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ABSTRACT

Plasma etching is an innovative technique that has been recently applied in the cleaning of soiled archaeological objects. This research
investigated the use of low-pressure plasma etching in cleaning microbial contaminations on an oolitic limestone from an UNESCO World
Heritage listed monument: the Batalha Monastery in Central Portugal. The cleaning effect was assessed by FTIR, SEM, optical
microscope, and cell viability index measurement. Experimental work suggests that plasma discharge can cause rupture in the microbial
cell structures and is helpful in removing microorganisms from the surface of the stone. At the macroscopic level, detachment of
microbial crust was also observed in plasma etched bio-deteriorated limestone surfaces. Furthermore, plasma etching can inhibit the
microbial growth by decomposing and eliminating the sugar-containing compounds on the limestones, thus eliminating a major nutrient
supply for microbial metabolism and reproduction. Plasma etching can therefore be regarded as a fast and eco-friendly conservation

tool for stone heritage architecture to prevent/reduce the onset of bio-colonization and biodegradation.
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1. INTRODUCTION

During the aging of cultural heritage objects, stone artifacts
may undergo decay under the effects of different kinds of
contamination. Through dry and wet depositional processes, soil
dust, insects, mildew, fungi and gaseous and particulate air
pollutants accumulate on stone surface building up patinas and
crusts, which are difficult to remove without damaging the
original substrate [1]-[3]. Conventional cleaning methods often
fail to completely remove these sutface soiled patinas and/or
biofilms by using toxic and aggtressive chemicals that may leave
undesired residues [4], [5]. In the literature, the possible use of
plasma cleaning for the restoration and preservation of various
materials such as wood, paper, fabric, metals, glasses, ceramics
and stones has been reported. Plasma etching, for instance, was
used in an attempt to remove: a) varnish (lacquer) coating on

paintings using oxygen plasma [6]; b) epoxy / actylic resin on
stones by using compressed air or mix of oxygen and argon
plasma [7], [8]; ¢) cleaning patinas on metal artefacts using
hydrogen plasma [9]. It was proved that plasma can successfully
remove the above-mentioned contaminations without damaging
the substrate.

Plasma removes the surface contamination via three different
reactions: (a) ion sputtering — atoms on the surface can be
sputtered non-selectively when the floating potential of the
plasma ions is beyond substrate — surface binding threshold; (b)
radicals etching — atoms or radicals from the plasma chemically
react with the surface, volatile reaction products can be
eliminated through pumping. The choice of the gas mixture used
for etching is determined by the volatility and stability of the
etched products. For Si-rich materials, halogen-, hydride-, and
methyl compounds can be used. For an effective removal of
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Figure 1. Bio-degradation on the inner wall of the “imperfect chapels” of the
Batalha Monastery.

organic compounds, oxygen can be used; (c) heating — the
surface immersed in the plasma is heated mainly by electron, ion
bombardment, and plasma radiation [10]. In the study of Liging
Yang et al [11] , a self-designed radio-frequency (RF) glow
discharge oxygen plasma was used to sterilize the Pseudomonas
aeruginosa on the polyethylene terephthalate (PET) sheets, the
germicidal effect is a function of treating time and distance from
the induction coil. The sterilization mechanism analyzation
demonstrated that intense etching action of electrons and ions
on cell membrane engenders bacteria death in the plasma active
discharge area, while in the plasma afterglow area attacking
polyunsaturated fatty acids in the cell membrane by high
concentration oxygen radicals becomes the main factor of
bacteria death.

The type of plasmas applied for cleaning can be classified into
several categories depending on their operating principle: a)
dielectric barrier discharge (DBD), in which the discharge is
generated in a cylindrical system at the atmospheric pressure: it
consists of a tube made with dielectric material (fused silica), the
high voltage electrode (brass) is a ring placed over the tube and
the rod ground electrode is placed in the middle of this tube with
gas inlet, driving the plasma to the environmental air [12]; b)
corona discharge initiates the plasma between the internal pin-
shaped electrode and the cylinder/truncated cone shaped
external electrode (nozzle) which is made with stainless steel and
is replaceable, when the nozzle is open, coronal filaments brings
out a gas flow with the leaving plasma flowing freely [13]. c) arc
discharge generates thermal plasma by compressed air, it can
reaches working temperature exceeding 300 °C ~ 400°C, with
short treating time [8], [14]; d) capacitive coupled plasma has a
vacuum chamber, with inlet for selective gas (inert, oxidic or
reductive) that generates ions and react with the sample, two

discal-shaped electrodes are placed at the top and the bottom,
with sample placed in between [15]. Atmospheric plasma
treatment has been shown to be able to remove biofilms on
artificial substrates such as polystyrene wafers and stainless steel
[16], [17], while He/O, plasma jet was found to have
antimicrobial effects on some bacterial biofilms [18].

This study aims to investigate the effectiveness of plasma
etching in the removal of microbials from bio-deteriorated
limestone surfaces in monuments and buildings and in the
prevention of microorganism growth, in order to provide
conservators with a feasible and effective solution for preserving
stone monuments in both urban and rural environments. The
Batalha Monastery (Figure 1), a UNESCO listed World Heritage
site located in central Portugal and built with locally quarried
Jurassic oolitic limestone [19], was chosen for this investigation.
The Monastery oolitic limestone has suffered and still is suffering
from severe biodeterioration caused by extensive lichenous
crusts and microorganism biofilms growing on the building
surface: this promotes both physical and chemical attack on the
limestone substrate via hyphae mechanical penetration along
calcite inter-crystalline spaces, dissolution/leaching of calcite
minerals, and precipitation of secondary minerals such as Ca-
oxalates within the stone porosity framework [3].

2. MATERIALS AND METHODS

2.1. Preparation of stone tablets

Limestones were collected from five quarries which supplied
the oolitic limestone used in the building and restoration of the
Batalha Monastery: Pidiogo (39°39'15.7"N  8°44'27.9"W),
Valinho do Rei (39°39'32.5"N 8°44'58.1"W), Reguengo do Fetal
(39°38'43.64"N 8°45'16.19"W), Cabeco do Roxo
(39°35'39.84"N  8°51'27.19"W) and Outeiro de Sebastido
(39°35'38.89"N 8°51'27.49"W) [19]. The stones were cut into
2 cm (width) X 2 cm (length) X 1 cm (height) tablets, washed and
dried under 60 °C for 24 h, then sterilized.

2.2. Extraction, cultivation and incubation of microbials

Sampling was performed on representative areas of the stone
materials of the Batalha Monastery, including areas with evidence
of alterations. Microinvasive (chisel and scalpels) and non-
invasive (swabs) methods were applied during the samples’
collection, performed with sterile material but in outdoor
environment. The extracted microorganism was stored in falcon
tube, being immersed by saline solution.

For bacterial and fungal growth, malt extract (ME) medium
was prepared with 20 g/L malt extract, 20 g/L glucose and 1 g/L
peptone, then sterilized in autoclave for 20 min at 120 °C and 1.5
bars. 1 mL of saline medium which contains the collected
microorganism and add it into 500 mL. ME medium, this culture
was then incubated for 72 h in an incubator with controlled
temperature of 28 °C and with orbital agitation at 150 rpm. 1 mL
of mixed culture was used to inoculate each limestone tablet in
2.1. Then all tablets were incubated in the ARALAB Plant
Growth Chamber for 15 days, with controlled temperature at
28 °C, humidity at 81.0% rH, and 10% illumination of 4 X 18 W
fluorescent.

2.3. Plasma etching of bio-incubated samples

The cleaning treatments were carried out in a self-build
capacitively coupled parallel-plate reactor (Figure 2). The reactor
employs a two-electrodes configuration; the upper electrode is
connected to a radio frequency (RF) (13.56 MHz) power supply
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Figure 2. Schematic of the coupled parallel-plate plasma reactor.
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Figure 3. Different areas of the tablets treated by plasma in different experimental conditions.

through an impedance matching unit, while the bottom electrode
is connected to the ground [20]. The etching treatments were
performed by positioning the samples on the ground electrode
in a plasma fed with Ar (99.99% purity) and O3 (99.99% purity)
in different ratios (with absolute flows in the range of 10 to 100
sccm - standard cubic centimeter per minute, respectively), at
input power in the range of 15 W to 60 W, for a maximum
treatment time of 120 minutes.

Figure 3 shows the tablet ateas with corresponding treatment
settings. An area of the sample surface is shielded from the
plasma, in order to compate the surface chemistry and
morphology with other areas exposed to the plasma, and before
and after plasma etching.

2.4. Assessment of plasma treatment

2.4.1. Attenuated Total Reflectance-Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

The FTIR spectra were recorded by Perkin Elmer Spectrum
2000 FTIR spectrometer (Perkin Elmer, Norwalk, CT, USA)
equipped with a single reflection attenuated total reflectance
(ATR) accessory. For each sample, 16 scans were recorded with
resolution of 4 cm! [21].

2.4.2. SEM and Bright Field Microscope

Scanning electron microscopy coupled with energy-dispersive
X-ray spectrometry was carried out using a Hitachi S3700N
(Tokyo, Japan) SEM coupled to a Bruker (Katlsruhe, Germany)
XFlash 5010 SDD Detector system. Operating conditions were
as follows: backscattered imaging detector (BSEM); low-vacuum
mode (pre-set pressure of 40 Pa) allowing the observation of
non-coated biological samples; accelerating voltage: 20 kV;
current: 120 mA. For surface observation, the plasma-treated
and plasma-untreated tablets (2 cm X 2 cm X 1 cm) were put into
the chamber directly. Samples were also observed under LEICA
M205C Stereo Microscope (Leica, Wetzlar, Germany), photos
were taken by a uBEyeUI 149xSE-Cindustrial camera (IDS,
Obsesulm, Germany).

2.4.3. Cell viability index

Cell viability index (CVI) of the bio-contaminants present in
samples was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) adapted for cultural
heritage materials [22], [23]. Use 500 pL sterile water to extract
the microorganisms from the tablet surface, then 90 uL of each
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extracted suspension from stone were incubated with 300 pl. of
MTT solution (0.5 mg/mL) for 4 h, at 37°C in the dark. After
this, the suspensions were centrifuged at 10000 rpm for 15 min
and the supernatants were removed and discarded. Then 100 uL.
of DMSO/ethanol (1:1) was added to promote the dissolution
of the formazan crystals formed. The final suspension was
centrifuged at 10.000 rpm for 15 min and the absorbance of the
supernatant was determined by spectrophotometry at 570 nm.
Each assay was performed in triplicate.

3. RESULTS AND DISCUSSION

3.1. FTIR spectra and sugar decomposition

The FTIR spectra of plasma-treated and plasma-untreated
samples are reported in Figure 4. Limestone tablets before bio-
incubation are characterized by peaks at 2514 cm!, 1795 cm,
1396 cm!, 872 cm!, 712 cm!, which are typical bands of low-
magnesium calcite [RRUFF ID: R040070.1] [24]-[26]. Peaks at
1070 cm? and 782 cm represent quartz [RRUFF ID:

Limestone
without bio-

incubation 25|14

R040031.1]. After bio-incubation, aside from the calcite and
quartz, the presence of peaks at 3278 cm, 2925 cm™, 1637 cm™,
1320 cm!, 1030 cm! can also be seen, the main peak of calcite at
1396 cm! has become wider, a peak at 1411 cm! can be seen
after spectrum subtraction. Among the newly added peaks,
3278 cm! represents (O-H) stretching peak which belongs to
carbohydrate, water or organic acids, 2925 cm™! represents (C-H)
stretching band in CHzand CHj group, 1637 cm! refers to (O-H)
bending, the peak at 1320 cm™! is due to O-H bending of the
C-OH group, 1411 cm! is a combination of O—H bending of the
C-OH group and C-H bending of the alkenes, peaks at
1031 cm! is due to carbohydrates and organic acid C-O, C-C
stretching [27], [28]. According to the previous study, these are
characteristic peaks of sugar (could be cellulose or glucose) [29].

The incubated tablets were treated by plasma in different
experimental conditions: a) Ar 30 sccm, Oz 70 sccm, 5 W,
15 min; b) Ar 10 sccm, O2 90 scem, 15 W, 15 min; ¢) Ar 30 scem,
O3 70 sccm, 30 W, 15 min; d) Ar 30 sccm, Oz 70 scem, 15 W,
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Figure 4. FTIR spectra of tablets before and after plasma etching under different experimental conditions.
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120 min. It can be seen that after plasma treatment condition b),
c) and d), tablets have shown weakened or removed peaks at
3278 cm!, 2925 cml, 1637 cm™? and 1031 cm! (Figure 4),
implying the removal of sugar. Area shielded from plasma does
not show any weakening of the sugar related peaks, implying that
only the eliminating of sugar can be realized only by exposure to
plasma. Plasma etching under condition a) shows little difference
than the untreated sample, for very short working time and very
low working power was applied, but condition b) and c) lead to
obvious weakening of the sugar peaks. Sample treated under
condition d) has no characteristic peaks other than limestone.

To assess the factors that affect the cleaning results, incubated
stone tablets were treated with various operating parameters of
the coupled-capacitive plasma, including operation time, plasma
power, gas ratio of oxygen and argon, as listed in Table 1 and
Table 2. Semi-quantification of the organic substance can be
done by using Beer-Lamber law:

I 1
A=—log101—t=log107=1{-l-c,
0

where A is the absorbance, K is the absorptivity, 1 is the optical
path length, c is the concentration of the attenuating species.
Because K and / are constant for all the samples in this
experiment, the organic concentration is in direct proportion to
the absorbance. The cleaning efficiency is defined by the
weakening of the organic-matter-related peaks: the ratio of peak
intensity after treatment to the peak intensity before treatment
are graded as: “0” completely removed (< 0.05), “®” mostly
removed (0.05 ~ 0.3), “@” partially removed (0.3 ~ 0.8), “V¥”
presented (0.8 ~ 1.0). It can be seen that, under the same treating
duration, higher power leads to better cleaning effect; under the
same plasma power, longer working time performs better
cleaning results. The surface cleaning effect was also influenced
by the gas ratio, higher argon concentration in the plasma
discharge has better performance of removing sugar, this might
be interpreted that the dry corrosion by ionized argon has more
intense cleaning effect for the limestone surface, instead of
oxidation reaction by oxygen.

3.2. SEM observation

Samples with and without plasma treatment were observed by
SEM and stereo microscope; SEM micrograph are shown in

Figure 5. On samples not exposed to plasma discharge, a mass
of clustered and filamentous microorganisms can be clearly seen
on the limestone surface Figure 5 a). Under higher magnification,
interlaced filamentous microorganisms and circular cell structure
(Figure 5 b, c, d) are cleatly displayed. After plasma etching, the
filamentous microorganisms are mostly removed, some spotted
microbial aggregation remains on the surface, mostly at the or
inside of the oolites (Figure 5 e). This could be due to the loose
structure inside or on the boundary of the oolites, where
microbials are easy to aggregate in and difficult to remove at
these inter-crystalline spaces. Circular cells are distorted and
damaged (Figure 5 g), or completely lysed with no structure
(Figure 5 h). The filamentous microorganisms are ruptured and
no longer connected, leaving only remains of fractured debris
(circled by the yellow dash lines in Figure 5 h).

The SEM investigation shows how the plasma is capable to
effectively ~ disrupt  microbial  structures and remove
microorganisms with the cleaning effect particularly significant
on stone regions characterized by low porosity and massive
texture. However, due to the non-homogenous porosity
distribution in oolitic limestones, microbials remaining in cavities
are not easily removed.

3.3. Optical microscopy and appearance changing

Observed by bright field stereomicroscope, bio-contaminated
limestone shows some distinct changes after plasma cleaning
(Figure 6). Before plasma etching, yellow biofilms and black
mold spots were present on surface areas where microbial
growth is more severe (Figure 6 a, b). White filamentous
organisms also were found widely distributed over the stone
surface (Figure 6 c) with the tablet edge being a region where the
biofilm is easier to form (Figure 6 d). After plasma etching,
biofilms show cracking and detachment from the stone substrate
(Figure 6 ¢), the color of the microbial crust was lightened, black
mildews were partially faded (Figure 6 f), white filaments were
obviously removed (Figure 6 g) with the biofilm on the tablet
edge also peeling off in some cases (Figure 6 h).

Table 1. Effect of input power and etching time on sugar removal under fixed gas flow Ar 30 sccm and O 70 sccm.

Input power Etching time 15 min 30 min 45 min 60 min 120 min
shield from plasma v
5w v °
15W | | ] (] o o
30 W . .
45 W ° o
60 W °
100 W °
Table 2. Effect of different gas ratios in the plasma discharge on sugar removal.
Gas flow Ar 100 sccm Ar 50 sccm Ar 30 sccm Ar 30 sccm Ar 30 sccm Ar 10 sccm
Power and time 02 0 sccm 02 50 sccm 02 50 sccm 02 70 sccm 02 90 sccm 02 90 sccm
15 W, 15 min . [ ] ]
15 W, 30 min o ] . . ° °
30 W, 15 min . . . °
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Figure 5. SEM of the tablets before and after plasma treatment: a. abundant microbes on the area shielded from plasma; b. various species of microbials on
the untreated sample; c. circular structured cells on the untreated sample; d. filamentous microorganism on the sample shielded from plasma; e. sample
treated with 15 W plasma for 30 min; f. sample treated with 30 W plasma for 15 min; g. distorted and damaged cells after 15 W 120 min of plasma treatment;

h. microorganism debris (circuled by yellow dash) on the sample treated with 45 W 30 min.
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Figure 6. Bright field microscope photo of the sample tablets: a. an area covered by thick biofilm before plasma treatment; b. coloured biofilm and black
mildews on the stones before plasma treatment; c. filamentous microorganism on the limestone before plasma treatment; d. the edge of tablet before plasma
treatment; e. thick biofilm cracked and detached from the substrate after plasma treatment (15 W, 30 min); f. lightened colour of the biofilm and partially
faded mold spots (circled by green dash) after plasma treatment (100 W, 15 min); g. filamentous microorganism significantly diminished after plasma treatment
(30 W, 15 min); h. the edge of tablet after plasma treatment (15 W, 30 min).
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Table 3. Cell viability index of treated and untreated samples.

Plasma etching parameters of the sample cvi Cell viability (%)
untreated sample 0.1047 £ 0.0293 100%
autoclave sterilized sample 0.0000 £ 0.0047 0%
plasma etching Ar 30 sccm, 02 70 sccm, 15 W, 15 min 0.0035 £ 0.0047 3.34%
plasma etching Ar 30 sccm, O2 70 sccm, 15 W, 30 min -0.0024 + 0.0016 0%
plasma etching Ar 30 sccm, O2 70 sccm, 15 W, 45 min -0.0012 + 0.0047 0%
plasma etching Ar 30 sccm, O2 70 sccm, 30 W, 15 min 0.0037 £ 0.0025 3.50%
plasma etching Ar 30 sccm, O2 70 sccm, 45 W, 15 min 0.0027 £ 0.0037 2.55%
REFERENCES

3.4. Cell Viability

Cell viability index test (CVI) was carried out on areas with
the same size in treated and untreated samples. Results are shown
in Table 3 where the % of cell viability is referring to the
untreated sample. Another sample underwent sterilization by
remaining in autoclave at 120 °C for 30 min, to compare with the
effect of plasma cleaning,

Set the cell viability of the sterilized tablet as 0 % and that of
the untreated tablet as 100%. It can be seen that samples
underwent the plasma etching with parameters of Ar 30 sccm,
O3 70 sccm, 15 min duration, input power 15 W, 30 W, 45 W,
presented 2.5% ~ 3.5% cell viability. Under 15W input
working power, when the plasma treatment time was extended
to 30 min and 45 min, cell viability became even lower than the
one after autoclave sterilization.

4. CONCLUSIONS

This research aims to discuss the performance of low-
pressure plasma etching in the removal of microbial biofilm on
building limestones. FTIR, SEM, optical microscope, and CVI
test were used to assess the etching results. Results indicated that,
with an input power of 15 ~ 45 W and etching times of 30 ~ 60
min, plasma etching is able to efficiently remove sugar
compounds from limestone surfaces, thus preventing micro-
organisms growth on the stone by removing their main nutrients
supplies. In addition, 15~100 W plasma discharge can damage
the microorganism by destructing the cell structures, eventually
causing the removal of filamentous microbes, rupture of circular
microbial cells and detachment of biofilm. CVI test provides
evidence that plasma cleaning is comparable with autoclave
sterilization with respect to its ability to kill microbes. In the
cleaning protocol used in this study, Ar functioned as dry etching
source and O contributes to the oxidation of organic substance.
Considering the short processing time, low input power, and the
advantages of being non-toxic and ecoftiendly, plasma cleaning
can be considered a promising tool for conservation of ancient
stone monuments in reducing the risk of biodegradation of their
building materials.
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