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Abstract 
The wall painting surfaces represent the main challenge for the laser cleaning techniques. The 
objective of this work has been the study of the laser cleaning technique when applied to wall 
paintings. In particular, this study has been devoted to understanding how the characteristics of the 
laser apparatus and its specific use are linked with the nature of the substances to be removed from 
the painting. A number of artificially wall paintings were selected with paint layers that were 
composed of different pigments and covered with different dirties. In this work the feasibility of laser 
cleaning for the removal of dirties from the wall painting surfaces using Q-switch Nd:YAG laser 
operating at two different wavelengths: in the infra-red and in the visible (1064 and 532 nm) is 
presented.  The effectiveness of the cleaning process was monitored by following the disappearance 
from the LIBS spectra of the deterioration aspects elements during successive laser shots. The aim 
of this work is focus on the definition of the experimental boundary conditions in which laser cleaning 
can be safely applied in cleaning of the deteriorated wall paintings.  
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1. Introduction 

Commonly used methods of 
surface cleaning in conservation of art 
works are based on mechanical or 
chemical techniques which are 
individually selected by experienced 
conservators. These traditional methods 
are very difficult to control. Cleaning of 
delicate objects, diverse from the point 
of view of materials composition needs 
not only extended expert appraisements 
of used substances, but also 
minimization of possible damages, 
always present in the case of 
mechanical cleaning. Chemical reagents 
show similar interactions in the 
conservation of paintings, where 

chemicals penetrate technological 
painting layers and causes permanent, 
difficult to analyze, cross-sectional 
alterations. Conservation practice 
shows the necessity of frequent 
treatments of sophisticated objects with 
complex technological structures and 
individual preservation states, resulting 
from the influence of diverse external 
factors, as well as changes in original 
material on construction itself. 
Application of conventional 
conservation methods is limited and 
difficult. Moreover, every detail 
requires individual, predetermined 
cleaning parameters. Application of 
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laser technique gives possibility of 
almost full control of the encrustation 
removal process at the surface of art 
works. Selective and precise interaction 
of the light beam is a fundamental 
advantage of non-invasive treatment of 
more or less tightly connected 
unwanted surface layers. Specific 
properties of lasers, decrease of system 
costs, and reduction of dimensions of 
laser cleaning systems have contributed 
to increasing applications of lasers in 
conservation, particularly during recent 
the ten to fifteen years [1][2][3]. Laser 
cleaning must be considered as an 
advanced tool applied in cases where 
traditional techniques may be 
inadequate. Nevertheless, extreme care 
should be taken for the optimization of 
the operational parameters in order to 
ensure the absence of any negative 
effects induced on the artwork. It 
should be pointed out in this place that 
laser cleaning of historical objects is 
still far from being as popular as the 
conventional techniques, being 
employed in an increasing, but 
relatively small number of restoration 
interventions, mainly applied to stone 
substrates. Even if the last generation of 
laser systems has improved the 
understanding of their effects and their 
engineering, laser cleaning is not yet a 
mature technology for earlier 
restoration tests, there is also lack of in-
depth knowledge of the basic laser-
artwork interaction mechanisms 
[3][4][5][6]. There is still also a lack of 
diagnostic devices providing qualitative 
and quantitative information during the 
laser cleaning intervention. Application 
of laser radiation in physico-chemical 
surface analyses and structural objects 
investigations, have started 
simultaneously with development of 
laser cleaning systems. In the face of 
increasing interest in laser cleaning and 
diagnostic systems, important is 
acquaintance of the conservation 
community with the fundamental 

advantages and shortcomings of laser 
radiation in treatment and analysis of 
matter. Material investigations have 
shown that main conservation cleaning 
problem with stone sculptures exposed 
to atmospheric pollution is the 
preservation of delicate patinas. This 
historical superficial layer can be lost, 
as a result, to the use of non-laser, 
aggressive, not fully controlled cleaning 
methods. Laser cleaning as a method of 
restoring works of art has undergone 
successful testing in the course of the 
last two decades and has become 
widely used in solving many problems 
that have great practical significance. 
The most substantial results in this case 
were achieved in the restoration of 
stone monuments. It was demonstrated 
that laser processing has high efficiency 
and a number of other advantages in 
this area by comparison with traditional 
technologies [1]. The examples 
described in the literature of the 
successful use of lasers in carrying out 
restoration work on certain well-known 
monuments, including sculptures and 
the façades of historical buildings, 
[2][3][4][5][6][7]make it possible to 
speak today of the wide use of laser 
methods in the restoration of stone in 
many countries of the world. Although 
a number of successful applications 
have been reported, laser cleaning has 
its own disadvantages in practice [8]. 
For example overexposure to the laser 
pulse may easily result in substrate 
damage due to the high energy density 
of the laser beam  This is may lead to 
fatal faults in art conservation and a 
loss of yield in the surface cleaning and 
loss of the artwork integrity.  
Meanwhile underexposure can have 
residual contaminations on the surface. 
The whole surface has to be cleaned by 
scanning the laser beam if a substrate 
much larger than the laser spot is to be 
treated. Since the contaminations are 
not uniformity distributed on the 
substrate surface and if the surface is 
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uneven or irregular, some areas of the 
substrate may suffer damage while 
others still have residual contamination 
if the laser irradiation condition are 
applied over the whole surface during 
the laser scanning. Therefore in-process 
monitoring is required to control the 
laser cleaning process. Since laser 
cleaning of a wide variety of artworks 
has been strongly developing in the last 
decade, LIBS has become an effective 
method for on-line monitoring of the 
cleaning process itself. During 
contaminants removal from the object 
surface, the emitted spectra change due 
to change of elemental composition of 
the ablated layer. This change can be 
used to understand the causes of 
contamination and also to avoid 
undesired over-cleaning of the object 
itself. Laser cleaning, with the aid of 
on-line. LIBS monitoring, has been 
employed to remove extraneous 
coatings of various kinds, including 
dark encrustations from marble, 
terracotta, stone and glass artworks due 
to exposure to air pollutants 
[9][10][11][12], protective and 
conservative coatings from canvas 
paintings and synthetic mimicking 
materials [13][14][15][16][17[18], 
corroded layers from metal objects 
[19][20], dirt (dust and pen and pencil 
traces) from historical paper documents 
[21][22], pencil and pen marks on 
alabaster and marble statues in a stand-
off configuration [23],and patinas on 
surfaces of historical buildings [24]. 
The most appealing features of LIBS 
applications in the field of cultural 
heritage analysis are mainly the 
following: its micro-destructiveness, with 
ablated sample portions on the order of 
fractions of micrograms and induced 
damage virtually invisible to the naked 
eye; its potential for fast multi-elemental 
analysis and capability of simultaneous 
detection of major and trace elements; its 
equipment, easily compactable into 
portable instruments for in situ analyses 
of piece of arts that cannot be removed 

from museums or excavation sites, or of 
historical buildings and wall paintings. 
Besides being a powerful technique to 
control the removal of layers due to aging 
and pollution of artworks, LIBS is among 
the few techniques able to provide multi-
elemental depth-profiling of intrinsically 
multi-layered samples, such as ceramics, 
paintings and frescoes, resulting at the 
same time only micro-destructive. This 
potential has been exploited, often 
coupled with Raman spectroscopy that 
provides complementary molecular 
information for dating and provenance 
studies [25][26] and for pigment 
identification in a number of different 
painted artworks, including ceramics 
[25][27], icons and miniatures [26][27], 
painted plasters [28], polychromes on 
wood [29], artistic prints, wall paintings 
of historical buildings and historical 
parchment [30][31][32]. The objective of 
this work has been the study of the laser 
cleaning technique when applied to wall 
paintings. In particular, this study has 
been devoted to understanding how the 
characteristics of the laser apparatus and 
its specific use are linked with the nature 
of the substances to be removed from the 
painting. A number of artificial wall 
paintings �models� were selected with 
paint layers that were composed of 
different pigments applied with the most 
common media in Egyptian wall 
painting. The laser used was a Nd:YAG 
laser operating in Q-switch. The laser 
could emit at two different wavelengths: 
in the infra-red and in the visible (1064 
and 532 nm). The main objective of the 
work was to determine the optimum 
working conditions for the substances to 
be removed, through the establishment of 
laser parameters such as the wavelength, 
the repetition rate and the energy density. 
LIBS technique was used as an 
effective method for on-line monitoring 
of the cleaning process during the 
deterioration aspects �encrustation� 
removal from the object surface, by 
monitoring the emitted spectra change 
due to change of elemental composition 
of the ablated layer. 
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2. Experimental Section 
2.1. Wall painting models description: 

Models of the most common wall 
painting �components and stratigraphy� 
in Egypt were prepared at the laboratory. 
On one hand, limestone and gypsum were 
used as a support and plaster coat 
consequently followed by application the 
most common pigments in tempera 
technique. On the other hand three kind 
of the most common pigment (red or 
brown �Hematite á-Fe2O3 �, yellow 
�goethite á-FeOOH�.[33] and black 
�carbon black C�) [34],  in the Egyptian 
wall painting were used, after well 

preparation. Glue, Arabic Gum and 
Albumin were used as the common 
binder of the Egyptian pigments, in the 
wall painting. Only one binder was 
selected for application with every 
pigment in the model. After the models 
preparation, an artificial and 
concentrated layer of the most common 
deterioration aspects �dirties� mud 
mixed with gypsum; soot, wax, and 
gypsum were added on the 
experimental models surfaces, fig. (1). 

2.2. Artificial ageing (Heating-drying cycles) 
On one hand, it is usually 

considered that artificial ageing has a 
great advantage because of rapidly 
obtained results in comparison with 
natural weathering. It is important to 
define the laboratory parameters of the 
cyclic artificial ageing [35] of the 
painting materials in order to find out 
the relation between artificial climatic 
ageing and natural weathering thus 
affording the opportunity to predict the 
real durability of the painting under 
natural ageing conditions. On the other 
hand, temperature fluctuation causes 
the deformations in the painted 
rendering�s external layer. The air 
temperature fluctuation in Upper Egypt 
is considering the most common factor 
of deterioration of the wall painting. 

Depending on that, artificial heating 
cycles elected as the main parameter. 
The experimental models with its 
artificial dirties have been prolonged to 
artificial ageing cycles in a climatic 
chamber. In the climatic chamber the 
following temperature regimes have 
been applied 15 cycle in 65 °C (16 hour 
in the climatic chamber) � followed by 
8 hours in the normal condition   15 
cycle in 120 °C with the same 
procedure. Petrie dish full of water was 
in the climatic chamber for the 
humidity, imitating the natural weather 
as possible as we can. The deterioration 
aspects became whiter than before was 
the only notice after the artificial ageing 
cycles, fig. (2).   

 
 
 
 
 
 
 
 
 
 
 
 

2.3. Methodology  
2.3.1. Mechanical cleaning 

The first step for removing the 
concentrated layer of dirties was the 

mechanical cleaning. One hand 
different kinds of soft brushes, 

Figure (1) the wall painting models after 
adding the deterioration aspects: a) 
mixed mud with gypsum, b) gypsum, 
c) wax and d) soot and aging.  

Figure (2) the wall painting models after the 
artificial ageing cycles: a) mixed 
mud with gypsum, b) gypsum, c) 
wax and d) soot.  
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scalpels�etc, were used, with locally 
wetting by distilled water and ethanol 
1:1, fig. (3). On the other hand 
removing the surfaces incrustation was 
not so difficult except gypsum and wax. 

The mechanical cleaning was stopped 
after removing the majority of 
incrustation to start laser cleaning 
experiments, as a chemical cleaning 
alternative. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure (3) the wall painting models during the mechanical cleaning (No laser applied yet). 
 

2.3.2. Laser Cleaning 
Laser cleaning were performed 

with different irradiances according to the 
kind of encrustation layer of model. 
Various conditions of energy per pulse, 
no of shots and the distance between the 
lens and model were chosen to irradiate 
rectangle zone with different irradiance 
according to the encrustation layer. The 
cleaning of the model was done by 
focusing of the laser beam of the Nd: 

YAG laser at 1064-nm via a quartz 
cylindrical lens of 9-cm focal length on 
the model. The model was positioned on 
the x-y-z micro-translation stage. The 
emission from the plasma created during 
the removal of the encrustation layer was 
collected with fiber coupled to an Echelle 
spectrometer and ICCD camera system. 
The experimental setup is shown in fig. 
(4). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (4) LIBS experimental setup. 
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There were three experimental 
wall paintings models with different 
specific layers of deterioration aspects. 
The distance between the model and the 
lens was set to 7.5-cm and the 
dimension of focused beam was 27 -
mm2 long. The whole parts of the 
model were cleaned at irradiance of 0.2 
J cm-2. The number of pulses was 
varying from one section to another 
according to thickness of layer need to 
be removed. The high numbers of 
pulses were used to remove thick crust 
layer while low number of pulses were 
used to remove the thin layer (2 Hz). 

High irradiance of 1.2 J.cm-2 was 
needed to remove layers of gypsum (10 
Hz), figs. (5� 	� 6). The laser cleaning 
was very effective in cleaning the 
models but discoloration of the section 
of the yellow pigment �goethite 
FeOOH�, [33] [36] [37] was noticed 
during the laser cleaning because of 
thermal effect of the 1064nm laser 
beam. Though different laser wavelength 
of 532nm was examined to avoid this 
discoloration but the same results were 
obtained. On the other hand no big 
difference was noticed for the three 
media used during laser cleaning, fig. (7). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (5) the wall painting models during laser cleaning, (notice the difficulty of gypsum incrustation 
removing). 

 
 
 
 
 
 
 

Figure (6) the wall painting models during laser cleaning compared with mechanical cleaning. 
 
3. Results of LIBS and discussion  

In order to assess the laser 
cleaning process, the LIBS has been 
used to monitor the emission spectra 
line of laser induced plasma during 
cleaning. Figure (8), shows cumulative 
LIBS spectra for the black pigment 
section of the wall painting before 

cleaning, during the removal of the dirt 
obtained for consecutive pulses and 
therefore provide an in depth profile for 
existing elements in the encrustation till 
it reached the original surface of the 
wall painting of the models.   
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Figure (7) general photo show the wall painting models after adding the deterioration aspects (a) 

compared with the artificially ageing cycles (b), the mechanical cleaning (c), and Nd:YAG 
laser cleaning (d). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure (8) LIBS spectra of black pigment of the wall painting before, during and after laser cleaning. 
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On one hand, fig (9) shows that 
Al, Fe, elements are the main 
components before laser cleaning, 
which are very rich in the deterioration 
aspects of the wall painting. While 
getting closer to the original surface the 
previous elements deceased during laser 
cleaning. On the other hand it 
completely disappeared after cleaning 
and C element was noticed as the only 
components, which representing the 

carbon black pigment. Those mean that 
we are on the original surfaces of the 
colored wall painting. According to the 
above data the successful removal of 
the layer of encrustations was achieved 
by monitoring the emission of Al, Fe 
lines. When the emission of Al, Fe 
disappeared and C emission exist, so 
we must stop the laser cleaning in this 
position and the x-y-z stage moved to 
another one. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure (9) LIBS spectra of red pigment of the wall painting before, during and after laser cleaning. 
 

From the previous data Al, and Ni 
elements are the main components before 
laser cleaning, which are very rich in the 
deterioration aspects of the wall painting. 
While Fe presence, representing the red 
pigment in the model. By getting closer 
to the original surface Al element 
deceased during laser cleaning. On the 
other hand Al element decreased after 
cleaning and Fe and Cr elements were 
noticed as the components, which 

representing the red pigment. Those 
mean that we are on the original surfaces 
of the colored wall painting. According to 
the above data the successful removal of 
the layer of encrustations was achieved 
by monitoring the emission of Al, line. 
When the emission of Al, decreased and 
Fe emission exist in a high intensity, so 
we must stop the laser cleaning in this 
position and the x-y-z stage moved to 
another one. 

Furthermore, fig. (10), shows on 
one hand cumulative LIBS spectra for 
yellow pigment section of the wall 
painting before cleaning, during the 
removal of the dirt obtained for 

consecutive pulses and therefore 
provide an in depth profile for existing 
elements in the encrustation till it 
reached the original surface of the wall 
painting of the models.  
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Figure (10) LIBS spectra of yellow pigment of the wall painting before, during and after laser cleaning. 
 

From the previous data Si, and 
Mg elements are the main components 
before laser cleaning, which are very 
rich in the deterioration aspects of the 
wall painting. While, Fe presence, 
representing the yellow pigment in the 
model. By getting closer to the original 
surface, Fe element increased during 
laser cleaning. On the other hand Si, and 
Mg elements still there after cleaning 
which are consider as a contamination of 
the raw pigment. Those mean that we are 
on the original surfaces of the colored 
wall painting. According to the above 
data the successful removal of the layer 
of encrustations was achieved by 
monitoring the emission of Fe, line. 
When the emission of Fe exist in a high 
intensity, so we must stop the laser 
cleaning in this position and the x-y-z 
stage moved to another one. On the other 
hand discoloration   was noticed during 
the laser cleaning because of thermal 
effect of the 1064nm laser beam, though 
different laser wavelength of 532 nm was 
examined to avoid this discoloration but 
unfortunately the same results were 
obtained. The discoloration coming as a 

result of goethite (á-FeOOH) 
transformation into hematite (á-
Fe2O3),� dehydration or thermal 
dehydroxylation,[38][39]� occurring at 
about 300 °C.,[40][41].The thermal 
transformation from goethite to 
hematite can be described by the simple 
equation "2á-FeOOH _ á-Fe2O3 + 
H2O". On the other hand, the 
dehydration mechanism is much more 
complex and depends on the particle 
size of the goethite needles. Thermal 
behavior of this transformation was 
described as followed. In the beginning, 
surface auto diffusion played a 
dominant role. With increasing 
temperatures, micropores were 
produced due to three-dimensional 
diffusion of hydrogen or hydroxyl 
groups in bulk goethite crystals and 
then merged into the slits because of the 
high water pressure inside. The 
morphology of hematite particles with 
regular texture was changed due to the 
recrystalyzation role, and finally 
spherical particles were formed, [42], 
fig. (11). 
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Figure (11) thermal behavior of goethite through three-dimensional diffusion (After, Fan H. et al., 
Thermal behavior of goethite�Materials Chemistry and PhysicsVolume 98, Issue 1 2006.). 

 

Figure (12), shows cumulative 
LIBS spectra for red pigment section of 
the wall painting before cleaning, 
during the removal of gypsum 
encrustation, obtained for consecutive 
pulses and therefore provide an in depth 
profile for existing elements in the 
encrustation till it reached the original 
surface of the wall painting of the 
models. From the data shown in the 
previous figure, Ca, element is the main 
components before laser cleaning, 
which are very rich in gypsum 
encrustation. While, getting closer to 
the original surface Fe element 
increased during laser cleaning, which 

represents the red pigment. On one 
hand Ca, decreased during and after 
cleaning On the other hand Fe element 
increased during and after laser 
cleaning with a high intensity. Those 
mean that we are on the original 
surfaces of the colored wall painting. 
According to the above data the 
successful removal of the layer of 
encrustations was achieved by 
monitoring the emission of Ca, Fe, 
lines. When the emission of Ca element 
decreased and Fe emission exist in a 
high intensity, so we must stop the laser 
cleaning in this position and the x-y-z 
stage moved to another one. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure (12) LIBS spectra of red pigment of the wall painting before, during and after gypsum removal 

by laser cleaning. 
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4. Conclusion 
Laser cleaning assessment of artificially prepared wall painting models was studied in this 
paper. Laser cleaning was performed with different irradiances according to the kind of 
encrustation layer of the model. Various conditions of energy per pulse, no of shots and the 
distance between the lens and model were chosen to irradiate rectangle zone with different 
irradiance according to the encrustation layer. The high numbers of pulses were used to 
remove thick crust layer while low number of pulses were used to remove the thin layer (2 
Hz). High irradiance of 1.2 J.cm-2 was needed to remove layers of Gypsum (10 Hz).  The 
laser cleaning was very effective in cleaning the models but discoloration of the yellow 
pigment was noticed during the laser cleaning because of thermal effect of the 1064 nm. laser 
beam. Though different laser wavelength of 532 nm. was examined to avoid this discoloration 
but the same results were obtained. The discoloration, coming as a result of goethite (á-
FeOOH) transformation into hematite (á-Fe2O3)�, dehydration or thermal dehydroxylation. On 
the other hand no big difference was noticed for the three media used during laser cleaning. A 
good compromise between fluence and the number of pulses always needs to be determined, 
and the use of laser for cleaning of wall paintings may be well complimented by other 
traditional methods for cleaning, as it is not always possible to completely remove surface dirt 
using laser ablation alone. Locally mechanical cleaning was applied before applying laser 
cleaning. Laser cleaning, with the aid of on-line LIBS monitoring, has been employed to 
remove extraneous encrustations of the wall painting models before and during cleaning. The 
removal obtained for consecutive pulses and therefore provides an in depth profile for existing 
elements in the encrustation till it reached the original surface of the wall painting of the 
models. On the other hand, it is impossible to specify optimal conditions for laser cleaning of 
the entire sections. In fact, tests illustrate the necessity to optimize laser cleaning for each 
type of area and the requirement to assess the cleaning results by using LIBS diagnosis.  
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