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� Tags and writings on street art are
vandalism and should be carefully
removed.

� Over-paintings selective removal
cannot be achieved with conventional
methodologies.

� Water-based low-toxicity, eco-
compatible nanostructured fluids
have been developed.

� Nanostructured fluids can selectively
clean graffiti from over-paintings.
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Hypothesis: The removal of over-paintings or graffiti is a priority for conservators and restorers. This
operation is complex, especially when over-paintings lay on painted surfaces that must be preserved,
as in the case of vandalism on street art, where the layers are usually chemically similar. Traditional
methodologies often do not provide satisfactory results and pose health and eco-compatibility concerns.
An alternative methodological approach based on an environmentally friendly nanostructured fluid
loaded in a retentive hydrogel is here proposed.
Experiments: Six paints (based on vinyl, acrylic and alkyd polymers) were selected and studied by means
of attenuated total reflection - Fourier transform infrared spectroscopy. The phase behavior of four alkyl
carbonates (green, low-toxicity organic solvents) and a biodegradable nonionic surfactant in water was
investigated with Small angle X-ray scattering (SAXS) in order to formulate a novel nanostructured clean-
ing system. The developed system, which also includes 2-butanol and an alkyl glycoside hydrotrope, was
loaded in highly retentive hydrogels and tested in the selective removal of over-paintings from laboratory
mockups and from real pieces of street art.
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Findings: The selective and controlled removal of modern paints from substrates with similar chemical
composition has been achieved using a specifically tailored NSF embedded in a retentive hydrogel. The
proposed methodology and cleaning system provided excellent cleaning results, representing a new tool
for the conservation of contemporary and, in particular, street art.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Selective removal of over-paintings is a well-known issue in
conservation of cultural heritage and nowadays is gaining a grow-
ing attention due to street art, i.e., the expression of unconventional
artists/writers such as Eduardo Kobra [1], Banksy [2] and many
others. In a number of cities around the world there are streets
completely devoted to street art, where the artists can produce
their graffiti, which are continuously renewed and over-painted.
This is the case, for instance, of Graffiti Alley, in Cambridge, MA
(USA), whose walls are covered in pieces of street art, and which
represents a sort of ever-evolving permanent art exposition. In this
context, in view of graffiti growing economic and artistic interest, it
is generally recognized that these works of art, originally drawn to
last no more than some months or years, should be preserved.
Thus, tags and writings that may cover pieces of street art are trea-
ted as actual vandalism and have to be carefully and promptly
removed. In fact, the vandalization of paintings with writings,
drawings or other figurative and jeopardizing additions can be
regarded, in general, as the main reason for the need of a thorough
research on innovative and effective methodologies for selective
and controlled cleaning. This is a novel topic in conservation of cul-
tural heritage dealing with the removal of modern or contemporary
paint layers from the same or similar materials, which were often
applied on unsuitable substrates and not intended to last through time.
Common methodologies for the removal of graffiti from stony sub-
strates can be divided in two main classes: chemical and physical
methods [3]. Chemical cleaning, performed with organic solvents
or solvents mixtures, usually combined with some mechanical
action, is the main method for this purpose [3]. Alternatively, phys-
ical methodologies can be used. These include traditional tools,
such as scalpels, abrasive media, and water or sand blasting [3–
5], and more innovative approaches, such as laser ablation, ultra-
sonication, plasma spray, arc or thermal spray, dry ice blasting
and soda blasting [3–13]. However, none of these techniques (ex-
cept for laser ablation, and in some specific cases) guarantees a
controlled removal action. In fact, the key for the selective removal
of over-paintings is to limit the cleaning action to a few microns
(10–100 mm) in depth, to remove the top undesired paint layer
with no damages or alterations of the original painting. The selec-
tivity of laser cleaning is mainly due to the different absorption of
radiation of the material to be removed with respect to the original
substrate. Therefore, the majority of specific applications are
related to the removal of undesired materials (polymer coatings,
varnishes, alteration patinae, black crusts) from completely differ-
ent substrates, i.e. stones [14–20], metals [21], but even wood [22]
or paper [23,24]. Conversely, the usually poor optical absorption
and low thermal conductivity of paints make the use of laser for
the removal of graffiti [25] or over-paintings [26–28] from paint
layers quite difficult and time consuming, even if some positive
results were recently obtained in the removal of over-paintings
from oil paintings [28].

Nanostructured fluids (NSFs) and solvents confined in chemi-
cal/physical gels are used in the conservation of cultural heritage
due to their effectiveness in the removal of several materials, i.e.,
wax and hydrophobic concretions [29–31], polymer coatings
[32–36], varnishes [37], etc., from different works of art (such as
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Renaissance fresco paintings), removal of pressure sensitive tapes
[38–40], cleaning of masterpieces as Beato Angelico, Picasso [41],
Pollock [42], Lichtenstein [43] and many others [44]. NSFs are
mainly aqueous systems (i.e. water amount is usually comprised
between 60% and 90% w/w) with reduced toxicity and increased
control on the cleaning action with respect to neat unconfined
organic solvents. It is worth to notice that NSFs mechanism of
action depends on the nature of the materials to be removed from
the works of art. For example: when NSFs are used to remove
materials composed by small hydrophobic molecules, the cleaning
usually follows the detergency solubilization process, and the
undesired compound may be solubilized into the non-polar core
of the droplets constituting the complex fluid [45]. Conversely,
polymer coatings or other high-molecular weight compounds are
usually dewetted by NSFs [30,46–51]. Recently, to improve the
performance and control of the cleaning action, nanostructured
fluids (NSFs), based on ionic surfactants, have been confined in
semi-interpenetrated polymer networks (SIPN), whose structure
is based on poly(hydroxyethyl methacrylate)/poly(vinyl pyrroli-
done), pHEMA/PVP, or poly(vinyl alcohol), PVA, having different
degree of hydrolysis. The latter constitute a new class of gels, also
known as twin-chain polymer networks (TCPN) since they are
formed through a liquid-liquid phase separation of polymers dif-
fering in their hydrolysis degree and MW, only [42].

Highly-retentive hydrogels, such as pHEMA/PVP SIPN and twin-
chain polymer networks grant the maximum control on the clean-
ing action, by limiting the evaporation, penetration and lateral
spreading of the confined fluid [52–57]. Their formulation can be
modified in order to tune their liquid release rate, making them
highly suitable for cleaning in a very controlled fashion, as in the
case of removal of over-paintings. The excellent results recently
obtained can be considered as a proof of concept of the possible
selective removal of over-paintings of acrylic layers from chemi-
cally similar or equal acrylic paint layers [58].

In this paper, we report, to the best of our knowledge, the first
systematic study on the selective and controlled removal of mod-
ern paints from substrates with similar chemical composition.
The main classes of binders of modern and contemporary commer-
cial paints, i.e., vinyl, acrylic and alkyd polymers, have been consid-
ered in the present paper. Several commercial paints were selected
and characterized by means of ATR-FTIR and solubility tests were
performed with neat solvents having different polarity. On the
basis of the results of solubility tests, the components were
selected to formulate a new NSF, i.e., an ‘‘o/w microemulsion”
based on alkyl carbonates, which are green low-toxicity organic
solvents, and on biodegradable nonionic surfactants.

Over the last few decades, alkyl carbonates have been increas-
ingly employed as useful solvents in industrial processes, due to
their good and versatile properties [59]. These are known to be
non-toxic and low-impact organic solvents, produced via transes-
terification reactions of alcohols and polyols, which also are rela-
tively safe and eco-compatible. Four alkyl carbonates were
selected, i.e., propylene carbonate, dimethyl carbonate, diethyl car-
bonate, and dibutyl carbonate. The NSF set up followed a detailed
study on the phase diagram of alkyl carbonates in mixture with
water and an ethoxylate surfactant. Shape, size and size distribu-
tion of supramolecular aggregates present in the NSF were charac-
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terized by means of small angle X-ray scattering (SAXS). This infor-
mation is important to know whether the proposed cleaning fluid
can be loaded into the hydrogel for a controlled and residue-free
cleaning action. The NSF/hydrogel combined system was then
tested for the selective removal of acrylic, vinyl and alkyd paints
layers from painted layers of the same chemical nature, consider-
ing all the possible layers combinations. FTIR was used to evaluate
the results of selective cleaning tests, together with photographic
documentation. Finally, in situ tests performed on a real piece of
street art, allowed the assessment of the proposed methodology.
2. Experimental section

2.1. Chemicals

Propylene carbonate (PC; Sigma-Aldrich, assay 99%), C12-14E9
alcohol ethoxylate surfactant (NIKKO Chemicals, assay 99%), 2-
butanol (BuOH, Sigma-Aldrich, assay 99%), dimethyl carbonate
(DmC, Sigma-Aldrich, assay 99%), diethyl carbonate (DeC, Sigma-
Aldrich, assay > 99%), dibutyl carbonate (DbC, Massimo Guarducci
s.r.l., assay > 98%), acetone (Ac, Sigma-Aldrich, assay > 99.5%), etha-
nol (EtOH, Sigma-Aldrich, assay > 99.8%), p-xylene (Xyl, Sigma-
Aldrich, assay > 99%), cyclohexane (CH, Sigma-Aldrich, assay
99.5%), AG 6206 alkyl glycoside (AG6206, Akzo Nobel, assay N.
A.), 2-hydroxyethyl methacrylate (HEMA; Sigma-Aldrich, assay
97%), poly(vinyl pyrrolidone) (PVP; Sigma-Aldrich, average Mw
�1300 kDa), a,a’-azoisobutyronitrile (AIBN; Fluka, assay 98%),
and N,N-methylene-bisacrylamide (MBA; Fluka, assay 99%) were
used as received. Water was purified using a Millipore MilliRO-6
and MilliQ (Organex Systems) apparatus (resistance > 18 MX
cm). Sand (50–70 mesh particle size) was purchased from Sigma-
Aldrich, and aged slaked lime was purchased from La Banca della
Calce s.r.l., Bologna, Italy.
2.2. Paints

Professional grade artists’ modern tube paints were used in this
work. The selected paints can be divided in three classes of binders
(vinyl-, acrylic- and alkyd-based): Orient Red (vinyl-based, Flashe -
Lefranc Bourgeois), White 01 (vinyl-based, Flashe - Lefranc Bour-
geois), Phtalocyanine Green (acrylic-based, Heavy Body – Liquitex),
Titanium White (acrylic-based, Heavy Body – Liquitex), French
Ultramarine (alkyd-based, Griffin – Winsor & Newton), Titanium
White (alkyd-based, Griffin – Winsor & Newton). The paints were
purchased and used as received, without dilution.
2.3. Samples preparation

One part of slaked lime and three parts of sand were mixed to
prepare mortar mockups. The mixture was then poured into woo-
den molds of 5 � 5 � 1.5 cm3 and left setting for 1 month. Some of
the obtained tiles were painted with single layers of the six paints
selected for this study to perform some preliminary tests. The
remaining tiles were used for the selective removal tests by cover-
ing them with two superimposed layers of paint. These tiles were
painted with a layer of blue (alkyd), red (vinyl) or green (acrylic)
paint and let dry until complete evaporation of solvent. Finally,
the white (alkyd, vinyl or acrylic) paint was laid over the colored
one, leaving a reference square uncovered. Removal tests were per-
formed 2 weeks later, after complete setting. All the possible com-
binations were evaluated, and the final set of samples, with their
labels, is reported in Table 1.
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2.4. Solubility and preliminary cleaning tests

Solubility tests were performed by immersing about 8 mg of
each paint used in this study in 2 ml of the selected liquids, i.e.,
four alkyl carbonates (propylene carbonate, dimethyl carbonate,
diethyl carbonate, and dibutyl carbonate), and a selection of refer-
ence solvents, commonly used in conservation, i.e., water, ethanol,
2-butanol, acetone, xylene and cyclohexane. The samples were
equilibrated at room temperature (� 20 �C) and analyzed by visual
observation and photographic documentation. Preliminary clean-
ing tests on the six single-layer selected paints were performed
by means of cotton swabs soaked with the same solvents, in order
to check for paints’ removability when mechanical action is cou-
pled to coating solubilization.
2.5. pHEMA/PVP hydrogels synthesis

The pHEMA/PVP SIPN hydrogels were prepared as 2-mm thick
sheets, following a procedure reported elsewhere [52] by physi-
cally embedding linear PVP into the 3D pHEMA/MBA network,
obtained by free radical polymerization of the HEMA monomer
and MBA cross-linker in a water solution containing high molecu-
lar weight PVP. These hydrogels can be designed by varying their
component ratios in order to tune their characteristics in terms
of mechanical behavior and hydrophilicity. In our study the gel for-
mulation was set as follows: water 57.8%; PVP, 25%; HEMA, 16.8%;
MBA, 0.2%; AIBN, 0.2%. The polymerization reaction, initiated by
thermal homolysis of AIBN, was carried out in molds kept in oven
at 60 �C for 4 h. The obtained hydrogels sheets were washed and
stored in containers filled with water.
2.6. NSF formulation

To obtain the final NSF composition, the miscibility gap of
water/alkyl carbonate mixtures was investigated over the 10–
80 �C temperature range for propylene carbonate, dimethyl car-
bonate, diethyl carbonate, and dibutyl carbonate. In order to obtain
information on the surfactant effect, ternary phase diagrams of
water/C12-14E9/alkyl carbonate were studied. Propylene carbonate
and diethyl carbonate were selected as candidate solvents for the
NSF. Beside the nonionic surfactant, AG6206 was added to the sys-
tem as a stabilizing hydrotrope, and BuOH was added as a cosur-
factant/cosolvent. Thus, the final composition of the NSF used for
the application was formulated by investigating a significant por-
tion of the water - C12-14E9/BuOH/AG6206 (5.6: 2.8: 1 w/w) - PC/
DeC (1:1 w/w) pseudo-ternary phase diagram to obtain a stable
single-phase system, maximizing the amount of organic solvents,
limiting the amount of surfactant. The composition of the selected
NSF for the cleaning tests is: water, 60.9%; C12-14E9, 14.7%; AG6206,
2.6%; BuOH, 7.3%; PC, 7.3%; DeC, 7.3%. The samples investigated to
build up the phase diagrams of the present study are reported in
the supporting information file (Figures S1, S2, and S3).
2.7. Laboratory cleaning tests

Laboratory selective removal tests were performed with the
NSF-loaded pHEMA/PVP gel. A small piece of gel (about
8 � 8 � 2 mm3) was laid on the surface of the white paint and
let interact with the paint layer for a variable time (from 5 s to
1.5 min). Afterwards, the gel was removed and the swollen paint
was gently cleaned off, performing a soft mechanical action using
humid cotton swabs or a scalpel.



Table 1
Complete set of samples used for the selective removal tests.

Top layer

White (Vinyl) White (Acrylic) White (Alkyd)

Bottom layer Red (Vinyl) V/V A/V K/V
Green (Acrylic) V/A A/A K/A
Blue (Alkyd) V/K A/K K/K

V = vinyl-based paint; A = acrylic-based paint; K = alkyd-based paint

M. Baglioni, G. Poggi, R. Giorgi et al. Journal of Colloid and Interface Science 595 (2021) 187–201
2.8. In situ cleaning tests

The tests performed on the real pieces of street art were per-
formed with the NSF-loaded pHEMA/PVP gel. The gel was cut into
small pieces (few square centimeters), which were laid on the sur-
face of the undesired target paint for a variable time (up to 2 min).
After gel removal, the swollen paint was gently removed, perform-
ing a soft mechanical action using a humid cotton swab.

2.9. Systems characteriziation

2.9.1. Small-angle X-ray scattering (SAXS)
SAXS measurements were performed with a HECUS S3-MICRO

SWAXS-camera, equipped with a Hecus System 3 2D-point colli-
mator (min divergence 0.4 � 0.9 mrad2) and two position sensitive
detectors (PSD-50M) consisting of 1024 channels with a width of
54 lm. During the experiments, the Ka radiation (k = 1.542 Å) emit-
ted by a Cu anode from the Oxford 50 W microfocus source with
customized FOX-3D single-bounce multilayer point focusing optics
(Xenocs, Grenoble) was used, while the Kb line was removed by a
multilayer filter. The voltage is generated by the GeniX system
(Xenocs, Grenoble). The sample-to-detector distance was
26.9 cm. The volume between the sample and the detector was
kept under vacuum during the measurements to minimize the
scattering from the atmosphere. The camera was calibrated in
the small-angle region using silver behenate (d = 58.38 Å). Scatter-
ing curves were obtained between 0.01 and 0.6 Å�1 q range. The
temperature control was set to 25 �C. Samples were measured in
1.5 mm thick quartz capillary tubes sealed with hot-melting glue.
Scattering curves were corrected for the empty capillary contribu-
tion considering the relative transmission factors. Desmearing of
the SAXS curves was not necessary due to the used focusing
system.

2.9.2. Attenuated total reflection - Fourier-transform infrared
spectroscopy (ATR-FTIR)

A FTIR spectrometer (Thermo Nicolet Nexus 870) equipped with
a Golden Gate diamond cell was used to characterize the paints
selected for this study. Data were collected with a Mercury-
Cadmium-Telluride (MCT) detector with a sampling area of
150 mm2. The spectra were obtained from 128 scans with 4 cm�1

of optical resolution.

2.9.3. Micro-reflectance Fourier-transform infrared spectroscopy
(microFTIR)

Micro-reflectance FTIR analyses were performed on the samples
used for the selective removal tests using the same Thermo Nicolet
Nexus 870 infrared spectrometer equipped with a microscope for
microanalysis. An MCT detector was used to collect the signal in
the 4000–650 cm�1 range. A gilded surface was used to collect
the background signal. The spectra were collected as single-beam
files as the sum of 128 scans with a resolution of 4 cm�1. Then, they
were divided by the background signal and transformed using the
Kubelka–Munk algorithm, which is commonly used to display
reflectance spectra [60].
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3. Results and discussion

3.1. Characterization of the selected paints

For the present study, six professional grade artists’ paints rep-
resentative of the different types of binders have been selected,
namely Flashe white and red vinyl-based paints (LeFranc & Bour-
geois), Heavy Body white and green acrylic-based paints (Liquitex),
and Griffin white and blue alkyd-based paints (Winsor & Newton).

Fig. 1 reports the ATR-FTIR spectra of the selected paints. The
spectra are usually complicated due to the presence of signals from
binder, pigment, extenders and other additives that often overlap.
Table 2 shows the major paints features, including the chemical
nature of binder, extenders and pigments.

Vinyl-based paints exhibit peaks at 2930 cm�1 and 2875 cm�1

due to the CH2 and CH3 asymmetric and symmetric stretching,
while the CO carbonyl stretching is found at about 1735 cm�1. In
the fingerprint region, peaks ascribed to the CO stretching are at
1234 cm�1 and 1024 cm�1, while the symmetric in-plane CH
[61,62] bending peak is at 1374 cm�1. To reduce the cost of raw
material [63,64] extenders or fillers, inorganic minerals whose
refractive index approximately equals that of the binder, are usu-
ally added to the paints to replace the polymer or pigment volume.
In both Flashe paints, calcite was used as an extender, as can be
clearly detected from ATR-FTIR spectra, where the broad peak at
about 1400 cm�1, and the sharp signals at 872 cm�1 and
712 cm�1 are due to the asymmetric stretching of carbonate group,
to the asymmetric bending of the carbonate group, and to the
OACAO bending (in-plane deformation), respectively [64]. Tita-
nium dioxide, which is the inorganic pigments of all the selected
white paints, is usually assigned to a significant increase in the
absorbance below 800 cm�1 in the ATR-FTIR spectra [65]. As indi-
cated in the technical sheet, Flashe Oriental Red includes the
organic pigment PR122, which belongs to the family of quinacri-
dones, a class of lightfast red and violet pigments used for indus-
trial coatings and artist’s paints. Quinacridone pigments have
extensive aromatic conjugation and absorbances due to primary
or secondary amides, which overlap the signals of other organic
components of the paints [63]. Conjugated carbonyl absorbance
of the quinone is detected at 1672 cm�1 and the amide stretching
are between 1600 and 1550 cm�1. In addition, signals related to
the out-of-plane deformation of CH in aromatic rings are present
at 760–740 cm�1 [66]. ATR-FTIR spectra of Heavy Body paints from
Liquitex show an intense absorption at 1727 cm�1 (carbonyl
stretching), less intense peaks at 2953 cm�1 and 2875 cm�1 (CH
stretching), and CH bending absorption at 1446 cm�1 and
1388 cm�1. These signals come from the acrylic binder [67]. In
the green paint, signals at 1306 cm�1, 1210 cm�1, 1094 cm�1,
949 cm�1, and the doublet at 769 and 747 cm�1 can be ascribed
to the phthalocyanine dye, i.e. Pigment Green 7 [66]. It is worth
noting that in these acrylic paints extender or fillers are not
detected by ATR-FTIR, and signals at 1343 cm�1, 1114 cm�1, and
842 cm�1 are due to the presence of a nonionic polyethoxylated
surfactant [68]. ATR-FTIR shows that the binder of Griffin paints
from Winsor & Newton is an alkyd-styrene copolymer. In fact, in



Fig. 1. From left to right: ATR-FTIR spectra of white and red vinyl-based paint; ATR-FTIR spectra of white and green acrylic-based paint; ATR-FTIR spectra of white and blue
alkyd-based paint. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Commercial names and composition of the six paints included in the study.

Commercial brand Paint name Sample name Paint components

Binder Extender Pigment Other

Flashe (LeFranc & Bourgeois) Oriental red Red (Vinyl) Vinyl Calcite PR122 –
White 01 White (Vinyl) TiO2

Heavy Body (Liquitex) Phtalocyanine Green Green (Acrylic) Acrylic – PG7 Nonionic surfactants (PEO type)
Titanium White White (Acrylic) TiO2

Griffin (Winsor & Newton) French Ultramarine Blue (Alkyd) Alkyd Dolomite Artificial ultramarine blue –
Titanium White White (Alkyd) TiO2
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addition to the peaks belonging to alkyds (CH2 and CH3 stretching
at 2920 cm�1 and 2850 cm�1, CO carbonyl stretching at 1730 cm�1,
and CO stretching at 1256 cm�1), some signals at about 1600 cm�1,
which are commonly ascribed to the C@C stretching in aromatic
rings [61,62,65], are shown in the spectra. The Blue sample (Alkyd),
has a broad peak at 967 cm�1 and the less intense signals at
1068 cm�1, 795 cm�1, and 680 cm�1 that are ascribable to the arti-
ficial ultramarine pigment, a sulfur-containing sodium-silicate
[68], while signals at 1435 cm�1, 878 cm�1, 729 cm�1 are associ-
ated to the presence of dolomite (MgCa(CO3)2) extender [69]. The
dolomite extender is also found in the alkyd-based white pigment.

The solubility of the six paints was tested by immersing small
samples of each paint dry film into 2 ml of four alkyl carbonates
(propylene carbonate, dimethyl carbonate, diethyl carbonate, dibu-
tyl carbonate), and some solvents as water, ethanol, 2-butanol, ace-
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tone, xylene and cyclohexane, commonly used in conservation.
These solvents were selected in order to cover a significant range
of polarity and solving properties. The Teas diagram (Fig. 2A)
shows that most of the selected solvents are close to or inside
the solubility area of the synthetic polymers, indicating that they
should be able to swell or solubilize the vinyl, acrylic and alkyd
binders of the paints. Water is outside that area, as these polymers
are hydrophobic and water-insoluble. However, solubility tests
showed that none of the solvents was able to solubilize the paint
films. On the other hand, most of the solvents, including water,
were able to swell most of the paints, and the red dye (quinacri-
done) of the red vinyl-based paint was extracted from the film
by all the solvents except water (see Fig. 2B). The interpretation
of results of the solubility tests is not obvious since it is compli-
cated by the fact that the paint films are formed from polymer



Fig. 2. (A) Position of the selected solvents in the Teas graph; the yellowish area is the solubility region of synthetic polymers. (Solubility parameters of DbC were not
available in literature, thus its position on the diagram is just indicative.) (B) Three pictures reporting some the results of the solubility tests performed on paints’ samples
immersed in the selected solvents; here, vinyl red, acrylic green and alkyd blue are shown at the equilibrium immersed in DeC. The three paints are swollen, but not dissolved.
The quinacridone red dye is extracted from the paint by the solvent; the phthalocyanine green is just slightly extracted, as seen from the greenish shade of the solvent; the
blue inorganic pigment is unaffected by the presence of the solvent. (C) The cartoon schematically illustrates the filming process of a polymer latex: water begins to evaporate
as soon as the dispersion of polymer particles is laid on a surface. As a consequence, polymer particles get closer and begin to deform. The final stage of the process is the
coalescence of the individual particles, with the migration of polymer chains across the boundaries of the initial particles, which confers mechanical resistance to the film.
However, the inner structure of the film maintains some memory of its initial discrete conformation in the form of separate particles. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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latexes, i.e., aqueous emulsions, and not from polymer solutions.
The filming process of polymer latexes is well-known and widely
studied [70–73] and is sketched in Fig. 2C. Upon water evaporation,
polymer particles become more concentrated and get closer. When
the stress related to the drying process exceeds the elastic modulus
of such particles, they begin to deform, producing a mechanically
weak film because of the surfactant molecules embedded in the
collapsed emulsion. In the final filming stage, the migration and
consequent interpenetration of polymer chains belonging to differ-
ent polymer particles provide mechanical strength to the film
[70,71]. The final result of this process is a mechanically coherent
polymer film (that includes pigments, fillers, surfactants, and other
additives), which maintains a memory of the separated polymer
particles. There are very few studies on the solubility of polymer
latex films where polymer dissolution was observed [70]. The sol-
vents selected for the present study were able to swell the polymer
particles constituting the film but did not induce the complete
polymer chain disentanglement needed to have polymer dissolu-
tion, as in the case of films obtained from polymer solutions. Due
to this behavior, in order to disrupt and effectively remove polymer
latex films, a mechanical action is needed.

Table 3 reports removability tests performed on single layers of
paint applied on mortar tiles. It can be noticed that vinyl paints are
more easily removable than acrylic, while alkyd are the hardest to
be removed. The behavior of alkyd paints can be explained consid-
ering that alkyd polymers tend to crosslink over time, as the tradi-
tionally used drying oils, losing their initial solubility in most of
organic solvents. Water is poorly effective on vinyl and acrylic
paints, while it is completely ineffective on the alkyd ones. A highly
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non-polar hydrocarbon, such as cyclohexane, is even less effective
than water on most of the paints. Finally, medium-to-high polar
organic solvents, with the sole exception of PC and DbC (whose
action is slightly less pronounced), are equally effective in remov-
ing vinyl and acrylic paints, while alkyd ones, as above reported,
are more resistant to their removal.

3.2. Formulation and characterization of the NSF

The water miscibility of the four selected alkyl carbonates was
investigated over the 10–80 �C temperature range. The sole com-
plex behavior is the one of propylene carbonate [69], which has a
significant miscibility gap at 10 �C, which decreases upon increas-
ing the temperature, until complete mutual miscibility is reached
for T > 80 �C (see Fig. 3).

In the observed range, linear alkyl carbonates have miscibility
gaps that do not depend on temperature. In particular, diethyl car-
bonate, dibutyl carbonate, and water are completely immiscible,
while dimethyl carbonate is miscible with water up to 10% (v/v).
In order to gather information about the action of a surfactant on
systems’ stability, the phase behavior of ternary mixtures, i.e.,
water/alkyl carbonate/C12-14E9, was investigated. The results are
reported in Fig. 4, which shows the investigated portion of the
ternary phase diagrams. In the present case, in order to minimize
the amount of possible non-volatile residues that would be left
on the treated surfaces, the surfactant concentration was restricted
to 20%.

The phase behavior of the four alkyl carbonates when mixed
with a water/surfactant solution shows a trend, which is clearly



Table 3
Results of removal tests performed with neat unconfined solvents (application with cotton swabs).

Solvent Red (Vinyl) White (Vinyl) Green (Acrylic) White (Acrylic) Blue (Alkyd) White (Alkyd)

PC Easy Easy Hard Hard No removal No removal
DmC Easy Easy Easy Easy Hard Hard
DeC Easy Easy Easy Easy Hard Hard
DbC Easy Easy Hard Hard Hard Hard
H2O Hard Hard Hard Hard No removal No removal
Ac Easy Easy Easy Easy Hard Hard
EtOH Easy Easy Easy Easy Hard Hard
BuOH Easy Easy Easy Easy Hard Hard
Xyl Easy Easy Easy Easy Hard Hard
CH Hard No removal No removal No removal No removal No removal

Easy = the paint is easily removed performing a gentle mechanical action; Hard = the paint is removed only after a thorough and repeated mechanical action (sometimes the
removal was incomplete); No removal = no significant paint removal was achieved.

Fig. 3. Phase diagram of the PC/H2O binary system. The temperature-dependent
miscibility gap is visible in the graph. The samples investigated to build this phase
diagram are reported in the supporting information file (Figure S1).
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correlated to their water miscibility. The nonionic surfactant is
capable of building-up stable monophasic systems (microemul-
sion) containing each of the selected alkyl carbonates as sketched
in Fig. 4. Therefore, on the basis of solubility tests’ results and
phase behavior of alkyl carbonates, a new NSF was formulated as
an alternative to the use of unconfined neat organic solvents and
of less ‘‘green” NSFs previously employed in similar conservative
contexts [58]. As reported in the Experimental Section, this new
NSF is mainly composed by water, while PC and DeC are stabilized
by an alcohol ethoxylate nonionic surfactant (C12-14E9), BuOH, and
an alkyl glycoside hydrotrope, AG6206. The effectiveness of DeC
and DmC was similar for the removal of selected paints. However,
DeC was chosen over DmC, since it showed a broad range of possi-
ble conservation treatments; to mention one: the removal of aged
pressure-sensitive tapes from drawings and paper with excellent
results [74]. PC was chosen, despite its limited solving effective-
ness in this case, with a twofold aim: i) due to its low volatility it
prevents the softened paint from drying too quickly and ii) accord-
ing to its ternary phase diagram, it should have been easily solubi-
lized in the final NSF, with the final result of significantly
increasing the amount of organic solvents in the formulation;
BuOH acts as a cosurfactant. Finally, both the non-volatile chemi-
cals of the NSF formulation, i.e. the nonionic surfactant and the
alkyl glycoside hydrotrope, are eco-compatible, (bio)degradable
compounds [75–81], making the system safe for the environment
and virtually residue-free.

The NSF phase diagram was studied and four different formula-
tions (points A-D in Fig. 5) were characterized by means of SAXS
measurements to investigate their nanostructure. The study of size
and shape of supramolecular aggregates, and the location of each
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component in the system is important since it is a necessary pre-
requisite to understand NSFs cleaning mechanism and to know
whether a given cleaning fluid can be loaded into a gel.

After a preliminary screening of SAXS data, the A and C NSFs
samples in the phase diagram (see Fig. 5) were modeled as polydis-
perse core-shell spheres, defined by two contrasts, i.e. bulk/shell
and shell/core, and interacting according to a two-Yukawa (2Y)
potential; NSFs B and D, on the other hand, were modeled as com-
posed by non-interacting prolate core-shell ellipsoidal particles,
thus again defined by a double contrast. The scattering length den-
sity (SLD) of bulk, shell and core, i.e., respectively, qbulk, qshell and
qcore, were calculated according to the SLD of each chemical
included in the formulations, as reported in Table 4. For globular
micelles of homogeneous scattering length density, the total scat-
tered intensity I(q) (cm�1), is given by [82,83]:

I qð Þ ¼ NPV
2
PðDqÞ2P qð ÞS qð Þ þ bkginc ð1Þ

where Np is the number density of the scattering particles
(cm�3), Vp is the volume (cm3), Dq is the contrast term (cm�2), P
(q) is the form factor and S(q) is the structure factor.

In the case of spherical core-shell aggregates, the particle scat-
tering intensity is expressed as follows [84]:

I qð Þ ¼ /
VP

qcore � qshellð Þ3Vcj qrcð Þ
qrc

þ qshell � qbulkð Þ3VPj qrsð Þ
qrs

� �2
S qð Þ

þ bkginc

ð2Þ
where j(x) is the first-order spherical Bessel function, and it is

expressed as:

j xð Þ ¼ ðsin x� x cos xÞ
x2

ð3Þ

and where / is the volume fraction of the micellar phase, Vc is
the core volume, rc is the core radius, rs = rc + t (t is the shell thick-
ness). Since this model takes into account a polydisperse core,
which follows the Schultz distribution, the form factor calculated
in equation (2) is normalized by the average particle volume:

hVi ¼ 4p
3

hr3c i ð4Þ

where:

hr3c i ¼
ðzþ 2Þðzþ 3Þ

ðzþ 1Þ2
hrci ð5Þ

and z is the width parameter of the Schultz distribution[85]:

z ¼ 1

r
hrc i

� �2 � 1 ð6Þ



Fig. 4. Ternary phase diagrams (w/w) of oil/C12-14E9/H2O systems for the four selected alkyl carbonates. The systems were equilibrated at 20 �C. The triangle in the middle
shows the portion of the complete phase diagram, which was investigated in our study, up to 20% oil and 20% surfactant, and in the 80–100% water content range. The
samples investigated to build this phase diagram are reported in the supporting information file (Figure S2).
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being r2 the variance of the distribution. The polydispersity
index (PDI), reported in Table 5 is defined as r/hrci (see equation
(6)) and its value is comprised between 0 and 1. In the present
study, similarly to a recent work [86] where we investigated NSFs
based on similar alcohol ethoxylates, a 2Y structure factor [87]
(often used to describe potentials such as DLVO-like or Lennard–
Jones-like ones [88–91] structure factor) was included, since the
SAXS data could not be fitted with the sole form factor.

A 2Y fluid is a system of particles interacting through a radial
potential with the following form:

VðrÞ
KBT

¼
1; ð0 < r < 1Þ

�K1
e�Z1 r�1ð Þ

r � K2
e�Z2 r�1ð Þ

r ; ðr > 1Þ

(
ð7Þ

where r is normalized by the core diameter, Z1 and Z2 are the
apparent charges inversely proportional to the interaction range,
and K1 and K2 are scaling factors, which account for the intensity
of each of the two combined Yukawa potentials. If K2 is negative,
the first term in equation (7) is the attractive component, while
the second is the repulsive one; thus, when Z1 > Z2, as in the pre-
sent case, according to fitting results, the interaction potential
has the form of a short range attraction plus a long-range repulsive
tail [89], which may adequately describe the behavior of nonionic
micelles [92,93].

In the case of monodisperse non-interacting prolate ellipsoids,
on the other hand, when modeling asymmetric micelles with a
core-shell scattering length profile, P(q) included in equation (1)
is usually calculated as an orientationally-averaged normalized

form factor, P
�
ðqÞ. The orientation-dependent form factor F(q,l), is

defined as follows (where l is the cosine between the direction
of the symmetry axis of the ellipsoid and the q vector):
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F q;lð Þ ¼ f qð Þ3j uð Þ
u

þ ð1� f qð ÞÞ3j vð Þ
v ð8Þ

where f qð Þ contains the contrast calculation, j(x) is defined as in
equation (3) and u and m are expressed as:

u ¼ q½l2a2 þ ð1� l2Þb2�1=2 ð9Þ
v ¼ q½l2ðaþ taÞ2 þ ð1� l2Þðbþ tbÞ2�
1=2 ð10Þ

which define the geometrical shape of the micelles and where,
a, b, ta and tb are the geometrical parameters of the ellipsoid, being
the major semi-axis, the minor semi-axis, the shell thickness in the
direction of a, and the shell thickness in the direction of b
respectively.

P
�
ðqÞ is then calculated as follows [94]:

P
�

qð Þ ¼
Z 1

0
Fðq;lÞj j2dl ð11Þ

Fig. 6 reports the scattering profiles of the five analyzed NSFs
together with their best fitting curves. The fitting parameters are
reported in Table 5.

A good fitting for systems B and D could be obtained only by
modeling the micelles as prolate ellipsoids, indicating the presence
of a sphere-to-rod transition close to the phase boundary. This is a
very well known behavior typical of nonionic surfactants close to
their cloud point. The result suggests that the cloud point of formu-
lations B and D is slightly above 20 �C. On the other hand, systems
A and C (the formulation selected for selective removal experi-
ments) are composed of spherical micelles having a total radius
of about 27–29 Å, dispersed in a water/solvents mixture, where



Fig. 5. Pseudo-ternary phase diagram (w/w) for the six-components system
proposed in this work. The samples were equilibrated at 20 �C. The grey circle
indicates the composition of the NSF selected for the cleaning tests. The dashed line
indicates the boundary where a shape transition is observed for the aggregates:
below the line micelles are globular, above (closer to the phase separation line)
micelles tend to be more elongated. The samples investigated to build this phase
diagram are reported in the supporting information file (Figure S3).

Table 4
SLD for X-ray scattering of the chemicals included in the NSFs.

Chemical formula/structure Compound/molecular group SLD (10-6 Å�2)

CH3(CH2)11-13(OCH2CH2)9OH C12-14E9a 9.5
CH3(CH2)11-13a C12-14E9 apolar tail 7.8
HO(CH2CH2O)9 C12-14E9 polar head 11.0
CH3(CH2)5 C6H11O6 AG6206 10.9
CH3(CH2)5 AG6206 apolar tail 7.4
C6H11O6

b AG6206 polar head 14.3
C4H10O BuOH 7.8
C4H6O3 PC 11
C5H10O3 DeC 9

a For the SLD calculation, an average C13 aliphatic chain was considered.
b The AG6206 polar head is a glucose molecule.

Fig. 6. SAXS profiles of the four NSF formulations analyzed (A-D), together with
their best fitting curves (black solid lines). The curves were arbitrarily offset, for
sake of clarity. Curve C refers to the NSF formulation selected for the cleaning tests.
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both BuOH and PC, which are partly water-soluble, are partitioned
between the continuous aqueous phase and the micellar phase.
Table 5
Fitting parameters for the ana
System C is the formulation s
tests.

Parameter A B

rc (Å) 15.4 –
t (Å) 12.2 –
a (Å) – 8
b (Å) – 1
ta (Å) – 3
tb (Å) – 1
PDI 0.3 –
K1 1.9 –
Z1 37.3 –
K2 �2.3 –
Z2 3.5 –
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More in detail, about 70% (w/w) of both solvents is dissolved in
the bulk phase, while the remaining 30% is included in the
micelles’ polar shell. This result is consistent with other studies
on PC and other water-miscible solvents included in NSFs [95–
97]. On the other hand, being DeC completely water-immiscible,
it is fully located into the hydrophobic core of micelles. If we refer
to system A and C, the core radius, r � 16 Å, is consistent with the
molecular size of C12-14E9, whose aliphatic tail should be, according
to Tanford [98], about 18 Å long, with a polydispersity index of
0.2–0.3, which is common for microemulsions. It can be noticed
that the shell thickness is sensibly reduced along the phase bound-
ary from system B to D. This is consistent with an increased dehy-
dration of polar heads of the alcohol ethoxylate surfactant in the D
formulation, or, in other words, with the fact that the D sample is
closer to its cloud point and to the phase boundary (see Fig. 5).

Finally, system C was selected as the formulation to be used for
cleaning tests. This formulation was chosen not too close to the
phase boundary, in order to optimize for practical applications
the amount of organic solvents and the cloud point value.

It has been demonstrated that NSFs loaded in chemical hydro-
gels possess enhanced cleaning capacities [37,39,41]. The NSF
studied in this paper was loaded within a pHEMA/PVP hydrogel
and used to perform a systematic series of selective removal tests
on two paint layers deposited over mortar tiles.
lyzed NSF formulations.
elected for the cleaning

C D

16.8 –
12.5 –

6.5 – 47.2
4.4 – 11.7
0.5 – 5.0
1.2 – 8.5

0.4 –
2.0 –
21.0 –
�1.5 –
3.5 –
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3.3. Laboratory selective removal tests

As a preliminary test, the effect of both DeC and the selected
NSF was tested using cotton swabs soaked with the cleaning fluids.
As expected, no selective removal was obtained, neither with the
neat organic solvent nor with the NSF, due to the poor control on
the penetration and the spreading of the cleaning liquid on the
treated materials. The loading of the NSF into a highly retentive
easily handleable and residue-free chemical hydrogel allowed a
better control and improved the effectiveness in the selective
removal of the over-paintings. Fig. 7 reports the complete set of
samples with the cleaning results. Several small squares are visible
on the tiles, where the white paint was removed to a certain
extent. It was found that repeated short applications of the NSF-
loaded gel are more effective than a longer single application. After
each application of the gel, the softened white paint was removed
by means of a gentle mechanical action performed with a humid
cotton swab or a scalpel. The proposed methodology is effective
in the selective removal of the white paint from the colored layers,
without significant damages to the underlying paint films. As
observed during solubility tests, the vinyl and the acrylic paints
were quite easily removed, while the alkyd white was just partly
removed only after a more intense mechanical action. The most
interesting cases are the samples V/V, A/A and K/K where the paint
layer to be removed has the same chemical nature of the paint
layer to be preserved. The removal of the white paint was very
good with the alkyd blue specimens, while the white was slightly
contaminated by the underneath pigments when organic quinacri-
done and phthalocyanine dyes (vinyl red and acrylic green, respec-
tively) are present.

These mockups were further characterized by means of high-
magnification pictures and micro-reflectance FTIR analyses. Fig. 8
shows sample V/V (the other samples are not reported for sake
of conciseness). FT-IR analyses and reported micrographs confirm
that the top vinyl white paint layer was completely removed, while
the vinyl red paint layer underneath was not significantly damaged
or altered. In particular, from FTIR spectra reported in Fig. 8, it can
be noticed that reflectance profiles of the treated area and of the
red paint are similar, while the spectrum of the white paint is sig-
nificantly different from the other paints, meaning that residues of
white paint are either absent or undetectable within the instru-
mental sensitivity.

3.4. In situ cleaning tests

Finally, after the mock-up selective removal tests, the proposed
methodology was assessed in situ on some real pieces of street art,
which were vandalized with black writings and tags. The figurative
painting reported in Fig. 9 was a perfect case study to test the
cleaning methodology here proposed. The same NSF-loaded hydro-
gel used in laboratory tests was used to selectively act on the unde-
sired black paint, which was successfully removed without
affecting the underlying paint layers.

Fig. 9A shows the whole graffiti painting, realized with com-
mercial spray-can paints. The tags’ black paint and the original
greyish paint were analyzed through ATR-FTIR and microre-
flectance; the obtained spectra (not reported here for sake of con-
ciseness) showed that both these paints are based on acrylic
binders. The NSF-loaded hydrogel was able to quickly and selec-
tively remove both of them. The inset reported in Fig. 9B shows a
close-up of the area where selective removal tests were carried
out. Fig. 9C-F were taken during the cleaning and show the appli-
cation of the gel and the subsequent black paint removal with
humid cotton swabs. Finally, Fig. 9G show the eyes region of the
figure, with the cleaned area (approx. 6 cm2) clearly visible just
above the white circle.
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Fig. 10A and B show additional tests, where black writings,
probably made with felt-tip permanent markers, were completely
removed from street art pieces. From top to bottom, the reported
pictures show the gradual removal of the writings, performed with
the repeated application of NSF-loaded highly retentive hydrogels
followed by some mechanical action with humid cotton swabs,
until complete removal of the vandalism.

These tests represent a reliable assessment of the applicability
of this cleaning approach to real street art.
4. Conclusions

Selective removal of over-paintings and vandalism is emerg-
ing as a novel and interesting issue in conservation of cultural
heritage. Graffiti on street art is probably the most remarkable
and difficult example of conservation involving the selective
removal of an unwanted paint layer from a chemically similar
paint layer that is meant to be preserved. Nowadays traditional
methodologies (chemicalor physical) do not offer satisfactory
solutions to this important conservation issue. Here we proposed
the use of oil-in-water nanostructured fluid (NSF) loaded in poly
(hydroxyethyl methacrylate)/poly(vinyl pyrrolidone) (pHEMA/
PVP) highly retentive hydrogels to perform finely controlled
and selective removal of over-paintings. We selected six paints
including different binder classes, i.e., vinyl, acrylic and alkyd
polymers. These paints were characterized by means of attenu-
ated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) and their composition was unveiled in terms of bin-
ders, pigment and fillers (where detectable). The same paints
were then subjected to solubility tests both by immersion in
neat solvents and via mechanical action performed with cotton
swabs soaked with the same solvents. It was found that vinyl
and acrylic paints were quite easily removed by a wide range
of medium-to-high polar solvents, while alkyd paints were
hardly removable without mechanical action. Once the most
suitable solvents were selected, a ‘‘green”, low-toxicity and
eco-compatible NSF was formulated, as a result of a thorough
study on alkyl carbonates’ phase diagrams, which included a
nonionic surfactant, a medium chain length alcohol, an alkyl gly-
coside, and two alkyl carbonates in a water (>60% w/w) environ-
ment. This system represents a valid alternative to the use of
unconfined neat organic solvents, and of less ‘‘green” NSFs previ-
ously employed in similar conservative contexts [58]. The nanos-
tructure of this system was characterized by means of small-
angle X-ray scattering measurements. It was found that the dis-
persed phase is composed by fairly polydisperse globular micel-
lar aggregates having a radius of about 3 nm and surrounded by
a continuous water/propylene carbonate/2-butanol mixture as
bulk phase. This system was then loaded in a pHEMA/PVP
semi-interpenetrated hydrogel, which was used to perform sys-
tematic selective removal tests on mortar tiles prepared with
superimposed paint layers taking into account all the possible
binders’ combinations. We showed that the proposed methodol-
ogy is effective for the selective removal of over-paintings. In
particular, it was possible to achieve a satisfactory removal in
the most interesting cases of vinyl-on-vinyl and acrylic-on-
acrylic samples, while alkyd-on-alkyd specimens were partly
resistant to the removal. This represents a substantial improve-
ment over previous formulations used for the same purpose
[58], and a major advancement with respect to the existing
methodologies available to conservators [3–13,26–28]. FTIR mea-
surements on the treated areas confirmed that the overlying
paint was almost completely removed without altering the paint
layer underneath. Finally, the proposed methodology and clean-
ing system were assessed in the selective removal of black tags



Fig. 7. Complete set of samples used for the selective removal tests. A) V/V; B) A/V; C) K/V; D) V/A; E) A/A; F) K/A; G) V/K; H) A/K; I) K/K. The top-left corner of each tile was
left uncovered during the application of the white paint, as a reference for the underlying layer. Several areas were treated, in order to find the optimum combination of
application times. The areas evidenced in the red dashed boxes are obtained as the jointure of four adjacent treated areas. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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from real pieces of street art, with very good results. Future per-
spectives include the use of the developed eco-compatible NFS
loaded in different highly retentive gels, such as twin-chain
polymer hydrogels, whose adaptability to rough surfaces may
represent a key feature for the improved removal of over-
paintings from rough, clotted and three-dimensionally textured
substrates. In conclusion, a water-based low-toxicity and eco-
compatible system was successfully used to contribute to the
solution of the growing issue of selective removal of over-
paintings and street art/graffiti vandalism, offering a new impor-
tant tool to Conservation Science.
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Fig. 8. Selective removal tests’ results on the V/V sample. The inset reports a micrograph (about 0.8 mm � 0.8 mm), where the cleaning action is shown more in detail. FTIR
microreflectance spectra are reported too, which confirm that the cleaning in the investigated areas was complete and successful, as no white paint residues were found. In
particular, the highlighted area in the spectra shows the absence of the inverse peak at wavelength < 1000 cm�1 due to the TiO2 white pigment (vinyl white spectrum) in the
cleaned area.

Fig. 9. (A) The vandalized street art piece, selected for in situ tests; (B) a close-up of the area where selective removal tests were performed; (C, D) the NSF-loaded gel during
the application; (E) mechanical action performed with a humid cotton swab on the swollen overpainting; (F, G) final result of the cleaning.
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Fig. 10. A) Vandalism probably made with a felt-tip permanent marker is removed from a non-figurative street art piece realized with spray-can paints. B) Vandalism
probably made with a felt-tip permanent marker is removed from a figurative bi-chromatic street art piece. A and B) From top to bottom, the selected pictures show the street
art before the cleaning (the red box highlights the presence of the vandalizing writings), the gradual cleaning procedure (obtained with repeated applications of the NSF-
loaded highly retentive hydrogel followed by some mechanical action performed with humid cotton swabs), and the final result of the complete selective removal of the
vandalism. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jcis.2021.03.054.
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