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Abstract

In the frame of the European project EU-PANNA – Plasma And Nano for New Age soft conservation – commercial atmospheric
plasma instruments were tested and a new instrument suitable for the cleaning of surfaces (stone, wall paintings, metals) in the
ield of cultural heritage was developed. The results regarding the removal of grafiti from stone and soot from wall paintings are
presented here.
Plasma might substitute or be used in combination with other techniques for example on delicate objects where original material
might be endangered by a mechanical or a wet cleaning method. The removal of grafiti from stone is more eficient if the solvent
cleaning is combined with plasma and the removal of soot is less damaging for a wall painting if plasma instead of solvent or abrasives is used. The main disadvantage of this technique is its low eficiency.

1 Introduction

Cleaning, in the sense of removing unwanted materials, is
probably the most important and frequent step in the process of conserving an object. Whether the object should
be further protected, reassembled or retouched might be
controversial. In contrary, since dirt not only hinders the
appreciation of an object but also leads to further degradation, the decision of its removal is usually consensual.
The application of innovative cleaning technology on
cultural heritage objects demands suficient knowledge
concerning the cleaning process itself and the long-term
behaviour of an object after cleaning, because they are
often unique and irreplaceable.
The unwanted materials might be: dirt deposited on the
surface of the object, aged protective coatings, corrosion
products, etc. Traditional cleaning methods are commonly based on abrasion (mechanical) and dissolution
(solvent) of these materials. Generally one can say that
traditional methods are relatively fast and cheap but they
also show some disadvantages. Mechanical abrasion is
not selective, i.e., does not remove dirt in interstices and
might remove some of the original material, whereas
solvents are absorbed by the surface of the object (e.g.
stone or wall) carrying the dissolved dirt deeper to a layer from which it is then impossible to be removed. For
example, a hydrophobic coating might migrate from the
surface of a stone to deeper layers causing permanent obstruction of its pores. Another example is the removal of
dirt from a wall painting with solvent, which will inevitably cause the migration of some dirt to the pictorial layer, from where it will not be possible to remove without
damaging the mural painting. Atmospheric plasma might
be an alternative cleaning technique as the thin plasma
plume enables a precise treatment of an object without
being in contact with its surface. Four different commercial plasma devices as well as the new prototype developed during the EU-PANNA project were tested and
compared in their capability to remove organic matter,
namely grafiti and soot from stone and wall painting surfaces respectively. Cleaning tests were irst performed on

laboratory samples. In a second step, plasma treatment
was also used in situ, at Prato della Valle (Padua, Italy) for the removal of grafiti from Pietra di Vicenza and
for the removal of soot from a mural painting of the St.
Marina Church in Veliko Tarnovo (Bulgaria). The cleaning effectiveness and eficiency was evaluated for each
plasma devices used by samples characterisation before
and after plasma treatment. Drawbacks of the technique,
in terms of damages of the surfaces caused by plasma
exposure will also be pointed out.

1.1 What is plasma?

Plasma can be deined as the fourth state of matter. Giving
energy to a gas (e. g. electric discharge or heat) will induce the ionisation of some of its molecules and atoms
(Figure 1). The plasma contains therefore, besides neutral molecules, positively and negatively charged particles
[1], although its overall charge is neutral [2]. Plasma is
a medium containing reactive chemical species, some of
them being in excited unstable or metastable states.

Figure 1: The four states of matter

There are different types of plasma. Regarding their
temperature, they can be distinguished as high temperature (fusion plasma) and low temperature (gas discharge
plasma).The ones of interest for the cleaning of cultural heritage artefacts are evidently the low temperature
ones, which are divided in thermal and non-thermal plasma [3]. Thermal effects should be avoided in the cleaning
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process. Indeed, the desired plasma treatment is a pure
chemical reaction: an oxidation or a reduction.
Low temperature plasmas at atmospheric pressure can be
made by applying a strong alternating current (AC) electric
ield to a gas present between two electrodes with a Dielectic
Barrier Discharge (DBD) design. The electric ield causes
a cascade of ionisation reactions. A large gas low pushes
the radicals and excited species out of the torch, while the
charged particles are not able to exit the torch. The highly
reactive species interact with the object’s surface.
Depending on the carrier gas mixture, plasma can work
as reductive or oxidising agent at atmospheric conditions.
When oxygen ions, ozone and related radicals are present, plasma has an oxidising effect. For example, it will
oxidise organic substances originating volatile CO2 and
water vapour (Figure 2). Inorganic materials such as silicates, carbonates or oxides are inert to oxidising plasma.
An atmospheric plasma jet in reductive mode is
obtained by using hydrogen gas with a carrier gas, i.e.
helium, argon, nitrogen. Unlike the oxidising plasma
mode for cleaning substances from a surface, reductive
plasma is able to reduce tarnish on metals like silver. An
electron transfer from hydrogen radicals towards oxidised layers on the metal surfaces results in a reduction of
the cations.

Activation of polymeric surfaces with the aim of increasing their wettability is the most common use of
plasma at industrial scale. Non-polar surfaces of polymers such as polyethylene (PE) and polypropylene (PP)
become polar, enhancing the adhesion to coatings, such
as paint, after an oxidising plasma treatment [5].

Plasma in Cultural Heritage

As mentioned above, plasma is a contact-less technique,
avoiding the typical damages caused by mechanical (abrasive) and wet (solvent) methods.
The use of plasma in the ield of cultural heritage is not
new. It has been irstly applied to the conservation of metals, particularly for the treatment of archaeological iron
artefacts and silver objects (removal of chlorides and the
reduction of silver sulphide corrosion products) in vacuum conditions [6,7,8,9]. The disinfection of paper from
bio-organisms with plasma (in vacuum conditions) has
already proven to be quite eficient [10]. Plasma found
application also in the cleaning of smoke-damaged paintings (elimination of soot) [11] and in the removal of supericial organic coatings from paintings [12]. Although,
vacuum conditions can mechanically damage the object
and besides it is limited to small objects which it into the
vacuum chamber, only few cases are known where atmospheric plasma was used. With atmospheric plasma objects of any size can be treated. Moreover, the thin plasma
plume allows a precise cleaning, which can be fully controlled by the conservator. Some examples are polymer
activation to enhance the polarity of non-polar polymers,
especially in modern art where many polymeric materials
are used [13, 14] and the removal of soot and synthetic/
natural organic polymers used for consolidation [15, 16].

2. Materials and Methods
Figure 2: Plasma working modes

1.2 Atmospheric Plasma in Industry

Atmospheric Plasma is spreading as „plasma torches“ in
different industrial sectors from the late nineties. Nowadays there are different commercial torches and every
plasma torch has different features. The wider application ield for these sources is the surfaces treatment. There are many ways to treat surfaces: cleaning, activation,
etching, functionalisation and coating. Surface cleaning
in industrial applications mainly consists of removing
contaminants like oil, dust, oxides and organic materials.
Surface etching is the removal of material from the treated sample surface in order to create a relief for a subsequent adhesion or treatment. Surface activation consists
in grafting chemical functionalities on a material surface in order to give it speciic properties by varying its
surface energy. If literature is quite rich concerning the
application of atmospheric plasma torches for cleaning
and activation, a less amount of papers is available regarding their employment for coating deposition. In this
ield the plasma is used as a chemically reactive medium
to activate the coating reactions [4].
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2.1 Samples
Four types of laboratory samples were prepared to be treated with plasma:
1) Carrara marble with a grafiti paint (T1):
Stone specimens of Carrara marble with 10x10x10 cm3
were thermally aged at 500°C according to C. Moreau et al. [17]. The water absorption coeficient and
the free porosity rise approximately seven and three
times, respectively, in relation to the fresh material. Stone specimens were then cut into round slices
of 5x0.5 cm2 and the blue grafiti paint Deco Matt
(RAL 5003) from the company Dupli Color was applied on the substrate by spraying. It consists in a copolymer of butyl methacrylate-methyl methacrylate
(BMA/MMA) with phthalocyanine as blue pigment
and titan dioxide as iller. The thickness of the paint
layer on the surface, determined by observation of a
cross-section, is about 20 µm.
2) Wall paintings samples in secco technique covered by
soot (T2): Wall painting replicas were prepared with
ultramarine and yellow ochre using egg yolk as binding
medium. The support of the wall paintings consists of
an arricio layer of ca. 5 mm [1/3 (v/v) lime (calcium
oxide)/ine river sand] and an intonaco layer of ca.
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3 mm [1/2/0.5 (v/v/v) lime (calcium oxide)/ine river
sand/marble lour]. Soot was applied with an average
thickness of 1-5 µm by burning a candle next to it.
3) Wall paintings samples in fresco technique (T3): To
deepen the knowledge on the inluence of plasma in
the degradation of a wide range of pigments, more
replicas of wall samples were prepared. The following pigments were used: white lead, marble lour,
lithopone, titanium white, minium, cinnabar, caput mortum, red iron oxide, green earth, malachite,
ultramarine, smalt, terra di siena, massicot, lead tin
yellow I, orpiment and gold ochre. They were applied in fresco technique. The support layer of the
samples, with an average thickness of 2 cm, was
prepared by mixing three parts of ine sand with one
of calcium hydroxide. Plasma treatments were irst
performed directly on the painting layers. Later on,
samples T3 prepared with lead pigments (the most
sensitive ones) were covered with soot by burning a
candle next to them and treated with plasma.
4) Several binding media applied on glass slides (T4):
Animal glue (rabbit skin glue), whole egg and linseed
oil were applied with a paint brush on a glass slide
and let to dry at room temperature in the laboratory.
Besides the plasma treatment on the above mentioned
laboratory samples, the technique was used in situ at

Prato della Valle (Padua, Italy) for the removal of grafiti paint from Pietra di Vicenza and in the St. Marina
Church of Veliko Tarnovo (Bulgaria) for the cleaning of
soot from wall paintings.
2.2 Plasma devices and procedure of the plasma treatment
The commercial atmospheric plasma torches, which
were used in these experiments are described in Table 1.
The type of samples T1 and T2 were treated with all the
plasma devices, where only one torch (Kinpen/Neoplas)
was used for samples T3. Important features of the plasma torches are their different ignition systems. Among
the four commercial instruments selected, two of them
consist in a dielectric barrier discharge system (DBD)
and generate therefore cold plasma. The two others ignite the plasma with an arc discharge and belong to the
thermal plasma. Nevertheless, all of them are classiied
as low temperature plasma. Independently of the device
used, the plasma exposure time and the distance between
the plasma plume and the substrate are parameters that
can always be varied in order to enhance the cleaning. In
the case of some apparatus it is also possible to change
the type of gas, as well as its lux, in order to eventually
improve the cleaning effect (Table 1).
The cleaning achieved by plasma (removal of grafiti
from Carrara marble and of soot from wall painting) was
compared to the one obtained using traditional methods:
solvent dissolution of the grafiti paint (Acetone) and mechanical removal of soot with the Akapad sponge.

Table 1: Plasma torches used for the treatment of the different types of samples

Plasma Torch
Kinpen from Neoplas

PlasmaSpot from Vito

PlasmaPen from PVATePla

Plasma-Blaster from Tigres
Dr. Gerstenberg GmbH

New Prototype
(PANNA Project)

Characteristics
Dielectric Barrier Discharge (DBD)
Power: 8 W
Gas: Ar/O2 2%
Gas low: 240 L/h
Dielectric Barrier Discharge (DBD)
Power: 150 and 350 W
Gases: Ar/O2 2% and compressed air
Gas low: 4800 L/h
Arc discharge
Power: 100 W
Gases: O2, N2, compressed air
Gas low: 1275 L/h
Arc discharge
Power: 250 W
Gas: compressed air
Gas low: 2400 L/h
Double DBD
Power: 90 W
Gas: Ar/O2 0.5%
Gas low: 600 L/h

Treated Samples
Type T1
Type T2
Type T3
Type T4
Type T1
Type T2

Type T1
Type T2
Type T3
Case study: St. Marina Church, Veliko
Tarnovo (Bulgaria)
Type T1
Type T2

Type T1
Type T2
Case study: Prato della Valle, Padua (Italy)
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2.3 Characterisation of the samples
The characterisation of the samples was conducted with
the following methods:
Microscopy
Microscopy was performed using a digital microscope
VHX-500FD from the company Keyence with different
objectives, VH-Z00R and VH-Z20 for magniication between x5 - x50 and x20 - x200, respectively, or using an
Axio Imager A2m microscope (Zeiss) and a ProgRes digital camera.
Colour measurements
Colorimetric measurements were made using a Minolta
CM-2600d spectrocolorimeter. The results are presented
in the CIE-L*a*b* system and the colour variation was
evaluated by calculating ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2.
Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform IR spectra were collected with a Paragon 1000 spectrometer from Perkin Elmer equipped
with a microscope. Spectra were recorded in transmission mode in the 4000 500 cm-1 range, with a resolution
of 4 cm-1.
Environmental scanning electron microscope coupled
with energy dispersive X-rays spectroscopy (ESEM/EDX)
ESEM/EDX analysis was performed at 20 kV using a
Quanta 200 ESEM (Fei) equipped with a backscattered
electron detector and energy dispersive x-ray analyzer
XFlash 4010 (Bruker).

Figure 3: Cleaning grafiti with Kinpen from Neoplas using
Ar/O2 (2 %) as gas

Using commercial arc discharge systems (PlasmaPen/
PVATePla and Plasma-Blaster/Tigres)
Arc discharge systems are able to remove the grafiti
paint from the stone surface. The results obtained with
the torches PlasmaPen/PVATePla and Plasma-Blaster/
Tigres are comparable; the ones obtained with PlasmaPen are illustrated here. The type of the carrier gas might
inluence strongly the cleaning performance. As shown
in Figure 4, compressed air is much more effective than
100% oxygen. Nevertheless, the colour deviation, quantiied by ∆E between the cleaned surface (compressed air)
and the reference marble, is with ∆E = 8 quite signiicant.
The cleaning effectiveness can however be enhanced by
a preliminary cleaning using for example acetone as a
solvent. The use of the combined technique of solvent
cleaning followed by plasma cleaning (compressed air)
led to a colour change of the surface in relation to the
reference marble of ∆E = 3.

X-Ray Diffraction (XRD)
The diffractograms, measured between 3°-73°, were collected using a Phillips diffractometer PW1729, running
at 30 kV and 30 mA.

3. Results

3.1 Grafiti removal from Carrara marble (treatment of samples T1)
Using commercial DBD systems (Kinpen/Neoplas and
PlasmaSpot/Vito)
Only one instrument, namely the plasma torch PlasmaSpot/Vito was not able to remove the grafiti layer or to
reduce its thickness. Changes in power (150 or 350 W),
in gas type (compressed air or argon with 2 % oxygen), in
working distance (between sample and plasma plume: 5
or 8 mm) and in treatment time (60, 120 and 300 s in one
spot) did not conduct to any removal.
The tests performed with the portable device Kinpen/
Neoplas showed that the power of this torch is too low
(8 W) for a feasible cleaning: 3 and 10 minutes of treatment time were needed to obtain a partial cleaned spot
of respectively 4 and 7 mm in diameter (Figure 3). It can
also be seen that the area exposed to plasma turns white,
which corresponds to the titan dioxide (TiO2), present as
iller in the grafiti paint and which cannot be removed
by plasma. However, the remaining TiO2 layer can be
wiped off with a dry tissue (Figure 3 c) revealing the underneath paint layers, which can then be treated in subsequent steps.
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Figure 4: Cleaning grafiti with PlasmaPen/PVATePla using
plasma alone or in combination with solvent (Acetone)

Microscopic images shown in Figure 5 illustrate that
the plasma is able to remove the remaining grafiti paint
from the pores, which cannot be removed by the solvent.
As it is possible to see, the best removal of grafiti was
accomplished by cleaning irst with acetone and then treating with plasma using compressed air.
Nevertheless, a relevant draw back was observed for
arc discharge torches: the deposition of metal particles
on the treated surface (Figure 6). This is due to the type
of ignition used in these torches, which induces the erosion of the electrode. Small particles of the electrode are
deposited on the surface. This is evidently unacceptable
for a future application to works of art.
3.2 EU-PANNA Plasma Torch Prototype
The new prototype was therefore developed using a DBD
system. It actually contains two dielectric barriers, and
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Figure 5: Comparing acetone and acetone + plasma (PlasmaPen/PVATePla, compressed air) for the removal of grafiti

Figure 6: Deposition of brass (Copper (Cu) and Zinc (Zn)) on the marble surface; ESEM image and its characterisation by EDX

works therefore as a Double DBD system. With this instrument, the results were similar to that of the Kinpen/
Neoplas, i.e., removal with plasma alone is not possible,
but combining plasma with a solvent the results are better than those with the solvent alone. The most relevant
difference is that the new prototype is faster.
The new prototype was compared with the Kinpen/
Neoplas commercial torch on the removal of another
acrylic material: Paraloid B72 (ethyl-methacrylate copolymer). In this case, both torches were tested in the same
sample, and therefore the results are fully comparable.
The acrylic polymer was applied on a silicon wafer and
FTIR spectra were acquired, in transmission mode, after
each period of treatment (0; 5; 15; 30; 45 and 60 s) on
the treated spot. The decrease of the C=O band characteristic of the acrylic polymer, was taken as a measure
of the polymer layer and therefore, its decrease considered proportional to the decrease of the polymer layer
thickness. The removal rate was estimated by plotting the
time of treatment against the removal rate in percentage.
The new prototype is twice as fast as the commercial one
(Figure 7).
3.3 Grafiti removal from a statue (Pietra di Vicenza) of the
Prato della Valle square in Padua (Italy)
The prototype was then tested in a real object. In Padua’s
Prato della Valle square, a statue’s pedestal was vandalised with grafiti (Figure 8). Plasma was applied after isopropanol cleaning. The parameters of the plasma were:
90 W, 10 L/min; Ar/O2 5%.

Figure 7: Rate removal of prototype (red) and Kinpen/Neoplas
(blue) of Paraloid B72

The results were quite satisfactory as an almost complete removal was achieved, as it can be seen in Figure 8.
3.4 Soot removal from Wall paintings (treatment of samples T2)
The results in the ultramarine and yellow ochre samples
(egg tempera) showed that, soot is possible to remove
with both DBD and arc discharge types of torches, but
the later ones showed the disadvantage of leading to the
degradation of yellow goethite [α-FeOOH] to the red
hematite [α-Fe2O3] (evidenced by XRD) through de-hydroxylation, when compressed air or pure nitrogen were
used (respectively after 2.5 and 4 min of plasma exposure
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Figure 8: Grafiti in Prato della Valle in Padua and its removal with solvent + plasma

for a surface of 2,5x2,5 cm2). This reaction can occur above 150 °C [18], which means that the temperature of the
sample, induced by the torch is much higher as desirable
for an art object. The photograph of the cross-sections
(Figure 9) shows that the complete thickness of the paint
layer is affected by the change in colour.
Using pure oxygen as gas, it is nevertheless possible to
remove soot with the arc discharge torch without causing
any change in the pigment.
a)

b)

Figure 9: Cross-sections of samples with yellow ochre: a) before
plasma and b) after compressed air plasma treatment

3.5 Effect of plasma on pigments (treatment of samples T3)
The effect of plasma, using the device Kinpen/Neoplas,
were studied for a larger number of pigments (fresco):
white lead, marble lour, lithopone, titanium white, minium, cinnabar, caput mortum, red iron oxide, green earth,
malachite, ultramarine, smalt, terra di siena, massicot,
lead tin yellow I, orpiment and gold ochre. The choice
of pigments was due to their recurrence in wall paintings
and to their susceptibility to degrade. Besides the sensitivity to temperature of pigments containing iron as seen
previously, lead pigments can be oxidised and also in
this case lead to an inacceptable change in colour. For
example lead white (2PbCO3•Pb(OH)2) will degrade to
plattnerite (lead dioxide, PbO2) in an oxidising environment [19]. Samples were treated with plasma in one sing-
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le spot for maximum 15 min, except if they would show
(by naked eye observation) an alteration, in which cases
the treatment would be immediately stopped.
With the arc discharge torch PlasmaPen/PVATePla
lead pigments show degradation independently of the gas
used (compressed air and oxygen were tested) whereas
goethite showed colour change using compressed air and
nitrogen but not with pure oxygen.
With the DBD torches lead pigments also showed
signs of degradation (oxidation) but goethite never
showed any colour change. The gas mixtures tested were
Ar/O2, 2 % with Kinpen/Neoplas and Ar/O2, 0.5 % with
the EU-PANNA prototype.
3.6 Removal of soot from wall painting samples prepared
with lead pigments (T3 with soot)
As seen previously, wall painting samples prepared with
lead pigments are highly sensitive towards oxidation
even using a DBD system, samples T3 (prepared with
lead pigments were covered with soot (1-2 µm thick) and
treated with Kinpen/Neoplas (Ar/O2 2%, 7 mm distance)
in order to see if the removal of soot is possible before
oxidation of the pigments occurs. It was observed that in
one minute it is possible to clean one spot (of ca. 5 mm
diameter) of soot with plasma but the lead pigments also
show degradation (lead white, minium, massicot and lead
tin yellow I). One must conclude that wall paintings with
lead pigments should not be treated with plasma.
3.7 Effect of plasma on binding media (treatment of samples T4)
Regarding the degradation of binding media due to plasma, this issue should be deeply addressed in the future.
Preliminary tests were performed on whole egg, animal glue (rabbit skin glue) and linseed oil applied on a
microscope glass slide using the plasma torch Kinpen/
Neoplas (Ar/O2 2%, 7 mm working distance). It has to be
noted here that these tests were performed on fresh material, which behaviour can be completely different from a
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naturally aged binding medium. The treatment time was
set to one minute in one spot, which was the time necessary to remove the soot layer on samples T3. According
to the FTIR spectra of the binding media before and after
plasma treatment, proteins seem to resist one minute of
plasma treatment without any signiicant chemical change (animal glue Figure 10 a) and the proteinaceous part
of the egg (Figure 10 b) whereas the characteristic stretching band of the C=O group (around 1740 cm-1) and the
asymmetric and symmetric stretching bands of the CH2
group (around 2930 and 2850 cm-1) of oil in egg decrease
signiicantly (Figure 10 b). Pure oil also remained unchanged one minute of plasma treatment (Figure 10 c).

Figure 11: Comparison of traditional methods with plasma:
Akapad hard sponge; Shellsol solvent and PlasmaPen/PVATePla (O2)

4 Conclusions

Figure 10: FTIR spectra of binder before (black) and after (red)
one minute of plasma treatment

3.8 Soot removal from a wall painting of the St. Marina
Church in Veliko Tarnovo (Bulgaria)
Figure 11 is a photo of a wall painting (St. Marina
church, Veliko Tarnovo, Bulgaria) where three different
methods were tested for the removal of soot: two traditional methods, Akapad hard sponge (abrasive) and Shellsol
(solvent) were compared with plasma (PVATepla, pure
oxygen).
As it is possible to see, plasma is the most effective
methods of these three procedures. With the sponge, soot
remained in the interstices; the solvent mixed some soot
with the painting layer giving it a greyish hue whereas
plasma, although much slower (27 s for 1 cm2 instead of
ca. 3 s with traditional methods), is more effective: much
less traces of soot remain on the surface and this one is
not damaged.

In this study we present a comparison of different plasma
sources for cleaning grafiti and soot on cultural heritage objects. Arc discharge torches should be completely
avoided in the ield of cultural heritage, as they cause deposition of metallic particles on the surface of the objects
due to the erosion of the electrode.
Plasma in combination with solvents showed to be the
best solution to remove grafiti from stone. The drawback
is that the dissolution of the grafiti and its transport to
deeper pores of the stone (which happens during cleaning
with solvent) is not avoided. The removal of soot can be
made entirely by atmospheric plasma, but it is a very
slow process and areas containing lead pigments cannot
be treated at all, as they might degrade.
The new prototype developed during the EU-PANNA
project is, in average, twice as fast as the commercial
DBD torches used in this study; does not cause metal deposition and does not damage iron pigments like the arc
discharge torches do.
It is worth to remember that there are many parameters playing a role in the cleaning process, such as thickness and alteration state of grafiti or soot, type of grafiti used, roughness of the surface, just to mention some.
Therefore, it is crucial to test several methods on site,
before deciding how to treat the surface.
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