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Abstract: Due to the COVID-19 pandemic, since 2020, alcohol-based sanitisers have been frequently
used in museums and historic sites. Although they provide a safer environment for visitors, the
impact of the (components in) sanitisers on the cultural heritage on open display is still uncertain. The
current study investigated the effects of ethanol and isopropanol solutions on silk artefacts specifically
in relation to possible mechanical changes and to their long-term impact based on artificial ageing.
Thus, samples from three modern silk fabrics were treated through spraying and immersion with
six solutions, two of which contained benzalkonium chloride (BZK), a surfactant suggested by
Italian national guidelines in the formulation of sanitisers for museums. The impact of the treatment
was studied from a chemical perspective, i.e., through spectroscopic techniques, and considering
changes in the mechanical strength through uniaxial tensile testing. In addition, water wettability
was measured. To study whether the contact with the solutions can affect the degradation path of
silk, after the treatment, samples were exposed to light ageing and were stored at medium and high
RH, i.e., 55% and 80%. Furthermore, treated and untreated silk textiles were placed in the Museum of
Palazzo Mocenigo (Venice) to define the behaviour in an actual museum environment. The results
show that, even when silk is immersed in the solutions for 180 min, no relevant chemical and physical
changes can be observed on silk fibres. Variations noted at the end of the light ageing occurred
regardless of the treatments with the solutions, so they are not affected by the contact with sanitisers.
Nevertheless, when treating the samples (also through spraying) with solutions containing BZK, the
surfactant is adsorbed by the textile. Once adsorbed, BZK significantly increases the water wettability
of silk, causing a persistent modification of the property as also observed at the end of the ageing and
in situ tests.
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1. Introduction

Since 2020, the SARS-CoV-2 pandemic has drastically impacted and limited the public
access to cultural heritage. Actions and preventive measures have been taken worldwide
by museums and historic sites in order to contain the spread of the virus. Common actions,
still ongoing, include social distancing, limiting the number of visitors, requiring the use
of personal protective equipment and hand sanitisation and ensuring the disinfection of
potentially contaminated surfaces [1,2]. Issues and responses related to the social and
economic impact of the pandemic on museums have been addressed by a number of
studies [3–8], contrary to the effects of sanitisers on artworks.

In consideration of the inestimable value of cultural heritage, the solution to employ
for sanitising hands and surfaces should be carefully evaluated so to avoid damaging
effects on these valuable materials. This necessity has been highlighted by reports [1]
and national guidelines, such as those published by the Italian Ministry of Culture (MIC,
formerly MIBACT) [9,10]. In particular, the MIC suggests sanitisers containing 75% ethanol,
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20% water, and 5% benzalkonium chloride (BZK), avoiding in any case the use of hydrogen
peroxide, UV, and O3 exposure [9,10].

In general, sanitisers for the inactivation of SARS-CoV-2 often include alcohols at
concentrations above 70%, i.e., ethanol and isopropanol, since they are able to modify the
virus lipid membrane and stop its metabolism [11–13]. Among the above-cited alcohols, it
is thought that isopropanol has greater virucidal properties than ethanol, since SARS-CoV-2
has a very lipophilic membrane [12]. On the other hand, the efficacy of BZK in contrasting
the virus’s spread has been questioned. Although BZK as a surfactant could ease the
spread of the sanitiser on surfaces, it is still unclear whether this quaternary ammonium
compound (QACs) is also effective against SARS-CoV-2 or its action is limited only to
nonenveloped viruses [11,14,15]. In addition, it is worth mentioning that BZK is known for
being environmentally toxic [16].

Despite the MIC and other institutions, such as Historic England, briefly mentioned
that using certain solutions in proximity to specific materials can be risky (e.g., alcohol-
based products near lacquered wood) [9,10,17], so far investigations inherent to the effects
of sanitisers on artworks are rather limited [1,2,18]. An exception is the work presented
by the Library of Congress (Washington, DC, USA), which examined the consequences
of hand sanitisers (alcohol-based and/or containing QACs) on collections of cellulosic
items [18]. Another recent example was a study focusing on silk artefacts conducted at Ca’
Foscari University of Venice which set the basis of the current study.

Aiming to define whether sanitisers can pose a threat to artworks, silk can be con-
sidered a pivotal case study, as this material is widespread in historical houses, churches,
and museums; and it can be often found on open display as part of costumes, banners,
tapestries, and especially upholsteries [19]. Artworks made of this proteinaceous fibre
are of remarkable cultural and historical value; therefore, they require careful preventive
conservation strategies. Moreover, among natural fibres, silk is known for being partic-
ularly sensible to specific environmental factors common in museums and historic sites.
Namely, its sensitivity to light, both visible [20] and UV [21,22], has been heavily studied:
photo-oxidation processes, triggered by the presence of aromatic amino acids in the fibres
such as tyrosine and tryptophan, can lead to yellowing and embrittlement [23]. On the
other hand, the roles of other environmental factors such as relative humidity (RH) and tem-
perature (T), possibly responsible for thermo-oxidation and hydrolysis processes, are less
researched and more debated [24–27]. Silk is indeed a hygroscopic material and therefore
prone to modify its moisture content (and so shrink and swell) according to the humidity
of the surrounding environment [28]. In consideration of the uncertain impact of humidity,
also regarding fatigue [24,25], common guidelines indicate that textile artefacts should be
displayed within quite narrow RH thresholds, usually around 50 ± 5% [29]. However, such
strict thresholds are often unfeasible for many museums and historic houses [30].

As reported in the previously published work, the silk samples did not show significant
chemical variations after being treated directly (immersion) or indirectly (vapour exposure)
with the sanitiser solutions [2]. Nevertheless, when the MIC solution was used, FTIR,
Raman spectroscopy and elemental analysis conducted through SEM-EDS demonstrated
that residues of the salt remained on the textiles surface [2].

In consideration of the abovementioned preliminary reported data, the current work
aims at further assessing risks faced by silk artefacts when directly and indirectly in
contact with alcohol-based solutions, such as the one suggested by the MIC. Wettability
and mechanical properties were investigated here for the first time, alongside chemical
features analysed through non-destructive spectroscopic analysis (FTIR-ATR, Raman, and
FORS). Importantly, to test whether photo-oxidation and humidity-related degradation
could be promoted by the treatment with alcohol-based solutions, artificial ageing tests
were carried out. Furthermore, a case study was set up in order to assess the impact of
an actual museum environment on silk fabrics treated with the MIC solution. Thus, silk
samples were displayed at the Museum of Palazzo Mocenigo (Study Centre for History of
Textiles, Costumes and Perfume) in Venice. Ultimately, the present study aimed to define
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whether it would be possible to improve the MIC formulation, so to ensure the use of a
safe product for both visitors and textile artworks.

Since the current work looks at the interaction between silk fabrics and sanitising
products, it should be noted that alcohols are sometimes employed also in textiles conser-
vation. More specifically, the use of industrial denatured alcohol, commercially known as
IMS or IDA, has been reported for wet cleaning [23], and for the application/removal of
adhesives [31,32]. Furthermore, both alcohols and QACs are mentioned for the disinfection,
i.e., for the elimination of microfungi and bacteria, of historic textiles [23,33]. It is relevant
to underline that chemical in sanitisers may take part in conservation treatments, as this
can expand the area of interest and applicability of the present study.

More broadly, nowadays silk fibroin is used for several types of application, ranging
from tissue engineering to the optoelectronic industry [34]. Additionally, in such cases,
the interaction between alcohol and silk fibroin has been investigated, since it can lead to
(sometimes helpful) modifications in the chemical, optical and mechanical properties of the
final material. Nevertheless, within these fields, the biopolymeric material is studied in
form of films and mixed with alcohol as solution [35–37]. For this reason, results may not
be always directly comparable to conservation studies where silk is tested as fabric.

2. Materials and Methods
2.1. Silk Fabrics

The three different silk fabrics employed in this study were newly woven and provided
by Serica 1970® (Follina, Italy), a company specialised in the production of silk textiles. Since
historic silk may already be the result of a complex and characteristic mix of degradation
processes that are difficult to define, the use of modern fabrics allows a more impartial
investigation of the impact of sanitising agents.

Even though degummed silk is more common in artworks, it was decided to consider
also un-degummed (raw) silk, which is also sometimes present in historic textiles [2]. Raw
silk may behave differently with alcohol-based solutions, and exploring this could be an
advantage for conservation purposes too.

The silk fabrics selected were named S1, S2 and S3 (Figure 1). As indicated by the
manufacturer, S1 and S3 are both raw, and S2 is degummed. As is evident in Figure 1,
the textiles differ in the weaving density and colour; in particular, S3 has a pinkish shade
suggesting the use of dye(s), although no more specific information on dyeing process and
colourant was provided by Serica 1970®. Regarding the weaving density, the thread count
of the three fabrics were: S1 50 threads/cm in each direction; S2 50 threads/cm for the
weft and 60 threads/cm for the warp; S3 60 threads/cm for the weft and 50 threads/cm
for the warp. The numbers of warp and weft threads per unit length of each silk fabric
were determined by counting the threads per length of 1 cm in the warp and weft direction.
Although the two raw silk fabrics showed similar threat counts, the thicknesses of the
threads differed, especially in the warp direction: warp threads in S1 were 0.20 mm
thick, and in S3 0.05 mm. Including fabrics with different thread counts, thread thickness
and processing, i.e., degumming and dyeing, was done to offer a wider variability of
case studies.

For removing possible residues related to the fabrication, the textiles were washed
with distilled water for 8 h. The deionised water was replaced every 2 h, and the neutrality
of the solution was also monitored during the wash. After the wash, the textiles were left
to dry in the laboratory (20–22 ◦C; 60–65% RH). No evidence of dye bleeding within the
solution was recorded during this operation. More details on the size of the samples are
provided in the Section 2.4.4.
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Figure 1. Modern silk fabrics employed to test the effects of alcohol-based solutions (215× magnifi-
cation): (a) S1; (b) S2; (c) S3. 
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disinfection of spaces, also through specific devices. On the other hand, direct contact 
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of possible dimensional changes of silk samples and whether alcohol-based products may 
play a role. 
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ethanol/25% distilled water (sol. 2); 100% isopropanol (sol. 3); 75% isopropanol/25% dis-
tilled water (sol. 4); 75% ethanol/20% distilled water/5% BZK (sol. 5); 75% isopropa-
nol/20% distilled water/5% BZK (sol. 6). Pure solvents were purchased from Sigma-Al-
drich®. 
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Figure 1. Modern silk fabrics employed to test the effects of alcohol-based solutions (215× magnifica-
tion): (a) S1; (b) S2; (c) S3.

2.2. Treatments and Solutions

Samples cut from the three silk fabrics were treated, in two different ways, with six
alcohol-based solutions (Table 1). One treatment consisted in spraying on the fabrics, at
a fixed distance of 30 cm, with 2 mL of solution. The spraying was repeated for a total of
24 times (leaving 24 h between applications), and the samples were monitored after 8, 16
and 24 applications. For the second treatment, samples were immersed five times in the
different solutions. Each of the five immersions per solution lasted 30 min, and between
consecutive immersions the samples were left to dry for 180 min. Spraying was considered,
as the treatment might be used for ordinary cleaning and disinfection of spaces, also
through specific devices. On the other hand, direct contact through immersion in solutions
was chosen to exacerbate possible interaction with the textiles. Specifically, immersion and
drying cycles were employed to simulate the effects of possible dimensional changes of silk
samples and whether alcohol-based products may play a role.

Table 1. Codes of the silk samples treated with the six alcohol-based solutions.

Treatment Sol. 1 Sol. 2 Sol. 3 Sol. 4 Sol. 5 Sol. 6

Immersion S1/i_Sol1 S1/i_Sol2 S1/i_Sol3 S1/i_Sol4 S1/i_Sol5 S1/i_Sol6
Spraying S1/s_Sol1 S1/s_Sol2 S1/s_Sol3 S1/s_Sol4 S1/s_Sol5 S1/s_Sol6

The solutions (v/v) used for treating the samples were: 100% ethanol (sol. 1); 75%
ethanol/25% distilled water (sol. 2); 100% isopropanol (sol. 3); 75% isopropanol/25% distilled
water (sol. 4); 75% ethanol/20% distilled water/5% BZK (sol. 5); 75% isopropanol/20% dis-
tilled water/5% BZK (sol. 6). Pure solvents were purchased from Sigma-Aldrich®.

2.3. Artificial Ageing

The artificial ageing was carried out exclusively on the samples treated through
immersion, as these were expected to show more evidently the effects of sanitisers on
the degradation paths. Three different ageing procedures were employed to separately
evaluate the influences of three variables [27]:
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- Light. The ageing was carried out by placing the samples in a ventilated chamber
(22 ± 5% RH; 20 ± 3 ◦C) fitted with OSRAM Ultra-Vitalux® solar lamps (300 W,
230 V) providing an illuminance of 12,000 lux (checked with a luxometer Fervi®

L014). The lamps emitted in the range between 280 and 2000 nm (13.6 W in the range
315–400 nm, 3.0 W in the range 280–315 nm). The ageing lasted 4 weeks, and samples
were monitored every seven days through spectroscopic analyses; colorimetric and
wettability measurements; and every fourteen days by tensile testing.

- Medium relative humidity (55% ± 5 RH), through placing the samples in a desiccator
with a saturated solution of Mg(NO3)2 [38].

- High relative humidity (80% ± 3 RH), through placing the samples in a desiccator
with a saturated solution of KCl [38].

Both desiccators for the ageing at fixed humidity, which lasted in total 8 weeks, were
placed in a dark environment at 17 ± 2 ◦C. The RH level and temperature were monitored
through a data logger, OM-EL-USB-2-LCD, by OMEGA®

, placed in the desiccator and set
to collect the environmental data every 30 min. The samples were monitored at the end of
the two-month period at fixed RH.

When preparing artificial or accelerated ageing, it is always difficult to find a com-
promise among publications and standards; countries and those developed for industrial
applications differ. For heritage materials, the selection of parameters (i.e., time and degra-
dation factors) is even more complicated and open to discussion [27]. In this study, the
ageing tests aimed to assess whether the treatment with the solutions may influence the
degradation paths, photo-oxidation and hydrolysis, induced by light and humidity. The
light ageing was selected, since it was often described in literature as the most impactful
on silk [19–21,26,39]. Furthermore, the ageing at 55% and 80% RH was conducted in order
to investigate whether the increased water wettability in silk samples treated with BZK
may have some effects on the fabric response to humidity. In agreement with previous
publications looking at the debated effect of humidity on textiles [25–27], the two ranges
were selected considering the exposure at 80% RH as extreme and 55% RH as ideal for
textile conservation in museums.

2.4. Analytical Methods
2.4.1. Colorimetric Measurements

Colorimetric coordinates, in the CIE 1976 L*a*b* space, of samples before and after
treatment and ageing, were acquired using a Konica Minolta CM-700d spectrophotometer
(illuminant D65, observer 8 degree viewing angle geometry) and elaborated with Spectra
Magic NX 6 software. For each sample, the measurement was repeated in three different
random points of the modern fabrics and using a 3 mm diameter target area. The mean
Specular Component Included (SCI) values obtained from the analysis of untreated/treated
and unaged/aged samples allowed us to measure possible colour differences. Colour
variations before and after treatment/ageing, ∆E, were calculated according to the equation:

∆E =

√
∆L∗2 + ∆a∗2 + ∆b∗2

According to the literature, when ∆E is greater than three, the colour difference can be
defined as visible; and when it is higher than five, the chromatic change is, for artworks,
unacceptable [40,41].

2.4.2. Spectroscopic Analyses

Fourier transform infrared spectroscopy in attenuated total reflection (FTIR-ATR)
mode was conducted using a portable ALPHA II spectrometer by Bruker Optics® equipped
with an ATR modulus with a single-bounce diamond. Spectra acquired in the range
between 4000 and 400 cm−1 were obtained by collecting 64 scans with 4 cm−1 resolution.
In accordance with past studies, three FTIR-ATR measurements were acquired per sample
and then averaged [21,42].
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Raman analysis was conducted through a Bravo portable Raman spectrometer by
Bruker Optics® equipped with two lasers (758 and 852 nm). Spectra were collected in the
spectral range between 3200 and 300 cm−1 (resolution 10 cm−1). Three Raman measure-
ments were acquired per sample and then averaged.

Fibre optics reflectance spectroscopy (FORS) was carried out using an ASD FieldSpec®

4 Standard-Res Spectroradiometer. Spectral data were collected within the range 350 and
2500 nm (3 nm resolution at 350–1000 nm, 8 nm resolution at 1000–2500 nm). For the
analysis, samples were placed on a contact probe scattering light at 45◦.

FTIR-ATR, Raman and FORS spectra were elaborated with Omnic® 10.0 and KnowItAll®

Academic Edition 2021 software.
In accordance with our previous published work [2], FTIR-ATR and Raman spec-

troscopies were included, since they are often described as useful for studying changes
in secondary structure elements of silk [43]. On the other hand, fewer studies looked at
the applicability of FORS for assessing the state of conservation of textile artefacts [44,45].
FORS can represent a powerful non-invasive diagnostic tool for textiles, especially because
it allows one to acquire information in the near infrared (NIR) range, not investigated
through FTIR-ATR and Raman spectroscopies. Therefore, including all the three spec-
troscopic techniques intended also to look at their different feasibility in assessing silk
degradation.

2.4.3. Wettability

The wettability of the silk samples before and after treatment/ageing was mea-
sured through the water drop contact angle method, according to the standard UNI EN
15802:2010 [46]. For each sample, the analysis was repeated three times.

Defining the water wettability of the material before and after treatments is relevant,
as the use of BZK can increase it, thus making silk more prone to the effect of relative
humidity [33].

2.4.4. Tensile Testing

Uniaxial tensile testing was carried out using an MTS Insight® Electromechanical
Testing System fitted with 100 N load cell. The measurements were conducted following
the standard BS EN ISO 13934-1:2013 [47] at a rate of 0.10 mm/s. The tests were carried out
at 20 ± 3 ◦C and 50 ± 5% RH. All fabrics and samples were cut in the warp direction. For
each sample, the analysis was repeated on five specimens measuring: 50 mm × 10 mm for
S1 and S2; 50 mm × 5 mm for S3. Even if the specimens cut from S3 were smaller in size
than those from S1 and S2, the testing aimed at highlighting differences within the same
fabric before and after treatment/ageing. The experimental approach still allowed them to
properly assess potential variations, as each fabric was evaluated separately. Presenting
the data as stress vs. strain would have also allowed a direct comparison between samples
with different sizes; however, accurately measuring the cross-sectional area in textiles is
not trivial. Therefore, the data were presented and elaborated as load vs. extension, as
performed by other researchers within the field [48,49].

2.4.5. Case Study: Museum of Palazzo Mocenigo

Samples of the three silk fabrics, untreated and immersed in the MIC sanitiser (sol. 6),
were displayed in three of the rooms of the Museum of Palazzo Mocenigo, namely, Rooms
1, 4 and 9. As shown in Figure 2, the samples were pinned on the walls of the rooms, which
are covered with contemporary silk upholsteries manufactured by Rubelli® (Venice).
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Figure 2. Silk samples displayed in the Museum of Palazzo Mocenigo.

A data logger was placed in one of the rooms of the Museum considered representative
due to the stable conditions throughout the palace (Room 9) and set to register temperature
and RH every 30 min, and the illuminance was recorded through a luxometer Fervi® L014.
The samples were left in the museum for a total of twelve weeks, after which, potential
spectral changes in the textiles were evaluated non-invasively through the techniques
described in Section 2.4.2. Alongside spectroscopic changes, possible variations in colour
and water wettability were also assessed.

3. Results and Discussion
3.1. Effects of Alcohol-Based Solutions on Silk Samples

As noted in our previous work on silk [2], all the solutions applied through either
immersion cycles or spraying caused some changes in colour on the fabrics, some of which
were visible (∆E > 3). In particular, visible changes occurred on S3 when using sol. 1–4,
i.e., pure alcohols and the 75% aqueous blends. Since S3 was dyed, the notable chromatic
variation was expected due to possible solubilisation of the colourants in ethanol and
isopropanol [23].

Additionally, the data gained through the spectroscopic analyses, Raman and FTIR-
ATR, are coherent with the ones reported in our preliminary study; we never observed
substantial modifications in silk secondary structure due to the treatments [2]. Interestingly,
a similar result was also noted for samples immersed five times in the solutions, indicating
the lack of effects even after prolonged direct contact. Nevertheless, the presence of BZK
on the samples treated with sol. 5 and 6 was detected through spectroscopic analyses,
highlighting that both spraying and immersion led to the deposition of the QACs on the
silk samples. While Raman and FTIR-ATR were already proved effective in revealing
BZK through characteristic absorption at 2920, 2850 and 1000 cm−1 [2], the same was here
noted for FORS analysis: a band related to the salt was identified at 2345 nm. Figure 3
depicts FTIR-ATR, Raman and FORS spectra of samples untreated and treated with the
MIC solution, the latter being recognisable by the signals in the highlighted regions of
interest. In general, the data acquired through the three spectroscopic techniques (Figure 3)
show the characteristic signals of silk, such as those of amide I (at 1618 cm−1 for FTIR-ATR
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and at around 1660 cm−1 for Raman), amide II (at 1515 cm−1 for FTIR-ATR and 2060 nm
for FORS) and amide III (at around 1260 cm−1 for FTIR-ATR, 1230 cm−1 for Raman, and at
2205 nm for FORS) [43,45,50,51].

Heritage 2022, 5, FOR PEER REVIEW  8 
 

 

 

was here noted for FORS analysis: a band related to the salt was identified at 2345 nm. 
Error! Reference source not found. depicts FTIR-ATR, Raman and FORS spectra of sam-
ples untreated and treated with the MIC solution, the latter being recognisable by the sig-
nals in the highlighted regions of interest. In general, the data acquired through the three 
spectroscopic techniques (Error! Reference source not found.) show the characteristic sig-
nals of silk, such as those of amide I (at 1618 cm−1 for FTIR-ATR and at around 1660 cm−1 
for Raman), amide II (at 1515 cm−1 for FTIR-ATR and 2060 nm for FORS) and amide III (at 
around 1260 cm−1 for FTIR-ATR, 1230 cm−1 for Raman, and at 2205 nm for FORS) 
[43,45,50,51]. 

In the case of FORS analysis, the technique could provide complementary infor-
mation to those given by FTIR-ATR and Raman spectroscopies, as it also allows one to 
investigate Vis and NIR wavelength intervals. While the investigation in the Vis range is 
useful for colour-related measurements, collecting data within the NIR and SWIR region 
was defined as possibly useful for the condition assessment of silk textiles [45,52]. Never-
theless, in this case, the non-invasive approach did not highlight any difference in the 
condition of the silk samples before and after treatment with the alcohol-based solutions, 
confirming Raman and FTIR data. 

  

(a) (b) 

 
(c) 

Figure 3. FTIR−ATR (a), Raman (b) and FORS SWIR (c) spectra of S1: at t0 (S1_t0); after spraying 
with sol. 5 (S1s_Sol5); after immersion with sol. 2 (S1i_Sol2); after immersion with sol. 5 (S1i_Sol5). 

Similarly to what was assessed from the chemical perspective, the mechanical 
strength of the silk samples did not vary after the treatments with the solutions. This re-
sult, which integrates what was observed for the chemical properties [2], is evident from 
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the end of the five immersions. Considering the standard deviation from the five replicas 
per sample, the force at breaking point did not show noticeable variations. The same ob-
servations can be drawn from the outcomes of the mechanical testing after the milder 

Figure 3. FTIR−ATR (a), Raman (b) and FORS SWIR (c) spectra of S1: at t0 (S1_t0); after spraying
with sol. 5 (S1s_Sol5); after immersion with sol. 2 (S1i_Sol2); after immersion with sol. 5 (S1i_Sol5).

In the case of FORS analysis, the technique could provide complementary information
to those given by FTIR-ATR and Raman spectroscopies, as it also allows one to investigate
Vis and NIR wavelength intervals. While the investigation in the Vis range is useful for
colour-related measurements, collecting data within the NIR and SWIR region was defined
as possibly useful for the condition assessment of silk textiles [45,52]. Nevertheless, in this
case, the non-invasive approach did not highlight any difference in the condition of the silk
samples before and after treatment with the alcohol-based solutions, confirming Raman
and FTIR data.

Similarly to what was assessed from the chemical perspective, the mechanical strength
of the silk samples did not vary after the treatments with the solutions. This result, which
integrates what was observed for the chemical properties [2], is evident from the data
in Figure 4 indicating the load at break before and at the end of the five immersions.
Considering the standard deviation from the five replicas per sample, the force at breaking
point did not show noticeable variations. The same observations can be drawn from
the outcomes of the mechanical testing after the milder spraying treatment. It should
be underlined that differences in the load at break from fabric to fabric at t0, before the
immersion/spraying of sanitisers, are influenced by intrinsic properties of the textiles, such
as the weaving density, the geometry and pre-treatments of the fibres [53].
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Figure 4. Load at break (N) of the three silk fabrics before and after the five immersion treatments with
the six alcohol-based solutions. For each sample, the measurement was repeated on five specimens.

Importantly, the use of sol. 5 and 6, applied through immersion and as a spray,
determined a drastic change in wettability in all the three silk fabrics; this value increased
so much in comparison to t0 (contact angle ≈ 110◦) that it was impossible to carry out the
measurements, as the water drops were immediately adsorbed by the textiles. The presence
of BZK in sol. 5. and 6 was responsible for the increase in fabrics’ water wettability, since a
surfactant once adsorbed, reduces the interfacial tension [54]. As further discussed in the
following section, even when water wettability cannot be determined via contact angle
measurements, FORS analysis in the SWIR range can be useful in defining the moisture
content of the fibre.

3.2. Effects of the Artificial Ageing on the Treated Samples

The silk samples immersed (five times, 30 min per immersion) in the six alcohol-based
solutions (sol. 1–6) were artificially aged. In particular, the samples were exposed to
simulated solar light for four weeks, and to fixed RH ranges, 55% and 80%, for eight weeks.

3.2.1. Light Ageing

Light caused visible chromatic variations in all the silk samples. The main changes
occurred during the first week of exposure (∆E > 5), leading to evident yellowing of the
fabrics (increase in b* values). The yellowing affected all the samples, treated and untreated.

As confirmed by the spectroscopic techniques, BZK remained on the aged samples
treated with sol. 5 and 6. This result was somewhat expected, since the salt was adsorbed
within the textile and it would likely need re-solubilisation in order to be removed, even if
applied as a spray solution. FTIR-ATR analysis pointed out how the extended exposure to
light caused some modifications in the secondary structure of silk.

Figure 5 depicts the spectra of treated/untreated samples from the fabric S3 at t0 and
the end of the light ageing, showing that the main modifications regard the broadening
of the bands at 1699 and at 1230 cm−1. While the change at 1699 cm−1 can be attributed
to an increase in antiparallel ß-sheet (thus indicating a change in crystallinity), variations
in the peak at 1230 cm−1 were ascribed to a distortion in random coil conformation in
the amorphous region [21,55,56]. As shown by Figure 5, spectral differences before and
after ageing were noted for both treated and untreated samples, suggesting that the photo-
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oxidation processes were not influenced by the treatments. The mentioned spectroscopic
changes were not observed for all the samples exposed to the simulated solar light, perhaps
indicating that the modifications were not homogeneous and/or significant enough to be
always tracked.
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Figure 5. FTIR−ATR spectra of S3: untreated and unaged (S3_t0); untreated and light-aged for four
weeks (S3_LAt4); treated and light-aged for four weeks (S3i_Sol1-6_LAt4).

The Raman spectra acquired after the ageing are comparable to those at t0, and
are therefore unable to show effects of the photo-oxidation. Although previous works
suggested considering the peaks related to tyrosine at 855, 830 and 645 cm−1 to track
light-induced degradation through Raman spectroscopy [22,43,57], no significant changes
were noted at these wavenumbers. In general, the Raman intensity of the tyrosine peaks
was relatively low, and the signal noisy, possibly due to the relatively low abundance of
tyrosine in Bobyx mori silk fabrics (up to 5% or less [20]). In comparison to the approach
used, to accurately track tyrosine degradation, liquid and gas chromatography coupled
with mass spectrometry can represent a better option [20,58]. It is underlined that no
significant variations were noted in the FORS spectra of unaged and aged samples.

It can be concluded that the light exposure did not affect the wettability of the samples,
and indeed those immersed in the MIC sanitisers remained highly water wettable. This
means that the BZK likely remains on the textile in the long term (unless the material is
cleaned, as the boiling point is greater than 100 ◦C), and therefore, it can cause a permanent
modification of the wettability.

The data from the tensile tests after light ageing demonstrated the damaging effects of
solar light on silk, responsible for drastic decreases (even up to 50%) in the tensile strength
for all the samples. As illustrated in Figure 6 for the case of S3, the load at break was
significantly reduced regardless of the treatment with sanitising solutions, which therefore
did not play an evident role in the degradation process affecting the mechanical properties.
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Figure 6. Load at break (N) of S3: untreated and unaged (S3_t0); treated through immersion with the
six alcohol-based solutions and light-aged for four weeks (S3_Sol1-6_LAt4).

3.2.2. Ageing at Medium and High Relative Humidity

The two-month ageing at fixed RH, medium (55%) and high (80%), did not cause
modifications in the secondary structure of the proteinaceous fibre trackable through
spectroscopic analysis, as may be expected [21,26]. Differently from what was reported after
the light ageing, FTIR-ATR spectra of silk samples stored at high and medium humidity
were like those collected at t0. As an example, Figure 7 provides the spectra of S3 before
and after the ageing at 80% RH. Although the spectra remained largely unvaried, peaks
related to BZK were detected at the end of the ageing in all the samples treated with sol. 5
and 6. Again, this points out the persistence of the QACs on the textile.
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Figure 7. FTIR−ATR spectra of S3: untreated and unaged (S3_t0); untreated and aged at 80% RH for
eight weeks (S3_RH80); treated and aged at 80% RH for eight weeks (S3i_Sol1-6_RH80).

FORS SWIR data (acquired immediately after ageing) showed differences in the
moisture content of samples stored at 55 and 80% RH. As illustrated in Figure 8, there
was variation in the intensity of the peak at 1930 nm (from the -OH combination) [59],
which was higher for the samples aged at 80%. This difference is particularly evident when
comparing the spectra of samples at high RH to those at the end of light ageing, which was
responsible for the drying of the fibres.
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Figure 8. FORS SWIR spectra of S1 samples: unaged and untreated (S1_t0); treated through immersion
cycles with sol. 5 and light aged for four weeks (S1_Sol5_LAt4); treated through immersion cycles
with sol. 5 and aged at 80% RH for eight weeks (S1_Sol5_RH80).

As noted from the chemical perspective, the load at break did not vary as a conse-
quence of the ageing at fixed humidity. This differs from what was observed at the end
of the light ageing, as the effects of simulated sun light on the mechanical strength were
relevant. These data are in line with our previous findings on the different impact of light
and humidity on silk [21,26], although it should be underlined that the cited experiments,
and those carried out in this study, lasted less than three months. It can be thought that
longer time is needed to observe the impact humidity (both stable and fluctuating); indeed,
Howell registered a decrease in the load at break after storing silk samples at 85% RH for
six months [25].

3.3. Case Study: Effects of a Museum Environment on the Treated Samples

Samples from the three silk fabrics before and after the immersion cycles with the MIC
solution (sol. 5) were displayed in different rooms of the Museum of Palazzo Mocenigo,
located in Venice. After twelve weeks in the Museum, the textile samples were analysed to
define whether any chromatic, spectroscopic, and/or wettability-related change occurred
and if the treatment played a role.

The hygrothermal conditions in the museum were monitored throughout the three-
month period of the study (January–March 2022). The collected data showed a stable
environment, in line with conservation guidelines [60]: the registered RH was around
56 ± 2%, and the average temperature was 21 ± 2 ◦C. The illuminance was slightly different
from room to room, although in all the cases the area was only artificially illuminated, as
the solar light was completely prevented from entering from the windows by thick curtains.
Namely, the illuminance in the spots where the samples were located (far from the centre
of the rooms with a value of 140 lux where the main and only illumination system was
present) ranged between 6 lux (Room 1), 19 lux (Room 4) and 8 lux (Room 9).

Regardless of the illuminance in the Museum, where windows are covered with thick
curtains, some changes in colour were noted on some treated and untreated samples. As
shown in Figure 9, the greatest chromatic variations (some of which visible) were observed
in samples cut from S3, the only dyed textile, and they can be mainly linked to an increase
in L*, indicating whitening. Similarly, the ∆E of some S1 samples was close to three because
of the growth in L*. In both cases, samples displayed in Rooms 4 and 9 presented greater
∆E values than those in Room 1, likely as consequence of the higher illuminance of the
space, still consistently below the CIE recommendations, i.e., 200 lux [61].
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Figure 9. Variations in the chromatic coordinates L*, a*, b* and ΔE of untreated/treated silk samples 
after the three-month display at the Museum of Palazzo Mocenigo. 

At the end of the twelve-week display at Palazzo Mocenigo, as expected, BZK was 
once again detected on samples treated with the MIC sanitiser; peaks related to the QACs 
were identified through the spectroscopic techniques, and the textiles were still highly 
water wettable. FTIR-ATR, Raman and FORS analysis did not highlight differences in the 
spectra acquired before and after the display in the museum. As a result, it can be sug-
gested that the photo-oxidative degradation that possibly occurred, and was shown by 
the colorimetric measurements, was very limited. 

4. Conclusions 
This study looked at whether alcohol-based solutions, widespread in sanitisers, may 

have an impact on the degradation path of silk promoted by common environmental fac-
tors in historic sites, i.e., light and humidity. In total, six solutions were tested on three 
newly manufactured silk fabrics, considering as reference the sanitiser suggested by the 
Italian Ministry of Culture MIC (75% ethanol, 20% water, 5% benzalkonium chloride, 
BZK). Starting from our previous work focusing on the potential chemical changes caused 
by treatments with alcohol-based solutions [2], here mechanical and wettability variations 
were evaluated, alongside the ageing behaviour under different environmental condi-
tions. 

No chemical effects and mechanical (tensile strength) variations were observed after 
treatments, reinforcing previous results. On the other hand, the four-week exposure to 
simulated solar light caused some changes in the secondary structure of silk and in the 
physical strength of both untreated and immersed samples. Since the variations occurred 
in all the light aged samples, this indicates that the photo-oxidation process, also 

Figure 9. Variations in the chromatic coordinates L*, a*, b* and ∆E of untreated/treated silk samples
after the three-month display at the Museum of Palazzo Mocenigo.

At the end of the twelve-week display at Palazzo Mocenigo, as expected, BZK was
once again detected on samples treated with the MIC sanitiser; peaks related to the QACs
were identified through the spectroscopic techniques, and the textiles were still highly
water wettable. FTIR-ATR, Raman and FORS analysis did not highlight differences in
the spectra acquired before and after the display in the museum. As a result, it can be
suggested that the photo-oxidative degradation that possibly occurred, and was shown by
the colorimetric measurements, was very limited.

4. Conclusions

This study looked at whether alcohol-based solutions, widespread in sanitisers, may
have an impact on the degradation path of silk promoted by common environmental
factors in historic sites, i.e., light and humidity. In total, six solutions were tested on three
newly manufactured silk fabrics, considering as reference the sanitiser suggested by the
Italian Ministry of Culture MIC (75% ethanol, 20% water, 5% benzalkonium chloride, BZK).
Starting from our previous work focusing on the potential chemical changes caused by
treatments with alcohol-based solutions [2], here mechanical and wettability variations
were evaluated, alongside the ageing behaviour under different environmental conditions.

No chemical effects and mechanical (tensile strength) variations were observed after
treatments, reinforcing previous results. On the other hand, the four-week exposure to
simulated solar light caused some changes in the secondary structure of silk and in the
physical strength of both untreated and immersed samples. Since the variations occurred in
all the light aged samples, this indicates that the photo-oxidation process, also highlighted
by the colorimetric data, was not influenced by the treatments with sanitisers. In general,
the outcomes confirm the mechanical and chemical stability of silk (both unaged and
light/humidity aged) when exposed to alcohol-based solutions.

From a technical perspective, FTIR-ATR was more successful than FORS and Raman
spectroscopy in tracking changes in the secondary structure of silk due to the ageing. On the
other hand, FORS analysis showed to be useful in providing complementary information
in the SWIR range, e.g., related to the moisture content of the fibrous material. Regarding
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the application of FTIR for textile applications, a few authors have pointed out that this
technique may have reduced sensitivity for detecting possible degradation processes related
to the use of specific products or to ageing processes—in particular, natural ageing. For this
reason, although the instrumentation employed allows non-invasive analysis, which can be
desirable in the case of cultural heritage, techniques such as limiting the viscosity number
and chromatography coupled with mass spectrometry can provide relevant complementary
information regarding proteinaceous macromolecules and amino-acid degradation. This
could be critical to tracking variations, especially at the early stages and as a support in
conservation and cleaning treatments.

Importantly, at the end of all the ageing tests and the display at the Museum of Palazzo
Mocenigo, BZK was detected (thanks to the spectroscopic techniques) on samples treated
through immersion from the solutions containing the QACs. This points out that the
surfactant remains on the textile, and it possibly modifies, in a permanent way, important
properties of the material, such as the water wettability. Although further research is
needed, perhaps including longer exposure time in museums environment, the presence of
BZK, on a long term, could represent a risk for artworks made of hygroscopic materials
such as silk, possibly promoting mechanical fatigue and dust cementation.

Considering the collected data, alcohol-based solutions appear to be a safe option
for sanitising museum environments, at least in proximity to silk materials and from the
fibres’ perspective, though they may be risky for the dyeing in case of direct and prolonged
contact. On the other hand, the addition of BZK in the product should be avoided, as this
can deposit on the materials (even through nebulisation) and affect the behaviour toward
relative humidity.
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32. Krejčí, J.; Drábková, K.; Bureš Víchová, J.; Škrdlantová, M. Reversibility of adhesive techniques applied on historical textiles. Eur.
Phys. J. Plus 2021, 136, 642. [CrossRef]
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