictorial film. In addition to ensuring good adhesion, it should
not cause any aesthetic changes to the item to preserve its original appearance [40–43].
Furthermore, the long-lasting effects of a consolidant and, above all, its stability over time
are essential to ensure that the restoration does not cause more long-term problems than
immediate benefits.

Previous treatments of marble surfaces have been demonstrated to result in the for-
mation of certain degradation products subsequently identified, such in the case of silica
compounds, which are by-products arising from the decomposition of fluorosilicate used as
consolidant [44], or orange-brown patinas originated from an artificial coating improperly
applied for aesthetic reasons [45].

In this early stage study, the authors wanted to specifically test the effects of applying
on marble with pictorial films a natural algae extract called NYMPHA, which was created to
facilitate the restoration of polymateric works and, therefore, might be potentially effective
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on different types of substrates [46]. NYMPHA is a new product based on polysaccharides
extracted from the Chlamydomonas reinhardtii, a unicellular algae with a very fast rate
of reproduction and ease of cultivation [47–49]. Following extraction with hot water,
precipitation in ethanol, and a freeze-drying step (carried out by the spectroscopy and
microalgae-based biosensors laboratory of the Institute of Crystallography—CNR), this
extract was turned into a dusty, easily usable solid.

The use of polysaccharide extracts from natural sources in the field of cultural her-
itage is not a complete novelty, as some South American populations already applied the
mucilage obtained from Opuntia ficus-indica, consisting of complex carbohydrates and com-
monly called Nopal, since ancient times as a consolidating agent for mortar mixtures [50–52];
some products such as agar-agar, a polysaccharide extracted from several species of red
seaweeds [53] and funori, a polysaccharide derived from the red algae genus Gloiopeltis [54],
are beginning to catch on as protective or adhesive agents [28,55]. The latter is used for the
conservation of several artefacts, generally employed as a mild consolidant for paper, paint-
ing layers, and gold or silver leaves, where a weak binding is required [54]. Their versatility
in terms of both properties and substrates they are compatible with, combined with their
green, natural, and environmentally safe characteristics, as well as their non-toxicity, make
polysaccharide extracts a class of substances worthy of testing and further investigation.

2. Materials and Methods
2.1. Sample Preparation

A series of marble bricks were cut from a white marble block from the Gioia basin
(Colonnata, Province of Massa-Carrara, central Italy), in the Apuan Alps. It is a white
meta-limestone widely used as an ornamental stone since the Etruscan time [56–60].

Four different types of tempera were manually prepared according to Cennini [37] and
Hebborn [61] to test the behavior of the extract on different binders: egg yolk, tempera grassa,
rabbit glue, and linseed oil. Copper (II) carbonate, basic from Merk (product number
207896), was used as a pigment for all binders, and the final mixture was applied to the
marble samples using a synthetic brush.

Within the four sets of samples, each prepared with one of the chosen binders, two
subgroups were formed: half of the specimens were painted with a mix consisting of
pigment and binder in a 1:1 ratio, as in common practice, whereas the remaining half of
the specimens were painted using a tempera mixed with a 2:1 ratio, in which the amount of
binder was therefore halved compared to conventional practice; the aim was simulating
the loss of binder over time.

Once prepared and set, all the specimens underwent cycles of temperature (T) and
relative humidity (RH) for the artificial aging. The samples were exposed in the climatic
chamber ACS Challenge CH250 (distributed by Angelantoni Industrie S.p.A, Massa Mar-
tana, Italy) for 38 days, following this regimen:

• 12 h at T = 10 ◦C and RH = 95%
• 12 h at T = 50 ◦C and RH = 40%

Subsequently, the samples were treated with UVA radiation (λ = 340 nm) in the
QUV/se UV test Chamber (distributed by Q-LAB for 7 days) at T = 50 ◦C and RH = 20%.

Once completed, one sample of each kind of tempera was kept for comparison analysis
while NYMPHA was applied to the remaining samples, forming three more sets containing
the extract dissolved at 0.5%, 1%, and 2% (w/w) in water.

Application of the NYMPHA solution was done by synthetic brush by laying an equal
number of brush strokes on all samples until the entire surface was wet.

2.2. Methods
2.2.1. Fourier Transform Infrared Spectroscopy

FTIR spectroscopy was chosen to characterize the paint film, consisting of the pigment
mixed with different binders, as well as to identify the presence of NYMPHA extract on
the surface. An FTIR Nicolet iS50 instrument (Thermo Scientific, Waltham, Massachusetts,
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USA) coupled with the IR microscope Continuum and equipped with a liquid nitrogen-
cooled MCT-A (mercury cadmium telluride) detector was used to acquire the spectra.

Spectra were acquired in µ-transmission mode in the 4000–650 cm−1 range, with a
spectral resolution of 8 cm−1. Fourier transform was applied to the sum of 40 scans. Finally,
the spectra were processed using the Omnic Spectra software ver. 9.12.993.

2.2.2. Peeling Test

The peeling test, also known as Scotch test, was performed to test the effective con-
solidating power provided by the NYMPHA solution, which is one of the most important
parameter that had to be evaluated in this experimental phase [62,63].

The aim was to determine the capacity of the paint layer applied on the marble to
resist interaction with external agents and, therefore, to maintain a good level of adhesion
to the substrate. For each sample, whether consolidated by NYMPHA or not, the test was
carried out by applying ten strips of double-sided adhesive tape, 3.5 cm long and 2 cm wide.
During the test, light pressure was applied to the double-sided tape for approximately 10 s,
after which the adhesive was removed by seizing the free end and pulling it off steadily
(without jerking and at an angle of 90◦) with the force applied in a direction perpendicular
to the surface under examination. This procedure was repeated ten times on each sample,
placing each new piece of tape on the same spot every time. To verify the degree of adhesion
of the film to the substrate, it was necessary to determine the amount in weight of material
removed: each adhesive strip was therefore weighed before and after the process.

2.2.3. Colorimetry

Colorimetric analysis was carried out to assess the presence of any chromatic change
between the samples on which NYMPHA was applied and the unconsolidated ones,
using the portable spectrophotometer CM-2600d (distributed by Konica Minolta, Tokyo,
Japan). The measurements were performed in the color space CIE L*a*b* with the following
features: illuminant D65, 10◦ observer, 100% UV included, 3 mm spot, in both SCE (Specular
Component Excluded) and SCI (Specular Component Included) mode. The software
Spectra Magic (NX version) was used for data processing. In this research, the color
difference (∆E*) between untreated and treated samples was used to assess the visual
impact of NYMPHA.

2.2.4. Scanning Electron Microscopy

SEM-EDS investigation was conducted to observe the morphologies and structures
of the analyzed surface in detail. A FEI-Quanta 400 instrument (FEI company, Hillsboro,
Oregon), operating at 20 kV, equipped with X-ray energy-dispersive spectroscopy (EDAX
Genesis Microanalysis system by FEI company) was used.

3. Results and Discussion
3.1. Fourier Transform Infrared Spectroscopy

µ-FTIR analysis confirmed the nature of the pigment used for the pictorial layer, which
is a basic copper carbonate corresponding to the pigment malachite [64]. The bands at
873 cm−1 and around 1434 cm−1 could be attributed to the out-of-plane bending vibration
of the carbonate groups [65], while the one at 710 cm−1 to the in-plane bending vibration.
The antisymmetric stretching bands of CO3

2− are visible at 1506 cm−1 and 1395 cm−1 [66].
The peak at 815 cm−1 could be caused by the C-O deformation vibrations, and the O-H
stretching vibrations in the crystalline water are visible at 3310 cm−1 and 3400 cm−1 [64]
(Figure S1). The four raw binders underwent µ-FTIR analysis to serve as a benchmark for
both unconsolidated and consolidated specimens (Figure S2).

Next, the µ-FTIR spectra of the samples were compared with those of samples with
the same binder consolidated with NYMPHA.

No differences emerged between the two samples, from which it can be claimed that
under the experimental conditions in which the NYMPHA product was used, in terms of
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the amount and type of substrate, the NYMPHA product is not detectable with the FTIR
technique (Figure 1).
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Figure 1. Comparison between µ-FTIR spectra in transmission of the NYMPHA extract in powder
and an example of pictorial layer (pigment and linseed oil) untreated and consolidated.

No differences could be observed between spectra, except a slight variation in the
intensity of peaks. The same difference was notable when comparing the samples with
different pigment binder ratios (Figure S3). In both cases, the differences were attributed to
the heterogeneity of the sample, given their manual preparation.

3.2. Peeling Test

The peeling test showed overall interesting results.
In all sets of samples, the amount of material removed by tearing from NYMPHA-

treated samples was lower on average than that removed from untreated samples. The only
exception was observed in samples in which the binder used was rabbit glue (Figure 2a).

Both on samples containing tempera grassa and oil as a binder in a 1:1 ratio with
pigment, good efficacy of the product was recorded, specifically when the concentration of
the applied solution was 0.5% and 1% (Figure 2b).

Sets with the same two binders, applied in a 1:2 ratio with the pigment, maintain fairly
good efficacy, which is higher in cases of 0.5% NYMPHA application (Figure 2c).

Lastly, from all samples in which the binder was egg yolk, the amount of material
removed was very low, particularly close to zero for samples with a 1:1 ratio pigment:binder
to which NYMPHA was applied at 0.5% (Figure 2d).

Overall, despite the invalid efficacy recorded on samples containing rabbit glue as
binder, the results could be considered satisfactory as a low amount of material removed
with the tape is indicative of good adhesion. In most cases, this amount was much less than
the material removed from the untreated specimens, indicating a good consolidation ability
of the NYMPHA product when applied on egg, oil, and tempera grassa binders, especially
in 0.5% concentration.
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ratio 1:2 in yellow.

3.3. Colorimetry

In the interpretation of the data presented here, it should be kept in mind that this is a
punctual analysis, and the surface small under investigation is, in most cases, potentially
unrepresentative of the entire statuary cultural heritage.

The results are shown in Table 1, in which one can note that most of the values lie
below 3, which can be considered to be the threshold value below which, in most cases,
human eyes do not detect a color change [67,68].

The ∆E* value obtained from the sample “tempera grassa (1:1)” treated with the
NYMPHA solution at 1% and 2% is higher than 7.

This type of test could also be influenced by the thickness of the pictorial layer, which
is not uniform due to the application method.

In addition, it’s worth mentioning that on the NYMPHA-treated samples, for technical
and control reasons, a small, marked area on which the product was not applied was
always left on the margin. This area has no clear demarcation given by the color variation
compared to the area on which the product was applied.

Keeping in mind all the variables related to sample preparation, it may not be excluded
that unexpected values of ∆E* could be due to the points on which the analyses were carried
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out and, rather than to a real optical difference, probably because of different punctual
composition in terms of the amount of binder, pigment, and thickness of the pictorial layer.

Therefore, it might be concluded that the application of NYMPHA could result in no
significant color alterations in the short term.

Table 1. Colorimetric ∆E values obtained by comparing, for each sample, the values measured on
untreated specimens and those treated with NYMPHA. ∆E values > 3 are in bold.

Binder (Pigment:Binder Ratio) NYMPHA% ∆E

Egg yolk (1:1) 0.5% 2.54
Egg yolk (1:1) 1% 4.46
Egg yolk (1:1) 2% 2.67
Egg yolk (1:2) 0.5% 0.86
Egg yolk (1:2) 1% 1.72
Egg yolk (1:2) 2% 1.60

Tempera grassa (1:1) 0.5% 5.61
Tempera grassa (1:1) 1% 7.01
Tempera grassa (1:1) 2% 7.46
Tempera grassa (1:2) 0.5% 1.28
Tempera grassa (1:2) 1% 1.17
Tempera grassa (1:2) 2% 2.22

Rabbit glue (1:1) 0.5% 1.41
Rabbit glue (1:1) 1% 2.00
Rabbit glue (1:1) 2% 3.26
Rabbit glue (1:2) 0.5% 5.32
Rabbit glue (1:2) 1% 4.37
Rabbit glue (1:2) 2% 1.96
Linseed oil (1:1) 0.5% 3.83
Linseed oil (1:1) 1% 2.37
Linseed oil (1:1) 2% 4.11
Linseed oil (1:2) 0.5% 2.81
Linseed oil (1:2) 1% 0.83
Linseed oil (1:2) 2% 3.68

3.4. Scanning Electron Microscopy

SEM analyses were performed to detect any changes in the morphology of the pictorial
layer following the application of NYMPHA. To investigate the appearance that the extract
would have on the marble substrate, images of a specimen to which NYMPHA was directly
applied without the pigment layer were acquired (Figure 3). As shown in Figure 3, the
application of the extract resulted in an irregular and fractured surface. The collected EDS
spectrum showed high contents of magnesium and calcium, depending on calcite and
dolomite as the main components of marble, and phosphorus. The presence of the latter
was expected such as algae like C. reinhardtii can absorb it from the outside environment
while growing [69].

On the SEM images collected on the tempera grassa samples, the pigment and binder
structures that make up the paint film were visible (Figure 4); moreover, this layer was
clearly distinguishable from the part of the pure marble sample, on which no brush strokes
were applied (Figure 4a).

In the samples containing rabbit glue as binder (Figure 5), the latter appeared as a
series of irregular, spongy-looking particles, at times distinguishable from the spherical
malachite particles. It was also possible, at large magnifications, to notice the action of the
glue, which incorporates the pigment (Figure 5b).

A comparison of the samples containing different ratios of binder and pigment re-
vealed, as shown in Figure 5, that in the case of the pictorial film with higher binder
concentration, the structure appears more porous. This phenomenon could be attributed
to the fact that air bubbles are formed during the glue preparation or after it is applied
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to the substrate, which, upon bursting, then cause the presence of voids between the film
particles themselves.
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Figure 5. Comparison of SEM images of sample painted with rabbit glue and pigment treated
with NYMPHA solution: (a) overview of the 1:1 binder-pigment ratio film, with a certain degree of
porosity; (b) detail of the same pictorial film; (c) overview of the 1:2 binder-pigment ratio film, with a
less degree of porosity; (d) detail of the same pictorial film.

The lower amount of glue in the samples with the halved binder ratio may explain the
less porous appearance (Figure 5c,d). Also, in those, the liquid glue layer is much less than
the solid pigment’s particles.

Likewise, for the samples in which linseed oil and egg yolk were used, SEM analysis
exhibit the pigment particles distinguishable by morphology from those of the respective
binders (Figure 6a,b). Indeed, also in these samples, the spherical malachite particles were
clearly visible, and the binders showed different characteristics: linseed oil (Figure 6a)
appears in the form of lumpy and small particles, separated from the pigment, whereas the
egg yolk forms a more compact film that surrounds the malachite spheres.
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(b) egg yolk.

However, comparing the SEM image of the dried NYMPHA solution (Figure 3) with
the SEM images of the painted treated surfaces, in none of the specimens there were visible
structures that could be traced back to the presence of NYMPHA. No differences can be
noted between surfaces treated with NYMPHA and the untreated ones (Figure S4).

The main hypothesis that might explain this kind of behavior is related to the pos-
sibility that the solution, once spread on the films, does not remain on the surface of the
painting film but penetrates deeper into the layers, probably reaching the interface with
the marble.

4. Conclusions

The results presented and discussed here lead to several key conclusions:

• The interpretation of FTIR spectra might suggest that the application of the NYMPHA
product, independently from the concentration of the applied solution, does not alter
the composition of the pictorial layers. The absence of characteristic peaks identifying
the polysaccharides of NYMPHA in all collected spectra may be attributed to the low
concentrations at which the solution was diluted; the absorption bands of NYMPHA
may have been overshadowed by the pigment and binder bands.

• The results from the peeling test indicate a good consolidation treatment for most
painted layers, except for those with rabbit glue as binder. Particularly, the observed
increase in cohesive properties appears to be most pronounced for the 0.5% NYMPHA
solution, suggesting that the extract might be more effective at lower concentrations.

• According to the colorimetric results, the application of the NYMPHA solution on the
pictorial film would not induce any distinguishable changes in color, preserving the
aesthetics of the specimens.

• SEM imaging does not detect the presence of the NYMPHA solution, at least on the
surface. These results suggest the idea that the product may have penetrated under
the external layer of the samples at the pictorial-marble interface.

From the above-mentioned considerations, the NYMPHA extract could be considered
a potential efficient green product for the consolidation of paint films on marble substrates.
Indeed, the results here may be regarded as an encouraging preliminary indication of
the potential for a satisfactory product to be deployed in the context of cultural heritage.
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However, the inability to detect the solution on the surface through FTIR and SEM analyses,
alongside the proposed hypothesis of its penetration, currently hinders a comprehensive
understanding of the consolidation mechanisms of NYMPHA.

Further studies involving different analytical techniques are planned to investigate
how the product interacts with the paint layer and the stone substrate and to elucidate
these mechanisms. In addition, analyses will be carried out to investigate the performance
of NYMPHA after aging, to confirm that the extract does not cause long-term chemical and
visual changes to the substrate to which it is applied and to confidently assess the viability
of NYMPHA as a green restoration product for cultural heritage artefacts.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su16166868/s1, Figure S1: µ-FTIR spectrum of Copper (II)
carbonate; Figure S2: µ-FTIR spectra of the four raw binders; Figure S3: Comparison between µ-FTIR
spectra of the pictorial film realized with different pigment-binder ratio); Figure S4: Comparison of
SEM images of untreated sample.
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