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Abstract

This study investigates water-based gel and gel-like cleaning treatments on Superficie 553,
an oil painting on canvas by Giuseppe Capogrossi, using portable NMR to assess their
impact. The objective was to evaluate the effects of four cleaning systems composed of a
buffer solution released in free form and combined with xanthan gum, a cross-linked
silicone polymer gel, and an agar gel matrix. Two distinct NMR experiments were
conducted. The first involved the acquisition of 'H depth profiles to detect the distribution
of the cleaning solution within the painted layer and the thickness variations resulting
from cleaning procedures. The second employed the acquisition of relaxation times,
facilitating the investigation of molecular mobility within the organic components of the
paint layer. NMR results indicated that the agar gel system caused negligible structural
changes, whereas the silicone gel induced rigidification, and the other systems
permanently increased molecular mobility. These measurements provided insights into
alterations in the dynamic behavior of the polymerized oil. A key strength of this
investigation lies in the direct application of diagnostic methods on Superficie 553, made
possible by the non-invasive nature and portability of the NMR-MOUSE system.
Additionally, portable FTIR was used to detect residues and obtain chemical information,
confirming that the silicone gel left detectable residues and identifying the agar gel as the
most conservative cleaning method. This enabled in situ analysis of the original artwork
without sampling or relocation—a crucial advantage given the difficulty of replicating the
complex physicochemical conditions of historical paint surfaces under laboratory
constraints. Such real-time, on-site monitoring ensured an authentic evaluation of the
treatment effects, preserving the integrity of the artwork throughout the conservation
process.
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1. Introduction

The conservation of easel paintings represents a significant challenge within the field
of cultural heritage preservation, with cleaning being one of the most delicate and
irreversible interventions. While traditional paintings have been extensively studied,
artworks created from the 19th century onwards present a distinct set of complexities. The
industrial revolution introduced a vast array of new materials, leading artists to use
commercially prepared tube paints containing complex mixtures of synthetic pigments,
binders, and additives such as extenders, driers, and stabilizers. This shift resulted in paint
films that are highly heterogeneous and whose chemical and physical properties are often
poorly understood. Furthermore, a significant stylistic shift occurred during this period,
with many artists opting to leave their works unvarnished to achieve specific matte effects;
this absence of a protective varnish layer exposes the original paint film directly to
environmental agents and conservation treatments.

This material complexity makes the response of modern paint films to conservation
treatments, particularly aqueous cleaning methods, highly unpredictable. The cleaning of
such unvarnished surfaces is especially critical because, unlike traditional artworks where
the varnish acts as a sacrificial barrier, the cleaning agents interact directly with the
sensitive pictorial layer. The interaction of water and organic solvents with these
composite systems can induce a range of deleterious effects, including pigment leaching,
binder swelling, surfactant mobilization, and surface blanching.

Water sensitivity in oil paintings is related to several factors that can be directly
linked to the artist’s technique (for example, the formation of lean paint films where the
pigments are not well-bound to each other or to the medium) or the material’s
composition. Regarding the material’s composition, its sensitivity to water derives mainly
from the type of pigment used, but also, as has emerged in recent years, from the presence
of additives incorporated into the paint tube, which modify the molecular composition of
the oil paint film and, in turn, influence its sensitivity to water [1,2]. It has also been
demonstrated that the primary cause of an oil film’s sensitivity to water is the conversion
of magnesium carbonate, often used as an extender, into magnesium sulfate heptahydrate
(Epsomite) [3,4]. This water-soluble compound forms following the artwork’s exposure to
sulfur dioxide, one of the main pollutants present in the air.

Another important water-driven degradation process is the activation of metal soaps,
which compromises the structural and aesthetic integrity of a paint film [5-7]. This
problem is particularly complex in 20th-century works, where metal soaps have a dual
origin. They can form in situ through degradation reactions between pigments like zinc
white (ZnO) and free fatty acids from the oil binder, but they are also frequently present
from the moment of creation as intentional additives (e.g., zinc or aluminum stearates)
used by manufacturers to control the paint’s properties [8]. Whether formed through
degradation or included as an additive, metal soaps are mobile species within the paint
matrix [9,10]. The presence of water has been identified as a critical factor that activates
their degradation pathways. Exposure to moisture acts as a plasticizer for the paint matrix,
increasing the mobility of these pre-existing compounds. This allows them to migrate,
aggregate, and precipitate in a crystalline form. This process can generate significant
internal stresses, leading not only to surface efflorescence but also to the formation of
damaging protrusions and delamination within the paint structure [11].

This inherent sensitivity to moisture raises critical questions regarding conservation
practices, particularly the use of aqueous cleaning systems. The application of aqueous
treatments, therefore, poses a significant and potentially underestimated risk of triggering
the migration and crystallization of these additives, leading to irreversible structural and
visual damage.
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By examining the case of Superficie 553, a painting confirmed to contain zinc soaps
[12], this study aimed to identify a cleaning system that provides the optimal balance
between maximum cleaning efficacy and minimal alteration of the painting’s
physicochemical properties due to water. Furthermore, the cleaning of Superficie 553 is an
exceptionally delicate operation. In such a sensitive case, the use of gels or gelling agents
is essential to precisely control the release of the cleaning solution, thereby minimizing its
penetration into the porous paint layer and preventing potential damage [13-15].

In this study, a buffer solution incorporated into different aqueous-based cleaning
formulations, specifically based on xanthan gum, a silicone polymer rubbery gel, and
agarose gel, was studied, combined with an aspiration system to minimize water contact
on the unvarnished paint surface. All these systems were selected to reduce the contact
time between the cleaning solution and the painting surface. They have fundamentally
different chemical structures and physical properties. VelvesilPlus® is a gel-like silicone
polyether copolymer that was adopted to create stable emulsions in a silicone solvent
continuous phase. It is an organogel, meaning its primary structure is non-aqueous. When
an aqueous cleaning solution is added, it creates a stable water-in-silicone emulsion. This
class of substances is very useful when working on surfaces that are highly sensitive to
water, such as acrylics, which, being composed of many surfactants and additives, could
experience leaching phenomena when water is used, resulting in increased porosity and
fragility of the paint film [16-18]. Xanthan gum (Vanzan NF-C®) is a natural
polysaccharide produced by bacterial fermentation. It is used to create hydrogels and has
been used in the cleaning of oil paintings, metal, and lapideous objects [19-21]. Agar-agar
gel is now one of the most studied hydrogels in the field of art conservation. Agar is a
complex polysaccharide derived from red algae. It is composed of two main components:
agarose, a neutral, linear polymer, and agaropectin, a more complex, branched, and
sulfated polymer. The gelling property of agar is primarily due to the agarose component,
which forms a porous, three-dimensional network that can hold a significant amount of
water. It is used in very different scenarios, from cleaning stone materials to bio-cleaning,
and has been applied to water-sensitive paintings. It has shown excellent properties in
both releasing and controlling the delivery of water and solvents [22-30].

To characterize the behavior of the gel cleaning systems, Nuclear Magnetic Resonance
(NMR) was applied directly on the paintings during the preliminary tests performed by the
restorer. NMR spectroscopy, particularly the measurement of relaxation times, has emerged
as a uniquely powerful, non-invasive tool for this purpose. Unlike techniques that primarily
provide elemental or molecular composition, NMR relaxometry is sensitive to molecular
dynamics—the rotational and translational motion of molecules on a nanoscopic scale. This
dynamic information serves as a direct and sensitive proxy for the material’s physical state,
such as its viscosity, rigidity, and degree of polymerization [31-34].

NMR-MOUSE is an advanced portable tool that applies a magnetic field to one side
of the object, allowing measurements of the object without sampling and in a fully
preserved way [35,36]. Because of the ability to measure the hydrogen content as a
function of depth of measurement [37,38], NMR is a very powerful technique to evaluate
information on the structure and thickness of hydrogen-rich layers, information that is
very useful in the conservation of paintings. This capability can also be exploited for
monitoring the physicochemical properties of paintings [39-41] and evaluating the
diffusion of water and organic solvents and the pictorial layer changes due to the
interaction with these compounds [42-45]. Moreover, because the reduction in the
thickness of layers under removal is strictly correlated with the power of the cleaning
system, hydrogen depth profiles collected by unilateral NMR on the surface of the
painting before and after the cleaning treatment can be used to evaluate the
physicochemical effects of the cleaning system applied [46].
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In addition to evaluating the presence of the cleaning system residues, portable Ex-
ternal Reflection Fourier Transform Infrared Spectroscopy (ER-FTIR) analyses were con-
ducted both before and after the cleaning tests [47,48]. This technique is particularly suit-
able for assessing delicate, unvarnished surfaces, as it allows for the non-contact identifi-
cation of functional groups. While NMR provides physical data regarding the painting’s
rigidity and swelling, ER-FTIR offers complementary chemical information, allowing for
the specific detection of potential residues from the cleaning agents—such as silicone or
polysaccharides—and ensuring they are distinguished from the original paint binder. The
presence of cleaning residues requires particular attention, especially in unvarnished
paintings. Since these residues can migrate into the paint layers, they can, over time, trig-
ger yellowing, alter the visual appearance of the artwork, and activate further degradation
processes affecting the painting’s original materials.

The application of integrated analytical techniques in the monitoring of cleaning sys-
tems provided valuable insights into their specific behavior and effectiveness when ap-
plied in situ on painting surfaces.

2. Materials and Methods
2.1. Case Study

The artwork under investigation is Superficie 553, painted by the Italian master
Giuseppe Capogrossi (1900-1972) and currently conserved at the National Gallery of
Modern and Contemporary Art in Rome (Figure 1a). Created in 1965, this painting repre-
sents the mature phase of the artist’s most famous period (the Informal period), character-
ized by his obsessive and rhythmic repetition of a single, enigmatic symbol, often referred
to as “fork” or “tetradent”. The support of the painting consists of a single piece of plain-
weave cotton canvas. As reported by a study performed by La Nasa et al. [12], the painting
was created with two distinct preparatory layers. The initial industrial ground is a com-
plex mixture of animal glue, a siccative oil, and egg yolk, with Zinc White used as a filler.
Over this ground, the artist applied a second priming layer composed of a siccative oil
binder pigmented with Zinc White. The black ideograms are painted with a mixture of
Ivory Black and Prussian Blue, which also contains cobalt as a siccative additive. The red
paint consists of Cadmium Red, with barium present as an extender. The final white back-
ground is a mixture of Titanium White and Zinc White in a siccative oil binder. In addition
to the primary pigments and binders, wax was found within the black and red paint areas.
Furthermore, zinc oxalates and carboxylates (metal soaps) are present throughout the
paint layers, indicating their use as industrial additives in the commercial paints used by
the artist; however, this finding does not preclude their concurrent formation as degrada-
tion products resulting from the interaction between the oil binder and zinc ions present
in the preparatory and pictorial layers as well.
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Figure 1. (a) Painting Superficie 553, with areas P1-P4 monitored using portable NMR before and
after cleaning (approximate area size 5 x 5 cm); (b) Application of the cleaning system: buffer solu-
tion released by a syringe pump and immediately removed by a micro-aspirator; (¢) Application of
the agar stick on area P3 (bottom).

2.2. Cleaning Tests

Considering the unvarnished nature of the paint and the presence of metal soaps, the
risk of swelling was managed by strictly limiting the contact time. Based on preliminary
cleaning tests, three water-based gels were selected: xanthan gum (Vanzan NF-C®, CTS,
Altavilla Vicentina (VI), Italy), a naturally derived polymer produced by the bacterium
Xanthomonas campestris, which consists of a main cellulose chain where side chains made
of three simple sugars (an acidic trisaccharide chain) are attached to each glucose ring; a
cross-linked silicone polymer (VelvesilPlus®, Bresciani srl, Milan, Italy) that can form a
soft, pliable gel; and a rigid agarose gel (Sigma-Aldrich, Merck KGaA, Darmstadt, Ger-
many). A buffer solution at pH 5.6 was prepared using acetic acid and sodium hydroxide
as the base solution for the four types of cleaning systems.

Four white paint regions (labeled P1-P4), covered by a yellowed layer likely caused
by the deposition of smoke dust, were selected for testing. These areas correspond to the
white background paint composed of Titanium and Zinc White in safflower oil [12]. The
layer to be removed is very thin; it is hypothesized that it cannot be detected by NMR, as
its thickness is presumably below the instrument’s 40 um spatial resolution. The cleaning
operations were performed by the restorer with a strictly controlled contact time of 1-2
min to minimize interaction. The treatment protocols were as follows: P1 area was cleaned
using the buffer solution released by a syringe pump (Graseby, MDKMed Medical Tech-
nology Co., Ltd., Hangzhou, China) combined with a micro-aspirator (3A Health Care srl,
Lonato del garda, Italy) (see Figure 1b); Area P2 was treated with an emulsion containing
10% buffer solution in a silicone polymer gel (VelvesilPlus®) (pH 5.6, conductivity 3.3
mS/cm), released by a syringe pump combined with a micro-aspirator and cleared gently
with the non-polar silicone solvent D5 (decamethyl-cyclopenta-siloxane), (CTS, Altavilla
Vicentina (VI), Italy); Area P3 was treated with an agar stick (2% w/w) prepared with the
buffer solution (pH 5.6, conductivity 3.2 mS/cm, containing 2% Agar) (see Figure 1c); and
Area P4 was treated with the buffer solution (pH 5.6, conductivity 3.2 mS/cm) thickened
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with 2.9% xanthan-gum gel (Vanzan NF-C®) applied with a syringe pump and removed
with a micro-aspirator.

2.3. NMR-MOUSE

H depth profiles and transverse relaxation times were acquired at 13.62 MHz using
a portable Bruker Biospin NMR instrument (Bruker Corporation, Billerica, MA, USA) in-
terfaced with a single-sided sensor from RWTH Aachen University, which generates a
highly uniform magnetic field gradient (14 T m™) to resolve near-surface structures. Depth
profiles were obtained by repositioning the sensor in 70 pm increments across the paint-
ing. The experimental conditions to acquire the 'H profiles were echo time 41 ps, relaxa-
tion delay 0.6 s, 32 scans, rf pulse 5.5 us, and a nominal resolution of 40 pm.

To ensure the 'H depth profile was exclusively dependent on proton spin density,
the intensity of each experimental point was calculated from the average of the first three
echoes. At the interface between the pictorial layer and the canvas layer (around 200 um),
transverse relaxation times (T2) were measured using a CPMG sequence with an echo time
of 41 us, 2048 scans, relaxation delay of 2 s, 512 echoes, and a resolution of 200 um. The
resulting experimental data were analyzed using an Inverse Laplace Transformation (ILT)
algorithm via the UPEN-MATLAB routine, where Wi is the spin population, and Tz is the
transverse relaxation time of the ith component.

Superficie 553 was subjected to two phases of NMR analysis. During the first phase,
the paint material was investigated to obtain information about the thickness of its con-
stituent layers in four different areas of the painting. The second phase was carried out
immediately after the cleaning process to monitor the state of the painting. It is important
to note that the transient swelling occurring during the cleaning action was not monitored
due to the operational constraints of performing in situ analysis, which prevents the sen-
sor from being positioned simultaneously with the cleaning tool. Furthermore, the rapid
kinetics of the initial swelling phase (occurring within the 1-2 min application window)
cannot be resolved by the acquisition time required for depth profiling. Therefore, the aim
of the NMR monitoring was not to observe the transient swelling peak but to evaluate the
long-term behavior of the painting by detecting permanent, irreversible alterations (such
as binder leaching or rigidification) remaining after solvent evaporation.

2.4. ER-FTIR

External reflection FTIR (ER-FTIR) analyses were performed using a portable Bruker
Optics ALPHA spectrometer, equipped with a SiC globar infrared source and a DLaTGS
detector (Bruker Corporation, Billerica, MA, USA). A system of parabolic mirrors directs
and collects (at a 22°/22° angle) the infrared radiation reflected from the surface positioned
at a working distance of about 1 cm, within a spectral range from 7500 cm™ to 350 cm™.
The diameter of the analyzed spot was approximately 4 mm, and the spectral resolution
was set to 4 cm™.

3. Results
3.1. NMR-MOUSE Analysis

NMR analysis was carried out before and after cleaning, followed by a third phase of
measurements taken seven days after the application of each method. The results from
these analyses are presented in Figure 2a—d.

https://doi.org/10.3390/heritage9010030
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Figure 2. "H NMR profiles obtained on areas P1, P2, P3 and P4 of painting Superficie 553 before
cleaning (dry) and after 1 h, 2-3h,12 h, 24 h, 48 h and 7 days. (a) P1 treated with buffer solution (BS);
(b) P2 treated with BS emulsified in VelvesilPlus®; (c) P3 treated with BS in an agar stick; and (d) P4
treated with BS thickened with Vanzan NF-C®.

From the results obtained before cleaning, a high degree of homogeneity was found in
the thickness of the four test areas, with a recorded average thickness of approximately 600
um, including the canvas support. To differentiate the hydrogen signal contributions of the
canvas and the pictorial layer, an unpainted section of the canvas was analyzed (see Figure 2a,
grey line). The results showed that the canvas itself was approximately 500 pm thick; by
subtraction, the thickness of the pictorial layer was determined to be approximately 100 pm.

Furthermore, the 'H profile revealed that the pictorial layer is not a distinct layer
separate from the canvas. Instead, the oil binder appears to have been absorbed into the
canvas weave. This resulted in an increased hydrogen signal distributed throughout the
entire thickness of the sample, rather than being confined to the upper 100 pm.

In area P1, the NMR profile obtained one hour after the application of the free buffer
solution showed a slight increase in the 'H signal, indicating the presence of the solution
within the paint layer. At this stage, an increase of about 150 pm in the painting’s thickness
was observed (see Figure 2a). However, after 2 h, the swelling decreased, and on the sev-
enth day, the deviation from the initial 'H profile was negligible, confirming a return to
the initial state. A similar increase was observed at point P2, 48 h after the application of
the cleaning treatment. In both cases, after seven days, the thickness of the painting re-
turned to the value observed before cleaning.

The profiles of the other points show less evident swelling, and in general, after seven
days, the recorded profiles are consistent with those acquired before cleaning. At longer
time intervals, the NMR profiles for all treated areas showed no significant variations in
the thickness of the paint layer following the cleaning. Area P3 proved to be the most
stable zone, both at short times (approximately 1 h after cleaning) and after 7 days.
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To investigate the molecular dynamics, specific measurements of the transverse re-
laxation time (T2) were performed on the pictorial layer. Before interpreting the results, it
is essential to explain the type of information that can be obtained by measuring the T-.
The transverse relaxation time is an important NMR parameter that depends on numer-
ous factors related to the time scale of molecular motions. In the case of oil paintings, T2
values are correlated with the degree of cross-linking, the degree of hydrolysis, and the
molecular weight of the oil binder components, and therefore with their viscoelastic and
rigidity properties [35,39,40].

In the case of Superficie 553, the selected areas (P1-P4) showed subtle differences in
their T2 values prior to cleaning (see Figure 3a,b).

0.1 1 10 0.4 1 10
T, (ms) T, (ms)

Figure 3. (a) T2 distributions obtained on area P2; (b) T2 distributions obtained on P1 and P3 areas.

Figure 3a displays the distribution of T2 relaxation times characterizing the paint
layer at point P2. The graph reveals two primary values: one at approximately 0.1 ms and
the other around 0.6 ms. The presence of two relaxation times is explained by the existence
of two domains distinguished by the different mobility (molecular motion) of hydrogen
in the polymerized oil matrix. The shorter component, Tz (0.1 ms), is attributed to hydro-
gen nuclei in molecules with reduced motion because they are cross-linked (indicating a
higher degree of oil polymerization). The longer component, Tz (0.5-0.6 ms), on the other
hand, relates to hydrogens with greater mobility within the polymeric network (such as
hydrogens in saturated aliphatic chains). The presence of two distinct relaxation times is
characteristic of polymerized oil and has been previously found in other paintings [35,40].
The area of each peak indicates the relative population of hydrogens in each domain. In
this case, almost 80% of the hydrogens arise from the rigid cross-linked matrix, and 17-
20% correspond to the higher mobility state of the aliphatic chains. A small third
relaxation component, Tzc approximately 1-2 ms, was also observed, similar to P1 and P3
(see Figure 3b). This component accounts for roughly 3% of the total hydrogen signal and
can be attributed to the presence of low molecular weight molecules that exhibit higher
mobility. Its origin could be due to the presence of low molecular weight species or minor
degradation products that are more mobile.

Following the cleaning procedure, the P1 area (treated with the buffer solution ap-
plied with the syringe pump) exhibited significant variation in molecular mobility over a
period of seven days, see Figure 4a. Initially, in the dry state, the surface was characterized
by three distinct molecular populations: a dominant, highly rigid component (T2a) making
up 85% of the signal with a very short value of 0.10 ms; a smaller semi-mobile component
(T2v) at 12% with a value of 0.5 ms; and a minor highly mobile component (Tx) at 3% with

https://doi.org/10.3390/heritage9010030
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a value of 1.2 ms. The immediate impact of the cleaning solution, visible three hours after
application, was a plasticizing effect. The absorption of the buffer solution into the poly-
mer matrix dramatically increased the molecular mobility. This was most evident in the
highly mobile Tzc component, whose T2 value increased to 5 ms, likely representing the
liquid cleaner itself trapped within the surface. This molecular-level softening corre-
sponds directly to the physical swelling of the paint layer, correlating with what was ob-
served in the 'H profile at this early stage.

Over the subsequent days, as the solution evaporated, the surface began to recover.
By 24 h, the T2 values had largely decreased towards their original levels. However, be-
tween 48 and 66 h, the main rigid component, T2, became even more rigid than it was
initially, with its T2 value dropping to a low of 0.07 ms. This suggests a transient state of
increased rigidity, possibly caused by the leaching of some naturally present mobile mol-
ecules by the cleaning solution, causing the remaining polymer network to contract and
become more constrained as it dries. A critical observation was made at the seven-day
mark. While the physical swelling had completely subsided and the painting’s thickness
had returned to its initial state, the NMR relaxation data revealed that a structural change had
occurred at the molecular level. The system did not revert to its original molecular distribution.
Instead, a significant portion of the most rigid component converted into a more flexible state.
The population of the rigid component decreased from 85% to 74%, while the population of
the semi-mobile component nearly doubled, rising from 12% to 23% (see Table 1). This behav-
ior can be explained by the hypothesis that the cleaning process mobilizes lower molecular
weight species within the polymer matrix.

Table 1. T2 values of areas P1, P2, P3, and P4 (obtained by fitting the T2 relaxation decays using the
UPEN algorithm), before (dry) and after the cleaning procedure.

P1 Buffer Solution + Syringe Pump

Time (hours) Wa T2a Wh T2 We Tac
DRY 85% 0.10 12% 0.5 3% 1.2
3h 89% 0.12 10% 0.7 1% 5
24h 86% 0.10 13% 0.5 <1% 1.5
48 h 82% 0.08 18% 0.5 - -
66 h 87% 0.07 12% 0.6 <0.5% 1.8
7d 74% 0.10 23% 04 3% 1.5
P2 VelvesilPlus®
Time (hours) Wa T2 Whb T2 We T2
DRY 74% 0.09 26% 0.4 - -
3h 84% 0.1 15% 0.5 1% 3.0
24h 84% 0.1 14% 0.4 2% 0.7
48 h 89% 0.1 11% 0.5 - -
7d 80% 0.09 18% 0.40 2% 2
P3 Agar
Time (hours) Wa T2 Whb T2 We T2
DRY 85% 0.10 12% 047 3% 1
3h 87% 0.11 12% 0.54 1% 1.6
24h 81% 0.10 18% 0.50 1% 5
48 h 87% 0.12 11% 0.60 2% 2
7d 80% 0.09 18% 0.40 2% 2
P4 Vanzan NF-C®
Time (hours) Wa T2 Whb T2 We T2
DRY 86% 0.12 14% 0.7 - -
3h 81% 0.10 19% 0.6 - -
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Figure 4. T2 distributions obtained on the white areas (a) P1, (b) P2, (c) P3, and (d) P4, before (DRY)
and after 3h, 24 h, 48 h, 66 h, and 186 h (7 days) of the cleaning procedure.

At point P2, treated with the buffer solution emulsified in the silicone polymer gel
(VelvesilPlus®), initially, in its dry state, the paint layer was composed of a rigid polymer
matrix (component Tz) that accounted for 74% of the hydrogen population, but this was
balanced by a significant fraction of a more flexible component (Tzv) constituting the
remaining 26%, see Figure 4b. In contrast, the final state observed seven days after
treatment revealed a distinct shift in molecular mobility towards greater rigidity. The rigid
component, T2a, now dominated the system, having increased to encompass 85% of the
material, while the mobile fraction, Tz, significantly diminished, now representing only
15%. This shift represents not a subtle variation but a substantial conversion of
approximately 11% of the material from a flexible to a rigid state. This transformation was
initiated almost immediately upon application. The transient appearance of a third, highly
mobile peak at three hours is attributed to the molecular signature of the VelvesilPlus® gel
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itself. More importantly, the data indicate that the underlying redistribution of the
painting’s components happens quickly and persists.

In area P3, the initial paint layer was composed of a dominant rigid component, Tza
(Wa = 85%), a semi-mobile component, T2» (Wb = 12%), and a small, highly mobile
component, T (Wc = 3%), see Figure 4c. Following treatment using BS in an agar—agar
gel stick, three hours after application, the changes were notably limited. The distribution
of the molecular populations remained almost identical to the initial state. Only a very
slight increase in the T2 values was observed, indicating a minimal plasticizing effect that
can be considered negligible. Over the drying period, minor fluctuations in the component
weights were recorded, with a temporary increase in the semi-mobile fraction (Tx) at 24
h and again at 7 days. This suggests a slow, dynamic process of solvent evaporation and
polymer chain rearrangement. By the seventh day, the system had stabilized to a state
extremely close to its original condition. The final composition showed the rigid
component (T2) at 80% and the semi-mobile component (Tz) at 18%. This represents a
very modest conversion (approximately 5%) of the rigid material to a more flexible state.
The T: relaxation times themselves returned almost exactly to their initial values,
confirming that the intrinsic nature of the molecular components remained unaltered.

In area P4, treated with xanthan gum (VanzanNF-C®), the untreated paint layer initially
exhibited a predominantly rigid molecular architecture, with the primary component (Tz)
constituting 86% of the material (T2 = 0.12 ms), complemented by a smaller, semi-mobile
fraction of 14% (T» = 0.7 ms), see Figure 4d. The temporal evolution following the
application of the buffer solution in xanthan gum gel revealed a delayed interaction. While
a minor initial perturbation was observed at three hours, the most significant effect
manifested at 24 h, where the system underwent maximum plasticization. At this stage, the
rigid fraction (T2a) was substantially reduced to 74%, while the semi-mobile fraction (Tz)
increased to 25%. Concurrently, a new, highly mobile component (Tzc) emerged with a very
long relaxation time (T2 =7 ms). Although this constituted only a small fraction of the signal,
its appearance indicated a slight plasticizing effect of water on the polymeric network.
However, this effect was less pronounced than that observed in P1, which was treated with
the free buffer solution applied via a syringe pump.

3.2. ER-FTIR Analysis

The chemical alterations induced by the four cleaning systems were investigated by
comparing the ER-FTIR spectra of the treated surfaces with reference data from the
untreated areas. ER-FTIR investigations confirmed that no variations in the chemical
composition of the paint layer, made of an oil-based mixture of Zinc White and Titanium
White, were found in the areas treated with the free buffer solution (P1), the agar gel (P3),
and the Xanthan gum gel (P4). Specifically, the FTIR spectra collected from areas P1, P3,
and P4 before and after the cleaning tests exhibited a perfect overlap with the
characteristic bands of the original paint layer. The key vibrational modes of the oil binder
(C=0 stretching at 1738 cm™, C-H stretching at 2920-2850 c¢cm™) and the inorganic
components—zinc oxalates (1320 and 1364 cm™), zinc carboxylates (1540 cm™), and the
Titanium/Zinc white pigments—remained unaltered in both intensity and position. In
contrast, in area P2, treated with the silicone polymeric emulsion (VelvesilPlus®), two
additional bands at ca. 1260 and 2960 cm™ attributable to cleaning formulation residues
were detected (Figure 5). The first is assigned to the symmetric deformation of the Si-CHs
group, while the second corresponds to the C-H stretching characteristic of the methyl groups
in the silicone polymer chain. These bands appeared at maximum intensity after the dry
removal of the gel (Step 1), while after the two rinsing steps with cyclomethicone D5 (Steps 2
and 3), their relative intensity was significantly reduced, but the washing failed to eliminate
them completely. Overall, the data obtained from the ER-FTIR monitoring of area P2
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highlighted the risk of residue retention from the silicone polymeric emulsion, which poses a
potential threat to the long-term conservation of the artwork.
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Figure 5. (a) ER-FTIR spectra collected on area P2 before cleaning (black profile), after dry removal
of the silicone polymer emulsion (gray profile), and after the first and second rinsing steps with
cyclomethicone D5 (green and blue profiles, respectively); (b,c) Enlarged views of the spectral
ranges indicated by dashed boxes in (a) with the addition of the reference IR spectra of Velvesil
Plus® (orange profile, transmission mode) and cyclomethicone D5 (green profile, reflection mode).

ZnCarboxy = zinc carboxylate marker bands; ZnOxa = zinc oxalate marker bands.

4., Discussion

A comparative analysis integrating both NMR T2 relaxation and FTIR spectroscopy
data provides a clear hierarchy of performance among the four cleaning systems used on
the surface of Superficie 553. The cleaning system, P2, composed of the buffer solution
emulsified in the silicone polymer gel (VelvesilPlus®), was demonstrably the most inva-
sive; it was the only method to leave detectable chemical residues on the surface, requiring
multiple solvent rinses for removal. Furthermore, it uniquely induced a permanent and
substantial “rigidification” of the paint’s molecular structure, as revealed by the NMR
data. The other three systems (P1, P3, and P4) were chemically safe, with FTIR confirming
the absence of residues and alterations to the paint’s constituent molecules. However, the
NMR data indicated that both P1 (free buffer solution) and P4 (VanzanNF-C®) caused
structural changes by permanently increasing the surface’s molecular mobility, convert-
ing a portion of the rigid matrix into a more flexible state.

This identifies the agar stick, used on area P3, as the optimal choice for this applica-
tion. The NMR data for P3 showed only negligible changes in molecular mobility and
structural distribution, indicating that the gel successfully controlled the cleaning action
without causing plasticizing effects. This, combined with the FTIR confirmation of its
chemical integrity and lack of residues, distinguishes P3 as the safest and most conserva-
tive cleaning method, achieving the goal of cleaning while best preserving the original
physical and chemical state of the artwork.

5. Conclusions

The combined use of portable NMR and FTIR constitutes a fundamental shift in the
evaluation of conservation treatments, moving the decision-making process from a mostly
aesthetic judgment to one grounded in objective scientific data. This synergistic approach
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provides a comprehensive understanding of the impact of the cleaning system, something
that the restorer’s eye alone cannot perceive.

NMR spectroscopy acts as a powerful probe into the physical structure and molecular
dynamics of the paint layers. It penetrates beyond the surface to answer critical questions: Has
the cleaning agent caused hidden swelling or plasticization? Has it leached essential compo-
nents, leading to embrittlement? Has it permanently altered the polymer network? As demon-
strated in this study, a cleaning treatment that appears successful visually might have induced
lasting changes in molecular mobility, such as the rigidification caused by system P2 or the
increased flexibility observed in systems used in P1 and P4.

In parallel, FTIR spectroscopy provides the essential chemical composition analysis. It
offers a chemical fingerprint, confirming that the original paint binder remains intact and, cru-
cially, detecting the presence of any harmful residues left behind —a risk clearly identified
with the P2 system. Furthermore, it validates the cleaning’s effectiveness by demonstrating
the removal of surface dirt while confirming that integral components have been preserved.

Ultimately, this dual-technique approach enables conservators to base their choices
on robust experimental parameters. It allows them to select a method, like the P3 (Agar)
system in this case, that is proven to be effective not only in its cleaning action but also
non-invasive on both a physical and chemical level. This ensures the selection of the safer
treatment for the long-term preservation of the artwork, transforming the evaluation of a
cleaning test from a subjective art into an objective science.
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