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A B S T R A C T   

Over the last few decades, significant research efforts have been devoted to developing new cleaning systems 
aimed at preserving cultural heritage. One of the main objectives is to selectively remove aged or undesirable 
coatings from painted surfaces while preventing the cleaning solvent from permeating and engaging with the 
pictorial layers. In this work, we propose the use of electrospun polyamide 6,6 nonwovens in conjunction with a 
green solvent (dimethyl carbonate). By adjusting the electrospinning parameters, we produced three distinct 
nonwovens with varying average fiber diameters, ranging from 0.4 μm to 2 μm. These samples were charac
terized and tested for their efficacy in removing dammar varnish from painted surfaces. In particular, the 
cleaning process was monitored using macroscale PL (photoluminescence) imaging in real-time, while post- 
application examination of the mats was performed through scanning electron microscopy. The solvent 
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evaporation rate from the different nonwovens was evaluated using gravimetric analysis and Proton Transfer 
Reaction- Time-of-Flight. It was observed that the application of the nonwovens with small or intermediate pore 
sizes for the removal of the terpenic varnish resulted in the swollen resin being absorbed into the mats, show
casing a peel-off effect. Thus, this protocol eliminates the need for further potentially detrimental removal 
procedures involving cotton swabs. The experimental data suggests that the peel-off effect relates to the 
microporosity of the mats, which enhances the capillary rise of the swollen varnish. Furthermore, the application 
of these systems to historical paintings underwent preliminary validation using a real painting from the 20th 
century.   

1. Introduction 

Current research in restoration is primarily focused on the develop
ment of innovative chemical cleaning systems, to be employed espe
cially in a situation when the solvent used for cleaning may compromise 
the substrate’s chemical and/or physical integrity [1]. Historically, in 
Western countries, natural resins (e.g., dammar, sandarac, and mastic) 
were employed to prepare varnishes, serving both as protective coatings 
and enhancers of the visual aesthetics of paintings [2,3]. Over time, 
environmental factors like light, temperature, humidity, and contami
nants induce the degradation of the varnish layers, leading to alterations 
in their optical, physical, and chemical properties [4]. The removal of 
aged varnishes traditionally involves using solvents as cleaning agents, 
applied to the painting through methods like cotton swabs or thickened 
pastes. However, these approaches suffer from poor confinement of the 
solvent, whose release is, therefore, scarcely controlled [5]. Conse
quently, the interaction between the organic solvent and the paint layer 
may compromise the integrity of the latter, triggering embrittlement 
and/or swelling of the paint, redistribution of paint-soluble components, 
and saponification [6,7]. In addition, traditional organic solvents are 
characterized by high volatility and toxicity, posing risks to both oper
ators and the environment [8,9]. Hence, there is a growing need for 
alternative cleaning systems that mitigate these drawbacks and provide 
more precise control over the cleaning process. 

Chemical and physical gels have become a common alternative to 
cotton swabs thanks to their solvent retention ability, although the need 
for mechanical removal of residues from the swelled varnish and/or gel 
persists [10,11]. Additionally, there has been a recent emphasis on 
cleaning methods that align with environmental sustainability princi
ples. In this regard, green organogels derived from the gelation of the 
biobased polymer poly(3-hydroxybutyrate) (PHB) with green solvents 
have been proposed in recent literature [1,7,12,13]. As a further 
advancement, aiming to minimize surface residues and enhance control 
over solvent release, we have introduced novel sandwich-like compos
ites combining PHB-based green organogel with electrospun non
wovens. This integrated cleaning system has demonstrated a reduction 
in gel residues, as well as improvements in gel handling and cleaning 
performance, also in terms of controlled solvent release [14]. 

Electrospinning is a technique employed to produce ultrathin fibers 
using electrostatic forces to uniaxially stretch a viscoelastic jet derived 
from a polymer solution or melt [15]. This versatile technique enables 
the fabrication of a wide variety of nanostructured materials (such as 
fibers, membranes, bundles) with controlled diameter, size, 
morphology, and composition [16,17]. Its applications span various 
fields, encompassing tissue engineering, catalysis, enzyme supports, 
sensors, and energy storage devices [18,19]. Furthermore, electrospun 
nanofibers are being investigated for sorbent applications, including 
microextraction and air and wastewater filtration, owing to their ability 
to incorporate nanoparticles by exploiting high porosity and surface 
area [20–24]. Notably, electrospinning stands out from other spinning 
techniques by its ability to fabricate fibers with diameters smaller than a 
micrometer and pore sizes of a few microns. 

In this work, we propose a novel and straightforward cleaning system 
designed for the selective removal of coatings from paintings. The sys
tem is based on electrospun Polyamide 6,6 (PA 6,6) nonwovens soaked 

with a green solvent (dimethyl carbonate, DMC). The working principle 
of the system differs from previously tested gels and combined materials. 
The nonwoven, saturated with the cleaning agent, plays dual roles 
simultaneously. It functions as a retentive medium for the solvent that 
slowly infiltrates the varnish, causing its swelling, and acts as an 
adsorbent toward the swelled layer to be removed. Consequently, the 
aged coating can be easily peeled off from the substrate, avoiding the 
mechanical stresses usually required by other cleaning methods [8,14]. 
Furthermore, this cleaning system is user-friendly, its production can be 
scaled up, and the shape and size of the nonwoven can be adjusted to the 
specific need. 

To investigate and elucidate the cleaning mechanism of the proposed 
system, we produced and tested electrospun nonwovens with varying 
thicknesses, fiber diameters, and pore dimensions. The nonwovens were 
impregnated with DMC, an alkyl carbonate that represents a green 
alternative to ketones and acetate esters. Indeed, DMC is biodegradable, 
has low environmental persistence, and presents minimal risk of bio
accumulation [25]. In addition, its volatility (boiling point 90.4 ◦C at 
atmospheric pressure) ensures that it does not persist within the paint 
layer [13,26–29]. The nonwovens were tested on mock-ups coated with 
a triterpene varnish (dammar), prepared following traditional recipes 
[30]. The assessment of cleaning efficiency, considering factors such as 
fiber residues and varnish removal, was carried out through micro-FTIR 
spectroscopy (Fourier Transformed InfraRed) in ATR (Attenuated Total 
Reflectance) mode and macro (MA) imaging (visible and UV-induced 
photoluminescence (PL)) [31–33]. An innovative analytical setup 
based on the integrated use of SEM (Scanning Electron Microscopy) and 
photoluminescence multispectral macro imaging (PL-MSMI) [34–36], 
was employed to assess the cleaning mechanism for the first time. 
Finally, initial exploratory tests were conducted on a 20th-century 
painting exhibiting an aged dammar coating. 

2. Materials and methods 

2.1. Materials 

Dimethyl Carbonate (DMC, ReagentPlus®, 99 %) and 1,1,1,3,3,3- 
hexafluoro-2-propanol (HFIP, purity ≥ 99 %) were purchased from 
Sigma Aldrich. Polyamide 6,6 (PA 6,6, Zytel® E53 NC010) was kindly 
provided by DuPont. All chemical reagents are commercially available 
and were used as supplied without further treatment. 

2.2. Electrospun nonwoven fabrication 

A laboratory electrospinning machine (Spinbow Lab Unit, Spinbow 
S.r.1., Bologna, Italy) was used to fabricate PA 6,6 nonwoven tissues. 
The polymeric solution was dispensed from a syringe connected to a 
stainless-steel blunt-ended needle (inner diameter: 0.51 mm) through a 
PTFE tube, and an aluminum plate (10 cm × 10 cm) was used as a 
collector. PA 6,6 was dissolved in HFIP at room temperature (RT) under 
stirring overnight, at different concentrations, namely 10, 20, and 27 % 
w/V. Each solution was electrospun by applying the processing condi
tions reported in Table 1. Thus, three types of nonwovens were obtained, 
which differ in fiber diameter and pore dimension. Samples were 
labelled PA_0.4, PA_1, and PA_2, where the number indicates the 
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average fiber diameter of the corresponding mat expressed in micro
meters. Different volumes of solutions were electrospun on the collector 
to obtain nonwovens with different thicknesses (in the range 150–650 
μm) and grammages (gsm, in the range 15–105 g m− 2). 

2.3. Paint mock-up preparation 

The tests were carried out on a paint mock-up with layers prepared 
according to traditional recipes [30] and naturally aged over two years. 
A preparation layer of gypsum and rabbit glue (1.0 g of animal glue in 
5.0 mL of hot distilled water mixed with 6.0 g of ground gypsum) was 
applied to the wooden support. The painting layer was obtained by 
dissolving 2.0 g of red-burnt ochre in 2.0 mL of 10 % w/w of rabbit glue 
solution. Finally, a triterpenoid varnish layer (1.0 g of dammar in 2.5 mL 
of turpentine) was applied [30]. The thickness of the varnish layer was 
monitored by observing painting cross-sections under an optical mi
croscope using visible and UV light (Olympus Optical Microscope BX51, 
Tokyo, Japan). 

2.4. Cleaning procedure 

For each cleaning test, specimens of 0.7 cm × 0.7 cm were cut from 
the electrospun nonwoven, the specimens were then weighed, and their 
thickness was measured with a digital micrometer (Digimatic Micro
meter, Mitutoyo Corporation). The ratio between the starting weight of 
each electrospun nonwoven and the volume of DMC to be added was 
established by progressively adding the solvent to a test mat (0.7 cm ×
0.7 cm, known weight and thickness) until saturation. The following 
DMC volume/mat weight ratios were obtained and kept constant in all 
cleaning tests: 9 μL mg− 1, 7 μL mg− 1, and 5 μL mg− 1 for PA_0.4, PA_1, 
and PA_2, respectively. In a typical test, the wet mat was gently posi
tioned over the surface to be cleaned. After 5 min, the nonwoven was 
removed and no further mechanical action was employed to remove the 
dammar layer from the substrate. 

2.5. Characterization of the nonwovens 

Scanning electron microscope (SEM, Leica Cambridge Stereoscan 
360) was performed at 20 kV accelerating on gold-sputtered samples. 
The distribution of fiber diameters was determined by Image J 
measuring about 200 fibers (trimming 2 % top–bottom, a subdivision in 
classes of 0.025 µm), and the results are given as the average diameter ±
standard deviation of the mean (SD). The Student’s t-test was used to 
verify the statistical significance of the difference between the mean 
values (p < 0.05). 

The pore size distributions of the electrospun membranes were 
measured by capillary flow porometry (Porolux 1000, POROMETER, 
Belgium) by driving air through a wetted membrane to displace a pore- 
filling liquid (Galpore, fluid tension: 15.6 dyn cm− 1). The gas pressure 
gradually increases, and the liquid in the pores is progressively displaced 
as the pressure overcomes the capillary pressure of the pore, starting 
with the widest pores. The working temperature was 21◦ C, and the 
maximum pressure reached was 7 bar for PA_0.4 and 3 bar for PA_1 and 
PA_2. The mean pore size and pore size distribution were thus calcu
lated. Three specimens (81.7 mm2) were measured for each sample and 
averaged. 

Solvent evaporation from the mats was monitored using gravimetric 
analysis and high-resolution PTR-TOF (Proton Transfer Reaction- Time- 
of-Flight). The former was carried out using an analytical balance. 
Samples with comparable thickness (PA_2 thickness: 500 µm, and PA_04 
thickness: 400 µm) were weighted dry and set as tare. The proper 
amount of solvent, as described in Section 2.4, was quickly added to the 
sample, and the solvent evaporation was monitored by measuring the 
weight change every 10 s until stabilization. A high-resolution PTR-TOF 
instrument (Vocus CI-TOF, TOFWERK AG, Thun, Switzerland) was used 
for the real-time headspace measurement of DMC released from the 
electrospun nonwovens. Samples with comparable thickness were cut 
from the electrospun nonwovens, adding the proper amount of solvent, 
as described in Section 2.4. For this experiment, samples of different 
dimensions were employed to use the same amount of solvent. After 
keeping the DMC-soaked samples at RT for 5 min, they were placed on a 
3 cm × 3 cm aluminum plate closed by a 3D-printed chamber (2.7 cm ×
2.7 cm base, 3 cm height, Prusa I3 MK3, Prusa Research, Czech Re
public) made of polylactic acid and equipped with a FilaFlexible40 
gasket on the edge of the base (Figure S1). During the acquisition (30 
min), clean supply air was flushed at a flow rate of 100 mL min− 1 into 
the chamber inlet through a 3 m-long polytetrafluoroethylene (PTFE) 
tubing (1.55 mm o.d., 0.8 mm i.d.). Meanwhile, the sample was drawn at 
100 mL min− 1 at room temperature into the reagent ion source through 
a 1 m-long PTFE tubing (1.55 mm o.d., 0.8 mm i.d.). The Focusing Ion- 
Molecule Reactor (FIMR) was operated at a pressure of 2.5 mbar and, a 
radio frequency (RF) amplitude of 280 V and frequency of 2.3 × 106 Hz. 
The Vocus front and back voltages were 600 V and 45 V, respectively. 
The temperature of the reactor was set at 100 ◦C. The TOF mass analyzer 
was operated at a mass resolving power of 12,000–13,000 m Δm− 1, a 
mass range of 3–400 m/Q, and an extraction frequency of 14.3 kHz. The 
overtime variation of DMC was monitored through the target ion 
C3H7O3

+ (m/Q 91.0395), where the m/Q ratio refers to the charger ion 
(H+, mass of 1 Th). The PTR-TOF instrument was calibrated daily using 
a reference gas mixture (Apel Riemer Environmental Inc., Florida, US) 
containing 13 different compounds (i.e., acetone, isoprene, benzene, 
acetaldehyde, methanol, acetonitrile, acrylonitrile, methyl ethyl ketone, 
toluene, m-xylene, α-pinene, 1,2,4-trimethylbenzene, β-caryophyllene) 
at a concentration level of 1 ppmv, which was 50-fold diluted with high- 
purity zero air generated from the instrument. The sensitivity for DMC 
measurement by Vocus PTR-TOF was 10,000 cps ppbv-1. The concen
tration of DMC (VOC = Volatile Organic Solvent) was then calculated as 
the recorded signal divided by the sensitivity, as shown by Equation (1): 

[VOC] =
SVOC(cps)

Sobs
(1) 

Data were recorded using the TofDaq software (version 1.99.1425; 
Tofwerk AG) and processed using Tofware (version 2.3.5; Tofwerk AG). 
Background measurements of the system and the dry electrospun non
wovens were performed before each experiment. The bake-out of the 
headspace sampler at 50 ◦C and the aluminium plate at 150 ◦C for 30 
min was carried out to prevent any carryover effect between subsequent 
experiments. 

Table 1 
Electrospinning processing conditions: polymer concentration, solution flow rate, voltage difference, needle-to-collector distance, temperature, and relative humidity 
registered during production. The average fiber diameter (±SD) (d) (n = 200) and average pore size (±SD) (D) (n = 3) are reported.  

Sample Conc. 
[% w v -1] 

Flow rate 
[mL h− 1] 

Distance [cm] Voltage [kV] T 
[◦C] 

RH [%] d 
[μm] 

D 
[μm] 

PA_0.4 10  1.5 20  20.5 18 53 0.4 ± 0.1 0.43 ± 0.08 
PA_1 20  0.9 22  19.0 18 54 1.1 ± 0.1 2.2 ± 0.2 
PA_2 27  1.0 18  11.3 20 50 2.0 ± 0.2 5.1 ± 0.9  
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2.6. Characterization of the mock-up and evaluation of the cleaning 
efficacy 

μATR-FTIR spectroscopy was performed with a Thermo Nicolet 
(Thermo Fisher Scientific, Waltham, MA, USA), iN10MX imaging mi
croscope fitted with a mercury-cadmium-telluride detector cooled with 
liquid nitrogen. Measurements were performed using a slide-on ATR 
objective equipped with a conical germanium crystal in the range 
4000–675 cm− 1, at a spectral resolution of 4 cm− 1 with 64 scans and an 
optical aperture of 400 µm × 400 µm. The analysis was performed before 
cleaning to collect reference spectra of the materials and after cleaning 
to evaluate the presence of varnish residues. Six spectra were collected 
in each area. 

Photoluminescence multispectral macro imaging (PL-MSMI) was 
performed with a low-noise 1-megapixel Si electron multiplying CCD 
(EM-CCD) camera (Hamamatsu OORCA LT + 4.0) sensitive in the 
350–1100 nm range. The camera was fitted with a UV–VIS-IR 60 mm 1:4 
Apo Macro lens (CoastalOptics), in front of which was positioned a filter 
wheel holding 8 interference band-pass filters (Semrock) to collect im
ages in selected spectral ranges. Illumination was provided by 16 LEDs 
of wavelengths ranging from 365 up to 700 nm (CoolLED pE-4000), 
coupled to a liquid light-guide fiber equipped with an annular light- 
guide allowing homogeneous illumination of the region of interest. 
The cleaning efficacy was measured using the optimized parameters 
(λex: 365 nm, LED intensity: 100 %, filter: 514–30 nm, integration time: 
10 s). Live monitoring was carried out in the same configuration, with 
integration time halved to 5 s to reach 0.2 frames per second (fps). The 
resulting digital images were processed using ImageJ [37,38]. 

Visible light macro photographs were collected with a stereomicro
scope (Leica M125; 1.0 × objective, 0.8 × magnification) coupled to a 
camera (Leica FLEXACAM C1). 

2.7. Characterization of the case study and cleaning tests 

A real painting of the 20th century, provided by the Courtauld 
Institute of London for research purposes, was used to validate the 
cleaning system (Figure S2). From the edge where the paint film was 
already partially lifted, a micro-sample was collected and embedded in 

KBr and then in resin [39]. The different layers were identified thanks to 
optical microscopy, and the varnish layer’s thickness was measured. 
μATR-FTIR analysis was then conducted to characterize the varnish, 
binder(s) and pigment(s). Three exploratory cleaning tests were con
ducted with PA_1 having thickness in the range of 340–270 μm coupled 
with DMC for 2 min and 30 s. The time of application was reduced as the 
thickness of the case study’s varnish was lower than that of the mock-up, 
thus requiring less time to be absorbed. The effectiveness of the treat
ment was first assessed visually (photograph in visible and under UV 
light). Then, FTIR in reflectance mode was used to analyze the area 
before and after the cleaning treatment. The collected spectra have been 
denoised with wavelet (symlet 6 at level 3), and standard normalized 
deviation (SNV) was applied to correct the baseline. 

3. Results and discussion 

3.1. Characterization of the electrospun nonwovens 

Nonwovens composed of randomly oriented fibers of PA 6,6 were 
fabricated by applying optimized electrospinning conditions (Table 1). 
In all instances, continuous, smooth, and bead-free fibers were obtained 
(Fig. 1a–c), and nonwovens were flexible and resistant to handling and 
folding. Leveraging the well-established correlation between polymer 
solution concentration and fiber diameter [40,41], we achieved varied 
fiber dimensions by simply adjusting the solution concentration while 
the other electrospinning conditions were set to ensure a stable and 
continuous jet during the process. The nonwovens display fiber di
ameters spanning both submicrometric and micrometric ranges, with an 
approximate 100 % diameter increase going from PA_0.4 to PA_1 and 
from PA_1 to PA_2 (see diameter distribution in Fig. 1d and average 
values in Table 1). It was previously reported that a linear correlation 
exists between fiber diameter and mean pore size [42]. Accordingly, in 
our nonwovens the variation in fiber diameter significantly influenced 
pore size, as evidenced by the concurrent increase in pore dimensions 
(Table 1 and Fig. 1). The resulting nonwovens showed an average fiber 
diameter and pore size of 0.45 µm / 0.43 µm, 0.98 µm / 2.2 µm and 2.2 
µm / 5.1 µm, corresponding to the lowest, intermediate and highest 
polymer concentrations, respectively (Table 1), enabling the testing of 

Fig. 1. Representative SEM micrographs of the electrospun nonwovens: (a) PA_0.4, (b) PA_1, (c) PA_2. Scale bar = 20 µm. (d) Fiber diameter distribution of PA_0.4 
(green), PA_1 (blue), and PA_2 (red) (n = 200). 
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nonwovens with pore dimensions ranging from the submicrometric to 
the micrometric scale. 

Liquid evaporation from porous materials can be delineated into 
three distinct steps [43,44]. In the initial step, the evaporation rate re
mains constant and has the maximum attainable value. This rate is 
determined by the liquid’s saturated vapor pressure and the ambient 
temperature. The solvent evaporates from the pores of the material, 
generating a capillary flow from the wet internal regions towards the 
surface. The drying front progressively advances into the porous mate
rial until a specific critical depth is reached. The second step is charac
terized by a gradual reduction in the evaporation rate: the liquid 
evaporates from the smaller and deeper pores that are less accessible to 
the capillary flow. During the third stage, the evaporation rate stabilizes 
at a minimal value determined by the molecular diffusion of vapor 
through the dry zone. The liquid remains confined to the smallest, iso
lated pores, achieving equilibrium with the surrounding vapor. There
fore, according to these previous works [43,44], pore size should only 
influence the last stage of the evaporation process. 

The influence of the nonwoven structure on DMC evaporation was 
investigated using two methodologies: (i) gravimetric analysis, con
ducted within the initial 5 min after DMC addition, to investigate the 
first stage of the evaporation process; (ii) PTR-TOF analysis, conducted 
starting from 5 min after DMC deposition, until complete solvent 
evaporation, to investigate the last stage of the process. 

The first approach consists of recording the weight of the nonwoven 
soaked in DMC while the solvent is free to evaporate, and it was carried 
out on mats with comparable thickness and with the widest range of 
pore sizes (i.e. PA_04 and PA_2). Gravimetric measurements showed that 
after solvent addition, the evaporation rate of DMC is not affected by the 
different micro-to-nano porosities of the nonwovens since the solvent 
loss over time was essentially identical for the two tested materials 
(PA_04 wt variation over time: − 0.086 mg s− 1, PA_2 wt variation over 
time: − 0.088 mg s− 1; Fig. 2a). 

PTR-TOF was carried out on electrospun samples of comparable 
thicknesses. The dimension of the samples was appropriately chosen to 
load the samples with the same absolute amount of solvent while 
maintaining the solvent/weight ratios indicated in Section 2.4. This 
expediency made it possible to exclude effects related to differing de
grees of saturation within the chamber. Fig. 2b displays the concentra
tion of DMC at various time points using PTR-TOF recorded after 5 min 
from solvent addition. Notably, it is more insightful to compare the 
behavioral trends of different materials rather than focusing on the ab
solute concentration values. By observing the trend of normalized con
centration, a faster decrease in solvent concentration becomes apparent 
as the mat pore size decreases. This phenomenon can be attributed to the 
augmented surface area resulting from reduced porosity and fiber 
diameter, which contributes to the deceleration of DMC loss. 

3.2. Assessment of the cleaning efficiency 

Paint standard mock-ups were prepared to test the cleaning effi
ciency of the proposed ES nonwovens. Optical microscopy and μATR- 
FTIR spectroscopy were applied to characterize the cleaning mock-up 
areas before the cleaning procedure. The average varnish thickness, 
determined through microphotographs of sample cross-sections 
(Figure S3b and c), ranged from 40 to55 µm, consistent with the 
typical varnish thickness encountered in historical painting (10–60 μm) 
[45]. FTIR spectra were acquired from both the varnished and unvar
nished surfaces of the mock-up (Figure S3a). In the paint layer spectra, 
we used characteristic spectral features to identify the glue binder (1635 
cm− 1 Amide I, 1533 cm− 1 Amide II, 1450 cm− 1 δ(CH3)/ δ(CH2), 1411 
cm− 1 δ(CH3) or ν(C––O) + δs(CH3)) [46–49] and the red ochre pigment 
(Si-O stretching at 1020 cm− 1) [50,51]. The dammar varnish can be 
identified by the antisymmetric and symmetric CH stretching (2931 
cm− 1 and 2869 cm− 1), the carbonyl stretching (1703 cm− 1), the CH 
bending (1454 cm− 1 and 1383 cm− 1), the C–O/CC stretching at 1045 

cm− 1 and the out of plane CH bending at 889 cm− 1 [52–56]. 
The electrospun nonwovens soaked in DMC were employed to 

remove the dammar coating from the mock-ups, with a contact time of 5 
min and peeling off without applying any mechanical action, as 
described in Section 2.4. The comprehensive cleaning effectiveness was 
assessed through a multi-analytical approach utilizing PL-MSMI and 
µFTIR-ATR spectroscopy. Specifically, regions exhibiting discernible 
residues in the PL-MSMI images along with clear indications of dammar 
presence in the FTIR spectra were deemed incompletely cleaned. 

As an example, Fig. 3 reports optical images, PL images, and µFTIR- 
ATR data of cleaning experiments carried out by using three different 
nonwovens with comparable thickness (Table 2: PA_0.4 entry 6; PA_1 
entry 4; PA_2 entry 1). Images of the cleaned area clearly highlight that 
after cleaning with PA_0.4 and PA_1, the removal of dammar was 
effective (Fig. 3a–d). Conversely, the cleaning efficacy was unsatisfac
tory using the tissue with the largest fiber diameters and pores (PA_2) 
(Fig. 3e and f). In particular, the exceptional sensitivity of PL-MSMI 
enabled the assessment of varnish residues with excellent reliability 
and spatial accuracy. Indeed, by capturing the photophysical response of 
dammar, which appeared significantly more contrasted after optimiza
tion of the excitation and emission conditions [57,58], it became 
feasible to detect the presence of tiny patches of residue that would 

Fig. 2. Evaluation of solvent evaporation from the electrospun nonwovens. (a) 
Results of the gravimetric analysis reporting the weight of PA_04 (black) and 
PA_2 (blue) soaked in DMC as a function of time, with linear fitting (dashed 
lines), slope, and R2. (b) PTR-TOF measurements: normalized concentration of 
DMC over time for PA_0.4 (black), PA_1 (red) and PA_2 (blue). 
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otherwise remain undetectable through other imaging techniques. 
μATR-FTIR analyses confirmed the results of the PL-MSMI, detecting the 
presence of dammar residues when the treatment was not fully effective 
(Fig. 3g). Indeed, the areas cleaned with PA_0.4 and PA_1 show the 
characteristic bands of the glue binder (1635 cm− 1, 1533 cm− 1, 1450 
cm− 1) and the red ochre pigment (1000 cm− 1) in the paint layer. 
Differently, the area treated with PA_2 displays characteristic peaks of 
dammar (1703 cm− 1, 1455 cm− 1, 1374 cm− 1), highlighting the poor 
cleaning efficacy. Furthermore, fiber residues were observed with op
tical microscopy. 

Each material was tested, its thickness and grammar (gsm) varying 
(Table 2). Considering all the cleaning tests reported in Table 2, we 
observed that the best results in terms of cleaning efficacy were obtained 
by using PA_0.4 and PA_1, while nonwovens made by fibres with the 
largest diameter and the widest pores, i.e. PA_2, showed the poorest 
cleaning performance. The DMC volumes range from a minimum of 7 μL 
to a maximum of 32 μL, depending on sample thickness. No evident 
cleaning role played by the amount of solvent is detectable. As an 
example, comparing experiments performed by keeping constant the 
used volume (Table 2: PA_0.4 entry 3; PA_1 entry 5; PA_2 entry 1), it 
turns out that the cleaning efficacy is different and only depends on 
nonwoven structure (i.e., fiber and pore diameter). 

It is worth mentioning that the peel-off effect exploited by the tissues 
allowed the operator to avoid the additional use of cotton swabs, usually 
necessary to remove the swollen varnish present on the surface after the 
treatment. This one-step procedure represents a significant advantage in 
terms of non-invasiveness toward the object and a novelty compared to 
the most widespread chemical cleaning systems. 

To better highlight the outcomes of the experiments, Fig. 4 plots each 
experiment which is identified by the the thickness and gsm of the 
employed nonwoven. Additionally, each test has been color-coded 
(green and red), with red representing an incomplete cleaning (i.e., 
varnish residues remaining after cleaning), and green representing a 
successful cleaning. As expected, there is a linear correlation between 
the mat thickness and the grammage (Fig. 4 a–c). All cleaning experi
ments were successful for PA_0.4 nonwoven, tested with gsm in the 
15–55 g m− 2 range. In the case of PA_1, tested in the range 20–65 g m− 2, 
cleaning experiments were almost entirely satisfactory. Unsuccessful 

Fig. 3. Representative analyses for the determination of cleaning efficacy. a-c) Photographs were acquired with the stereomicroscope in visible light (a, c, and e). 
Images obtained with PL-MSMI (λex = 365 nm, 514–30 nm filter, integration time = 10 s) (b, d and f). From top to bottom: tests performed with PA_0.4, PA_1, and 
PA_2. μFTIR-ATR spectra with identification of the characteristic peaks: glue (blue dot), red ochre (red dot), dammar (green square). From top to bottom: areas 
treated with PA_0.4, PA_1, and PA_2 (n = 6). 

Table 2 
List of the cleaning tests performed with the three PA 6,6 nonwovens with the 
variables considered (thickness, gsm, and volume of DMC added). For each test, 
the result of the cleaning efficiency assessed by the multi-analytical protocol is 
reported (see text for experimental details).  

Sample Entry Thickness 
[μm] 

gsm 
[g m-2] 

Va 

[μL] 
Result 

PA_0.4 1 134  15.31  6.75 Cleaned 
2 169  16.33  7.00 Cleaned 
3 190  18.57  16.00 Cleaned 
4 227  20.00  9.00 Cleaned 
5 271  24.29  10.00 Cleaned 
6 386  42.90  19.00 Cleaned 
8 398  49.80  20.00 Cleaned 
9 461  53.67  24.00 Cleaned 

PA_1 1 151  20.41  7.00 Incomplete cleaning 
2 208  28.57  10.00 Cleaned 
3 245  41.43  14.00 Cleaned 
4 335  40.82  14.00 Cleaned 
5 361  46.94  16.00 Cleaned 
6 373  53.06  18.00 Cleaned 
7 376  46.94  17.00 Cleaned 
8 400  63.27  21.00 Cleaned 
9 405  57.14  20.00 Cleaned 
10 408  59.18  21.00 Cleaned 
11 426  58.37  20.00 Cleaned 
12 443  55.10  19.00 Cleaned 
13 526  61.22  21.00 Cleaned 

PA_2 1 393  65.31  16.00 Incomplete cleaning 
2 394  67.35  17.00 Incomplete cleaning 
3 402  65.31  16.00 Incomplete cleaning 
4 447  71.43  17.00 Incomplete cleaning 
5 458  62.86  22.00 Incomplete cleaning 
6 535  75.51  18.00 Incomplete cleaning 
7 565  93.88  32.00 Incomplete cleaning 
8 592  83.67  28.00 Incomplete cleaning 
9 638  104.90  26.00 Incomplete cleaning 
11 666  100.61  25.00 Incomplete cleaning  

a The following DMC volume/mat weight ratios were kept constant in all 
cleaning tests: 9 μL mg− 1, 7 μL mg− 1, and 5 μL mg− 1 for PA_0.4, PA_1, and PA_2, 
respectively. 
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results were instead obtained using PA_2 samples in all ranges of 
grammage tested (60–100 g m− 2). It is worth mentioning that for these 
last samples, preliminary tests using nonwovens with lower values of 
gsm were carried out (not showed) that, similarly, were not adequate for 
cleaning. 

3.3. Cleaning mechanism 

Based on the obtained results, the cleaning efficacy appears to 
depend solely on the microporosity of the mats. This hypothesis was 
confirmed by SEM observations of the nonwoven section with medium 
pore size (Table 2, PA_1, entry 4) after cleaning (Fig. 5a–d). High 
magnifications of the bottom side in contact with the painting surface 
(green), middle part (blue), and upper side (red) are reported. The 
dammar residues, highlighted in pink (original SEM analyses are re
ported in Figure S4), were identified based on their distinct morpho
logical characteristics. Specifically, a comparison of SEM images of the 
mats before and after cleaning reveals the presence of round-shaped 
particles entrapped within the fiber network, which were absent in the 
original nonwoven material. It can be noted that the pores of the non
wovens, located near the side in contact with the painting surface, 
exhibit a dense accumulation of varnish residues. The amount of these 
residues gradually decreases towards the central and uppermost regions 
of the material. 

Interestingly, dammar is found to be distributed throughout the 
entire thickness of the sample rather than being confined solely to the 
layer in contact with the paint. This observation suggests that the fibers 
do not act only as a gripping site for the swelled varnish. Notably, this 
behavior was also observed in PA_0.4 nonwovens. For comparison, 
Fig. 5e–g reports the SEM cross-section of the nonwoven with large pore 
size and comparable thickness (Table 2, PA_2 entry 1, original SEM 
images are reported in Figure S5). 

Similarly to PA_1, dammar residues can be observed within the 
material; however, their quantity appears smaller, in line with the pre
viously noted inferior cleaning efficiency. These qualitative observa
tions can be reasonably motivated by the different capillary rises in 
nonwovens having different pore sizes: the smaller the pore dimension, 
the greater the height to which the dammar detached from the mock-up 
rises within the porosities of the nonwoven. Consequently, the amount 
of varnish that the nonwoven can remove depends on its porosity. 

To gain further insights into the cleaning mechanism, the PL-MA 
imaging setup was tentatively employed to live-monitor the cleaning 
process, exploiting the fluorescence of dammar. Correlating the PL 
variation with the evolution of a process is commonly used in the 
biomedical field to monitor living cells, physiological dynamics, or drug 
release [59,60]. In the field of cultural heritage, this technique has oc
casionally been used to assess the final effectiveness of conservation 
treatment. However, to our knowledge, this is the first time it has been 

Fig. 4. Graphical representation of the cleaning tests, reporting gsm as a function of nonwoven thickness: a) PA_0.4, b) PA_1, and c) PA_2. The red color was assigned 
to tests with a negative outcome, while the green one was given to positive tests. 

Fig. 5. A) SEM micrograph of pa_1 section after cleaning (entry 4 inTable 2). Closer inspections of the upper side of the sample, not in contact with the paint (b, red), 
the middle area of the sample (c, blue), and the bottom side, in contact with the paint (d, green). e) SEM micrograph of PA_2 section after cleaning (entry 1 in 
Table 2). Closer inspections of the upper side of the sample middle area (f, blue) and the bottom side, in contact with the paint (g, green). The dammar residues are 
marked in pink color. The yellow arrow points to the side of the sample in contact with the paint mock-up. Scale bars: 100 µm (a and e); 20 µm (b-d, f and g). 
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used to monitor a cleaning treatment. 
The experiment was carried out using the different nonwovens with 

comparable thickness soaked in DMC and placed on the varnished mock- 
up. PL images were collected every 5 s during the cleaning procedure for 
up to 5 min. A control experiment was carried out by monitoring the PL 
of a representative nonwoven (PA_0.4) soaked with DMC and placed on 
a glass slide, without dammar, to assess whether the solvent evaporation 
could affect the nonwoven PL. For each timelapse consisting 60 frames, 
three frames are reported in Fig. 6a–d. All the nonwovens applied to the 
varnished mock-up (Fig. 6a–c) showed a progressive increase in PL 
signal over time, whereas the PL remained relatively stable for the 
sample applied to the glass slide (Fig. 6d). The increase in PL intensity 

following the cleaning process can be attributed to the gradual infil
tration of dammar into the pores of the nonwovens, whose emission is 
highly scattered within the mat porosity. 

We quantified the PL variations for all the nonwovens by extracting 
the z-plot (pixel intensity vs. time) in the nonwoven area using Image J 
(Fig. 6e). The pixel intensity was adjusted by subtracting the background 
value (either the varnish layer or the glass slide) in each frame. The 
photoluminescence of the electrospun nonwoven soaked in DMC did not 
change over time when placed on a glass slide (green curve in Fig. 6e), 
confirming that the solvent evaporation did not affect the PL intensity. 
On the contrary, when the mats were applied to the varnished mock-up, 
the PL gradually increased over time (red, blue, and black curves in 
Fig. 6e). The PL rise of PA_2 is slower (blue curve, slope: 74.85 a.u. s− 1) 
and reaches a lower value at the end of the experiment compared to both 
PA_0.4 (black curve, slope: 108.3 a.u/s) and PA_1 (red curve, slope: 
121.7 a.u. s− 1). This outcome indirectly confirms that PA_0.4 and PA_1 
showed a similar cleaning behaviour, while PA_2 had a lower varnish 
uptake, thus a worse cleaning efficiency. 

Based on all our results, Fig. 7 reports a scheme to describe the 
cleaning mechanism. Initially, when the nonwoven saturated with DMC 
comes into contact with the varnish, the primary driving force for the 
swelled dammar to diffuse into the mat is the solvent evaporation 
occurring at the upper surface of the nonwoven whose rate, according to 
the experimental data presented in Section 3.1, appears constant and 
quite similar for the three mats, as can be observed by comparing the 
slopes in the weight versus time plots reported in (Fig. 2a). 

Consequently, the varnish concentration within the mat increases at 
the surface in contact with the paint mock-up. This establishes a varnish 
concentration gradient between the lower part of the mat and its 
external surface, which acts as an additional driving force for the 
diffusion of the coating material into the mat porosities. As the solvent 
continues to evaporate, the capillary rise draws the dissolved varnish 
further into the mat. In essence, the mechanism of cleaning and varnish 
peeling-off can be ascribed to three concomitant phenomena: 1) the 
evaporation of the cleaning agent, 2) the capillary rise of the swelled 
varnished in the mat pores, and 3) the diffusion process of the varnish 
driven by the concentration gradient (Fig. 7). The pore dimension solely 
affects the second phenomenon. Indeed, as reported in Section 3.1, the 
evaporation rate in the first minutes is unaffected by the pore size of the 
mats. At the same time, it is well-established that the lower the pore 
dimension, the higher the capillary rise [61]. Thus, the efficient peeling- 
off mechanism observed using low and medium-pore-size nonwovens 
can reasonably be ascribed to the increase of capillary rise resulting from 
small pore size. 

Interestingly, previous research on the use of DMC as a cleaning 
agent showed that satisfactory results could not be obtained when it was 
applied using cotton swabs due to its high volatility [13]. We demon
strated that using a gel as a carrier of DMC reduced the solvent evapo
ration and increased its contact time with the varnish, resulting in an 
effective swelling of the varnish that, however, required mechanical 
action for its complete removal [13]. In the present study, the cleaning 
process was further improved and simplified by using electrospun 
nonwovens, in which the combination of evaporation rate and capillary 
rise allowed for coating removal without mechanical actions. This shows 
that solvents that have been progressively abandoned due to their in
efficiency with current carriers could potentially be reinstated using 
novel carriers with significantly different physisorption/evaporation 
properties. 

3.4. Validation on a case study 

Optical microscopy and μATR-FTIR spectroscopy were applied to 
characterize the stratigraphy composition of the case study (Figure S2). 
Fig. S6a shows that the painting stratigraphy presented a preparatory 
layer, a paint layer and a varnish layer. The average varnish thickness, 
evaluated through microphotographs of sample cross-sections, was 

Fig. 6. Live monitoring of the cleaning process with PL-MA imaging. Images at 
t0 (0 s), t1 (150 s), and t2 (299 s) of PA_0.4 (a), PA_1 (b), PA_2 (c), and PA_0.4 
on a glass slide (d). e) Pixel intensity over time determined from the time-lapses 
recorded for PA_0.4 (black), PA_1 (red), PA_2 (blue), and PA_0.4 on the glass 
slide (green). 
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20–30 µm. In the paint layer FTIR spectrum (Fig. S6b), we used char
acteristic spectral features to identify the oil binder (2920 cm− 1 and 
2950 cm− 1 antisymmetric and symmetric CH stretching, 1737 cm− 1 

carbonyl stretching) [62] and lead white pigment (3535 cm -1, 1399 cm 
-1) [63,64]. The presence of Lead carboxylates was also identified by the 
diagnostic peak at 1517 cm− 1 [64]. The dammar varnish can be iden
tified by the antisymmetric and symmetric CH stretching (2925 cm− 1 

and 2860 cm− 1), the carbonyl stretching (1712 cm− 1), and the CH 
bending (1457 cm− 1 and 1380 cm− 1) [52–56]. In the preparation layer, 
oil, lead white and calcium carbonate (872 cm− 1) were identified [50]. 

As all the cleaning tests performed on the case study yielded similar 
results, we present a representative example (PA_1, thickness = 350 μm, 
21 μL of DMC, time of application = 2′ 30′’). As illustrated in Fig. 9, even 
on aged and deteriorated paint, the proposed system allowed paint 
removal through a peel-off effect without additional mechanical action 
with cotton swabs. This is achieved as the swelled varnish is entirely 
absorbed into the electrospun mat. It is important to note that, in 
contrast to the mock-up prepared in the laboratory, the paint surface of 
the case study exhibits noticeable unevenness. Consequently, paint 
residues remain in the depressions corresponding to the brush strokes. 
These observations are further confirmed by FTIR analysis in reflection, 
where a decrease in the bending of the derivative of the typical dammar 
peaks is observed (1701 cm− 1 carbonyl stretching and CH bending 1450 
cm− 1). These preliminary tests indicate the applicability of the devel
oped cleaning system to authentic cases. 

4. Conclusions 

This work introduces a novel cleaning system based on electrospun 
PA 6,6 nonwovens saturated with a green solvent, DMC, where the 
nonwoven acts as both a retentive medium for controlled solvent release 
and an adsorbent for the swelled varnish. The peel-off effect observed in 
the proposed system eliminates the need for additional mechanical ac
tion, making it a user-friendly and non-invasive alternative to traditional 
cleaning methods. Cleaning efficiency was tested on mock-ups coated 
with dammar varnish using three different PA mats with increasing fiber 
and pore diameters: PA_0.4 (fiber diameter = 0.45 µm; pore diameter =
0.43 µm), PA_1 (fiber diameter = 0.98 µm; pore diameter = 2.2 µm), and 
PA_2 (fiber diameter = 2.2 µm; pore diameter = 5.1 µm). The non
wovens with smaller pore sizes exhibit superior performance, with 
PA_0.4 and PA_1 achieving satisfactory results, while PA_2 shows lower 

Fig. 7. Schematic representation of the cleaning procedure: a) cross-section of the painting; b) application of an electrospun nonwoven soaked with solvent over the 
painting in contact with the varnish; c) swelling of the varnish and adsorption within the mat with a close-up of the proposed mechanism (d); e) peel-off of the mat 
and cleaned area. 

Fig. 9. Photographic documentation of the cleaning tests performed using PA_1 
nonwoven on the case study “Sea landscape” under (a) visible light and (b) UV 
light. c) Reflectance spectra collected on the same area before (black) and after 
(red) cleaning. The entire spectral range is on the left, and the region 
2000–1250 cm− 1 is on the right with the identification of dammar character
istic peaks. SNV baseline correction was applied on both spectra. 
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cleaning efficacy. Advanced analytical techniques, including micro-FTIR 
spectroscopy, PL-MSMI, and SEM, were employed to characterize the 
mat, elucidate the cleaning mechanism, and evaluate the system’s effi
cacy. The live monitoring of the cleaning process using PL imaging 
represents a novel contribution to the field. The multi-analytical 
approach allows to identify three fundamental phenomena that 
contribute to the successful cleaning: the evaporation of the cleaning 
agent, the capillary rise of the swelled varnished in the mat pores, and 
the diffusion process of the varnish driven by the concentration gradient. 
While the pore size does not influence the solvent evaporation during 
the time of the cleaning action, the capillary rise increases as the pore 
size of the mats decreases. These combined effects contribute to the 
dissolution and diffusion of the varnish. Solvent evaporation establishes 
a concentration gradient, while capillary rise helps to draw dissolved 
varnish deeper into the electrospun tissues, especially when the tissues 
have small pore sizes. The proposed cleaning system’s applicability is 
further demonstrated in a case study with an authentic painting exhib
iting aged paint coating. The developed electrospun nonwoven-based 
cleaning system offers a promising alternative to existing methods, 
such as the application of organic solvents with cotton swabs or gels, 
which suffer from limitations such as poor solvent confinement, vola
tility, and toxicity [5]. The system provides improved control over sol
vent release, scalability, and adaptability to various restoration needs. 
This research contributes to ongoing efforts in the restoration field, 
aligning with principles of non-invasiveness towards cultural heritage 
objects and ensuring operator safety. Future research will explore the 
application of these methods in other industrial fields where selective, 
effective, and controlled removal of unwanted substances is necessary. 
Additionally, the development of new formulations using biobased or 
recycled polymers for electrospun materials will enable the proposal of 
more environmentally sustainable solutions. 
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