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Nanostructured coatings for the protection of textiles and
paper
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Abstract: Conservation environment with high humidity content or exposure to liquid water are directly linked to degradation of
cellulosic materials, such as paper and fabrics. This research had as main objective the development of formulations based on two
water-repellent products commercially available: a fluoroacrylic co-polymer and a polydimethylsiloxane. The purpose was to test their
applicability to paper and textiles, both ancient and modern. Different analytical techniques have been used: FTIR-ATR spectroscopy,
colorimetricanalysis, observations by SEM-EDX and light microscopy, contact angle measurementand mechanical strength. Applications
were carried out by spray and immersion achieving a systematization of the method and the choice of non-toxic solvents. Two of the
four formulations tested were prepared with the addition also of silica nanoparticles. The results highlighted the compatibility and
effectiveness of fluoroacrylic polymer with low nanosilica percentages applied by immersion.
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Revestimientos nanoestructurados para la proteccion de tejidos y papel

Resumen: Altos porcentajes de humedad o el contacto con el agua son las mayors causas de deterioro de los materiales celuldsicos,
como papel y tejidos. El objetivo principal de esta investigacion es el desarrollo de film protectores en funcién de dos productos
comerciales hidréfugos: un fluoruro de copolimero acrilico y un polidimetilsiloxano con la adicién de nano-silice. La finalidad es
verificar la aplicabilidad sobre papeles y tejidos tanto antiguos como contemporaneos. Se han utilizado distintas técnicas analiticas:
espectrofotometro de infrarrojo FTIR con ATR, analisis colorimétrico, observacidon con microscopia déptica y electronica, medida
del angulo de contacto y de la resistencia mecanica. Los productos se han aplicado por medio de spray o inmersiéon con adecuada
sistematizacion del método y eleccion de disolventes a bajatoxicidad. Los resultados demuestran una buena compatibilidad y eficiencia
de los productos fluoroacrilicos a bajo porcentaje de nano-silice de inmersion.

Palabras clave: tejidos, papel, hidrorrepelencia, protectores, recubrimientos.

Introduction

High humidity or direct contact with water are the
principal causes of degradation for cellulosic materials, as
textiles and paper. Acid and basic hydrolysis are, in fact,
promoted in presence of water, involving the breakage
of the glycosidic bonds and resulting in deterioration of
cellulose. Fibres swelling is another consequence of water
exposure, which causes internal tensions. In addition,
high relative humidity environments may promote also
the development of microorganisms such as mildew and
bacteria (Eastop and Timar-Balazsi 1998; Roberts 2006).

According to literature, many hydrophobic coatings
have been proposed to protect textiles and paper from

the action of water and several researches have been
undertaken to find effective formulations. Carboxylate-
alumoxanes sol-gel (Kiuberis and Tautkus 2005), titanium
dioxide nanoparticles (Daoud et al 2005), modified
copolymer lattices (Samyn et al. 2010) are only few
examples among the many products proposed for the
conservation of historical cellulosic materials.

In this research, four encouraging formulations based
on water-repellent products present on the market were
tested. The purpose was to examine their applicability
for the conservation of specific cellulose substrates
(paper and textiles) taking into consideration that in the
field of Cultural Heritage conservation some necessary
requirements have to be met, such as physico-chemical
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and aesthetical compatibility of the treatments with
the substrates (Pertegato 1993; Lorusso 1996). Four
formulations have been investigated. Three of them were
made of fluoroacrylic co-polymer diluted in ethanol,
eventually added with hydrophobic silica nanoparticles;
the fourth was based on a polydimethylsiloxane diluted in
ethyl-acetate.

Methods & methodology

Cellulosic samples used during the experimentation were
three types of paper and four textiles. They are described
in detail in [table 1].

Four distinct formulations were developed to be applied
on the samples; they are also illustrated in [table 1].
Considering environmental impact and consumers’ health,
two solvents were chosen for their low toxicity: ethanol
and ethyl-acetate.

Aiming at comparing well-founded methods used so
soon for textile and book preservation, both spray and
immersion were performed to apply the formulations
(Mazzon et al. , in press). A constant volume of 8ml of
each formulation was sprayed with an airbrush on a set
of 3 replicates of each substrate (5x5cm2), 4ml on one
side and the rest on the other side. T4 and T5 specimens
were sprayed only on the side which did not present
the preparation layer. Immersion treatment implied the
dipping of each sample for 30 seconds; the solution was
replaced every six samples. Both the application methods
foresaw a two-hour-curing phase at 60°C.

Aging tests were carried out to check the formulation
stability. After being treated, a selection of specimens
underwent artificial ageing. The test was performed
by using solar lamps (500 hours at circa 8500 lux, 280-
400nm) to monitor eventual polymer degradation.

To estimate the treatments’ efficacy, specimens were
examined by visual observation, optical and electron
microscopy (DINO-Light Digital microscope; SEM
JEOL JSM-6490LA), colorimetric analysis (Konika
Minolta CM-2600d) (Feller 2001) and spectroscopic
analysis (Thermo Nicolet FTIR with ATR Nicolet Nexus
Smart Orbit, 4cm™ resolution, 64 scans, 4000-400cm-
). Physical properties’ changes were estimated by
wettability measurements (static contact angle by
a Dataphysics Contact Angle System OCA15EC) and
tensile strength assessment (Maximum Load and
Young’s Modulus values by uniaxial tensile tests on
dog bone-shaped samples of 25mm length with an
Instron3365 dual column extensimeter). In particular,
the determination of the Maximum Load provides a
measure of the force necessary to break the specimens.
Young's Modulus measures, instead, the specimens’
deformation, providing information on stiffness or
flexibility: higher Young’s Moduli correspond to higher
stiffness. Hygroscopy behaviour was studied (NORMAL
ISO 12571:2013) to analyse the moist retention
capability of the fibres in different humidity conditions
(RH 60% and 80%), while water vapour permeability
(DIN52615, 1987) helped to establish whether
permeability of samples was altered by treatments and
whether a continuous moist-blocking film was present
on the surfaces of treated samples.

Table 1.- Presentation of samples and formulations used during the research. Brief description and details are also reported.

Sample name Description Details
. " e . . Year: 1876
1 Printed book paper “Del diritto internazionale. Lezioni Bulk: 84.56gsm
Year: 1923
2 Pri k “ i I i lle leggi di ivile”
C rinted book paper“Commentario del Codice e delle leggi di procedura civile Bulk: 93.6gsm
. i Year: 2015
a Common white printing paper Bulk: 76.12gsm
T3 Cellulosic row canvas Threads/cm: 9
T4 Painting canvas covered with red handmade preparation layer Threads/cm: 9
T5 Painting canvas covered with white industrial preparation layer Threads/cm: 21
T7 Blue Cotton textile Threads/cm: 27
Formulation name Description
F1 Fluoroacrylic co-polymer at 5.00%w in ethanol
F2 Fluoroacrylic co-polymer at 4.87%,, mixed with 0.13% of hydrophobic fumed silica
nanoparticles (Aerosil® R812 — BET surface area: 260 + 30m?/g), in ethanol
F3 Fluoroacrylic co-polymer at 4.87%w mixed with 0.13% of hydrophobic fumed silica
nanoparticles (Aerosil® R812 — BET surface area: 260 + 30m?/g), in ethanol
Polydimethylsiloxane (PDMS - Sylgard® 184 Silicone Elastomer) at 5.00%w in ethyl-
F4 acetate
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Table 2.- Colour change AE*, product applied AM%, Contact angle [°], Vapour permeability [g/(ssm2)], Young’s Modulus [MPa], Maximum
Load [N], Hygroscopy at 60% and 80% RH values recorded for (U) untreated samples, samples treated by (S) spray and samples treated by
(I) immersion. Here are reported the data of T3, T4, T5 and T7 textiles and C1, C2 and C3 papers, treated with F1, F2, F3 and F4 formulations.

Samiples AES AM Contact angle Vapour permeability Young’s Modulus Maximum Load Hygroscopy Hygroscopy
[%6] [g/(s'm?) [MPa] N] 60% RH [AM%] 80% RH [AM%%]
S I S I 6/ S i 18] S E U S I U S I [8) S 1 L S I
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Results & discussion formulation. This was evident in particular for the treatment

A selection of data is reported in [table 2], in order to easily
compare the results obtained.

The overall percentage mass variation due to the products
deposition range between 1%<Am<45%. Despite the use of
formulation at similar concentrations and preliminary trials
conducted to ensure a similar deposition of products on the
systems, spray and immersion methods did not reach the
same quantity of products deposited. In particular, spray
application often entailed slightly higher weight variations
than immersion; this could be due to a partial evaporation/
loss of solvent during spraying and the deposition of a more
concentrated product.

Generally, all the formulations caused an alteration to the
appearance and colour variation of the surfaces, both when
applied by spray and by immersion. Especially formulations
F2 and F3, admixed respectively with 0.13%, and 0.25%,
of nanosilica, caused white depositions; this phenomenon
is clearly visible through digital microscope observations
[figure 1]. The whitening observed when using F1, F2 or F3
is proportional to the quantity of nanosilica present in the

F3, with a larger quantity of nanosilica, while F1 formulation
always resulted in lower AE variation. Generally, a substantial
AE variation resulted from F4 treatments, applied both by
spray and immersion, primarily due to changes in colour
lightness (-15.41<AL<-0.41).

Figure 1.- Dino-Light microscope investigation of C2 substrates treated
by spray with (1) F1 and (2) F2 formulations. C1 substrates treated with
F3 formulation by (3) immersion and by (4) spray. T4 substrates treated
by spray with (5) F2 and (6) F3 formulations. T7 substrates treated with
F3 formulation by (7) immersion and by (8) spray.
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SEM analysis of white paper (C3) and all textiles treated
with formulation F3 highlighted that nanoparticles
sprayed on the surface formed a fragile film, which
tended to crack, possibly due to a partial lack of solvent
(loss during spraying) and deposition of agglomerated
polymer particle. Immersion application, instead, allowed
to obtain treated samples with a morphology similar to
the untreated ones [figure 2] by homogenously covering
each fibre.

X1,000  10pm

X1,000 10pm

X1,000  10pm
Figure 2.- SEM images of (1) untreated C3 paper, (2) the same C3
substrate treated by immersion with F1 formulation; (3) untreated

textile T7 substrate, (4) the same T7 substrate treated by immersion
with F1 formulation, Photographer: Simone Lauciello, IIT institute.

FTIR-ATR analysis was performed in order to evaluate
possible reaction between substrates and products. The
spectra showed the superimposition of characteristic
absorption peaks of the cellulose specimens and of the
formulations, without the presence of any extra-peak
attributable to chemical reaction between substrates and
products [figure 3].

Furthermore, the high contact angle values (between 115°
and 147°), measured in order to test wettability, proved that
each product contribute to reach excellent water-repellent

%Transmittance
B R 28 s s S B 2R YN BR LR

Wavenumbers cm-1)

Figure 3.- FTIR-ATR spectra of (red) F1 formulation, (green) cellulosic
substrate, (grey) cellulosic substrate treated with F1.

properties and decrease surface wettability; besides, the
addition of nanosilica enhanced the water-repellence of the
samples, especially on paper substrates. Treated samples
probably present a nano-roughness causing the “lotus
effect”: the water drops tended to become spherical and to
roll off even at low inclinations.

The Water Vapour Permeability (WVP) was not particularly
affected by the application method chosen to treat textile
samples, while immersion treatment lent paper samples a
WVP closer to the untreated specimens in comparison to
spray. Moderate WVP variations (around 15-20% for textiles
and 20-30% for papers) were observed with the exception
of spraying F1, F2 and F3 on specimen C2: WVP reductions
between 30% and 60% were measured. WVP values close to
the original ones suggested a homogeneous distribution of
the products on each fibre with the formation of a thin and
flexible coating structure without obstructing the natural
pores between fibres and threads.

Hygroscopic tests, conducted at 60% or 80% RH, showed
no significant weight growth of cellulose treated samples in
comparison to the untreated samples, maintaining similar
water retention properties and guaranteeing products
compatibility. Treatments did not modify the process of
samples to get into equilibrium with water vapour and this is
a positive result, since the substrate was free to absorb and,
most important, to release water vapour. A slight decrease
in water vapour absorption may be an advantage to limit
biological degradation and deterioration linked to hydrolysis.

As for paper specimens, mechanical tests demonstrated
that treated samples generally gave analogous results for all
formulations: higher values of Young’s Modulus and slightly
higher Maximum Load values indicating the formation of
resistant but stiffer materials. It is important, however, to
underline the high variability of Maximum Load values obtained
for formulation F4, depending on the type of treated paper.

Instead, the textiles, after each treatment, always presented
Young's Modulus decrease resulting in lower stiffness and
probably a moreflexible substrate; the Maximum Load remains
similar. High standard deviations were measured probably
due to intrinsic structural differences of the substrates.

After artificial ageing (500 hours at circa 8500 lux), the
treated samples did not show any significant variation
in wettability and chemical composition, as testified by
contact angles and FTIR-ATR analysis. In fact, no new FT-
IR peak related to functional groups were detected, even
though signals already present before ageing seemed to
show minimal intensity variations. This could be possibly
due to minor breakage or the formation of new bonds, not
easily quantifiable with this technique. After the exposure
under UV light, colour measurements of treated surfaces
were carried out together with measurements on untreated
ones (used as reference). In [table 3] the mere contribution of
UV radiation can be observed by comparing colour changes
(AE*), calculated with data collected before and after ageing,
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of both untreated and treated specimens. As visible in [table
3], both yellowing of the treated and untreated specimens
occurred, pointing out similar or even higher colour variation
for the untreated ones. Due to their transparency, coating
films did not entirely stop the UV radiations, resulting in a
partial yellowing of the substrate. However, the yellowing
observed on untreated specimens resulted slightly higher
than on treated ones, thus suggesting the stability of the
coatings under lamps radiation and a slight protection
effect of the polymeric films with regards to UV radiation.

Positive results have been registered for contact angle on
treated surfaces even after artificial ageing [table 3]. All
values were higher than 90°, proving that UV radiations did
not affect the water-repellence of the treatments. Slight
decreases were generally observed for all the specimens,
but water-repellence was definitely maintained.

Conclusions

Restoration products must follow precise requirements of
chemical and physical compatibility with Cultural Heritage
objects. This could be assessed by measuring, after the
application, differences in colour, WVP, hygroscopicity,
mechanical strength and through ageing test.

All formulations tested, applied both by spray and
immersion, lead to water-repellent papers and textiles.

Samples Colour change AE* Contact angle [°]
Untr S Untr 1 S L
F1 4.8 4.7 6.2 8.8 137+ 8 144 + 8
F2 5.0 4.2 5.1 6.7 133 +:9 134+ 6
L3 B3 b 55 75 7.3 139 + 8 137+ 8
F4 bib 43 75 6.3 143 + 4 131 + 10
F1 6.2 5.6 140 9.7 131 7 1355: 4
T4 B2, 1031, 6.2 9.2 7:5 129 £8 13176
E3 6.2 4.1 11.0 8.6 123 + 4 131+ 6
F4 10.2 7.0 8.7 8.3 134+t 6 133+7
F1 8.5 Tid K4 8.9 124 £ 5 144 + 4
TS F2 8.0 6.9 10.8 12.0 132+ 7 138 + 4
F3 9.6 7.8 11%5! 10.1 135+ 38 140 + 4
F4 10.4 97 1213 13.8 145+ 5 141+ 4
Fl 5.0 2 4.6 4.6 135+ 6 144 £ 5
B2 4.2 22 4.6 4.2 139 +5 143+ 5
i F3 4.2 2.5 4.8 4.0 139-£:7 136 £ 5
F4 4.7 53 6.3 7.1 147 £ 6 145+ 5
El 1.4 315k 0.9 0.9 114 +£5 137+ 3
B2 2% 1.8 2.1 3.8 117 L4 128 +3
ct F3 3.2 34 7.6 10.1 121 +£2 138+ 3
F4 2 6.9 4.8 7.3 129 + 4 136 + 3
El 1.4 0.9 2.0 0.9 112+ 2 1237433
E2 0.7 14 1.0 1.0 117 +£2 122:&.5;
@ F3 0.7 0.7 1.0 0.5 137+ 6 122 £ 2
F4 1.8 2.8 0.5 0.8 124 £ 2 12785
Et 16.0 16.1 16.9 17.9 108 £ 6 120 + 4
B2 16.0 16.0 15.7 177 117 +6 124 + 4
3 F3 171 16.1 16.4 18.2 123 +9 126 £ 6
F4 17.4 223 157:2; 19.2 127 2 131 &3

Table 3.- Colour change [AE*] recorded after ageing (500 hours) for
untreated and treated samples. Contact angle [’ recorded after ageing
(500 hours) for treated samples both by (S) spray and (I) immersion.
The data regarding T3, T4, T5 and T7 textiles and C1, C2 and C3 papers
treated with F1, F2, F3 and F4 formulations are reported.

International Institute for Conservation
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Amongthem, F1and F2 reached agood compromise between
effectiveness and compatibility requisites stated above. F3
also guaranteed positive values of WVP, mechanical strength
and wettability, but the surface whitening of the samples,
due to the high quantity of nanosilica, was not aesthetically
acceptable, especially when applied by spray. Among all, it can
be said that formulation F4 was the least effective because of
the wide colour variation and a negative effect on WVP.

Structure or physico-chemical properties of the substrates did
not affect the treatments application and their performances,
encouraging their potential use for the conservation of paper
and textile. However, a preliminary study of the artefacts and
the development of ad hoc products is always fundamental.

Both spray and immersion application methods generally
gave good results, even if spray left some small nanoparticles’
agglomerates. It is suggested to immersion application
whenever possible, while spray would be desirable in presence
of canvas with a preparation layer or for breakable papers.

Some perspectives for future researches should be focus on:
1) improvement of the application methods to homogenize
weight variations, focusing for example on the solvent
concentration for spray application and verifying how much
product is lost during the application phase; 2) bending
tests of the treated samples, providing more information on
the behaviour of the polymeric films; 3) testing the stability
and the behaviour of these four formulations in presence of
biological agents of deterioration; 4) further investigations of
the coating microstructure, e.g. by SEM-EDX; 5) application
on actual Cultural Heritage artworks, to verify whether the
results are confirmed and to understand if new issues arise.
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