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Am'd? history: Mechanical methods used for cleaning unpolychromed wooden heritage in conservation-restoration rely
Received 30 March 2025 on procedures that entail pressure and friction, potentially leading to erosion or material loss on the
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residues that could affect the long-term conservation of wood due to their chemical composition.

Keywords: The aim of this work is to assess the feasibility of using microblasting with powdered lignocellulosic
Unpolychromed wood particles for cleaning unpolychromed wood on a heritage artwork. The investigation aims to evaluate
Dry-cleaning the advantages and drawbacks of this technique as a sensitive and sustainable alternative to the most
Powdered vegetable microblasting common techniques used by conservator-restorers for unpolychromed wood cleaning. The cleaning results
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of microblasting of lignocellulosic particles are qualitatively compared to those achieved by traditional
dry-cleaning techniques on wood.
This study is based on previous research that examined the effects of this technique on non-heritage
wooden samples using hazelnut and almond shells, cork and pure cellulose powdered particles. The
investigation aimed to assess potential morphological surface changes and to determine the degree of
cleaning qualitatively without causing damage to the wood surface. Additionally, the study allowed the
development of a cleaning protocol by selecting the specific particle size, and by adjusting pressure, an-
gle, distance and time to surface soiling characteristics and wood typology according to the limited bib-
liographic references available.
From these results, tests were conducted on the back side of a wooden joint cover dating back to between
the 14th and 16th centuries from one of the ceilings of the Monastery of Santa Maria de Pedralbes.
The joint cover was weakened and affected by fungi and woodworm after centuries of outdoor climate
exposure.
To evaluate the cleaning efficiency and the resulting effects on wood, the surface was analysed by digital
optical microscopy and scanning electron microscopy before and after cleaning. Star diagrams were also
made to assess the fulfilment of the cleaning criteria selected for the study.
Results indicate that when the technique is applied properly, an appropriate cleaning level can be
achieved without compromising the fragile treated surface and with negligible presence of residues.
Therefore, this approach emerges as a promising and environmentally friendly technique, respectful to
the integrity of the heritage wooden artworks.

© 2025 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Wood has been extensively used for centuries as a natural re-

source and it is found in cultural heritage collections in the form of
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domestic utensils and tools, and many other types of goods that
make up the cultural heritage which is found everywhere and
in all civilizations. It is found in both small-format objects and
large-scale items. As a constituent material of cultural heritage,
wood has historically been subjected to repair, maintenance, and
conservation-restoration treatments, such as cleaning.

For cultural heritage cleaning, when wood is covered with a
decorative finishing or, especially, polychromy, the decorative tech-
nique and pictorial materials determine the cleaning technique to
be carried out. However, when wood is not polychromed or has
no decorative finish —either because it never had one or it is not
designed to be seen, as in the case of most of the reverse sides,
or it has lost its polychromy— the cleaning system of the adhered
soiling of these wooden areas is not usually documented in the
conservation-restoration reports. This fact means that the cleaning
intervention is undocumented, relegating the cleaning of unpoly-
chromed wood to a lesser level of conservation-restoration inter-
vention, as if it were not part of it [1].

The parts of cultural heritage made with unfinished, unpol-
ished, or untreated wood because they were not meant to be seen,
often have a great documentary interest because they show impor-
tant data of the manufacturing process and the technology used.

In most cases, tool marks, fixing systems, angles and joints of
pieces to create architectural features or sculptural volumes, indi-
cations of assembly determining whether the object was made up
of parts, guild or authorship marks, and even sketches of parts of
the same object, graffiti from workers or dates of old repairs can
also be seen. All the above document the history of the object. To
sum up, the reverse sides of wooden objects are an important doc-
ument of their history and the technology of the time in which
they were made [2,3].

For this reason, the cleaning of unpolychromed heritage wood
areas, contrary to what usually happens, must be approached as
a process of discovery and interpretation, which must be "read"
and transcribed for the history of the object. In some cases, the
information obtained may be the key to understanding the object
and its context.

In addition to the documentary interest of unpolychromed ar-
eas, it should be noted that they are particularly vulnerable to
biodeterioration. There are two main reasons for this; on the one
hand, because they are not covered by a preparation and a pictorial
layer leaving wood bare and exposed to biodeterioration agents; on
the other, because they are often not easily accessible for inspec-
tion and preventive maintenance, as they remain hidden.

At the same time, wood is a natural and biodegradable mate-
rial, both in nature and as part of cultural heritage. Its biodeterio-
ration is a process that depends mainly on the intrinsic resistance
of each wood species but is closely linked to conservation and en-
vironmental conditions, and it occurs inevitably over a greater or
lesser length of time [4].

Both in the natural environment and as part of cultural her-
itage, biodeterioration begins chemically by the action of bacteria
and fungi, and accelerates with the subsequent participation of xy-
lophagous insects, which consume the physical decomposition of
wood [5].

In all chemical biodeterioration processes —caused by the en-
zymatic action of bacteria and fungi— the cellulose, hemicellulose,
and lignin molecular chains break, resulting in the degradation of
the wood’s cell walls, leading to fibre breakage and loss of wood
mechanical resistance [6].

In physical biodeterioration processes —caused by xylophagous
insects— the visible damage to the wood is mainly the proliferation
of holes and galleries made by larvae that have fed on the wood
during their growth.

In both chemical and physical degradation processes, wood
gradually suffers loss of hardness, density, or mechanical resis-
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tance, affecting its physical condition. This process has various con-
sequences, but regarding conservation-restoration treatments such
as cleaning, the loss of inherent properties make wood as fragile
and delicate as other materials composed of cellulose, hemicellu-
lose, and lignin, such as cardboard or paper. Cleaning such a fragile
tridimensional structure requires a cleaning system which can be
strong enough to remove adhered soiling but also to respect the
fragile wood under it.

Two main categories, among others, of mechanical dry-cleaning
in cultural heritage are manual techniques and dry abrasive mi-
croblasting. Using different tools, manual procedures are based on
the use of energy to break the bonding between soiling and sub-
strate mainly by friction or by cutting actions [7,8].

For the same purpose, microblasting is carried out by particles
(in lieu of tools in this case) blasted at the support in a flow of
compressed air [9,10] by breaking the bonding between soiling and
substrate through impact, cutting or friction mechanisms as well
as the manual procedures. Different types of particles have been
tested for microblasting on some sensitive surfaces [8,11,12] and
also on mock-ups of soiled wood [13], but not on sensitive and
fragile wooden heritage objects, in order to compare their effects
with other dry-cleaning techniques.

In the reference bibliography on cleaning cultural heritage
made of wood, very few references document the usual practices
of conservators-restorers for cleaning unpolychromed or uncoated
wood. However, the consultation conducted during a workshop
with a group of 19 professionals in the conservation-restoration
of paintings on wood regarding the methods used to clean un-
polychromed wood of cultural heritage has provided a very impor-
tant firsthand source of information. The authors have been able
to confirm the use of cleaning tools and instruments even though
written references were rarely found, including different types
of brushes and scrapers—bristle, plastic, and metal-metal tools,
scouring pads, and also erasers and vulcanized rubber sponges, ei-
ther in block or powder form [14,15].

Some of these tools and instruments cited by conservator-
restorers in the workshop have been used in this study to bet-
ter determine their cleaning results on wood in poor condition:
soft and long-bristle paintbrushes, hard and short-bristle paint-
brushes, plastic bristle brushes, metal bristle brushes, vulcanized
rubber sponges, and grated erasers have been tested to compare
their cleaning results with those obtained by microblasting of pow-
dered lignocellulosic particles.

Traditional dry-cleaning systems used to clean unpolychromed
wood have generally given poor results. Some of them cannot
reach an acceptable level of cleanliness but are good at respect-
ing the wooden surface. Others are good at cleaning soiling from
the wood but cause damage to its surface.

In practice, over years of conservation of wooden supports, ev-
ery traditional mechanical dry-cleaning started with the aspiration
of loose particles of soiling with the aid of a soft brush to sweep it
to a vacuum cleaner with adjustable suction power. If after this ini-
tial soft vacuuming adhered soiling remains on the surface, then a
dry-cleaning technique to remove this adhered soiling can be con-
sidered. If the initial vacuuming shows a good cleaning result no
other cleaning treatment should be carried out. The results of this
second major cleaning step to remove adhered soiling are the ob-
ject of this study.

After this major cleaning step, the cleaning system residues
mixed with the loosened dirt must be removed with a soft brush
and a vacuum cleaner to observe the cleaning results and to avoid
leaving residues on the surface [16].

The authors reported on tests using microblasting of different
lignocellulosic powder particles to clean non-heritage wood sam-
ples [13]. In that work, three types of particles from agro-industrial
waste were tested: hazelnut and almond shell dust (Aval®), rice
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Fig. 1. Photographs of the coffered ceiling of the Royal Monastery of Santa Maria de Pedralbes and diagram of the layout of the elements of the ceiling in different sections.
They are not drawn to scale. The elements represented in the cross-section are (1) Ceramic tiles of the top floor; (2) Hydraulic mortar; (3) Unpolychromed wooden boards;
(4) Polychrome wooden joint cover; (5) Unpolychromed beams. Images courtesy of the Museum of the Monastery.

husk dust (Oryzite®), and cork dust. The results were compared
with those of cellulose fibres (Arbocel® BWW 40). In this study,
we tested those that achieved the best results in terms of cleaning
wood soiling along with the greatest respect for the treated sur-
face. These turned out to be pure cellulose (Arbocel® BWW 40), al-
mond and hazelnut shell dust (Aval®), and cork dust on a fragment
of a ceiling joint cover in poor condition. The use of lignocellulosic
material from food industry waste adds value to this process, as
it reintroduces natural secondary raw materials into the life cycle
without modifying them in any way, turning them back again into
a useful material, in line with the United Nations Sustainable De-
velopment Goals [33].

Arbocel® has a long tradition of use in various conservation-
restoration processes [11,17,18]. However, it is by far the least eco-
logical and sustainable, as its carbon footprint -defined as the
quantity of CO, generated by its production- is enormous com-
pared to almond and hazelnut shell dust (Aval®) or cork dust. To
produce Arbocel®, the necessary water and energy consumption,
combined with environmental pollution—caused by the chemicals
needed to obtain pure cellulose from wood—make it a very unsus-
tainable material [19]. However, both the process of obtaining al-
mond and hazelnut shell dust (Aval®) and the dust obtained in the
process of cutting wine corks generate practically no added eco-
logical footprint to the agro-industrial processes, and the fact of
repurposing them for different uses extends their useful life, rein-
corporating the agro-industrial waste into the value chain of raw
materials [20,21].

As indicated in Iglesias-Campos et al. [13], if residues of the
particles used for microblasting cleaning remain on the treated
wood surface they would pose no risk to the surface, nor to its
conservation, as these residues are lignocellulosic and they have
a chemical composition similar to wood (cellulose, hemicellulose,
and lignin), and are completely biocompatible with the treated ob-
ject because no different compounds are introduced on it.

Regarding polychromy, micro-blasting is not a suitable cleaning
technique a priori. The fragility of the pictorial layers is usually
greater than that of the wooden support on which they were ap-
plied. Both the pictorial technique and the condition of the poly-
chromy are elements that must be given priority attention when
performing microblasting tests. And this would require a separate
investigation.
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2. Research aim

This work analyses the feasibility of the microblasting technique
using powdered lignocellulosic particles for cleaning soiling from
unpolychromed wood of a damaged and weakened heritage art-
work. The research aims to evaluate the advantages and drawbacks
of this method as a mild and sustainable alternative in comparison
to the traditional techniques used by conservator-restorers for un-
polychromed wood cleaning.

To achieve this objective, results of traditional mechanical
cleaning on unpolychromed wood are described and compared
qualitatively with those obtained by microblasting with powdered
lignocellulosic particles, both applied to the reverse side of a
wooden joint cover from a medieval ceiling deteriorated by fungi
and woodworm.

3. Artwork

The monastery of Santa Maria de Pedralbes (Barcelona, Spain)
was founded in 1326, and its construction continued over the
centuries [22]. A large part of the rooms in the different spaces
of the monastery feature ceilings that follow the same decora-
tive pattern, consisting of beams on which the wooden boards
rest. To prevent the seepage of hydraulic mortar that waterproofs
and strengthens the upper floor or the roof, a joint cover deco-
rated with the heraldic symbols of the founders, King Jaume II and
Queen Elisenda de Montcada, was incorporated. These joint covers
between board longitudinal joints were the only originally poly-
chromed element of the ceilings [Fig. 1].

Throughout the 20t century, some maintenance works, pest
disinfestation treatments, and repair interventions carried out at
the monastery led to the dismantling of some areas of the ceiling
and the removal of the joint covers that were in the worst con-
dition. These fragments of joint covers are currently preserved in
the monastery museum. Most have not been cleaned since then
and are an example of a wooden cultural asset in a poor condition,
which is why their reverse sides were chosen to conduct cleaning
tests.

The wooden joint cover fragments are wooden strips from tan-
gential cutting and have a trapezoidal cross-section, with bevelled
longitudinal edges of the polychrome face. They have irregular
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Section view A

Fig. 2. Front and back side of two joint covers from the ceiling of the Monastery of Pedralbes with evident signs of biodeterioration. (1) Growth rings showing a tangential
cut; (2) Tunnels caused by xylophagous insects, resulting in loss of material and density in the wood; (3) Parallel marks from the saw used to cut the strip with which
the joint cover was made; (4) Front side with polychromy remains. Faced with a cleaning treatment, the wood of the back side is now as weak and delicate as paper or

cardboard.

lengths as a result of their breakage, due to the nonprofessional
method used to remove them from the ceiling. The width of the
preserved fragments is fairly regular and ranges from 4 to 4.3 cm,
with a thickness of between 0.3 and 0.4 mm.

The surface of the reverse side of the joint cover is rough and
irregular. It was not sanded after being cut, nor polychromed, be-
cause this part of the object was not supposed to be seen. As
a result, tool marks can be easily observed, such as parallel saw
marks showing the fibres corresponding to the tangential cut of
the growth rings uplifted by the saw cut. [Fig. 2]. To this intrin-
sically irregular surface, the presence of galleries caused by xy-
lophages and the cubic pattern breakings caused by fungi during
the biological degradation process added an extra irregular surface
of this reverse side, making cleaning a major challenge.

Soiling adhesion to the wood is related to the surface charac-
teristics such as texture, porosity or elasticity, as well as to the
characteristics of the soiling itself [23]. The more irregular the sur-
face the better adhesion of the soiling, because of the increase in
the specific surface area where soiling can be settled. Furthermore,
wood is a porous structure and a hygroscopic material, character-
istics that make wood prone to the fixture of soiling on its surface.

4. Materials and methods
4.1. Wood identification

One of the first steps undertaken was the analysis of the wood
from the joint cover used for cleaning tests, to determine the
wood genus and its anatomical structure. The analysis was carried
out using histological preparation with double staining (methylene
blue and safranin) [24,25] and observation under an OLYMPUS®
BX51 polarizing light microscope -at 50 x, 100 x and 200 x - of
the three sections (transverse, tangential, and radial) of a sample
from one of the joint cover fragments provided for the tests, using
both direct transmitted and polarised light. The wood identifica-
tion was carried out using a key for identifying coniferous woods
[26] and the use of specialized bibliography [27].
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4.2. Wood surface analysis, dirt characterisation and evaluation of
cleaning results

The observation and analysis of the dirt accumulated on the re-
verse side of the joint covers were conducted using surface mi-
croscopy and scanning electron microscopy with energy dispersive
spectroscopy (SEM-EDS).

The first control of the surface was made using a simple Dino-
Lite® digital surface microscope (AM4113-FVW Dino-Lite® micro-
scope with switchable white and ultraviolet (UV) light 395 nm) to
examine the surface of the joint cover before and after cleaning
treatment using visible, raking and UV light. Images were taken
at 65 x with direct light emitting diode (LED) white light and UV
(90°) from the microscope and external raking white light (35° and
4 cm distance) from a fibre optical illuminator (ISO 9001) regu-
lated at position 1. Images were processed with 2.0 Dino-Capture®
software.

To evaluate the cleaning effects on the reverse side of the joint
cover, the surface was analysed by SEM-EDS before and after clean-
ing procedure. We used a FEI ESEM QUANTA 200, a thermionic
emission microscope (tungsten filament) with a resolution of 2 pm
attached to the UltraDry EDS detector (Thermo Fisher Scientific),
which has a diameter of 30 mm.

Each sample was placed on a conductive carbon adhesive
tape fixed to a SEM aluminium stub and placed unprepared into
the SEM chamber. Secondary electron (SE) images, backscattered
electron (BSE) images and elemental analyses were obtained under
a low vacuum mode with an accelerating voltage of 20 kV. The im-
ages were taken under magnifications 65 x, 500 x and 1000 x .
When possible, several analyses were performed on items display-
ing similar features. The EDS analyses were carried out at the same
working distance (around 10 mm) and with the same acquisition
time (50 s) for each EDS spectrum. The software used for spectrum
acquisition and processing was Pathfinder Alpine (Thermo Fisher
Scientific). To avoid any misunderstanding with the quantifications,
the expression “major”, “minor” and “trace” elements rather than
actual numbers was used.
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Table 1
Main properties of the tested lignocellulosic particles.
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Material Natural cellulose fibres (Arbocel®) Powdered almond and hazelnut husks (Aval®) Cork sawdust
Composition ~98.0 % cellulose 35.86 % lignin 50 % suberin
~1.50 % ash 48.00 % cellulose 20-25 % lignin
2.76 % fat 20 % cellulose and
222 % protein ~15% hemicellulose
1.08 % ash ~14-18 % pectins
~1-2 % extractives
ash
Morphology Cylindrical (elongated) Angular (polyhedral) Rounded
Particle size (um) <200 <200 <125

Table 2
Microblasting equipment and parameters used in the tests.

Equipment  Microblasting CTS 5/B
Silenced compressor 1.5CV - Mod. AIRBAG (CTS)
Dehumidifier filter CTS 8
Sandblasting cabinet (CTS) with external vacuum cleaner
Nozzle @ 0.7mm
Straight tungsten carbide nozzle - CTS
Fixed on a lab clamp (maintaining distance and angle)
Pressure 20 kPa (2.9 psi)
Distance 10 cm
Angle 90°
Time 10's

4.3. Materials selected for microblasting cleaning

Three different particles (Aval®, Cork and Arbocel® BWW 40)
were selected from the results of initial studies [13].

Aval® and Cork are natural raw powdered particles coming
from residues or sub-products of the food industry. Aval® is ob-
tained from the crushing of almond (Prunus dulcis) and hazel-
nut (Corylus avellana L.) shells. Cork sawdust is the bark of Quer-
cus suber L., the cork oak tree, resulting from the sawing of cork
planks.

Arbocel® processed pure cellulose fibres, was selected as a soft
material that has been previously tested on paper and fabric sup-
ports [12,28,29] to compare the results with those of vegetable par-
ticles. In these tests, Arbocel® BWW 40 was chosen because its fi-
bres have a size similar to the vegetable particles.

The lignocellulosic particles were supplied by manufacturers in
different sizes. For the experimental study, particles < 200 pm
were selected to avoid blockages in the small nozzle diameter
used. To prevent clogging, the largest material (Cork sawdust) was
further sieved using a standardized 0.125 mm sieve (ISO 3310/1).

The main properties of these particles related to their use for
microblasting are indicated in Table 1.

4.4. Microblasting of lignocellulosic materials

The microblasting technique is based on the kinetic energy for-
mula [KE = % m x v2], where m is mass (abrasive); and v, veloc-
ity (pressure) [10]. This indicates that it is directly proportional to
the mass of the particle and to the square of its velocity. Nozzle
diameter, pressure, distance, angle, time, flow of particles, and spe-
cific abrasive properties (composition, size, specific weight, density,
morphology, hardness, friability or toughness, etc.) are important
parameters to be considered.

Similar to preliminary tests carried out on wooden mock-ups,
the equipment used, and parameters are listed in Table 2.

During cleaning, the joint cover was moved horizontally in the
wood grain direction simulating the restorer’s hand movement in
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an actual cleaning process because a 0.7 mm diameter nozzle from
a 10 cm distance to the surface does not clean the whole test area.

Test areas were covered with a cardboard on which a reserve of
7 cm? (3.5 cm x 2 cm) was cut to standardise the microblasting
area. To control as far as possible the homogeneity of the treat-
ment, testing areas were covered with a cardboard until a constant
flow of particles was achieved. The same protection was used to
prevent the abrasive to impact the surface at the end of the treat-
ment. During tests, an assistant was timing the treatment and pro-
tecting and uncovering the surface.

After cleaning treatments, when loose residues from the clean-
ing materials might remain on the wood surface a thin, soft ny-
lon paintbrush and a vacuum cleaner (Museum Muntz® 555-MU-E
HEPA), equipped with a flat section nozzle, were used to gently
sweep the surface, reproducing a common procedure after a dry-
cleaning process [16].

4.5. Traditional mechanical techniques

In this study, different mechanical cleaning techniques were
used to assess their effectiveness and impact on the treated
surface. The traditional techniques tested included: a long nylon-
bristle paintbrush (i), a round short-bristle paintbrush (ii), an Aka-
pad® soft sponge (iii), powdered eraser (Milan® 430) were ap-
plied and subsequently removed with a soft long-bristle paintbrush
(iv), a nylon-bristle brush (v) and a brass-bristle brush (vi) which
were chosen to compare its results with lignocellulosic microblast-
ing technique. The protocol in all the tests included a mild initial
vacuuming to remove loose particles, followed by the application
of the tested cleaning system in the wood grain direction, making
repeated cycles for a total time of 10 s. Finally, a second mild vac-
uuming was carried out to remove any loose residues generated
during cleaning, reproducing a common procedure after treatment
[16].

To compare both traditional mechanical techniques and mi-
croblasting, different parameters were selected from referenced
literature on cleaning evaluation [8,16,30,31,32], focusing on two
main aspects: surface cleanliness and wood surface integrity af-
ter cleaning. Additionally, the presence of residues from the clean-
ing materials was also monitored, considering qualitative aspects.
Table 3 outlines the criteria used to rate each of the evaluation pa-
rameters.

5. Results and discussion
5.1. Wood identification results

The biodeterioration of the wooden joint covers rendered
the identification process by vegetal histological techniques diffi-
cult. According to the patterns observed in the cross-section im-
age [Fig 3.A], the wood of the joint covers is coniferous, with
well-differentiated growth rings where no resin channels can be
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Table 3

Parameters for evaluating the cleaning techniques (both mechanical manual and microblasting of powdered lignocellulosic particles) tested in this work.
Parameter Rating of 1 Rating of 2 Rating of 3 Rating of 4
Soiling removal efficiency No effect Minimal removal Moderate removal Good removal

Uneven removal
Surface covered by particles

Soiling removal evenness
Cleaning system residues

Inconsistent removal
Surface partially covered

by particle residue

Complete surface changes
with wood loses

No control of cleaning
process

Changes on wood surface
with wood loses
Cleaning process control
process

Moderate surface changes

Poor control of cleaning

Complete removal
No noticeable residue

Moderately removal
Minor particle residue noticeable

No noticeable changes that
modify the wood surface
Full control of cleaning
process

Minimal changes on wood surface
with breakage or movement of fibres
Moderate control of cleaning process

Fig. 3. Optical microscope images (transmitted and polarised light) of the transversal, radial and tangential sections of a 5 mm x 2 mm x 2 mm sample of wood from one
of the joint covers from the coffered ceiling. Sections obtained manually, with the aid of a razor blade, prepared with double staining with methylene blue and safranin: (A)
transversal section (100 x); (B) radial section (200 x); (C) tangential section (200 x); (D) tangential section (100 x).

observed. The cross-section of the tracheids is square, although in
the image the tracheids appear deformed due to the poor condi-
tion of the wood in the sample used to obtain the section. The
transition from spring to summer wood is abrupt as observed in
the right half of the image. No longitudinal parenchyma cells are
identified in the cross section of the samples obtained.

The radial section image [Fig. 3.B] shows procumbent
parenchyma cells alternating with radial tracheids intersecting
with longitudinal tracheids and parenchyma cells. In the cross
fields there are 1 to 2 window-like pits.

The image obtained at 100 x of the tangential section of
the sample shows uniseriate rays, between 1 and 10 elements
high, and areolate pits (scarce) [Fig. 3.D]. The image obtained
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at 200 x clearly shows the helical thickening of the tracheids
[Fig. 3.C].

According to the observed elements and bibliographic refer-
ences [26,27], the wood of the joint covers has been identified as
belonging to the genus Pinus and is probably Pinus Mugo.

5.2. Soiling composition

Results regarding soiling’s textural and compositional features
are displayed in Table A.1 and Figs. A.1 to A.6. The soiling ad-
hered on the surface of the samples is mainly composed of alumi-
nosilicates (Si, Al; in the form of clay minerals, feldspars and, to a
lesser extent, micas), silicates (Si; probably quartz), a calcium-rich
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Long nylon-bristle paintbrush

Soiling removal efficiency

Cleaning process control Soiling removal evenness

Visible cleaning system

Wood surface changes i
residues

Round short-bristle paintbrush

Soiling removal efficiency
4

Cleaning process control Soiling removal evenness

Visible cleaning system

Wood surface changes &
residues

Nylon-bristle brush

Soiling removal efficiency
4

Cleaning process control 2 Soiling removal evenness

Visible cleaning system

Wood surface changes
residues
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Akapad® soft sponge

Soiling removal efficiency

Cleaning process control Soiling removal evenness

Visible cleaning system

Wood surface changes
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Fig 4. Evaluation of mechanical traditional dry-cleaning mechanical techniques tested in this work. (For the list of evaluation criteria and an explanation of the rating scores,

refer to the “Materials and Methods” section, Table 3).

undetermined compound (Ca; probably lime), and metallic par-
ticles (Fe; oxi-hydroxides). These compounds probably originate
from the formwork itself, in which one may find a layer of mor-
tar made with an admixture of hydraulic lime and clay (Fig. 1).

5.3. Traditional mechanical cleaning results

The five key parameters mentioned in previous studies
[8,16,30,31,32] were used to evaluate mechanical cleaning tech-
niques.

Results for each cleaning system are described below and sum-
marized in Fig. 4 (star diagrams evaluation of traditional mechani-
cal cleaning techniques) and Fig. 5 (comparison images of cleaning
results with the different traditional tools used).

The long nylon-bristle paintbrush showed a minimal dirt re-
moval, only incoherent and loose adhered dirt was cleaned. No
visible cleaning effect was observed to the naked eye, but a par-
tial soiling removal was evident under magnification. Cleaning was
uneven with considerable dirt particles remaining on the surface.
No visible changes on wood surface were detected. The procedure
enabled a limited cleaning control.

The short bristle round paintbrush enabled moderate uniform
dirt removal. Digital optical microscopy confirmed a significant re-
duction of soiling. The treatment did not cause any noticeable
change to the wood surface and the cleaning process was poorly
controlled.

The Akapad® soft sponge had similar results to the short bris-
tle round paintbrush, with moderate and fairly uniform soiling re-
moval. Despite vacuuming, the surface was partially covered by
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visible sponge particle residues between the wood fibres. Minimal
surface changes were observed on wood and the cleaning process
was difficult to control.

With the Milan® 430 powdered eraser, a partial removal of dirt
was achieved. After treatment, the surface was covered by visible
particles because eraser residues were accumulated between the
fibres. In addition, it caused moderate change on wood surface due
to material loss by displacing a significant number of fibres. Con-
trol of the cleaning process was poor.

The nylon-bristle brush removed dirt unevenly leaving some
embedded dirt particles in the treated surface. It also caused sig-
nificant damage to the wood surface by breakage, displacement
and loss of fibres. No visible residues remained after cleaning, but
control process was very poor due to its aggressive action.

Both, Milan® 430 eraser and nylon bristle brush have caused
noticeable fibre displacement, visible under magnification, compro-
mising surface cohesion.

Finally, the brass-bristle brush removed soiling but damaging
the wood structure in the process by breaking fibres and leaving
visible galleries made by xylophagous insects which were previ-
ously not exposed. The damage caused to this sensitive surface
is obvious. The procedure was very aggressive and uncontrollable
with irreversible damage to the wood surface.

5.4. Microblasting cleaning results

The same key parameters were also used to evaluate microb-
lasting cleaning tests. The results obtained for each cleaning sys-
tem are described below and illustrated in the star diagrams
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Before cleaning

After cleaning

Fig. 5. Comparison of cleaning results with different traditional dry-cleaning tools: long nylon bristle paintbrush and its cleaning results in Area 1; short
bristle round paintbrush and its cleaning results in Area 2; Akapad® soft sponge and its cleaning results in Area 3; Milan® 430 powdered eraser and

its cleaning results in Area 4; nylon-bristle brush and

its cleaning results

in Area 5; brass bristle brush and

its cleaning results in Area 6 (Dino-

Lite® images before and after cleaning at 65 x show wood fibres displayed horizontally for each area).

[Fig. 6] and in the comparative images of surfaces before and af-
ter cleaning [Fig. 7].

Overall, the result was significantly better compared to tradi-
tional dry-cleaning systems. Microblasting offers full control over
the process by allowing precise adjustment of pressure parame-
ter. In addition, distance and angle can be accurately set to mini-
mize impact on the surface [Fig. 7]. It should be pointed out that
with both microblasting and traditional mechanical methods, train-
ing and experience is essential for cleaning.

Regarding the efficiency of soiling removal with all lignocel-
lulosic particles, the observation through Dino-Lite® at 65 x af-
ter microblasting showed a better dirt removal compared to tra-
ditional manual methods, resulting in homogeneous surfaces with
no visible changes. These results were confirmed by SEM [Figures
Al to A3].
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For soiling removal evenness, an apparent uniform removal
without areas of residual dirt was observed. However, observa-
tion through SEM at 500 x revealed differences among the results
achieved with each lignocellulosic material. Concerning Arbocel®
BWW 40, a moderately clean surface is observed, where the less
embedded particles have been removed from the surface after a
10 s cleaning session, but the dirt in the cavities of the substrate
remains adhered. The uniformity of the cleaning is uneven depend-
ing on the areas observed. In the case of Aval®, the level of cleanli-
ness achieved is superior to that of Arbocel®. Less dirt is observed
on the wood surface after a 10 s cleaning session, and a uniform
removal of dirt particles is achieved. Finally, after a 10 s cleaning,
the cork sawdust fulfilled the soiling removal criteria better than
other particles tested. Most of the dirt is removed from the sur-
face, leaving only smaller particles embedded in some cavities.
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Fig. 6. Evaluation of the microblasting of powdered lignocellulosic particles cleaning tests. The orange colour highlights the cleaning results observed with DinoLite at 65 x,
while the blue colour indicates the results observed with SEM at 500 x . (For the list of evaluation criteria and an explanation of the rating scores, refer to the “Materials

and Methods” section, Table 3).

Concerning the visible residues after cleaning, it must be
pointed out that generally no visible residues were observed with
Dino-Lite® at 65 x after vacuuming. However, a very small amount
of the white Arbocel® residues were visibly locatable within the
wood fibers under UV light, but not visible to the naked eye. These
results were confirmed by SEM.

Looking at changes on wood surface after a 10 s cleaning ses-
sion no noticeable modifications were observed with Dino-Lite®.
Under SEM, some differences can be observed in the effect caused
by the different particles. In the case of Arbocel®, the surface has
been preserved during cleaning, although some wood fibres have
been displaced. The larger cracks have been filled with the blasted
powder. Regarding Aval®, the wood surface is slightly abraded af-
ter the cleaning process. The edges of the fibres and the rims of
the holes are eroded. Some loosely bound wood fragments disap-
pear from the surface. As for the cork dust, the wood surface re-
mains well-preserved. No changes in the arrangement of the fibre
or eroded areas are observed.

The comparison of the pre-cleaning and post-cleaning stages
[Fig. A.4] also illustrates the changes in elemental composition of
surfaces during the cleaning process. EDS microanalysis reveals
that Arbocel® BWW 40 can remove most of the soiling particles
(such as Si, Al, K, Fe, Ca) without damaging the wood surface (C).

Aval® microblasting shows a very clear decrease of aluminosil-
icates (Si, Al, K, Mg) and Fe-rich particles. Also, after cleaning,
the carbon (C) peaks corresponding to wood clearly appear in the
spectra [Fig. A.5].

Changes in the surface composition after cleaning with cork
powder are significant. Aluminosilicates and iron-rich particles are
removed, as in the case of Aval®, and the carbon peak (wood) be-
comes very clear after cleaning. In specific areas with embedded
dirt, the composition of the dirt does not change. No cork residues
are observed, even in these areas.

Finally, regarding the cleaning process, it is worth highlighting
that maintaining microblasting technical parameters in all situa-
tions, an accurate and reliable cleaning was achieved in all tests
[Fig. A.6]
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6. Conclusions

Results indicate that when the microblasting technique is ap-
plied properly, an appropriate cleaning level can be achieved with-
out compromising the fragile treated surface with negligible pres-
ence of residues after vacuuming. Control of the overall cleaning
process through the appropriate selection of abrasives and treat-
ment parameters is very important to prevent unwanted changes
to the surface. Therefore, this approach emerges as a promising
and environmentally friendly technique, respectful to the integrity
of the wooden artworks.

From the analysis of the tests carried out, cork achieves a higher
cleaning effect without causing changes in the fibres of this joint
cover. It is the system that scores best in all the items evaluated.
Aval® obtains also good results in soling removal efficiency, soil-
ing removal evenness, visible cleaning system residues and clean-
ing process control. However, it does not fulfil most of the deter-
mined key parameters as visualised by star diagrams. related to
changes on the wood surface. Using the same treatment time as
for the other lignocellulosic particles, it is more abrasive. As Aval®
is more abrasive than cork and Arbocel® BWW 40, it takes less
time to reach the dirt removal target and once the dirt is removed,
the impact on the wood causes a slight abrasion of the surface.

In the same treatment time as cork and Aval®, Arbocel®
BWW 40 obtains the highest score in cleaning process control but
does not perform as well in soling removal efficiency, soiling re-
moval evenness, visible cleaning system residues and wood surface
changes. Where it scores poorest -both for the Dino-Lite and SEM
observation- is on visible cleaning system residues. The residues
are white and easily detectable also under UV light, because they
emit a clear fluorescence. In the case of Aval and cork dust no
residues are observed after application.

Results also point out that it is necessary to conduct tests on
discrete areas with the different lignocellulosic particles, to verify
the effect on each wooden object to be treated, before selecting
the specific particle and the microblasting technical parameters to
be used. Control of the overall cleaning process through the ap-
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Fig 7. At the top of the image, the joint cover fragment with the three cleaning tests performed using lignocellulosic particle microblasting. From left to right: test conducted
with Arbocel® BWW 40 in area 1; with Aval® in area 2; with cork dust in area 3. Below the image of the joint cover, a zone from each area viewed with Dino-Lite® (65
x) under direct light, raking light, UV light before and after cleaning with each type of dust. In the last column, an image of the same zone viewed with SEM BSED (65 x)
before and after cleaning.
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propriate selection of particles and treatment parameters is very
important to prevent unwanted changes to the surface.

In addition, the results obtained both in this study - performed
on a heritage artwork - and in the previous one - conducted on
mock-ups - indicate a trend in how different microblasted ligno-
cellulosic particles have an influence on soiling removal and the
potential effects on the surface.

However, these results have not been tested on hardwoods.
Therefore, future tests should verify their applicability to woods of
varying hardness and different anatomic structures.

Another important point is that the residues of lignocellulosic
particles remaining on the surface after the final soft vacuuming,
are very scarce. These very few residues, if any, are chemically
compatible with the treated wood because they are predominantly
composed of cellulose, hemicellulose, lignin and other vegetable
compounds, which are some of the main wood constituents.

Finally, it should be noted that, except for pure cellulose, the
particles used are residues from various processes in the food
industry and their use aligns with the Sustainable Development
Goals (SDGs).
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