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Featured Application: This study explores the viability of employing ultra-freezing air projection
as a sustainable method to eliminate graffiti from rail vehicles and structures. Its potential
application extends to the cleaning of non-porous materials, including industrial cultural
heritage sites.

Abstract: Unauthorised graffiti is a challenge in urban environments, affecting railway structures,
stations, tracks, and vehicles. Inefficient cleaning methods increase the costs and downtime of
railcars, limiting passenger transport. In turn, they are harmful to the operator’s health and the
environment, due to the VOCs they release. This study focuses on the feasibility of dry-ice blasting,
replacing carbon dioxide with ambient air as an innovative and sustainable solution to remove
graffiti from rail vehicles. Experimental tests have been carried out with 13 different aerosols,
controlling the temperature (<-80 °C), pressure (up to 3 bar), projection distance (0.5 cm) and
exposure times (30"/1'/2'/4'/6'/8'/++). The results showed that ultra-freezing with ambient air
preserved the integrity of the support materials and altered the topography, colourimetry and
adhesion of the aerosols tested, achieving the total removal of one of the paints. Preliminary results
suggest that ultra-freezing with ambient air could be a viable and sustainable solution for graffiti
removal on railway structures, transferable to other urban environments.

Keywords: ultra-cold air jets; cryogenics; eco-sustainable gases; environmental sustainability;
environmental impact; aerosol adhesion; cleaning innovation; graffiti removal; aerosol sprays;
eco-friendly gas

1. Introduction

Unauthorised graffiti is one of the most significant issues in urban environments. It
affects any accessible surface, driven by the recognition and the sense of publicity that
some media can provide for the author and their message [1,2]. Nowadays, recognition is
reinforced through images uploaded to the Internet after the original is removed,
promoting in turn the areas in which they were made [3]. These types of actions are
mainly found in cities, affecting road structures and environments such as bridges,
acoustic walls, retaining walls and traffic signs [4]; on the fagades of buildings, such as
schools, private residences, train stations, means of transport and street furniture [5]; as
well as on protected urban vegetation such as monumental trees [6]. Some authors
theorise that illicit graffiti can generate environments where the ‘broken windows’
phenomenon occurs, whereby if one window in a building is broken and not quickly
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repaired, other windows will also be broken [7]. They argue that this phenomenon
perpetuates the perception of institutional neglect and lack of interest, which in turn can
encourage other types of crime or reoffending [8]. Other perspectives consider graffiti and
street art as forms of communicative political participation, relating them to social
criticism in cities [9]. From this position, preventive solutions are proposed for the
management of graffiti in cities, favouring coexistence among communities. Examples of
this are Vienna (Austria), Berlin (Germany) [10] and Sydney (Australia) [11], where
specific legal zones for the use of aerosols are being designated to reduce unauthorised
interventions on public and private property. This measure seeks to control and regulate
graffiti by providing a designated space for it and minimising its presence elsewhere in
the city.

From the above, it can be stated that street graffiti generates social, political, and
economic conflicts, as well as environmental struggles due to the release of volatile
organic compounds present in the spray cans [12]. Clean-up as an option for sustainable
solutions is an important economic cost for both public and private entities. Aerosol
disposal amounts to USD 12 billion per year in the US and GBP 100 million per year in the
UK [13]. In Spain, graffiti removal from buildings in Madrid costs up to EUR 10,000 per
day, and since 2017 these cleaning actions have increased by 81% [14].

In transport, illicit graffiti is the most common form of vandalism, referring to the rail
network and related infrastructure, and is responsible for a large proportion of incidents
[15]. It represents a public safety problem because of the risks to which the perpetrators
of graffiti on tracks and in tunnels are exposed, while there are economic and operational
costs associated with the repair and removal of the graffiti [16]. Train cars, sidings and
stations can be considered state property and their damage can be interpreted as a means
of making anti-government and/or political statements [3]. However, they may be
considered visible property damage and some investigators claim that they impact
passenger flow by being perceived as features indicative of risk, insecurity and neglect
[17]. According to Enever (2013), graffiti is challenging for railway operators. In addition
to the costs associated with repairing or replacing vandalised rolling stock, there is a
considerable cost associated with cleaning trains, stations and other rail infrastructure
affected by graffiti. It states that there are increased safety risks, such as damage to signals,
which can lead to dangerous situations, such as derailments, and these incidents can result
in delays or cancellations of services. All these factors contribute to the increased
operational and legal costs associated with dealing with vandalism and graffiti in the rail
sector. [18].

The economic impact of graffiti interventions on trains extends to all cities around
the world. The magnitude of the associated costs is not only linked to the number of cases,
but also to the strategies implemented for prevention and clean-up. Taking the Spanish
transport operator Renfe as an example, in 2018, it spent EUR 15 million on cleaning up
its fleet, removing 4000 graffiti acts [19], equivalent to the purchase of three trains [20].
However, by 2020, the costs amounted to EUR 25 m [20], marking an increase of 166%.
Catalonia (the autonomous Spanish community) incurred expenses of EUR 6.5 million in
2021 alone to combat graffiti, affecting almost 80% of the trains in circulation. [21]. The
persistence of the problem led Renfe to normalize, in 2023, a large contract of almost EUR
40 million for the provision of graffiti removal and cleaning services [22]. This situation is
not unique to Spain, as other countries such as Belgium, the Netherlands, Germany and
Australia also face similar challenges. Brussels, the capital of Belgium, allocated EUR 4.2
million in 2018 to remove graffiti from its train fleet, a figure that increased to EUR 6.15
million in 2020 [23]. In the Netherlands, spray interventions represent an annual
investment of EUR 10 million. In Berlin, the capital of Germany, EUR 10 million is spent
annually, according to the BVG Berlin [24]. In Australia, Sydney Trains New South Wales
faces an annual expenditure of EUR 30 million to remove graffiti from its rail fleet [25].
This situation reflects a common challenge faced by rail authorities around the world.
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One of the main problems we identified is linked to the method of cleaning.
Currently, the main methods of graffiti removal in the railway industry are mechanical
removal (brushes, scrapers, and scouring pads) and chemical cleaning (solvent mixtures
of hydrocarbons, ethers and/or alkalis). They are sometimes combined or complemented
to ensure satisfactory recovery of trains. Generally, the remover is applied by spraying or
depositing it with a brush. It is left to act for the time stipulated by the manufacturer. It is
then removed by abrasive methods such as brushes or pressure jets and cleaned one last
time with soap and water. Finally, a hot water rinse is applied to the entire carriage [26].
However, chemical removal methods may yield unsatisfactory results, requiring
repainting or re-striping of the convoys. According to some authors, this problem may be
aggravated by the colour of certain aerosols, such as red and blue, which are difficult to
remove, causing losses and unsatisfactory results, making it necessary to propose another
type of treatment [27].

In addition, the effect on the health of operators using the chemical methods
traditionally used for the removal of graffiti on railway supports has been studied [28].
They were declared as potentially toxic and irritating to the skin, eyes and mucous
membranes [29]. The harmful effects on the health of workers related to the chemical
composition of the solvent mixtures are as follows [10,28,29]:

e  Ethylene glycol ethers: May affect reproductive functions and the respiratory system.
Penetrate through the skin.

e Limonene: May cause eye irritation and alteration of the respiratory tract. Dermal
disorders.

e  Methyl ethyl ketone (MEK): may cause headaches, eye irritation, respiratory
impairment and may impair cognitive functions, e.g., causing a loss of balance.

e Methylene chloride: This is an irritant carcinogen that may cause eye irritation,
impaired respiratory tract and cognitive functions, such as loss of balance. Prolonged
exposure may cause liver and kidney damage or changes in the blood’s ability to
carry oxygen.

e  N-methylpyrrolidone (NMP): This is a carcinogen that may affect reproductive
functions. Skin effects are swelling, blistering and burning.

e  Toluene: This is an irritant to the eyes, respiratory system and dermis. May cause
headaches and cognitive impairment.

There is also an environmental impact of these solvents. Alcohols and hydrocarbons,
such as N-methylpyrrolidone (NMP) [10] traditionally used in train cleaning, have high
concentrations of Volatile Organic Compounds (VOCs), the main risk of which is
atmospheric pollution, measured as the Global Warming Potential (GWP) and Ozone
Depletion Potential (ODP) of each component. The most common alkalis include sodium
hydroxide, better known as caustic soda, and potassium hydroxide. Dissolving sodium
hydroxide and potassium hydroxide in water produces a strong base that reacts
dangerously with acids, and its coming into contact with the environment should be
avoided by all means [30]. Thus, inadequate waste management resulting from the use of
these products can contribute to acute wastewater pollution, severely altering the marine
ecosystem.

Within the conception of graffiti as an intolerable act of vandalism, measures have
been taken to combat it and prevent its spread in cities [8,31,32]. Some authors advocate
that it should be cleaned up in the shortest possible time to discourage other graffiti artists
from intervening in the same area [33]. Thus, they propose increasing the control and
criminalisation of these acts, while maintaining traditional clean-up methods. Other
solutions have aimed at simplifying and speeding up the cleaning process, by studying
“sacrificial” or permanent anti-graffiti products as intermediate layers between the surface
and the aerosol, thus facilitating the cleaning of surfaces [34,35]. Semi-permanent or
“sacrificial” coatings, usually wax, are removed during the cleaning process, usually with
hot water, while permanent coatings are designed to withstand frequent and repeated
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cleaning cycles and are the preferred choice for trains [36]. The benefits of this are the
reduction in cleaning time in the railway sector, allowing the quick return of the car to the
line, although the abuse of water resources may be a problem in the medium-to-short
term. In this respect, cleaning products are also being designed using environmentally
friendly solvents, reducing the harmfulness to the operator [37].

Given the complexity of the challenge, there was a call for technological innovation
in Ireland. A call for innovative solutions in the process of cleaning graffiti from rail
transport was formalised. Irish Rail proposed an investment of EUR 150,000 to introduce
innovative proposals to reduce the financial outlay for this type of treatment [38]. In Spain,
the Spanish national railway company (Renfe) also wanted to promote an innovative pro-
posal through a campaign to raise public awareness of the cost of removing graffiti from
its train fleet. The strategy consisted of integrating an aerosol-painted train door among
the artworks at the Madrid International Contemporary Art Fair (ARCO). They published
a photograph on social networks, with the caption “This train door is #LaObraMasCara de
#ARCO2019, worth EUR 15 million. And we all paid for it’ [39]. However, the costs in-
curred by the company the following year (2020) showed an increase in the budget for
graffiti removal of 166%, a total of 68,000 square meters of surface area [40]. Following this
campaign, it was confirmed that the way to reduce the amount of money spent on ink and
spray removal required a change of strategy and a focus on minimising working times,
i.e., improving the efficiency of the cleaning method.

The disadvantages of the current cleaning processes are directly related to efficiency,
and with unsatisfactory removal: the economic cost related to the working hours of the
cleaning operators, the safety of the treatment due to the high toxicity of the solvents, and
environmental pollution, involving a high risk to the marine ecosystem, the emission of
greenhouse gases and a high consumption of water resources. On the other hand, it can
also be stated that they are cleaning methods that damage the underlying materials, af-
fecting the vehicle’s finish and supports, and forcing the extension of a train’s stoppage
times, which disrupts timetables and passenger transport.

Research in other industrial and heritage sectors has focused on exploring new clean-
ing systems that minimise working times and toxicity and improve efficiency [41]. These
include cryogenic CO: ‘dry-ice blasting’ by projection of solid COz in pellet form [42], or
‘snow blasting’ liquid CO: in mist form [43]. This technique was initially developed as a
degreasing method and has evolved significantly since its introduction onto the market in
the 1980s. It provides an innovative approach to surface cleaning, its effectiveness being
based on three mechanisms: thermal shock through cooling, kinetic energy generated by
compressed air and impact, and sublimation of the projectile [44].

The advantages of this system over other cleaning methods have been studied.
Firstly, it provides an eco-sustainable approach by projecting recycled COz, which reduces
water consumption and eliminates the need for solvents that damage the environment
and health [45]. In addition, it ensures the safety of the surfaces by avoiding abrasion due
to the low hardness of the pellets used (2 Mohs) [46] and favours the reduction in air pres-
sure required compared to other mechanical methods [47]. It is a versatile cleaning
method, due to its ability to adapt to different parameters and delicate surfaces [48] and
unique treatment, as it does not leave residues on the treated surface that would require
a second washing or drying of the surface [49]. On the other hand, a comparative study
with other types of spraying methods such as sand blasting or water blasting, carried out
by researchers from the Department of Civil, Architectural, and Environmental Engineer-
ing of the University of Miami, found that it required 19% less energy than other tech-
niques, in addition to reducing the average time of use by 77%, validating it as an efficient
and safe technique for its application to architectural structures [50]. However, due to the
nature of the projectile, CO:z cleaning recorded the highest values of greenhouse gas emis-
sions. Although dry-ice blasting favours the reuse of surpluses and by-products, the pro-
duction of this material being an inherent process in the manufacture of other gases such
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as oxygen, argon and hydrogen [51], reducing the release of carbon dioxide into the at-
mosphere is a new challenge in cryogenic studies.

In the search for solutions, a collaboration between research departments arose for
the adaptation of equipment designed to carry out refrigeration cycles at temperatures
below =150 °C [52-54]. This is an installation whose innovation lies in the use of ambient
air as the refrigerant fluid, avoiding the environmental and economic impact of the use of
cooling liquids, since air (known as a refrigerant with the code R-729) has null ODP and
GWP, is plentiful and has no cost, and is harmless, non-flammable, non-reactive, and, of
course, breathable, avoiding any impact on the health of the workers that employ this
technology. The technology has been adapted and transferred to the medical (vaccine
preservation), automotive (ultra-fast battery charging) and agri-food (food preservation)
industries. Figure 1 illustrates the experimental installation designed to produce low-tem-
perature air jets. The configuration used in the installation corresponds to a reverse Bray-
ton cycle, comprising three consecutive stages of air compression.

l—— i
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3 A |
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Figure 1. Installation of the reverse Brayton cycle (RBC). Source: own elaboration, 2023.

The first two compression stages are electrically driven (stages 1-2 and 3—4 in Figure
2), while the third stage is driven by the compressor of a turbocharger (stage 4-5). The
latter uses the energy of the turbine to generate additional pressure in the air. Between the
compression stages there are two heat exchangers (stages 2-3 and 5-6) in which the air,
previously heated by the compression processes, is cooled using water at ambient tem-
perature. After the compression stages, there is a regenerative phase prior to the expan-
sion (stage 6-7), which makes it possible to take advantage of the part of the cycle in which
the air is at low temperature and pressure to continue cooling it to below ambient temper-
ature. After the regenerator, the air enters the turbine and expands until it reaches its min-
imum temperature in the cycle, which can be as low as =180 °C. After the turbine, the cold
air is used to cool the thermal load (stage 8-9). Once the thermal load has passed, the air,
still at low pressure and below ambient temperature, returns to the regenerator (stage 9-
1) to cool the regenerated air before it enters the turbine. On leaving the regenerator, the
air is directed back to the first compression stage, closing the loop of the cycle.
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Figure 2. Scheme of operation of the cycle. Source: own elaboration, 2023.

For the current application, where it is required to generate air jets with high veloci-
ties and low temperatures, a partial air extraction is performed at point 7 of the scheme
shown in Figure 2. At this point, the air has a high pressure and temperatures below am-
bient temperature (with values close to =80 °C). To achieve high velocities in the air jet and
maintain low temperatures, this air is expanded through a nozzle and released into the
environment. The air extraction is carried out by means of a flexible hose that connects the
air outlet point, where the extraction occurs, through a convergent-divergent nozzle. Two
of the nozzles designed for extraction can be seen in Figure 3. Different nozzle geometries
were 3D printed to vary the mass flow ratio ejected.

¥
k4

Figure 3. Discharge nozzles. Source: own elaboration, 2023.

The objectives of this research are as follows:

1. To evaluate the low-temperature resistance of materials used in transport vehicles
through experimental laboratory tests.

2. To adapt the deep-freezing equipment for experimental tests in the laboratory.

3. To analyse and discuss the data obtained in the experimental tests, assessing the fea-
sibility of the project of using deep-freezing equipment for removing graffiti from
railway vehicles. This will consider technical, economic, and environmental aspects,
and propose improvements and solutions to the problems identified.

Research on green technologies implementable in various sectors also contributes to
the 2030 Agenda (SDG3; SDG7; SDGS; SDG9; SDG12; SDG13) and its pact with environ-
mental protection, as well as to the recommendations of the 2030 Agenda for Change, by
contributing to the industrial transition.

2. Materials and Methods
2.1. Support and Selected Graffiti

The experimental study was carried out on a substrate with the usual red metallic-
paint coating, referred to in the study as COA1. Thirteen different aerosols were applied
(Table 1), distributed in a grid over the surface. The choice of the aerosols tested was based
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on their usual presence in graffiti environments. The most representative and complex
colours are the most researched in environments dedicated to the conservation of urban
art [55], for which we have more information regarding their composition, mechanical
behaviour, and degradative response to extrinsic and intrinsic agents of the material [56].

Table 1. Physical and chemical characteristics of the materials applied on the COA1 specimen.
Source: own elaboration based on manufacturer’s data sheets [57-61].

Dry Film

M fac- A - UV Re-
Code anurac Type Colour Gloss 6  Thick- C,CQS Medium  Solvent Opacity . €
turer sion sistance
ness
1_MTN_94_R RV 3001 Vivid Red 15-25% 15-20 Modified Aromatic
2 MTN_94 R MIN - MIN94 EX014H3001 matte  pllayer 00 Alkyd  mixture of 5 2of3
NAPHTHOL RED —PWe6- Modified
3 MTN_WB_R vy Water PRIZO-POSMPYZAPYA2RV _ o = 1520 o PS] Lree Waterand |, o
4 MTN_WB_R based 3020 Light Red ° u/layer th};ne alcohols
EX019W3020M
5 MTN_94_V RV 6018 Valley Green 15-25% 15-20 Modified Aromatic
6_MTN_94_V MIN MTN 94 EX014H6018 matte y/layer 0B Alkyd mixture Sof5  3of3
BRILLIANT GREEN —PW6- Modified
;—ﬁiﬁ—xg—z MTN be;:eeé PY74-PG7-PRI22 RV 6018 <10% matte - /“:’;zgr 0B Polyure- VZ?;E;zid 50f5 20f3
B - - Valley Green EX019W6018M Ky thane
9_MTN_94_A RV 30 Electric Blue 15-25% 15-20 Modified Aromatic
- - MTN MTN 94 0B 50f5 30f3
10_MTN_9%4_A EX014H0030 matte y/layer Alkyd mixture © ©
COBALT BLUE—PW6- Modified
E—xg—x?ﬁ MTN ‘gj;ss PB153-PB29-PY74-PR122 RV <10% matte 1/“:';2; 0B Polyure- VZ?;E;zid 50f5 3of3
B - - 68 Hope Blue EX019W0068M Ky thane
13_MTN_94_M RV 175 Electra Violet 15-25% 15-20 Modified Aromatic
14 MIN 94 M MIN MIN® EX0140175MRV matte  player °P  Alkyd  mixture OO0 3°f3
DIOXAZINE PURPLE — .
Modified
15_MTN_WB_P MIN Water- PW6-PV23-PBK7-PG7-PB153 <10% matte 15-20 0B Polvure- Water and 50f5  30f3
16_MTN_WB_P based RV 173 Ultraviolet ? u/layer th};ne alcohols
EX019W0173M
17_MTN_94_N Matte Black 15-25% 15-20 Modified Aromatic
- - MTN MTN 94 0B 50f5 30f3
18_MTN_94_N EX014H0901 matte y/layer Alkyd mixture © ©
19 MIN.WBN .~ Water- CARBONBLACK—PBK7R _ . = 1520 I\Ifoldlﬁre'il Waterand | oo o
20_MTN_WB_N based 9011 Black EX019W9011M oM | layer fh}:;: alcohols =~ ° ©
21_MTN_N2G_N NITRO NITRO 2G Black. Solid col- . . Butyl Ace-
22 MTN_N2G_N MTN 2G our. Matte Paint. <10% 20 y/layer 3B Acrylic tate 50f5 3o0f3
23_MTN_T Bitumen-
24 MTN_T Montana Tarblack Black Tarblack Matte - - base - 50f5 30f3
25_MTN_HP 60-85% 15-20 Modified Aromatic
- - MTN  Hardcore Silver EX014H0101 glossy 0B . 50f5 1of3
26_MTN_HP u/layer Alkyd mixture
<20% matte
Marker Water and
27 _PC5M_N POSCA PC5M Black - - - alcohols 50f5 30f3

The application of the materials was carried out under standard environmental con-
ditions, following the manufacturer’s instructions for application, drying and handling.
The tests were carried out after three months of drying. Each colour sample was confined
to 10 x 10 cm areas, grouped by colouring substances and binders (Figure 4). There was a
2 mm overlap with the adjacent colours and a 2.5 mm POSCA marker line was drawn over
each aerosol, generating a grid pattern, reiterated in all quadrants as illustrated in the

27_PS5M_N matrix (Figure 4).
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27.PSSM_N

Figure 4. Aerosol distribution scheme. Source: own elaboration, 2023.

Physical and Chemical Characteristics of the Aerosols

The physical and chemical characteristics of the products tested in sample COA1
were defined according to the safety data sheets and data sheets provided by the manu-
facturers. [57-61]. Aerosols with different binders were selected: modified alkyd, modified
polyurethane and bituminous base. These binders are diluted in hydroalcoholic solvents
or aromatic diluents, which influence the formation of polymeric structures.

The nomenclature used in the experiment includes the numbering corresponding to
each quadrant (1-27); the manufacturer MTN® Montana Colors (MTN), Montanar Cans
(M); the aerosol type MTN 94 (94), Water-Based (WB), Nitro2G (N2G), Nitro Tarblack (T)
and Hardcore (H); and the aerosol colour Red (R), Green (V), Blue (A), Purple (M), Black
(N) and Silver (P).

2.2. Experimental Procedure

To determine the effectiveness of the ultra-freezing method for removing graffiti
from railway vehicles, air at a cryogenic temperature was jetted onto the graffiti applied
onto the COAL test tube. First of all, the equipment was adapted by performing a bleed in
the closed air cycle. A 5 mm-diameter throat nozzle was adapted to the end of the hose,
with which the controlled ultra-cold air projection tests were carried out. During applica-
tion, exposure times were controlled by opening and closing the valve at station 7 in Fig-
ure 2. Temperature was measured right before the bleeding point, inside the facility, and
at the nozzle, to quantify the temperature loss (the reason why the hose was thermally
insulated, as can be seen in Figure 1) and to know the exact projection temperature. Type-
T thermocouples with 0.5 K of uncertainty were used. Pressure was measured upstream
of the hose with absolute-pressure piezoresistive transducers, the range of measurement
of the sensor was 0-6 bar, and the uncertainty had a non-linearity of 0.5%. Therefore, shots
were guaranteed with temperature values close to —80 °C, 3 bars of pressure, and 0.5 cm
of projection distance, causing exposure times of 30", 1’, 2/, 4’, 6’ and 8’ on the substrate.
On aerosols, a single 8 min shot was administered for each colour, increasing the time (++)
by a second shot on those that experienced greater sensitivity (Table 2).

Table 2. Control parameters for ultra-cold projection tests. Source: own elaboration.

Air Temperature Jet Pressure Exposure Time Shot Distance
-80 °C 3 bar 30"/1'/2'/4'/6'/8'[++ 0.5 cm

Source: own elaboration, 2024.
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2.3. Methods of Analysis and Recording of Results

The resistance of the support materials and graffiti to low temperatures was assessed
by recording and analysing pre- and post-freezing tests. Analyses were performed with
non-destructive and destructive contact measurement systems on the sample in order to
assess the surface and underlying layers by microscopic means, as well as to evaluate
changes in topography, adhesion and colourimetry of the materials involved.

2.3.1. Analysis by Microscopy

Changes in the topography of the materials and layering were examined by micros-
copy. Surface analysis was carried out using a Dino Lite® AD4113ZT polarising micro-
scope (Absolute Data Services Ltd., Hemel Hempstead, UK). Studies under ultraviolet
(UV, 400 nm) and infrared (IR, 940 nm) illumination were made with a Dino Lite® AD413T-
12V (Absolute Data Services Ltd., Hemel Hempstead, UK).

2.3.2. Adhesion Analysis

The changes in spray adhesion were evaluated using a NEURTEK® NK2000® multi-
blade hand-held grating cutter (Neurtek Instruments, Eibar, Spain) [62] Type 2a, accord-
ing to the ISO 2409:2020 classification of test tool types [63] and standardised tape Tesa®
4024 PV 2 [64]. The results have been classified according to the categories stipulated by
the standard (Table 3), by recording with Dino Lite® AD4113ZT at x50.

Table 3. Results classified according to cross-cut area effect.

Classification Description Cross-Cut Area Affected Appearance

0 Clean cuts without detachment. 0%

1 Small losses at intersections. <5%

2 Detachment at edges and intersections. 5-15%
Loss of partial coating in strips. Total or partial absence o = -

3 . 15-35% 3 s
in several squares. 3 -
Total separation of the stratum in some squares. Wide o

4 35-65%
bands around the cuts.

5 Any loss in excess of that described in Classification 4. >65% -

Source: Data derived from ISO 2409:2020 [63] standard document.

2.3.3. Colourimetric Analysis

A colourimetric analysis makes it possible to record and evaluate changes in the col-
our and luminosity of the surface, which are conditions that are complementary to the
loss of adhesion. The colourimetric alterations of the surfaces before and after treatment
were evaluated according to UNE-EN 15886 [65]. The measurements were carried out
with a Minolta® CM-2600d spectrophotometer (Konica Minolta, Inc., Tokyo, Japan) [66].
Data processing allowed the calculation of the total colour differences (AE*) and standard
deviation of the aerosols and the support measures.

3. Results

The data collected during the experimentation included microscopic analysis, colour-
imetric analysis, and adhesion test by lattice cutting to evaluate the resistance of the coat-
ings. The use of a microscope with polarised light has allowed the surface characterisation
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of the specimen, as well as the recording of alterations and applied tests. The most repre-
sentative results of the experimental development are shown below.

3.1. Deep-Freezing Conditions Obtained

Due to the adaptation of the deep-freezing equipment for the bleeding cycle, a re-
cording of the outlet temperature, surface temperature and pressure conditions was car-
ried out. These values oscillate during the exposure time, recovering the cycle constants
(80 °C, 3 bar) after each shot. The values recorded during the thermal resistance tests of
the support (Table 4), as well as the exposure test of the aerosols with fixed and moving
(oscillating and rotating) blasting of ultra-frozen air (Table 5), were collected by thermo-
couples connected to the control terminal. The outlet temperature suffers a minimum off-
set of +5 °C with respect to the surface temperature, the ratio of which increases with a
greater distance of projection.

Table 4. Test of thermal resistance of the substrate. Cycle conditions: exposure times, temperature,
pressure and throw distance. Source: own elaboration, 2023.

Nozzle Tempera-

Code T Surface (°C) Pressure (bar) Time Distance (cm)
ture (°C)
COA1 -85 -80 2.95 30" 0.5
COA1 -85 -80 2.95 1 0.5
COA1 -85 -80 2.95 2' 0.5
COA1l -80 -75 2.95 4’ 0.5
COA1 -80 -75 2.95 6' 0.5
COA1 -80 -75 2.95 8’ 0.5

Table 5. Aerosol thermal resistance tests. Cycle conditions: temperature, pressure, exposure times
and projection distance. Source: own elaboration, 2023.

Nozzle Temperature T Surface Pressure

Code (°C) °C) (bar) Time (min) Distance (cm)

15 VTN 94 N = s a0 . 05
0 MTN WB N 86 s s0s . 05
e N a0 . 05
2 MTN T 52 7 aw . 05
Zﬁﬁﬁ:ﬁ -83 78 2.88 8 05
NN WV 54 R Y . 05
14 VTN 94 M -5 7 28 5 05
e VTN WP = s . 05
VN 94 R 52 7 s . 05
f_ﬁfﬁf_ ‘WV\;;_I; -83 78 285 8 05
190"_ 1\;{/{21;__994;__1; -82 -77 2.92 8 0.5
11_MTN_WB_A - » vor . Ny

12 MTN_WB_A
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25 MTN_HP
26 MTN_HP 85 80 3.1 8 0.5
23 MTN_T
24 MTN_T 80 75 3 ++ 0.5

3.2. Microscopy

After cold exposure of the original coatings on the substrate, the surface was exam-
ined with polarised light, ultraviolet light, and infrared microscopy in order to obtain in-
formation on lower strata such as preparations and intermediate layers. Fewer contami-
nant particles are visible deposited on the surface. The finishes retain their original ap-
pearance, regarding homogeneity and defects due to use. The microscopic documentation
does not show any degradation or changes that would negatively affect the conservation
of the support.

Relevant chromatic and topographic changes have been identified in the aerosols. In
some cases, the surface has become rougher and stiffer, showing a slight stoning of the
surface. This could be a physicochemical alteration that some polymers undergo in re-
moval processes, causing a whitish appearance that alters the original perception of col-
our. The aerosols with which this alteration is most noticeable are MTN_WB_R,
MTN_94_R, MTN_WB_M and M_T.

In the MTN_94_R, MTN_WB_R and MTN_WB_M aerosol samples, alterations can
be seen in the topography, which is irregular, and there are particles that cause visible
chromatic alterations. The texture is accentuated and white mottling is visible in the inter-
stices of the material (Figures 5-7).

(b) (b))

(1)

Figure 5. Microscopic examination of MTN_94_R x50 with Dino Lite® and Dino Lite® AD413T-12V:
(a—c) pre-treatment spray; (al-c1) appearance after cold application. Source: own authorship, 2023.
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(al)

(b) (b1)

(c) (c1)

Figure 6. Microscopic examination of MTN_WB_R x50 with Dino Lite® AD4113ZT and Dino Lite®
AD413T-12V: (a—c) pre-treatment spray; (al-c1) appearance after cold application. Source: own au-
thorship, 2023.

(b) (b1)

(c) (c1)

Figure 7. Microscopic examination of MTN_WB_M x50 with Dino Lite® AD4113ZT and Dino Lite®
AD413T-12V: (a—c) pre-treatment spray; (al-c1) appearance after cold application. Source: own au-
thorship, 2023.
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The bitumen-based polymer M_T has a vitrified appearance with surface morphol-
ogy showing more abrupt edges and conglomerates as a result of material shrinkage (Fig-
ure 8). The mottling caused by material contamination is reduced after cryogenic expo-
sure. In the image taken with UV and IR light, more accentuation of the cavities caused
by the aerosol application methodology was identified, as well as a more satin finish.

()

Figure 8. Microscopic examination of M_T x50 with Dino Lite® AD4113ZT and Dino Lite® AD413T-
I2V: (a—c) pre-treatment spray; (a*-c*) appearance after cold application. Source: own authorship,
2023.

Keeping the conditions of pressure (3 bar), distance (0.5 cm) and temperature (-80
°C) constant, the M_T aerosol was sprayed in areas with the highest roughness. During
the spraying, the stratum peeled off. The incidence of air caused a thermal shock that in-
duced the loss of adhesive forces binding the aerosol to the substrate. The consequences
of the thermal effect are visible macroscopically (Figure 9) and the glassy nature of the
fractured edges of the polymer can be observed (Figure 10).

Figure 9. Fracture of the polymer. Zone 23_M_T. IR x50 with Dino Lite® AD413T-I2V. Source: own
authorship, 2023.
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(b)

Figure 10. Experimental test of the effect of cold on intercoat adhesion. Zone 23_M_T: (a,b). Source:
own authorship, 2023.

3.3. Adhesion

The characterisation of adhesion by lattice cutting of the original coatings of the
COA1 substrate indicates that it is a category 0 laminate (Table 6): the incisions caused by
the equipment do not show flaking and are perfectly smooth. The effect of the cold (-75
°C, 0.5 cm distance, 8 min) has produced a slight alteration in the adhesion, corresponding
to category 1. Therefore, we perceive that it is a 1-2% effect (see Figure 11), as we observe
in the interstices of the cut a slight flaking that causes a jagged effect. This could also in-
dicate defects in the lattice-cut test method.

Figure 11. COA1 x50 grating cut with Dino Lite® AD4113ZT: (a) initial adhesion; (b) effect of cold.
Source: own authorship, 2023.

Table 6. Adhesion test results by lattice cutting. Adhesion values before and after treatment. Source:
own elaboration, 2023.

Cutting Classification * Classification
Code Tool (Before) % (After) Y
COA1 2a 0 0% 1 <5%
MTN_94_N 2a 1 <5% 1 <5%
MTN_WB_N 2a 1 <5% 1 <5%
MTN_N2G_N 2a 2 5-15% 3 15-35%
M_T 2a 1 <5% 1 <5%
MTN_9%4_V 2a 2 5-15% 2 5-15%
MTN_WB_V 2a 1 <5% 1 <5%
MTN_94_M 2a 1 <5% 2 5-15%
MTN_WB_M 2a 1 <5% 1 <5%
MTN_9%4_R 2a 0 0% 0 0%
MTN_WB_R 2a 0 0% 0 0%
MTN_9%4_A 2a 1 <5% 1 <5%
MTN_WB_A 2a 1 <5% 1 <5%
MTN_HP 2a 0 0% 0 0%
M_T 2a 1 <5% 5 >65-100%

* Classification according to ISO 2409:2020 [63].
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With regard to the changes in the adhesion of the aerosol-coated laminate to the sub-
strate, the classification of the MTN_NN2G_N polymer without ultra-cold treatment cor-
responds to Classification 2. The affected area of the aerosol grid is 5-15%. After 8’ of cry-
ogenic blasting, there was an increase in the affected area, corresponding to a release rate
of 15-35% (Classification 3), with no alteration in the characteristics of the substrate coat-
ing. The aerosol flaking extends along the edges in large bands, accompanied by losses
affecting the area of the squares (see Figure 12). On the other hand, the MTN_94_M mate-
rial responded with a noticeable loss of adhesion after application of a constant cryogenic
temperature. The initial Classification (1) was altered with the effect of the cold, causing
flaking in the incisions equal to 5%, corresponding to Category 2 (see Figure 13). The ad-
hesion test carried out on the M_T aerosol after the application of ultra-cold air also shows
a decrease in adhesion, increasing the percentage of loss to close to 5%. This results in the
adhesion classification of the coating, whose category is between Type 1 and 2 (see Figure
14). However, by increasing the exposure time above 8’ (++), 100% loss was achieved (Clas-
sification 5).

(b)
Figure 12. Lattice cut MTN_N2G_N x50 with Dino Lite® AD4113ZT: (a) initial adhesion; (b) effect
of cold. Source: own authorship, 2023.

(b)

Figure 13. MTN_94_M x50 lattice cut with Dino Lite® AD4113ZT: (a) initial adhesion; (b) effect of
cold. Source: Own authorship, 2023.

(b)

Figure 14. M_T x50 grating cut with Dino Lite® AD4113ZT: (a) initial adhesion; (b) effect of cold.
Source: own authorship, 2023.

3.4. Colourimetry

An initial and final colourimetric evaluation was obtained to evaluate the effect of the
cold on the limited areas of incidence of the ultracold air. According to guidelines used
for practical interpretation of AEab*, which measures the colour difference between two
colour patches when viewed alongside each other, colour differences below 3 CIELab are
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hardly perceptible, those between 3 and 6 are perceptible, and those above 6 represent
significant colour differences [67]. The data obtained on the response to cold of the aero-
sols tested (see Figure 15) indicate that the MTN_WB_R (6.00) and MTN_94_R (4.59) col-
ours have experienced the greatest changes in colour.

:

[ E——

7

Figure 15. AEab* aerosols tested, including standard deviation. Source: own elaboration, 2023.

In turn, on sample 23_M_T and in the analysis for the preservation of the physical-
chemical qualities of the support, the colourimetric response of the CAO1 after the de-
tachment of the aerosol was documented. Thus, a sampling of the clean area was carried
out, comparing the original state of the support before and after the test (see Figure 16).
Therefore, no significant colour differences were observed in the substrate, displaying a
AEab* of 3.26 CIELab units.

+a’

@Before treatment

© After treatment

Figure 16. CIELAB diagram of the support for area 23_MTN_T. Source: own elaboration, 2023.

On the other hand, through the calculation of the colour difference caused on the
coatings of the COAL test piece (see Figure 17), we can validate the fact that the surface
remains in good condition, without significant chromatic alterations.
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Figure 17. COA1 colourimetric study. Total colour difference (AE¥) including standard deviation.
Source: own elaboration, 2023.

4. Discussion

Unwanted graffiti is a source of conflict in urban areas, especially in railway environ-
ments. It is a polarised issue that involves social, economic, political, and environmental
issues in cities around the world. Cleaning graffiti from trains, tracks and stations is a
challenge for local infrastructure maintenance companies. They recognise that they use
inefficient and unsatisfactory cleaning methods, forcing trains to stop, disrupting timeta-
bles, and affecting passenger transport. The methods are also harmful to the operator’s
health and to the environment, and can be abrasive to the underlying materials and affect
the vehicle’s finish. In view of the number of drawbacks, we believe it is necessary to pro-
pose alternative solutions that are satisfactory and reduce the use of highly polluting sub-
stances.

Through the experimental procedures described and the results obtained in this
study, we can advance information regarding the resistance to low temperatures of the
support materials used in transport vehicles. In order to achieve a safe and efficient re-
moval that does not alter the finish of the substrate, the thermal effect of the air jet has
respected the safety ranges for the preservation of the appearance of the CAO1 coatings.
Microscopy, adhesion and spectrophotometric studies do not indicate significant damage
to the polymeric structure of the coating. On the other hand, the results obtained in the
experimental tests on the spray paints suggest an improvement in the cleaning and graf-
fiti-removal processes. The test has brought us closer to the safety ranges of the aerosols,
finding certain degradations that could be aggravated with a greater incidence of cold or
air pressure. The microscopic study showed alterations in the topography of the material.
Adhesion tests by lattice cutting show that there has been a loss of aerosol-support cohe-
sion after the application of constant cold. All materials displayed detachment levels un-
der 35% (Classifications 1-3), except for the M_T aerosol, which experienced complete
detachment (Classification 5). In this sense, the loss of adhesion of some layers confirms
that a physicochemical failure occurs after the thermal shock. This may be due to various
factors such as the type of binder, colouring substance, fillers, or other additives. Paints
with modified alkyd-acrylic binder and modified polyurethane have lost adhesion and
experienced colour changes. Bitumen-based paints were removed by cryogenic blasting.
Data on colour difference (0.78) and loss of adhesion (0-5%) after 8’ of ultra-cold blasting
indicate that the material is very resistant to cold. However, it was detached from the sub-
strate when blasting from different angles for a longer time, maintaining distance (0.5 cm),
temperature (<-80 °C) and pressure (2.95-3 bar).

The study carried out with the adapted deep-freezing equipment allowed thermal-
sensitivity tests to be carried out. As this is a cycle whose equilibrium depends on a closed
air circuit, sufficient air extraction has been achieved to obtain results for the effect of cold
with pressurised air for the elimination of aerosols. The adaptation of the inverse Brayton
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cycle has exceeded the working temperature of dry-ice blasting with solid carbon dioxide
(=79 °C at the outlet/-12 °C at the surface) and liquid (-18 °C at the outlet/8 °C at the sur-
face), without altering the properties of the support, achieving the removal of the M_T
aerosol with pressure ranges much lower than cryogenic ones (3 bar).

Analysis of the data obtained from the experimental tests showed that, in general,
the aerosols are affected by low temperatures, showing changes in adhesion and colour-
imetry. The results suggest that the ultra-freezing method could be effective for the re-
moval of graffiti from railway vehicles. Given the heterogeneous response to cold, deter-
mining the variables that interfere with detaching the aerosol will lead to improvements
in future experimental studies by determining the percentage of responsibility for the in-
dependent and combined thermal and mechanical effect.

5. Conclusions

Tests on the use of the projection of ultra-cooled air for the removal of graffiti from
railway vehicles have yielded significant results both for the degradation of the aerosols
used in the graffiti and in the preservation of the vehicle’s support materials. The preser-
vation of these materials was confirmed by observing that they maintained their integrity
without significant alterations in their-adhesion, measuring variations of less than 5%, and
in colourimetry, with AEab* results above 6 CIELab units (4.91), which are deemed ac-
ceptable according to industry standards [67].

On the other hand, the degradation of the aerosols varied depending on the type of
paint, showing noticeable changes in topography and adhesion. Bitumen-based paints,
specifically MTN_T aerosol, stood out for their complete removal under specific condi-
tions of pressure (3 bar), temperature (<-80 °C), and increased exposure time, showing a
100% total loss of adhesion with prolonged treatment. In addition, significant changes
were observed in the colourimetry and adhesion of the aerosols. The red colours, repre-
sented by the variants MTN_WB_R and MTN_94_R, experienced the largest colourimetric
alterations, with differences of up to 6.00 and 4.59 in AEab*, respectively.

The adhesion of certain aerosols decreased markedly, with MTN_N2G_N being a
prominent case, which, after 8 min of exposure to cold air, intensified its adhesion loss
from a range of 5-15% to 15-35%. This demonstrates that ultra-cooled-air blasting is a
promising and viable method for the removal of graffiti on rail vehicles, achieving effec-
tive removal of certain paints without compromising the integrity of the supporting ma-
terials. These results underline the potential of this technique as a sustainable and envi-
ronmentally friendly solution for graffiti management in urban environments, paving the
way towards the optimisation and practical application of this innovative cleaning
method.
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