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Synopsis

The aim of this thesis is to develop protective formulations for the conservation of cellulose fabrics,
using sustainable products and application techniques. In fact, a wide range of Cultural Heritage
objects is composed of cellulose, such as painted canvases, costumes, tapestries, and design
objects. The stability of these artworks is threatened by several factors, among which the most
dangerous are the presence of water, biodeterioration and polluting agents.

This study was possible thanks to the collaboration of the Smart Materials group of Istituto Italiano
di Tecnologia (IIT) in Genova, the research group of Dipartimento di Scienze Ambientali,
Informatica e Statistica (DAIS) in Universita Ca’ Foscari of Venezia, and Univerista degli Studi
di Trieste.

Polymeric manufacturing and fabrics treatment know-how, in addition to several chemical,
physical, and mechanical characterization techniques of Smart Materials group (IIT) were
involved in the fruitful collaboration. Ca’ Foscari team contributed with long-standing
conservation science knowledge and awareness of the delicate equilibrium between conservation
actions and safeguard of the original artifacts. Trieste University offered several educational events

and opportunities for dialogue and confrontation.

The promising results obtained thanks to the collaboration are summarized and illustrated in this
thesis, which has been structured in four chapters:

e The first part is dedicated to explain the extent presence of cellulose fabrics in Cultural
Heritage, their components, structure and properties. After explaining the possible
degradation phenomena, the chapter illustrates the protective treatments found in literature
and explains the need for innovative conservation treatments. In this chapter, a summary
of accelerated aging methods and tests for the durability of treatments is also reported.
Finally, in light of all these elements, the scope of the research is illustrated in details.

¢ In the second part, a transparent, hydrophobic and breathable treatment for cotton fabric
was developed from the synergic action of siloxane and polyurethane polymers. The

preparation of the fluorine-free polymeric emulsion and its effective application is



described, as well as the effectiveness of the treatment, in terms of wettability,

breathability, stability to aging, color change and mechanical properties.

The third part focuses on a multifunctional coating, which aims to propose a double layer
treatment able to protect the cellulose fabric from water-linked deterioration reactions, and
to make it withstand oxidative aging environment. Cotton fabrics were developed using
polycaprolactone added with butylated hydroxytoluene, and dimethylsiloxane. This

resulted in an effective fluorine-free, environmental friendly approach.

The last part summarizes the results obtained throughout this study and outlines possible

future developments and applications of this research.
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1. Introduction

Cellulosic materials have been widely used in past and present by artist and artisans for artistic
production. The most well-known application of fabrics is probably the painted canvases, which
were introduced around the XV century as an alternative to the more heavy and rigid painting on
wood. Moreover, in museums and historical buildings a wide range of art containing textile
components are present, e.g., flags, curtains, tapestries, carpets, blankets, laces, macramé,
liturgical clothes, costumes, uniforms, three-dimensional artworks. Fig. 1.1 shows an Italian
example of excellence center, where numerous fabrics are conserved and restored: la Venaria
Reale, with its royal palace and restauration center. Other than this, there are several conservation
centers in Europe and in the world where fabrics are stored, controlled and conserved: Victoria
and Albert museum (London, UK), The Royal Danish Academy of Fine Art (Copenhagen, DK),
Textile Research Centre (Leiden, NL), KIK-IRPA (Brussels, BE), Centre de Recherche sur la
Conservation (Paris, FR), SKR Verband and Abegg-Stiftung (Bern, CH), European Textile
Academy (EU), The Conservation Center (Chicago, IL), The Metropolitan Museum of Art (New

York), Canadian Conservation Institute (Ottawa, CA), just to name some.

Fig. 1.1. Venaria Reale, close to Torino, Italy. a) external viewof the royal residence in Venaria
Reale; b) a conservation treatment performed onto fabric at “Centro Conservazione e Restauro dei
Beni Culturali” La Venaria Reale; c) ancient costumes conserved at the royal residence; d) original
and well conserved furniture details, fabrics are present in painted canvases, curtains, carpets and
armchairs.
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The study of cellulosic materials, their composition and degradation is of fundamental importance
for conservation scientists and restores all over the world, to prevent environmental induced
deterioration [1]., [2]. For this reasons, the present chapter is a short review, which aims firstly at
describing the cellulose fabrics composition, structure and intrinsic properties. Secondly, the
chapter is meant to summarize the main fabrics’ weaknesses and possible degradation forms due
to environmental factors and/or wrong storing conditions. Finally, the chapter presents the state of
the art of conservation treatments and accelerating aging methodologies commonly used by
conservation scientists. From this introduction, the needs which are still unsatisfied and the
problems which are still unsolved will emerge. Later, in Chapters 2 and Chapters 3, practical

solutions to respond to respond to these needs will be proposed.

1.1 Fabric components, structure and properties

Cotton is a vegetal fiber obtained from plants. The cotton mostly used in textiles comes from plant
species Hirsutum, Barbadense, Arboreum and Herbaceum of the Malvaceae family. The cotton
structure was investigated for nearly one century until its multilayered and hierarchical structure
was made clear. Atoms of carbon, hydrogen and oxygen combine to form the glucose units, which
make up the long ribbon-like chain of cellulose. The cellulose molecule is composed of about three
thousands 1,4-D-glucopyranose structural units. The cellulose chains are build up into sheets,
which are held together by hydrogen bonding rising between the chains. The sheets are packed

together and thanks to VVan der Waals forces, they form microfibrils, which in turn form fibrils, as

shown in
Cell wall
Plant cell
Microfibril
H OH CH,OH H OH CH,OH H OH CH,OH
—o/bn N AT QNrobn Y MA Ao N W o-
N OOOHHH A ooon AN OOOH =
CH,OH H OH  CH,OH H OH  CH,OH H OH
Cellulose
Fig. 1.2.
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Fig. 1.2. Cotton cell structure [3].

The fibrillary structure of the cotton fibres further consists of an outer cuticle, a primary wall, a
secondary wall and a lumen, as represented in Fig. 1.3. The cuticle is the outside skin providing
protection against chemicals and degrading agents. It is usually removed by kier boiling process
(treatment with 1% NaOH solution at 100 °C and atmospheric pressure for 24 hours) and bleaching
(oxidizing agents like H20>) so that cotton becomes more absorbent and more receptive to dyes.
Consequently, it becomes also more susceptible to attack by degradation agents and more
vulnerable. Under an optical microscope, a cotton fiber looks like a twisted ribbon, where the
twists are called convolutions. There are about 60 convolutions/cm. The typical cross-section view
of the fiber exhibit a kidney-bean shape. This shape originates after evaporation of the aqueous
proteins, sugars, and minerals, causing a pressure differential and consequent collapse of the

hollow lumen canal.

Cuticle i Primary | Winding : Secondarywall i Lumen
wall i Layer (multi layered) :

.

Amorphous cellulose, :

Waxes : esterifiedandnon- :  Crystalline cellulose
esterified pectins, :

hemicelluloses,

proteins and ions

Fig. 1.3. Cotton fiber fibrillar structure [4].

On the molecular level, cellulose, the primary and most stable component of cotton fibers, has
properties imposed by its structure, which creates amorphous and crystalline regions in fibrils, as

represented in

Fig. 1.4. The amorphous regions are random, flexible and water accessible, while the crystalline

regions are ordered, rigid, inert and less permeable to water [5]. The other components of cotton
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are hemicelluloses, lignin, some non-cellulose components surrounding the cellulose core and
other minor components, which may include bound water, residual protein, waxes and small

amounts of inorganic materials [6].

Crystaling ragion

ELLIE!

. -
vtz pTewillar s ol Mon-crystallies reghon

Fig. 1.4. Part of cellulose fiber showing crystalline and non-crystalline regions [7].

The crystallinity index (CI) is commonly investigated in order to study cellulose crystalline
composition and to interpret changes in cellulose structure after physicochemical and biological
treatments. CI is measured by several techniques, including X-ray Diffraction (XRD), solid-state
13C Nuclear Magnetic Resonance (NMR) spectroscopy, infrared (IR) and Raman spectroscopy.
The XRD method is more efficient and consists of separating amorphous and crystalline
contributions from the diffraction spectrum. Fig. 1.5 shows the CI calculation via XRD spectra
deconvolution. The five crystalline peaks and the amorphous cellulose peak were extracted by a
curve-fitting process from the diffraction intensity profiles. The broad peak at approximately 21.5°
was the one assigned to the amorphous contribution. The CI can be calculated with the following

formula:

__ Crystalline area

Equation 1 Cl = x 100

Total Area

In general, a fully mature cotton fiber consists ~73% crystalline and ~27% amorphous regions.
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10 15 20 25 30 35 40
2 theta

Fig. 1.5. X-ray diffraction spectra of cellulose illustrating the peak deconvolution method
commonly used for the calculation of CI [8].

Another important parameter to study cellulose is the degree of polymerization, or DP. It is the
number of monomeric units in a polymer. The DP can be calculated as the ratio of the average
molecular weight of a polymer (Wp) and molecular weight of the repeating unit (Wm):

Y

Equation 2 DP =
Win
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Table 1.1. Physical and Mechanical Properties of cotton fibers [6].

Physical and Mechanical Properties Conditions Values
Tenacity Dry 3.5-4.0
Grams/denier d/den=(N/tex) x 11.33 Wet 4.5-5.0
: Standard: 65%RH 21°C 3-7
Elongation at break (%) Wet 05
Moisture regain (%) Standard: 65%RH 21°C 7-11
Elastic recovery (%) Recovery from 3% stretch 75
Work of rupture (g-wt/tex) - 1.52
Initial modulus (g-wt/tex) - 740

Generally, a higher DP (> 10000) is desired for better mechanical properties. In Table 1.1 the
typical values for mechanical properties of cotton are reported. Cotton fibers typically exhibit a
high modulus with no yield point. Under applied stress, the fibers resist strain linearly up to the
breaking point. From Table 1.1, the cotton fibers can be extended from 3 to 7% of their original
length before the breaking point. The recovery property after an extension is poor. A release of the
stress at any point below the breaking extension leaves the fibers in a state of permanent
deformation. The wrinkling of cotton fabrics that result from permanent deformation can be
partially alleviated by placing the textile in a humid environment to allow the fibers to relax. The
cotton fibers are brittle and a little amount of work is required for their rupture. A careful selection
of yarn and fabric characteristics can compensate these limitations. This can be demonstrated by
the study of stress-strain curves and the calculation of Elongation at break and Young’s modulus

[9], whose formula is shown in Fig. 1.6.

Strain |< L N Young’s modulus
AL/L | : F_Stress_ FIA
_ : Strain AL/ L
Stress r N
FlAa— /A
|

Fig. 1.6. Young’s modulus formula and diagram of involved forces [10].

Fabrics are usually composed of knitted or woven yarns that are obtained from fiber spinning.
Spinning consists of assembling several parallel fibers and twisting them all together, as shown in

Fig. 1.7a. High twisting gives higher resistance to the thread and therefore to the fabric as well. In
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this way, fibers undergo torsion and tension, so that it is possible to weave and knit them. More
specifically, the threads of a canvas are composed of a various number of yarns. The fabric can be
defined as a weaving of warp and weft as it is shown in Fig. 1.7b. The resultant plot is a geometrical
distribution, whose resistance is based on the regular distribution of the stress on single yarns. The
threads or yarns in the warp have their higher curvature and lower stiffness with respect to those
in the weft. Finally, the fabric can be found in different weave patterns and weights (e.g., plain-

wave, twill-wave, satin-wave)

. War Weft
a) )« Fibres D) p\ pigliemsy v
<— Yarn P
Yarns
«— twisted P[P8 %0 1% 19 (8 198 194
into a thread I

Fig. 1.7. A) shows the structure of a thread made of twisted yarns, made of fibers, b) fabric
structure made of warp and weft.

1.2 Degradation of cotton fabrics

Cellulosic fabrics are prone to decay in time due to their chemical composition (see Fig. 1.8) and
physical structure and to the environmental conditions, which they are exposed to. Similarly to
other organic materials, cotton is likely to lose chemical and structural integrity when exposed to
chemical pollutants, microorganisms, relative humidity, ultraviolet radiation and temperature
changes. Several intrinsic factors are also relevant such as acidity, presence of fillers, pigments,
dyes and impurities [11]. Environmental influences and intrinsic factors can overall cause several
degradation processes at the same time: oxidation, hydrolysis, thermal degradation, scission of
macromolecular chains and breaking of intramolecular bonds [12].

In many cases, the degradation of the fabric structure becomes evident when the degradation
phenomena are already visible, that is when the loss in mechanical structure, embrittlement,
pulverization, detachments and color changes are present. In fact, many artifacts undergo natural

aging processes for prolonged periods, and when they arrive in the hands of conservation scientists
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and restorers, they are already in poor conditions. This makes conservation treatments very

difficult to take place. This should also be a motivation for promoting preventive conservation.

The following sections shortly describe the processes involved in cellulose materials deterioration.

1.2.1 Damages due to radiation: photochemical degradation

Cultural heritage fabrics are often exposed to radiation action for the sake of public fruition and
visitor amusement. Illumination is connected with degradation because light often provides the
activation energy necessary to activate detrimental chemical reactions [13]. The degradation
phenomena are proportional to the radiation's intensity and the exposition period, while they are
inversely proportional to the wavelength. Specifically, objects directly exposed to solar/lamp
radiation risk to undergo damages due to heat and UV radiation or light. The radiation may cause
chemical changes in materials (e.g., netting or cleavage of polymer chains) on the one hand, while,

on the other hand, it can exhibit thermal effects [14].

Photolysis of macromolecules, such as those of cellulose, will occur only when molecules are
exposed to the light of sufficiently high energy content. This radiation will necessarily have to be
capable of breaking the intramolecular chemical bonds. In cellulose, the rupture of the chain
molecule is fundamentally possible, and it involves single bonds of either C-C or C-O. The energy
required for both these changes was calculated to be approximately 80-90 kcal/mol [15].

Moreover, the same ultraviolet radiation was demonstrated to have a more significant effect on the
degradation of cotton exposed in the presence of oxygen. Oxygen, present as 21% in air, promotes
organic substrates' photooxidation in the formation, reaction and decomposition of peroxides and
hydroperoxides. Studies have shown that the term "auto-oxidation" applies whereby oxygen
uptake increases with time; and when light is present, the mechanism of degradation is through the
initiation, propagation and termination of hydroperoxides [6]. To conclude, particularly dangerous
is the UV solar radiation (100-400 nm), which is much more powerful than the radiation of
incandescent lamps. On the other hand, incandescent lamps release thermal energy, which
consequently causes problems due to environment overheating, as explained in the following

section.
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Fig. 1.8 Main degradation reactions of cellulose.

1.2.2 Damages due to temperature

Temperature variations are among the most influential climatic factors with consequences for
cultural heritage damage. Several daily/seasonal temperature cycles can occur, depending on the
conservation environment (e.g., outdoor, indoor, controlled climate, proximity to heating sources
in winter, fans and air conditioning during summer). The reaction time and type of the chemical
reaction in cellulose depend on the temperature variations, and their study is mostly associated

with humidity exposure time.

Very often, the degradation of cellulose by temperature causes the cleavage of the cellulose chain.
The degradation can be quantified through the measurement of the diminishing degree of
polymerization (DP). Seves et al. [16] measured losses of DP from 2000 to 875 for canvases
thermally aged for 700 hours at 105 °C. This degradation can be somehow representative of the
natural aging process. In fact Oriola et al. [17] found the DP of original canvases from old linings
to be around 600-700.

19



1.2.3 Damages due to humidity

Water, in all of its phases, can influence cultural heritage materials and, especially, when acting
simultaneously with temperature or other factors, can lead to the deterioration or even completely
destroy cellulosic materials [18]. The most dangerous form of water for fabrics is not only the fluid
phase, which in museums is mostly due to condensation but mainly the water vapor, which can
catalyze reactions, carry or dissolve polluting substances, induce electrochemical reactions that
can compromise yarns’ mechanical properties and create the ideal conditions for encouraging

biological growth.

Cellulose is hydrophilic by nature, and it can easily absorb water molecules, thanks to the presence
of OH groups. These OH groups are exposed or accessible to water, especially in the amorphous
areas. Instead, the highly crystalline regions of the cellulose are virtually inaccessible to water
molecules. Because of hygroscopic nature [19] [20]., water molecules temporarily occupy the
space between the microfibrils and this result in cellulose fibers to swell. This phenomenon is

known as “temporary microcapillary network” [21].

Especially the fluctuation of humidity, from high level to low level and vice versa, is extremely
dangerous for cellulosic and composite materials. In fact, in cellulosic fibers, humidity absorption
and humidity loss cause swelling and shrinkage, respectively. These phenomena compromise the
dimensional stability and mechanical properties of the fabric.

Swolen

Al Tibre

| _.__ Criginal
~ Aibre

a4

sy

Fig. 1.9 Changes in fiber dimension in swelling [22].

The fibers swelling can be expressed in terms of transversal diameter swelling (Sp)
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Equation 3 Sp=—

where AD is fractional increase in diameter and D is initial diameter of the cellulose fiber. Note
that moisture-absorbing fibers show a significant transversal swelling but a minimum axial
swelling, as shown in Fig. 1.9, so that the swelling anisotropy is high. Moreover, the predominant
transversal swelling usually results in a shrinkage of twisted or interlaced structures. This
phenomenon depends on the number of torsions of the thread helicoidal structure, as shown in Fig.
1.10c. When the canvas is free from frameworks or any tensioning structure, the swelling results
in threads shortening proportional to the rate of twisting. This phenomenon is schematically
represented in Fig. 1.10b and c [23].

) 2
""" adjalswellng 2
longitudinal swelling/ =3
g
=
3.
V

humidiﬁcation>

Fig. 1.10.a) Swelling of a cellulosic cylindrical element, b) Shrinkage and thickening of the canvas;
reduction of space between threads, ¢) Radial swelling contribution to the shortening of the thread.
Thus, significant and rapid humidity changes can cause dangerous tensions, especially if the
artwork is large, heavy and composed of different kinds of fibers/materials. For example,
Mecklenburg [24] demonstrated the behavior of a linen canvas at different humidity. Fig. 1.11a
shows the different behaviors of the same canvas in warp direction, at humidity ranging from 17%
to 100%.
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Fig. 1.11. Mecklenburg [24] a) effect of relative humidity on stress-strain properties of linen in
warp direction, medium weight, 32 Yarns Per Inch, at 71°F; b) effect of relative humidity on stress-
strain properties of linen in weft direction, medium weight, 30 Yarns Per Inch, at 71°F.

At low strain the behavior results from straightening crimped yarns. The first part of the curve is
the crimp removal zone. After crimp removal the actual yarn behavior is analyzed. Increased
moisture influences the modulus by making the crimp more difficult to be removed and the
modulus increased. There is a change in the trend at very high moisture content, when water
appears to lubricate the fibers so that slippage occurs, and a lower yarn modulus results i.e., more
elongation results from less stress. Fig. 1.11b shows that the same sample analyzed in weft
direction had very different behavior. Overall Mecklenburg stated that painting having high
modulus undergo small dimensional changes; paintings with generally low modulus undergo fairly
large dimensional changes. In a pained canvas, dimensional changes would result in fissures on

the painted surface, which are called “craquelure”.

Moreover, there is another factor which plays a fundamental role in the conservation of objects:
air flow. It plays an important role by bringing or removing humidity by enhancing or diminishing
the chemical action of liquids and gases on objects. The flow generated by ventilation can promote
pollutant deposition, biological colonization, drying-wetting cycles and it has the dangerous ability
to spread water, dust and gases to the object, but it can also conduct them away in certain
conditions.
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Concluding, in many cases, relatively high but stable moisture content in the fabric is less harmful
than fluctuating lower moisture content. In some cases, drying of permanently humid materials
may be very dangerous (e.g., loss of mechanical properties due to a quick loss of freely bound
water). For these reasons, wetting-drying cycles should be substantially reduced to the minimum
necessary extent during conservation treatments. In Fig. 1.12, the recommended parameters for

each material are reported.

Biological
attack
Physical
properties
Deliquescent
salts
Building
condensation

Bronze disease

Cellulose

Protein

Pyrite oxidation

Caution

Unstable glass

Mineral hydrates

0 10 20 30 40 50 60 70 80 90 100
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Fig. 1.12. Ranges of relative humidity suggested by consideration of various factors [25]. The
ranges of relative humidity are suggested for various materials and situations. According to Erhardt
and Mecklenburg [26], “no one RH is ideal, and any value chosen must be a compromise.”

Of course, the museum environment should guarantee suitable conditions for each material or find
the best compromise to conserve all collection objects. This would be beneficial to avoid the
deterioration phenomena described in this paragraphs and illustrated in Fig. 1.8.

1.2.4 Reactions with pollutants

For museum objects, the magnitude of the pollution effect is strictly related to the type and
concentration of pollutants to which they are exposed. The exposure is a consequence of the
location and characteristics of the emitting sources and the weather conditions surrounding the
object. However, control options for natural pollutants emissions are limited, so the scientific

community is especially focusing on the identification and control of anthropogenic emissions.
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Most of the pollutants present in the atmosphere (SO2, NOx, and CO>) can react in presence of
solar radiation and water to produce acids [27], [28]. The presence of these acids can catalyze the
acidic hydrolysis [29], [30], [31], [32], [33] or the acidic oxidation [34], [35], [36] of the cellulosic

textiles.

Ozone is a strong oxidizing agent and it is generated by the action of ultraviolet radiation on
oxygen. As an oxidant of organic material, ozone can react with water to form hydrogen peroxide,

a powerful oxidizing material

Equation 4 03 + H,0 + hv - HOOH + 0,

Hydrogen peroxide can contribute to the oxidation of cellulose, hence to its degradation and

embrittlement.

In this paragraph the formation of the pollutants is not described, since it is closely related to the
environmental condition of the conservation environment. Rather, the oxidized cellulose,
generated by the interaction of cotton and the above-mentioned pollutants, is reported in the next

section.

In fact, pollutants can activate the oxidation by reacting with the large number of hydroxyl groups
present in the highly crystalline cellulose of cotton, and resulting in the formation of carbonyl,
ketone, and carboxylic acid products and possible chain degradation [37], as shown in Fig. 1.8..
The rise of carbonyl groups in aged samples can be verified through Fourier-transform infrared
(FTIR) spectroscopy, by comparing those spectra with spectra of pristine cotton or unaged
cellulose [38]. As shown in Fig. 1.13, the formation of oxidized cellulose is proven in literature by
FTIR spectra from ancient samples. These spectra show the appearance of peaks associated with
the carbonyl area (1600-1750 cm™).
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Fig. 1.13. FTIR spectra of oxidized cellulose from literature. a) Cardamone et al. [37], b) Boukir
et al. [39], c) Hajji et al. [11], d) Librando et al. [40], e) Ferrero et al. [14]

Fig. 1.13a shows textile cotton fibers analyzed by Cardamone et al. [37] and dated (a) A.D. 1325-
1400, (b) A.D. 900-1100, (c) A.D. 1250-1300, (d) A.D.1125-1300. All samples were naturally
aged cotton fibers from archeological sites in the southwest United States. They exhibited
pronounced absorption bands in the C=0 stretch region of the infrared spectrum as proof of aging.
Fig. 1.13b reports the spectra of (Ar) recent, (A4) 16%centur and (A5) 15" century cotton fibers
(Boukir et al.). Especially in the sample dated 15 century, the C=0 peak is more evident. Spectra
represented in Fig. 1.13c were taken by Hajji et al. [11] from a 150-year-old manuscript (a) before
and (b) after restoration. The carbonyl peak is visible before restoration and decreased in intensity
after restoration. Fig. 1.13d shows cellulose paper dated A.D. 2009, 1989, 1957, 1955, and 1973.
Librando et al. [40] noted a correlation between the age of the samples and the intensity of the
peaks of the carbonyl groups. Finally, in Fig. 1.13e, Ferrero et al. [14] reported the spectra of (a)
modern bleached linen fabric, (b) linen sample dated 1200 B.C. and (c) linen sample dated 2500
BC. The authors attribute the peak at 1648 cm™ to the carboxyl group.
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Cardamone [6] compared several articles analyzing ancient cotton samples and concluded that
long-time natural aging not only shortened cellulose chains, but also created IR absorptions
representing oxidative transformations of the native reducing end aldehyde groups to acid carboxyl

groups.
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Fig. 1.14. The hypothesis of degradation forms of cellulose due to oxidation processes.

In summary, the oxidation of the OH groups of cellulose causes the formation of ketones,
aldehydes and carboxylic groups, which is verified by the presence of C=0 bands in the aged
cellulose spectra [38]. A hypothesis of cellulosic degradation forms is reported in Fig. 1.14.
Oxidation is more likely to happen on Ce, where a carboxyl acid group appears, or on C1, when
there is the breakage of the cellulose chain, with a consequent loss of polymerization degree and
mechanical properties of the fabric. In fact, oxidative degradation of the cellulose polymer is often
associated with the loss of fiber tensile strength. In conclusion, protecting cellulosic fibers from
oxidative conditions [41] is a key factor to preserve fabric crystallinity, hence its mechanical

properties and stability.

1.2.5 Biodeterioration by pests and fungi

The main pests affecting textiles included carpet beetle (Anthrenus verbasci), two spot carpet
beetle (Attagenus Pellio), case-bearing clothes moth (Tinea pellionella) as well as other varieties
of moth, e.g. white shouldered house moth (Endrosis sarcitrella) [42]. One of the main difficulties,
especially in large collections, is the impossibility to define with certainty which object are infested
and which are not. Therefore, conservators developed disinfection methods, which can be applied
in large scale collections and in situ. The insects' attacks can be defeated, without using chemicals,

mainly by freezing [42] or anoxic treatment of the fabric [43].

26



The first method consists in drying and ideally stabilizing the fabric at 50-60% relative humidity
(RH), wrapping it in plastic, placing it at -29/-30°C for sixty hours, letting it unfreeze and
unwrapping it. Freezing can also be performed by freezing twice to -18/-20°C. Most textiles can
withstand freezing safely, except for objects containing textiles in combination with other
materials, objects that are desiccated or seriously degraded, some painted textiles or certain mixed

media objects containing adhesives.

The second method [43][44] consists in removing the O, from the atmosphere surrounding the
objects, in order to interrupt the life cycle of the aerobic organisms. First, the object is treated with
an oxygen scavenger (e.g. Ageless®) in heat-sealed bags. The bag is then filled with nitrogen to
minimize the amount of oxygen to be scavenged, thus reducing the heat given off by the sachets,
which could affect the results. The bag is then double sealed and enclosed in a second polyethene
heat-sealed bag for security reasons. The RH in the bag is kept constant by silica gel granules
conditioned at around 50%. The oxygen concentration is monitored (e.g., with Ageless Eye®
indicator tablets), and the RH is monitored with humidity indicator strips. The fabric is treated for
three weeks and possibly stored in dark conditions to avoid effects from light.

Moreover, cellulosic fabrics are very sensitive to fungal growth[12], since they are very
hygroscopic. The proliferation of fungi is also promoted by the presence of light and oxygen. The
presence of UV radiation causes oxidation and breaking of the intermolecular bonds in the
amorphous regions of the fibers and enables the penetration of fungi into the lumen where they
can proliferate. The spreading of fungi is more prominent at the cracks and the cut-off cotton fibers.
Spores reach a fiber lumen via fissures in the wall and then germinating hyphae grow into and
form mycelium within the lumen. The mycelium grows from the inside towards the fiber wall,
secretes cellulolytic enzymes that cause its destruction, and then begins to sporulate on the outer
surface of the fiber [45].

Among the fungi that attack historical fabrics are cellulolytic, proteolytic and lipolytic fungi [46].
Zotti et al. performed mycological and FTIR analysis of biotic foxing on paper substrates [47].
Kavkler et al. [48] analyzed the deterioration of cotton fibers caused by selected strains of fungal
species from historical cotton textiles. They state that not all of those fungal species were

dangerous to cotton fibers but they all caused visible changes that could lead to disintegration of
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the objects. Since fungi attack mainly pre-degraded fibers, the conservation environment (e.g.,

humidity, temperature UV, aeration system) is of crucial importance.

Fig. 1.15. Pictures of © Government of Canada, Canadian Conservation Institute [49]. A)
Mechanical-, b) humidity-, c) light- d) mold-linked degradation forms are shown.

Emblematic are the degradation cases reported by Canadian Conservation Institute in Fig. 1.15,
where conservation acts were required. Fig. 1.15a) shows a delicate crepe fabric which became
distorted and torn around red glass faux jewels due to the weight of the ornamentation. Fig. 1.15b)
shows how tide lines have formed on a textile, after drying form accidental wetting. Fig. 1.15c)
shows the fading of a blue-dyed fabric due to exposure to light while on display. Fig. 1.15d) is a
case of velvety growth of mold on a textile. Conservation acts need to be performed in order to

guarantee a long life to these objects.
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1.3 Conservation of cotton fabrics: state of the art

The previous section described the intrinsic properties of fabrics, their behavior in presence of
different conservation conditions, pollutants and aging factors. The present section deals with
conservation actions, which can be taken by restorers in order to guarantee to the piece of art the
longest possible conservation. Usually, the first essential conservation action is cleaning, and lot
of literature can be found about wet cleaning [50], [51], dry cleaning [52], [53] and laser cleaning
[54], [55], [56].

Rather, this section illustrates protection and consolidation treatments, which normally take place

after the preliminary cleaning of the object [49].

1.3.1 Protectives polymers for cotton fabrics

Several natural and synthetic products were used by conservation scientists and restorers onto
cotton textiles in an attempt to prolong the life of valuable historical fabrics and to hand them down

to the next generations.

Consolidation, adhesion, hydrophobicity and UV protection are among the most desired properties
to achieve for protection of the fabric. Not only the treatments should confer the desired properties
to the fabrics, but they should also fit with the Cultural Heritage conservation requirements. This
means that, when applied on the object, the polymers should not cause any visible color variation
and should be chemically stable in time, so to maintain its original appearance and to prolong the

lifetime of the object.

There are several possible treatments which can be performed on cotton textiles. These treatments
are chosen by conservators according to the needs of the artwork, the availability of the products,
the cost of the treatment and health issues. Especially in the past, commercial products coming
from other research fields were applied to the artworks. If the artwork could benefit from the
treatment, the restorers would spread the voice and the product would become of common use.
Customization of the commercial product is performed by restorers, according to their experience.
For these reasons, a lot of information about conservation treatments is not easily reachable in

academic journals and papers as they are rather owned by expert artisans and headmasters.
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In Table 1.2, the information available in the literature about conservation treatments on cellulosic
substrates and/or fashion clothes are reported. The table is structured so that products are gathered
according to their chemical composition, from which it appears that the main categories of
products are acrylates, acetates, fluoropolymers, silicones and some nano-compounds. The tests
performed to evaluate the conferred properties depend on the starting conservation state of the

object and on its needs.

Acrylates demonstrated features such as good ability to create films, good adhesive properties and
moderate water repellence. Therefore, they are considered suitable both for consolidation and
protection purposes. Acetates are mainly used for their adhesive property, to attach a reinforcement
textile to the old deteriorated canvas. Acetate polymers display a varying degree of flexibility.
There is an inverse relationship between flexibility and film strength. So, according to the
materials, the conservator can choose the polymer with the most suitable characteristics. Generally,

for the conservation of ancient textiles, high flexibility is preferable [57].

Fluorinated polymers, specifically with long fluorinated chains (C > 8 known as C8 chemistry),
have excellent hydrophobic and oleo phobic properties and for these reasons, they were
extensively applied onto textiles in the last decades. Despite their good water-repelling properties,
C8 fluorinated polymers are recognized as a source of toxic chemicals in the environment. As
such, when C8 fluorinated polymers degrade, they produce perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS). PFOA and PFOS have very low bio-elimination rate, are
persistent in nature and likely to be carcinogenic. Therefore, the environmental protection agency
(EPA) banned their excessive usage and invited major manufacturers to replace them with
environmental friendly polymers. Consequently, new C6 fluorinated polymers with < 6 fluorinated

carbon atoms were developed [58].

Silicones are also considered to be a good alternative set of products. But they often need to be
added with nanoparticles to reach comparable hydrophobic performances. The use of nano
compounds originally intensified in the attempt to imitate naturally occurring hydrophobic plants.
For example lotus leaf demonstrated excellent water-repelling and self-cleaning properties thanks
to the presence of several papillae on the surface having hierarchical structures and specific waxes.
The main drawbacks of nanoparticles are the variation of the original color and possible health

issues.
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Table 1.2. Description of treatments used onto ancient fabrics or fashion clothes. Treatments are
grouped by chemical composition. Commercial names, the purpose of the treatment and the

checked properties are also reported.

Category | Polymer, filler Use Main evaluated Ref. | Year
characteristics
Polyethylacrylate Fabric finishing, No color variation [59], | 2006
(Acrilem RP6005) Binder in nonwoven [60]
textiles, consolidating
treatments
Ethylacrylate-co- Coating  for  stiff | No color variation [59], | 2006
methylmethacrylate curtains, [60]
(Acrilem 674) Consolidating
treatments
Ethyl acrylate/methyl | Adhesive Visible color change | [61] | 2005
methylacrylate both after application
(Plextol B-500) and after aging
Butyl acrylate/methyl | Pressure sensitive | Visible color change | [61] | 2005
methylacrylate adhesive both after application
(Lascaux 360 HV) and after aging
Ethyl acrylate/methyl | Consolidation of | Problems due to fungal | [62] | 2008
Q methacrylate (Paraloid | textiles deterioration
o B72)
E’ Ethyl acrylate/methyl | Consolidation of a | Good qualitative | [63] | 1992
<LE> methacrylate (Paraloid | roman Egyptian | compromise between
B72) painted strength and
Linen fragment appearance
Ethyl acrylate-co- | Consolidating No color variation [60] | 2004
methyl-methacrylate treatments
(Primal AC33)
Carboxymethyl Protective coating | Hydrophilic [64] | 2016
cellulose Si / | material for paper
polyacrylate relics
Aqueous acrylic | Adhesive for fabrics | Problem: [65] | 2011
emulsion (Rhoplex N- | and leather Out of production
580)
Methyl methacrylate, | Consolidation and the | Tg (10°C) appropriate | [66] | 2005
ethylacrylate restoration of naturally | for application and
EA/MMA 75/25 wt % | oxidized cellulose- | resistant to biological
based textiles attack
— Vinylacetate-co- Binder for non-woven | Water resistance, [59], | 2006
S vinylversatate textiles, used  for | No color variation [60]
8 D | (acrilem 30wa) glueing, consolidating
< treatments
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73/24.5/2.5 wt%.

Ethylenevinylacetate Consolidant and | No color variation after | [61] | 2005
(BEVA 371) adhesive application and after
light aging. Color
variation after heat
ageing
Vinyl acetate/acrylic | Consolidating No color variation [61], | 2005
ester copolymer | treatments [60]
(Mowilith SDM5)
Vinyl acetate-co-di-n- | Consolidating No color variation [61], | 2005
butylemaleate treatments [60]
copolymer (Mowilith
DMC2)
Polyvinyl Reinforcement for the | Good adhesion [67] | 1985
acetate/ethylene conservation of an
copolymer  (Vinamul | ancient Egyptian
3252) mummy,  cartonnage
cover and mask
C-6 perfluorinated | Fabric protection Hydrophobic [68] | 2017
acrylic copolymer and
PDMS, silica
nanoparticles
C-6 perfluorinated | Fabric protection Hydrophobic [19] | 2017
acrylic copolymer and
PDMS, silica
nanoparticles
Fluoroalkyl Silane, | Fabric protection Super-hydrophobic, [69] | 2012
n functionalized  silica Excellent durability
D nanoparticles
= 1H,1H,2H,2H- Fabric protection Super-hydrophobic, [70] | 2013
o) perfluorodecyltriethox Self-healing ability,
o ysilane Durability to washing
o (C16H19F1705Si)  and cycles and cycles of
g poly(vinylidene Martindale abrasion.
L fluoride-co-
hexafluoropropylene),
modified Silica
Nanoparticles
Methyl methacrylate, | Consolidation and the | Resistant to biological | [66] | 2005
ethylacrylate, and | restoration of naturally | Attack, improvement
2,2,2-trifluoroethyl oxidized cellulose- | of mechanical
methacrylate based textiles resistance and
EA/MMA/TFEMA flexibility
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Ultraviolet absorbers,
Hindered amine light
stabilize

degradatio

® Poly-hydroxy-amino Uv protection and | UV protection, 96.8- | [71] | 2019

c methyl silicone, | antimicrobial finish 99.9% bacterial

8 nanoparticles of zinc | on cotton reduction, stability to

p— oxide washing cycles.

w Aminosilicone Fabric protection Hydrophobic [72] | 2019
Maleated Reinforcement for | Flexible but tough | [73] | 2019
Castor oil and styrene | fabrics matrix. It  loosed
resin (macops) hydrophobicity  with

aging
Methyl hydroxy ethyl | Adhesive No color variation after | [61] | 2005
cellulose (Tylose application and after
MH300) light aging. Color
variation after heat
ageing
Nanocellulose Consolidation Good mechanical | [74] | 2018
reinforcement, no
alteration of canvas
color
Nanocellulose and | Consolidation Tensile testing [75] | 2018
nanosilica
Polyamidoamine— Consolidation Strong mechanical | [76] | 2018

N epichlorohydrin properties and the high

E (PAAE), nanocellulose adhesion

< Hydroxyethyl methyl | Consolidation and | Good consolidation, [77] | 2020

O cellulose  (Tylose® | deacidification slightly yellowing
MH),  hydroxyethyl
cellulose (Tylose® H)
and methylcellulose
(Metolose®), CaCOs
and MgO
UV FAST®, sodium | UV adsorbers and | Not  efficient in| [78] | 2020
sulfite (NazSQs), citric | reducings agents inhibiting the photo-
acid, sodium citrate, fading rate of the dyed
and glucose fabrics
Hindered phenols, | Stabilizing additives | Protection against | [79] | 1988
Aromatic amines, | efficiency thermal degradation as
Sulfur compound, well as against
Metal chelates, photochemical
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1.3.2 Evaluation of the durability of treatments

The behavior of the treated fabric over time by accelerated aging is essential to evaluate the

effectiveness of the treatments and their stability. Through ageing it is possible to predict the

change of properties such as mechanical, chemical and color. Hence, it is worth investing some

pages of this thesis for collecting information about ageing methods used in the literature. All

accelerated aging methods reported in Table 1.3 were applied onto cotton substrates to imitate

natural ageing or to test conservation procedures. Table 1.3 contains the objects of the study, the

parameters of the aging, the tested properties and the reference. It is important to note that the

ageing parameters are very diverse from one case to the other (temperature, humidity, radiation,

chemicals, and duration).

Table 1.3. Ageing procedures

stiffness

Object Parameters Tests performed Ref. | Year
Natural cellulosic | 80 °C, 65% RH, 13 + 12 days FTIR, Raman [12] | 2012
fibers inoculated Spectroscopy
with fungi
New linen canvas, | 60-65% RH, and at 35% RH. Exposed to | Mechanical tests [80] | 1982
washed and daylight, inclined at an angle of 45°
loomed facing south. Samples received a total of
34.8 x 106 Lux hours (roughly 70 years
at 150 Lux assuming reciprocity). Filters
used in museums, such as the various
types of Perspex (Le. VE, VA and plain)
Single cotton Temperatures ranging from 110 °C to | Strength and elongation | [81] | 1954
fibers and yarns 162 °C, various moisture conditions | measurements
from 3% RH up to saturation. Periods of
heating from 2 to 128 hours
Cotton canvas e Moderate degradation (md): 200 mL | Degree of [82] | 2017
of H,O, (35 wt%) and 1 mL of | polymerization (DP),
H>SO. (95wt%) tensile testing, SEM
e High degradation (hd) 200 mL of
H20: (35 wt%) and 10 mL of H,SO4
(95wt%)
Mild magnetic stirring for 72 hours at 40
°C
Pristine cotton 200 mL hydrogen peroxide solution (35 | Degree of [74] | 2018
canvas wit%) and 10 mL sulfuric acid polymerization (DP),
During 72 hours at 40 °C Breaking force
Cotton canvas H>0,/H,S0. Breaking force (kN/m), | [75] | 2018
elongation at
Break (%)
Cotton canvas RH cycles 20-60—20% RH at 25 °C Macro-peeling tests, [76] | 2018
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Linen, jute and e 90 °C and 65% RH in a climate | pH measurements, [77] | 2020
cotton canvas chamber for 18 days mechanical testing, color
e Hydrogen peroxide and sulfuric acid | change, adhesion test,
e 2 weeks at 80 °C and 65% RH ATR-FTIR
Cotton cellulose 100 °C and RH 100% for 17 days Degree of [83] | 2003
polymerization (DP)
Cotton cellulose 150 days at 80 °C Degree of [84] | 2005
polymerization (DP), pH
and color change,
mechanical properties
Cellulose fabric e Aqueous acid ageing (H.02/ H.SO4) | Ultimate tensile strength | [85] | 2020
supports e Vapor acid ageing (Sulphur dioxide
and nitrogen dioxide)
e Thermal ageing at 60 °C and 55%
RH
e Lightageing
Cotton canvas e Hot aging (105 °C) for 144 hours Microbiological test [86] | 2017
e Wet aging (80 °C, 65% RH) for 144
hours
Bleached cotton From 1 to 14 weeks, 80 °C< T <95 °C, | Degree of [87] | 2012
cloth 40%< RH <80%, either exposed to light | polymerization (DP) of
(UV-light with maximum in 340 nm, 1 | cellulose, Tensile
Wm2) or aged in darkness strength, Infrared
spectroscopy
Cotton cloth e >160°Cinair FTIR to study the [37] | 1987
compared to e 190 °C in a nitrogen atmosphere carbonyl peaks
naturally aged
cotton
Linen e 150 °C for about 4 hours Color change [6] | 2000
Contemporary e Irradiated with 100-Mrad exposure | Study of acidity, degree | [6] | 2000
cotton fabric for 90 to 120 hours of polymerization.
o Hydrolysis by 40% sulfuric acid for
38 hours
Modern cotton e At 100, 130, 160 and 190 °C in the | Study of Arrhenius [6] | 2000
fabrics presence of 50 Lux tungsten | relationship, study of
illumination, in the dark, in air and | carboxyl peak at 1730
in nitrogen cm?twith FTIR
Cotton and flax e 105 °C in air and in dark for time | Degree of [6] | 2000
fabrics intervals up to 65 days, plus | polymerization (DP)
application of Aspergillus Niger
Cotton and linen e Samples exposed south at an angle | Tensile testing, water [66] | 2007

of 90° from horizontal, 6 months
(March to September) characterized
by sun, no rain, high temperature
and high humidity

Pollution from local traffic
Oxidative reaction: [NalOs] 0.1M
for 4 hours

repellence
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Linen textile

140 °C in precision forced
convection oven for 72 hours

Light irradiation for 200 hours using
Tera Light Fastness Tester

Buried in soil for 10 days.

Color change, Tensile
properties, XRD
analysis, study of
infrared absorptions at
1750-1600 cm™ with
FTIR Spectroscopy

[61]

2005
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1.3.3 Scope of the research: development of innovative conservative technology

Table 1.2 showed several conservative treatments, which are present on the market and currently
used. Looking at those past and present treatments it is clear that there is lot of space for
improvement of conservation treatments. For instance, there is a lot of knowledge, which can be
learnt from commercial products and implemented and adjusted to cultural heritage field to avoid
deterioration phenomena, by paying particular attention to conservation issues, such as esthetical

problems, brittleness and color changes.

The literature search reported in the previous section demonstrated that products with good
properties are available on the market, but they often have drawbacks. E.g. fluoropolymers
demonstrated excellent hydrophobicity, but there are lot of concerns about health issues;
nanoparticles improve the surface roughness increasing water repellency, but also impacting
aesthetical properties; other polymers demonstrated to be prone to biological deterioration; in some
other cases the protective/consolidative treatment is efficient, but the aging performances or the

color variation were not tested.

Concluding, the aim of this study is to propose and develop innovative pathways toward the
production of conservative technology suitable for fabrics of inestimable historical and cultural
value. Hence, the treated objects should not undergo any substantial change, they should maintain
chemical, physical, aesthetical properties, both after the protective treatment and even after the
aging of the fabric together with the treatment. Taking into consideration all these factors, it is

possible to valorize, preserve and transmit Cultural Heritage objects to future generations.
Hence, the milestones to reach the ideal treatment for fabrics conservation are:

e The study of multifunctional bulk fabric protection able to penetrate in the substrate to
fully prevent from several of the above-mentioned deterioration forms;

e The preservation of the original and fundamental fabric characteristics after
conservation treatment;

e The long term chemical stability of the protective treatment, tested with accelerated
aging;

e Particular attention to the aesthetical impact of the treatment on the fabric and to the

aging process, considering the cultural-historical value of samples;
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e The use of environmentally friendly polymers, solvents and processes;
e The implementation of zero-waste, convenient and scalable procedures, beneficial for

conservators.
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2. Hydrophobic  treatment with  polyurethane  modified
aminosiloxane emulsions

The research project illustrated in Chapter 2 was born to respond to the need of fabric protection
in the field of Cultural Heritage. As it was explained in the previous chapter, most of the
deterioration phenomena are linked to the presence of water: swelling and shrinking, mold
proliferation, moth attack, solubilization of polluting agents.

In the past, several fluorinated chemicals were used in force of their extremely low surface free
energy [88], [89], [90], [91], [92], with potential risks for human health and environment. In
alternative, chemically modified nanoparticles were widely used onto fabrics [89] [93] [94] [95],
but they often lack in transparency, which is a fundamental issue in conservation science. Silicones
are highly popular hydrophobic compounds that are also biocompatible [96], [97].

Hence, this chapter focuses on the development of a new hydrophobic, transparent and resistant
cotton fabric treatments, based on the synergic action of siloxane and polyurethane polymers. The
amino-siloxane polymer was chosen for the hydrophobic properties and for conferring softness
and potentially good mechanical properties. Polycarbonate polyurethane was chosen due to its
good hydrolytic stability, low water absorption levels, good breathability and excellent adhesion
to surface. Sustainability is desirable and crucial in Cultural Heritage conservation[98] [99] [100],
hence it was one of the main goals of this study. For this reason environmentally friendly solvents
and polymers were selected, low wastage applications methods were tested and long-lasting
aesthetical properties were monitored over time.

The so obtained formulation is tested as coating of historical textiles conserved in museums or

indoor environments.
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2.2 Materials and Methods
2.2.1 Materials

The used fabric was a plain woven and bleached 100% cotton. The mass density of the fabric was

180 + 5 g/m? with 24 threads/cm density in each direction.

ESACOTE PU 77 (hereafter, PCU) was purchased by Lamberti S.p.A. (Italy). It is a solvent-free,

waterborne dispersion of an aliphatic polyurethane based on polycarbonate diols [101], [102].

The amine modified silicone fluid was purchased from WACKER® (Germany) with the
commercial name FINISH WR 1300. It was specifically developed for impregnation of fibers and
textiles. According to the supplier, the fluid contains more than 85 wt.% aminofunctional
polysiloxane resin, and the rest 15 wt.% is made up of octamethyl cyclotetrasiloxane and trace
amounts of ethanol. The appearance is slightly turbid and fluid. The amine number is
approximately 0.3 mL 1N HCI/g. Fig. 2.1 a) and b) show the starting hypothetical formula of the

chemical components.

2.2.2 Preparation and characterization of polymer dispersions

A sample was taken from the as-received waterborne PCU dispersion; it was placed on a glass
slide and let dry in order to calculate the solid content, which resulted to be 36wt. %. The same
procedure was repeated for the silicone fluid, which resulted to be 98 wt.%. Both the PCU and the
aminosiloxane were diluted to obtain 2wt.% solutions, with distilled water and isopropyl alcohol
(IPA), respectively. Then, 40 mL of 2wt.% PCU ethanol dispersion was emulsified together with
40 mL of aminosiloxane at 2wt.% in IPA through gentle mechanical mixing. It was fundamental
to perform this step slowly, to avoid the formation of clumps. Once the emulsion was
accomplished, it was stable for several months. Fig. 2.1 c) shows the appearance of the diluted
chemical components and the milky emulsions resulting from the mix of the two. It was easy to
find a relationship between the color of the dispersions and the relative data from Dynamic Light
Scattering (DLS). This technique was in fact used to determine the size distribution profile of the
particles in the solutions and dispersions. DLS measurements were acquired using a Zetasizer
Nanoseries from a Malvern Instruments (Worcestershire, UK) technique. The temperature was set

at 25°C. Five measurements were used with an automatic duration of a minimum of 10 and a
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maximum of 100 runs. PCU dispersion, aminosiloxane solution and the emulsion of the two were
analyzed to get info about their droplet size distribution. The transparent solution corresponded to
particle of aminosiloxane with 5 nm diameters, the hazy white PCU emulsion correspond to
particles with 30 nm diameter. The milky white emulsion correspond to the mix of the two, where
the DLS peaks corresponding to the single components disappeared, while a peak corresponding
to 1,1 um appears. Hence, the DLS analysis confirmed that all PCU and aminosiloxane got

completely emulsified together.
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Fig. 2.1. a) hypothetical chemical structure of aminosiloxane, b) hypothetical chemical structure
of PCU, c) photograph of diluted PCU (hazy white) and the silicone softener (transparent)
dispersions and the emulsion of the two (white), (b) DLS analysis indicate droplet size distribution
of the dispersions and the emulsion.

In order to characterize the both PCU and aminosiloxane, 1H NMR analyses were performed by
dissolving the solid polymers in deuterated chloroform (CDCI3) from Sigma-Aldrich. The
analyses were carried out at room temperature using 5 mm tubes on the Bruker Avance 111 400
MHz spectrometer equipped with a road Band Inverse probe (BBI). Chemical shifts are reported

in ppm and were determined by the reference to tetramethylsilane (TMS).
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2.2.3 Fabric treatment and sample preparation

First of all the cotton fabric was washed with water and laundry soap, followed by thorough
rinsing. Then it was dried at room temperature, to ensure there was no dirt or contamination of the
cotton fabric. Then, cotton samples were cut into pieces of 10 x 15 cm?. This dimension was
chosen so that it would be possible to perform several tests on each samples, including mechanical
tests which require a specific surface area. Control samples with silicone only and PCU only were
performed. Double layer treatments were performed by applying PCU polymers first, letting the
sample dry at 60 °C for 24 hours, then applying siloxane solution and again letting it cure at 60 °C
for 24 hours. Single layer treatments were performed by applying the micro-emulsion
(PCU+aminosiloxane) directly on the fabric surface and letting it dry at 60 °C for 24 hours.
Double layer application and micro-emulsion application were performed both by dip- (Fig. 2.2)
and spray- (Fig. 2.3) coating to compare the methods and find the optimum one.

Dip coating consisted in dipping the fabric in the specific polymeric solution for 15 seconds. Spray
coating was performed with an airbrush (Paasche Airbrush VL with 73 mm head and 1.06 mm
tip). A total amount of 40 mL of the polymeric solutions were applied on both sides of the fabrics.
Spraying distance between fabric and airbrush was optimized with the respect to the solvent
volatility: 20 cm for siloxane in IPA, 30 cm for the PCU/Siloxane polymer dispersion in
ethanol/IPA and 40 cm for PCU dispersion in water. After the treatment, the samples were stored

at room temperature and then characterized.

Table 2.1. Description of samples name, composition and application methods.

Sample Treatment Application method
name | untreated | double-layer | micro-emulsion dip spray
S1 v
S2 v v
S3 v v
S4 v v
S5 v v
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Fig. 2.2. Pictures of untreated cotton (S1), cotton treated with PCU and aminosiloxane by dip-
coating (S2) and cotton treated with micro-emulsion of PCU and aminosiloxane by dip-coating
(S3).

———

Fig. 2.3. Pictures of untreated cotton (S1), cotton treated with PCU and aminosiloxane by pray-
coating (S2) and cotton treated with micro-emulsion of PCU and aminosiloxane by spray-coating
(S3).
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2.2.4 Morphological characterization of the treated samples

Scanning electron microscopy (SEM) JEOL JSM-6490LA (Japan) was used to investigate the
morphology of the untreated and treated fabrics’ surfaces: S1, S2, S3, S4 and S5. First, the fabrics’
surfaces were sputtered with a 10 nm thick film of gold (Cressington 208HR sputter coater, UK),
then SEM images were collected operating at 10 kV acceleration voltage, at different
magnifications such as 25x, 50x%, 1000x. Moreover, elemental analysis and mapping by energy-
dispersive x-ray spectroscopy (EDX) were performed both on surfaces and on cross-sections to
confirm the homogeneity and penetration of the polymeric treatments.

Atomic force microscopy (AFM) was also performed to analyze the micro-morphology and
roughness of the S1 and S5 fibers’ surfaces. AFM measurements were performed though XE-100
instrument (Park Systems, Korea) stabilized on an anti-vibration platform TS-150 (Table Stable,
Switzerland). The cantilever probes used were Non-Contact Cantilever (Park, Korea) with nominal
resonance frequency of 330 kHz. The scan rate was 0.1 Hz and the scan area selected was 2x2
pum?. WSxM 5.0 software and Gwyddion software have been used to process the images and
calculate the surfaces’ roughness, respectively. Root mean square roughness (Sq) and average
roughness (Sa) were the two obtained parameters. Averages and standard deviation of 4 to 6

analyses are reported [103], [104].

2.2.5 Chemical characterization of the samples before and after treatment

The chemical characterizations were performed with a Fourier Transform Infrared (FTIR)
spectrometer (VERTEX 70v, FT-IR, Bruker) equipped with a single-reflection attenuated total
reflection (ATR) accessory (MIRacle ATR, PIKE Technologies). Aminosiloxane, PCU, S1, S2,
S3, S4 and S5 were analyzed. The samples were placed on top of the diamond crystal and
underwent pressure to ensure maximum contact between the fabric and the diamond. All spectra
were recorded in the range from 3800 to 600 cm™ with a resolution of 4 cm™, accumulating 128
scans. Three repetitions were performed for each analysis to ensure the reproducibility of obtained

spectra.
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2.2.6 Wettability and surface energy estimation on treated samples

Water contact angle (WCA) and water roll-off angle of S1, S2, S3, S4 and S5 samples were
measured with a contact angle instrument (OCAH-200 DataPhysics, Germany). The static angle
between a liquid drop and a solid surface is named Young’s contact angle, and it is related to the

surface tensions of the three interfaces according to the relationship:

. Ysolid— — Vsolid—liqui
Equatlon 5 COS@Y — solid—vapor solid—liquid

Yliquid—vapor

Where v is the critical surface tension. In the cases where the liquid-vapor surface tension is smaller
than the solid-vapor surface tension (yLv < ysv), the liquid-solid interface increases to minimize

energy. As the water droplets wets the surface, the contact angle approaches zero.

Gastight 500 uL Hamilton precision syringe with blunt needle of 0.52 mm internal diameter was
used to deposit 5 pL droplets onto surfaces. The WCA was measured after 30 s. From each sample,
a strip of 1x5 cm? was cut and attached to contact angle table with double sided adhesive tape to
get a wrinkle free surface for WCA measurements. Static WCAs at 10 different positions on each

sample were measured and reported as mean values with standard deviations.

For roll-off angle measurements, different droplet volumes corresponding to 17.5uL, 20 pL, 25
pL, 30 pL and 35 pL were deposited and the substrate holder was tilted with an angular speed of
1.42°/sec. Side view videos of the rolling drops were captured and from the video the roll-off angle

was extrapolated. Measurements were repeated 5 times [105].

Moreover, the ability of water to spread in the fabric was tested by using 1 mL of colored water
droplet. Other than the penetration of water, this test was used to quantify the long term wetting
stability. The colored water was created by mixing water and 0.1 wt.% of food colorant (Color
Dolci F.Ili Rebecchi Valtrebbia S.p.A). The colored droplet was examined hour after hour, until it
was completely absorbed or evaporated depending on the hydrophobicity of the fabric. Residual
color stains allowed assessment of fabric performance against liquid water. The last property
related with wettability which was tested is critical surface tension (y) of solidified micro-emulsion
on a glass slide. It was measured with the of Zisman’s method [106], which is based on the
experimental finding that the surface tension of a liquid spreading away from a surface is lower

than the surface tension of the surface upon which it is spreading. Zismann called this value: yc
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(critical surface tension) [106]. To obtain the yc value, a series of contact angles was measured
using the following liquids: water, glycerol, dimethylformamide, toluene, isopropyl alcohol and
n-hexane. Then a graph was plotted of surface tensions against the cosine value of the
corresponding static contact angles. The best fit of the points was extrapolated from the graph and,
from this fit, at the intersection with the value of cosine = 1, on horizontal axis the value of y was

obtained.

2.2.7 Water vapor permeability

Water vapor permeability (WVP) of the pristine cotton (S1) and treated cotton fabrics (S2, S3, S4
and S5) was calculated at 25°C and 100% RH (%) according to the ASTM E96 standard method.
100%RH was reached by placing 400 uL of deionized water in the permeation chambers of 7 mm
inner diameter and 10 mm height. Samples were cut in circular shape and placed on the top of the
permeation chamber, which was then close with sealing rings, lid and screws. The chambers were
then placed in a desiccator, maintained at 0% RH by silica gel. The chambers were weighted every
hour for a total of 8 consecutives hours in order to register every weight change and to monitor the
permeation of water vapor from the chamber, trough the porosity of the fabric, to the silica gel.

An electronic balance (with 0.0001 g accuracy) was used to weight the chambers containing water
and fabric samples. The water mass loss versus time was plotted and the slope of the line was
calculated by linear regression. Then, the water vapor transmission rate (WVTR) was determined

as below:

slope

Equation 6 WVTR(g(m?*d)™") =

area of the sample

The water vapor permeability (WVP) of the samples was calculated as follows:

1) = WVTR-L-100

Equation 7 WVP(g(mdPa)~ YT
-

where L(m) is the thickness of the sample, measured with a 0.001mm accuracy micrometer, ARH
(%) is the percentage relative humidity gradient, and ps (Pa) is the saturation water vapor pressure
at 25°C [107], [108], [109]. Every measurement was repeated 3 times.
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2.2.8 Stress-strain measurements

The mechanical properties of S1, S2, S3, S4 and S5 fabrics were tested with 3365 Instron (USA)
tensile tester. First of all, the samples were conditioned at room temperature. Specimens were cut
in a dog-bone shaped, having the standard dimension of 25 mm length along the axis of warp
threads and 3.98 mm width. Samples were placed in between pneumatic clamps. The extension
speed was maintained constant at 5 mm/min. in this study, the elastic modulus (MPa) was
calculated using the initial slope of the curve, between the starting point 0 and 0.1 mm/mm.
Elongation at maximum load was also calculated. The analyses were repeated 5 times for each
specimen in order to calculate the averages and standard deviations of elastic moduli and
elongation values [110], [111].

2.2.9 Flexural rigidity

The variation of tactile properties of fabrics after a hydrophobic treatment are very likely to
happen. This variation can be quantified by measuring various structural, mechanical, and surface
parameters [110], [112], [113]. The bending properties and the drapability (degree to which a
fabric can be draped) cannot be determined from in-plane properties such as Young modulus test;
hence a different test is required. Hence, the flexural rigidity of S1, S2, S3, S4 and S5 was
determined with the Peirce cantilever test [114] (ASTM D1388), to provide a more complete
assessment of the anisotropic mechano-physical properties of the cotton textiles [113].

Embedded
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Fig. 2.4. Cantilever bending test equipment.
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Fig. 2.4 shown the standard cantilever bending test equipment. The samples were cut in dimensions
of 200mm x 25mm, they were placed on the horizontal board with a metal plate on them. The
metal plate gradually slid, until the leading strip of the fabric made contact with the bending angle
(®=41.5°) indicator. The flexural rigidity Grierce (NM) was calculated according to the formula
[114]:

Equation 8 Gpiorce = 9.81-10712-w - [3

where w (g/m?) is the weight of the analyzed fabric and I (mm) is the bending length measured
when the strip touched the ® angle. Therefore, there is a proportion between the stiffness and the
bending length of the fabric. A higher value of the bending length indicates higher fabric stiffness
[104]. For each fabric, the front and rear side of both extremities were tested, leading to a total of

four measurements per sample [114].

2.2.10 Determination of color variations

Especially in the conservation field, the evaluation of colorimetric parameter is of primary concern.
The proposed treatment should guarantee the preservation of the original color and aesthetic
properties of the object [112].

A portable spectrophotometer and colorimeter Konica Minolta CM 2600d was used to measure
the color of fabrics before and after treatments. The surface area analysis was the small area view
(SAV) of 3 mm, used with the 10° detector and the D65 primary source.

Reflectance measurements were analyzed according to the CIEL*a*b color parameters, which
gave the Cartesian (L*a*b*) coordinates to identify any colorimetric variation produced by the
polymers on the fabric. The color space in which the coordinates are placed is represented in Fig.
2.5.
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The overall color variation, AE, represents the deviation from the original value due to the coating,

and it is calculated from all the variations of L*, a* and b* parameters:

AE* o = /(AL*)% + (Aa*)? + (Ab*)?

where L* stands for the brightness vector on a gray scale from 0 to 100, from black to white,
respectively; a* stands for the red/green color vector with positive values and negative values
corresponding to red and green respectively; b* stands for positive values and negative values

corresponding to yellow and blue respectively.

Colorimetric measures were performed onto cotton before any treatment (S1), and after the
proposed treatments (S2, S3, S4 and S5). Moreover, colorimetric analyses were performed after

accelerated aging of the samples in the climatic chamber, as explained in the next session.

White (+L%)
/’ I

Black

Fig. 2.5. CIE 1976 Lab Color space
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2.2.11 Aging in climatic chamber

Accelerated aging was performed in order to test the long term stability of the treatments onto
fabrics. Performing accelerated test is very common in conservation science, as reported in Table
1.3 in the previous chapter. In order to simulate the action of aging factors present in museum
environment, untreated and treated samples were placed in a Memmert Climate chamber with three
cold light fluorescent lamps (D65, 6500K ) and two UV lamps ( 320-400 nm), at 20°C and 40%
R.H. Samples were exposed to accelerated aging for a total amount of 1.5 MIxh (million lux hours).
This amount of lux is comparable to five times the average annual exposure present in museum
illuminated environment [115]. After the aging, colorimetric tests were performed again, to

evaluate the impact in time of the coatings on the aesthetical properties of the fabrics [116].

2.3 Results and discussion

The samples were measured after being treated and the overall changes are reported in Table 2.2.
Minor variations were due to the dip-coating applications, which caused thickness increase of 2.7%
and 1.0% and mass density increase of 4.2% and 2.1%. Higher variations were due to spray-coating
application, which caused variations of 4.0% and 3.0% in thickness and 6.9% and 5.8% in mass

density.

Table 2.2 Names, thickness and weight/area of samples

Sample Description Thicknes = Percent increase = GSM (Grams per Percent increase
name s (um) in thickness Square meter) in GSM
(Apm%) (Ag/m?%)
S1 untreated 297 +£2 - 189+1 -
sy  (dipcoating, g0, 2.7% 197+3 4.2%
double-layer
S3 dip-coating, 3, , 5 1.0% 193 +3 2.1%
micro-emulsion
- ti
Sq4  CPHAYCOHNS 569 43 4.0% 20242 6.9%
double-layer
- ti
g5 CPrAYCOTHES: 30649 3.0% 200+ 3 5.8%

micro-emulsion
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2.3.1 Morphological characterization of the treated samples

Untreated and treated fabrics were analyzed with SEM microscopy in order to investigate possible
changes in the surface morphology. Fig. 2.6 a) shows the mesh created by the warp and the weft
of the original untreated fabric, S1. The boundaries between warp and weft are clearly visible, that
is the porosity of the fabric. In Fig. 2.6 b) the single cotton fibers present in a thread are visible.
They are characterized by the typical ribbon-like shape with periodic convolutions along the length
of the fiber. Even at this higher magnification, the porosity of the thread is visible, i.e. the fibers
are well distinct one from the other. Similarly, Fig. 2.6 c) d) and e) f) show the morphology of dip-
coated S2 and S3 respectively, in which the porosities between threads and fibers are unchanged
with respect to S1. Hence, dip-coating seems to be an optimum method to coat each and every
fiber by promoting the penetration of the solutions through the fibers. Fig. 2.6 g) and h) represent
sample S4, on which the polymeric solutions were sprayed. In the 50 x picture the porosity between
warp and weft seemed to be partially occluded and, in fact, in 1000x magnification some
agglomerates are visible. They were probably generated by the evaporation of the solvents during
the path from the airbrush to the fabric surface. Fig. 2.6 i) and j) represent S5 samples, where the
polymeric micro-emulsion was sprayed. Some micrometric agglomerates are visible, but they do
not seem to occlude any porosity. Hence, spray coating is a suitable application method, especially

for the application of the PCU and siloxane micro-emulsion.
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Fig. 2.6. SEM images at 50x and 1000x of a) untreated cotton S1 at 50x%, b)
untreated cotton S1 at 1000x%, c) double-layer dip-coated S2 at 50%, d) double-
layer dip-coated S2 at 1000x%, e) micro-emulsion dip-coated S3at 50x%, f) micro-
emulsion dip-coated S3 at 1000%, g) double-layer spray-coated S4 at 50x%, h)
double-layer spray-coated S4 at 1000x and i) micro-emulsion spray-coated S5
at 50x. i) micro-emulsion sprav-coated S5 at 1000x%.
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SEM-EDX analyses were performed on the fabric surfaces to verify the distribution homogeneity
of the hydrophobic coating. EDX probe detected the presence of the characteristic components of
natural and synthetic polymers: carbon (C), oxygen (O), Silicon (Si) and gold (Au) atoms. C and
O are associated both to PCU, siloxane and cotton; Si is associated to the presence of the siloxane
polymer; Au is due to the pre-analysis sputtering for sample preparation. Fig. 2.8 a), d), g) and j)
show the homogeneous distribution of the siloxane polymer on the surfaces. Thanks to these top
view, we can state that both spray and dip-coating were efficient to perform a uniform surface
treatment. Fig. 2.8 b), e), h) and k) are images of threads cross-sections. In all cases, fibers are
clearly distinguishable and well defined. Polymer clumps are not present. Fig. 2.8 c), f), i) and I)
are the results of elemental search performed in the core of the treads. Regardless application
methods or layer-by-layer/emulsion application, Silicon was found in every sample. Hence the
aminosiloxane was able to penetrate through the outer fibres and reach the core of the thread, as

shown in in the scheme of the micro-emulsion behavior.

Therefore, this hydrophobic treatment is not only a surface treatment, but it is conferring

hydrophobicity to the full fabric bulk.
- Q00—

amino-siloxane thread the micro-emulsion
penetrates
to the primary fibres

Fig. 2.7. Schematic micro-emulsion behaviour on threads.



Fig. 2.8 SEM images of a) S2 top view, b) S2 cross section, ¢) S2 cross section EDX, d) S3
top view, e) S3 cross section, f) S3 cross section EDX, g) S4 top view, h) S4 cross section,
i) S4 cross section EDX, j) S5 top view, k) S5 cross section, 1) S5 cross section EDX. The
element mapped in red on the top-view is Silicon.
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Fig. 2.9. AFM surface analyses. a) 3D topographic reconstruction and b) roughness profile of

untreated cotton fabric; ¢) 3D topographic reconstruction and d) roughness profile of S5 cotton

sprayed with micro-emulsion of PCU and aminosiloxane.

The AFM analyses revealed the micro-surface topography of both the untreated cotton (S1) and
the one treated with the mix of PCU and siloxane by spray (S5). 3D representations or surface
roughness and representative profiles are shown in Fig. 2.9. Both root mean square roughness (Sq)
and average roughness (Sa) were calculated. The average Sq roughness of untreated cotton fiber
is 56.3 + 19.4 nm, Sq of S5 treated cotton is 64.3 £ 9.7 nm. The corresponding average Sa of
untreated is 45.7 + 14.4 nm, Sa of treated is 47.2+ 11.5 nm.

By comparing these roughness data, it was found that the polymeric coating did not significantly
alter the initial intrinsic roughness of untreated cotton fibers. Despite the process of atomization
of the micro-emulsion during spray application, the overall roughness has not increased. This is
probably due to the self-leveling property of silicone [117] and smoothening property of PCU
[118]. Hence, due to these opposed contributions, submicro-scale roughness was maintained
similar after the treatment. Nevertheless, the intrinsic micro-roughness of the original untreated
fibers evidently contributed to obtain the final high hydrophobicity. In fact, water CA on smooth

surfaces cannot generally exceed 120° through tailoring surface chemistry [89], but all rough
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surfaces coated with PCU and siloxane gave CAs of ~ 145° and high droplet mobility, as shown
in Fig. 2.13.

2.3.2 Attenuated Total reflection-Fourier transform infrared (ATR-FTIR)
Spectroscopy

Chemical characterization of starting materials was performed through ATR-FTIR spectroscopy.
Table 2.3 shows the wavenumbers of the peaks present in each spectrum and the attributed
vibration. Pristine cotton peaks corresponded to the characteristic peaks of cellulose, without any
contamination. Amino-siloxane spectrum contained peaks associated to methyl and siloxane

groups. PCU spectrum was composed of urethane, carbonate and aliphatic groups.

Table 2.3. ATR-FTIR peak interpretation of Cotton, amino-siloxane and PCU.

Cotton [38], [119], [120] Amino-siloxane [121]
Wave nt_Jlmber Functional group Wave nl_Jlmber Functional group

(cm™) (cm™)

3279 OH stretching 2963 Asymmetric CHjs stretching

2897- 2883 | Asym. and sym. CHa stretch. 2905 Symmetric CHj stretching

1642 O-H bending. Adsorbed H>O 1258 CHs symmetric bending
1430 CH> scissoring 1074 Si-O-Si symmetric

1372 CH bending 1007 Si-O-Si asymmetric

1336 OH in-plane bending 783 CHs rocking

1320 CH> rocking PCU [122]

1282 CH deformation stretch 3335 N-H stretching

1201 C-O stretching 2922 Asymmetric CH stretching
1159 Asym. bridge C-O-C stretch. 2855 Symmetric CHz stretching
1105 Asym in-plane C-O-C stretch 1740 C=0 stretching

1053 Asym. C-O stretching 1707 H-bonded C=0 stretching
1028 Sym. C-O stretching 1526 N-H bending and C-N stretch
986 ring stretching modes 1242 0O-C-O stretching

Asym. out-of-phase ring
898 stretch: C1—O-Cy4; b 1088 C-O-C stretching
glucosidic bond
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Fig. 2.10. a) ATR-FTIR spectra of cotton, PCU, amino-siloxane, and S5 samples. The main
assignments for cotton (black), PCU (red), and amino-siloxane (blue) are included. b) OH
stretching band of cotton and sample S5, which is cotton coated with the PCU-siloxane micro-
emulsion. The intensity difference is shown by the subtraction of the two spectra. The possible
interaction sketch between cellulose and PCU by H-bonds is included. ¢) CHs rocking band of
siloxane and cotton coated with the PCU-siloxane micro-emulsion. The shift of the peaks maxima
and the interaction sketch between cellulose and siloxane by H-bonds are included.

Fig. 2.10a) shows the single spectra of cotton, PCU and siloxane, described in details in Table 2.3.
Moreover, in Fig. 2.10a), the spectrum of cotton treated by spray with the PCU-siloxane micro-
emulsion. S5 shows all the characteristic peaks of cellulose, plus contributions coming from both
PCU and siloxane. Fig. 2.10b) shows in detail the 3700-3000 cm™*, which corresponds to O-H and

N-H bonds. After the protective treatment application there is an increase in O-H/N-H stretching
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region. The calculation of the spectra difference highlighted the presence of a band at ~3225 cm?.
Hence, it is assumed that urethane groups of PCU and hydroxyl groups of cotton strongly interact
with each other by H-bonds [123]. Moreover, Fig. 2.10c) shows the detail of the 840-720 cm™
region, where a ~13 cm™ shift is observed in S5 with respect to pure aminosiloxane. This
interaction has already been described in literature [68], [121], [124], [125], [126] in presence of
cured PDMS and polysaccharide-rich materials, such as starch, cellulose, and ethyl cellulose. This
shift was attributed to the presence of H-bonds between the O-H groups of the polysaccharide and
the oxygen of the siloxane groups.

Hence, cellulose molecules of cotton interacted through OH bonds with both components of the
micro-emulsions. In particular, we assume that the siloxane bond with cellulose promoted the
exposure of the methyl groups to the outer surface and contributed to the enhancement of the

hydrophobicity.

2.3.3 Nuclear magnetic resonance NMR

Polymers where studied though nuclear magnetic resonance to further investigate their chemical
structure. Fig. 2.11 shows the structure and the NMR spectrum of PCU, which is an aliphatic
polyurethane based on a polycarbonate diol. The mol ratio between the isocyanate and
polycarbonate monomer was calculated from the ratio between the peaks integration. The blue
(2.0) area divided by the red (10.0) area corresponds to 1:5 ratio. Hence, the isocyanate and
polycarbonate monomer are present in the polymers with a ration of 1:5, as reported in the

chemical formula.
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Fig. 2.11. NMR spectrum of PCU.

Fig. 2.12 shows the NMR spectrum of Wacker finish WR 1300, the amino-siloxane. In this

paragraph, two methods are used to calculate the monomers ratio in the amino-siloxane polymer.
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Fig. 2.12. NMR spectrum of amino-siloxane.

The first method is the titration method. It is based on the information on the technical data sheet
of the product, which stated that the amine number of the aminoethyl-aminopropyl siloxane is 0.3
mL 1 N HCl/g. So the number of mol cointained in 0.3mL of HCI 1N is:

_ 0.3 mL * 1mol
MHCL = T 000mL

Nycr = 3- 10_4
which is the number of mol (n) of HCI used to titrate the 1 g of aminosilicone.

According to NMR analysis, every aminosiloxane-monomer contains two amino-units. So the

number of mol of aminosiloxane-monomers in 1 g corresponds to:

3-107* »
Namsit. = ——— = 1.5 10

The structures of the dimethylsiloxane and of the aminosiloxane were identified from the NMR.

The deduced molecular weights (MW) are:
e 74.15 g/mol for the dimethylsiloxane monomer
e 176.29 g/mol for the aminosiloxane monomer
The mass (m) of aminosiloxane monomers in 1 g is:
My i, = N ° MW
My sy = 1.5°107%-176.29 = 0.0264435 g
So the remaining mass is the dimethylsiloxane monomer:

1g — 0.02644g = 0.97356g

The number of mol (n) of aminosiloxane in 1g is equal to:

0.973556
nSiOCH3 = W =0.01313

So the percentage fraction of aminosiloxane is:
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Nam sil.

nam.sil.(y0 = 100
Namsil T NsiocH3

0.00015

. — 0
0.01313 + 0.00015 100 = 1.13%

And the percentage fraction of the dimethylsiloxane monomer is:

NgjocH3
NgiocH, %0 = M o + D +100
am.sil SiOCH3

0.01313

. = 0
0.01313 + 0.00015 100 =98.87%

Hence, according to the titration method, the two monomers are present with ratio 99:1.

The second method is the peaks integration method. The ratio between the monomers can be
calculated from the peaks integration ratio. In Fig. 2.12 a peak is labeled with a light blue dot. It
corresponds to the CH. group of the aminosiloxane and it has an integration area equal to 2.0. This
integration corresponds to 2 protons of CH2 groups, so to 1 mol of aminosiloxane monomer.
Moreover, the most intense peak is labeled with a black dot. It corresponds to the CH3z groups and
its integration area is equal to 650.8. Dividing this value by the 3 protons of the CHz group, the
resulting number of mol is 217. It is already known that there is 1 mol of aminosiloxane, which
also has 1 methyl group. So, the remaining mols of methyl groups coming from dimethylsiloxane
are 216. Considering that each mol has two methyl groups, 216 is divided by 2 and the resulting
mol number of dimethylsiloxane is 108. The total number of mol is 109, coming from
aminosiloxane (1) and dimethylsiloxane (108). Percentage of aminosiloxane monomers is equal
to 1/109 = 1%. The maining 99% corresponds to dimethylsiloxane. So, the final ration is confirmed

to be 1:99.

The results obtained from the peaks integration method correspond to the titration method results.

2.3.4 Wettability measurements and surface energy estimation

The surface wettability was measured though water contact angle (WCA) analyses. Pristine cotton
is a highly hydrophilic material and its high affinity to water causes several degradation forms, as
described in Chapter 1. For this reason, the decrease of the original wettability is a key factor in

the efficiency evaluation of applied protective polymers.
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The hydrophobicity of treated samples was measured by placing 10 droplets of 5uL each and
observing the angle formed by water in contact with the surface. The averages values are reported
in Fig. 2.13a. The WCA was not measurable on untreated cotton, since water was immediately
adsorbed. All treated samples demonstrated contact angles between 143° and 147°, hence, very

high hydrophabicity.

Moreover, the impact of heavier quantity of water was qualitatively evaluated by placing 1 mL of
colored water on uncoated and coated fabric. Fig. 2.13b shows the behavior of water, which was
immediately adsorbed by S1 untreated cotton. All the other samples, on the contrary, had very low
affinity with liquid water. The droplets never penetrated in the cotton threads, it rather evaporated
in approximately 10 hours, leaving the colorant on the surface of cotton, as shown in Fig. 2.13d.
Here, the shape of the colorant on the surface is exactly the same of the droplet of water, which
evaporated and never penetrated. This is also proved by the picture of the rear side of the cotton,
reported in Fig. 2.13e.

Dynamic contact angle measurements (roll-off) have also been analyzed to better characterize the
hydrophobicity of samples having all similar WCA ranging from 143° to 147°. For this purposed,
the concept of droplet mobility has been used: the higher the mobility, the better the hydrophobicity
[127]. This study is based on the competition between gravitational and surface tension forces
[105] of water droplets on tilted surfaces.

Thus, roll-off or sliding angles of water droplets with volumes ranging from 17.5 to 35 pL were
deposited on cotton surfaces. The minimum tilt angles sufficient to create water mobility are
reported in Fig. 2.13f. For example, 17.5uL-volume droplets started to roll-off the sample surfaces
at 52°, 53° and 58° tilt angles for S5, S2 and S3 fabrics, respectively. The 17.5uL-volume droplet
was sticky onto S4 surface, there was water droplet mobility within the 90° of tilting. Then, staring
from 20 pL, all samples demonstrated to promote droplet mobility, conferring self-cleaning
properties to the fabrics. Overall, the best performances were demonstrated by micro-emulsion
spray-coated (S5) sample, which promoted the water rolling off already at 30° for 35 pL droplet
volume. This is a excellent result, especially considering that no fluoropolymers or nanoparticles
are included in the polymeric coating. Same results were obtained for identical samples which did
not udergo the 60°C curing fpr 24 hours. This is particularly interesting, especially considering

that this formulation is proposed for Cultural Heritage objects.
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Fig. 2.13.a) WCAs; b) 1 mL of colored water on S1 (untreated cotton), ¢) on S5 (micro-emulsion
sprayed); d) on front side of S5 after 10 hours; (e) and back side of S5; f) water roll-off angles of
different volume droplets on samples S2 (double layer dip coating), S3 (micro-emulsion dip
coating), S4(double layer spray) and S5.

Zisman Plot method was then used to determine the micro-emulsion critical surface tension. The

variation of Young’s WCA as a function of different liquid surface tension was tested. Cos(®) of

different liquids with well-known surface tensions were plotted versus yLv and, as demonstrated
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by Dr. W.A. Zisman, a linear plot was obtained. The linear regression of the experimental data
lead to the linear equation: y=1.52784-0.02756x, with R?=0.9782, as shown in Fig. 2.14. The
critical surface tension was obtained by extrapolating the y value for which cos(®) corresponds to
1 [106]. The resulting polymeric micro-emulsion surface energy was 19.5 dyne/cm, which is a
good result, especially if compared to silicone critical surface tensions reported in literature:
22.8mN/m [128], 24.7 mN/m [129], 20.4 dyne/cm [130], and 24 mN/m at 20°C [131]. Overall, we
can state that the polymeric micro-emulsion with low surface energy coated a cotton surface with
intrinsic micro-roughness and these two factors together contributed to confer high hydrophobicity

to the surface.
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Fig. 2.14 Zisman plot obtained from solvents droplet placed on the polymeric film obtained from
the PCU and siloxane micro-emulsion.

2.3.5 Water vapor permeability

Water vapor permeability (WVP) was monitored before and after polymeric treatment to assure
that breathability of the cotton remained high, in order to avoid problems linked to the
accumulation of humidity (e.g. condensation, dissolution of pollutants, formation of mold, moth
infestations). The permeability can be maintained at high levels by maintaining opened the
porosities between warp and weft or between the fibers in the treads. Moreover water vapour

molecuse can diffuse though polymeric layers [132]. The measured WVP of untreated cotton (S1)
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is 5.6x10* + 0.7x10*, which corresponds to a high breathability value. All treated samples
maintained a high WVP, in the same magnitude order: 5.7x10* + 0.7x10* for S2; 5.3x10*
+0.1x10™ for S3; 5.7x10™ +0.2x10™ for S4 and 5.7x10* +0.5x10™ for S5. Overall, there is not a
significant difference among the applications. This could be due to the fact that porosity between
warp and weft and still partially open (see Fig. 2.6), but also to the fact that PCU is known to
promote the sorption-diffusion—desorption mechanism for water molecules [133]. According to
this mechanism, water vapor molecules are absorbed by the PCU, diffused through the cellulose
fiber bulk, transferred to the other side, and finally released to the environment though the rear

hydrophilic PCU layer.

2.3.6 Stress-strain measurements

Fig. 2.15a shows the tensile stress-strain curves of samples S1, S2, S3, S4 and S5. This figure also
shows a schematic representation of the tress-strain behavior of warp and weft. Warps extremities
were constricted in between the instrument clamps, while wefts were free and their sections are
represented. The part of the slopes included between 0 and 0.1 mm/mm is the crimp removal zone,
which represents the movement of twisted fibers and yarns stretching while adapting to the starting
stress. The second part of the slope, starting from 0.1 mm/mm, corresponds to the irreversible
stretching of fibers, elongating within the woven network [72]. The Young Moduli associated to
both slopes are reported in Fig. 2.15b. The initial elastic moduli are 19.5 + 2.2 for samples S1, 23.7
+ 3.5 for sample S2, 16.4 + 0.8 for sample S3, 38.5 +6.1 for sample S4, and 18.6 + 2.2 for sample
S5. The final moduli are 264 £28 for sample S1, 205 +6 for samples S2, 217 +11 for sample S3,
153 +31 for sample S4 and 193 £11 for sample S5. After treatments, the second moduli decreased
so all treated samples had more plastic performances with respect to untreated cotton. When the
micro-emulsion was applied (S3 and S5), the Young Modulus was maintained more similar to S1,
with respect to the corresponding layer-by-layer applications. In Fig. 2.15c the stress at maximum
load for all samples are reported: 45.1+ 5.7 for S1, 39.1+1.9 for S2, 43.0 + 4.5 for S3, 32.2 + 5.1
for S4 and 38.5+ 3.6 for S5. Again, samples treated with the micro-emulsion maintained properties
more similar to untreated cotton, i.e. higher stress at maximum load. Finally, the elongations at
break are reported in Fig. 2.15d: 35.6 £5.0 for sample S1, 35.9 + 5.2 for sample S2, 38.5 +3.2 for
sample S3, 34.6 £5.6 for sample S4 and 38.6 £2.8 for sample S5. So, micro-emulsion treatments

conferred slightly higher elongation at break values. Overall, the treatments did not lead to high
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variations in the mechanical properties of the fabrics and the best performances are ascribable to

micro-emulsions applications.
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Fig. 2.15. Mechanical tests performed on samples S1, S2, S3, S4 and S5. (a) stress strain curves,
(b) Young’s modulus calculated on the first (0 to 0.1 mm/mm) and the second (0.1 mm/mm on)
slopes, (c) tensile stress at maximum load, and (d) maximum elongation at breakpoint.

2.3.7 Flexural rigidity

Fabric drapability and handling were evaluated by measuring the bending stiffness of the fabric,
before and after treatment. This property was very useful to quantify the resistance offered by
fabrics while undergoing bending. The bending lengths were measured with the G.Pierce
equipment, as shown in Fig. 2.16a for S1 sample, and the G.Pierce value was calculated. The
longer the bending length, the stiffer the textile. Fig. 2.16a shows the flexural rigidity of all
samples. The samples treated with the micro-emulsion, both by (S3) dip- and (S5) spray- coating,

66



are the ones showing the highest flexibility. In fact, when touching these samples, their behaviour
is indistinguishable from the untreated cotton. Instead, samples treated first with PCU and then
with aminosiloxane demonstrated a much higher bending stiffness. This analysis confirmed the
behaviour observed stress-strain mechanical tests.
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2.3.8 Determination of color variations

Checking the colorimetric variation is fundamental in order to evaluate whether the treatment and
the aging have an aesthetical impact on the fabric. In fact, both after being treated and being aged,
the fabrics should maintain the color variation under the limiting value of 3 in terms of AE.
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Fig. 2.17. AE colorimetric values of samples after treatment (white) and after aging (turquoise)
with respect to untreated one.

Fig. 2.17 shows the color variation due to the PCU-aminosiloxane treatments and due to aging in
the climatic chamber. All color changes after the polymeric application where much below 3. The
best performances, in this sense, were given by PCU-aminosiloxane micro-emulsion applied by
spray (S5), where the color change was approximately 0.6. Moreover, S1 sample had AE = 1.8
after accelerated aging, simulating 5 years in the museum conservation environment (1.5 million
lux-hours of UV-Vis radiation). All treated samples had AE included between 0.9 and 1.4, this
means that the protective polymers also active as a protective layers towards aging due to UV-Vis
radiation. Pictures of the analyzed samples are reported in Fig. 2.18. Concluding, all the proposed

treatments were beneficial for the conservation of Heritage-related fabrics.
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Fig. 2.18. Pictures of untreated cotton (S1) compared to treated cotton (S2, S3, S4 and S5) and to
treated and aged cotton (S2 aged, S3 aged, S4 aged and S5 aged).
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2.4 Conclusions

This chapter deals with the study of a fluorine free protective coating, focusing mainly on the

protection of fabrics from water-linked degradation forms. For this purpose, a micro-emulsion

based on aminosiloxane softener and polycarbonate diol polyurethane was created.

Summarizing, the most relevant strengths of this study are:

The proposed polymers are fluorine-free and easy to purchase. The solvents used are water,
ethanol and isopropyl alcohol, they have no environmental hazards. The dip- and spray-
coating techniques are easy to apply at low cost;

The emulsion was stable, with droplet diameters of approximately 1.5 um and the micro-
dimension allowed the polymers to penetrate in the core of the threads, this conferred bulk
hydrophobicity to the fabric;

This single fibers coating also mainlined the high vapor permeability of the fabrics, which
in fact was unaltered;

O-H and N-H bonds were found between the synthetic polymers and cellulose, indicating
good compatibility of the polymers and suggesting resistance over time;

The intrinsic roughness of pristine cotton, added a 19.5-dyne/cm-surface-energy emulsion,
conferred high hydrophobicity to the fabrics;

Water contact angles were always higher than 143°, with roll-off angles of less than 50°
depending on the droplet volume; the fabrics could also withstand 1mL of liquid water,
which fully evaporated before having the chance to penetrate the fabric;

The mechanical properties of the pristine cotton fabrics were maintained, especially by the
micro-emulsion applications;

Color variation after polymeric application and accelerated aging are highly acceptable,

according to Cultural Heritage conservation criteria.
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3. Antioxidant and hydrophobic treatment for fabrics

3.1 Multi-functional coating: a 360-degree protection

In the previous chapter a hydrophobic coating was developed aiming at protecting woven fabrics
of great cultural significance from those deterioration phenomena primarily governed by the
presence of humidity, such as swelling or shrinkage, pollutants, formation of acids and hydrolysis,
microbial/bacterial growth and proliferation. Besides humidity, oxidative degradation with
ambient light and oxygen is another alarming source of textile deterioration. The presence of light
is of fundamental importance, and storage in the dark is not a viable option for public display and

museum profitability.

In literature, the proposal of coatings added with active substances such as UV absorbers[134]
[135], antioxidants [80] [136], or oxidizing agent quenchers to reduce the fabrics deterioration
[137] is reported. However, these coatings with additives were rarely developed for conservation

purposed, so most of them lack of transparency or long term stability check.

Hence, for textile protection from oxidative processes and humidity induced deterioration, in this
part of the thesis the use of multi-functional protective coatings is proposed, and, in particular, an
antioxidant transparent fluorine-free hydrophobic treatment was in detail designed for the
conservation of cotton-based heritage textiles [138].

Since a protocol for simulating peroxidative cotton ageing (relevant to long exposure to light and
air) was not present in literature, an aggressive oxidative ad hoc protocol has been proposed and
tested to simulate an accelerated exposure to harsh oxidation conditions.
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3.2 Materials and Methods
3.2.1 Materials

The target of the conservation treatment was the same plain-woven and bleached 100% cotton
fabric presented in the previous chapter. The fabric is characterized by a density of 24 threads/cm
both in warp and weft direction.

All the following materials were taken into consideration for conservation treatments because of

their transparency and no health or environmental danger.

More specifically, polycaprolactone (hereafter, PCL) was selected because of its enzymatic
biodegradability but also its durability in aerobic conditions [139] and because of its good
elongation and good compatibility with many types of polymers [140]. Powdered PCL was

purchased from Polysciences, Inc. (USA).

Single component acetoxy moisture cured polydimethylsiloxane resin (hereafter PDMS) was
selected for its hydrophobic properties, water vapour permeability and mechanical properties. The
transparent silicone elastomer (ELASTOSIL®E43), was purchased from Wacker (Germany).

The antioxidant butylated hydroxytoluene (CisH240, hereafter BHT) was selected as an
antioxidant agent because of its solubility in benzyl alcohol, its transparency after solubilization,
miscibility with PCL [141] and minor probability to generate chromophores, especially after
undergoing oxidation, with respect to other antioxidants with more conjugated structures, such as
ferulic acid [142], [143]. It was purchased from Sigma-Aldrich.

Hydrogen peroxide (H202) solution 30% (w/w) in water was selected as oxidizing agent. Together
with UV light, H2O> is expected to generate hydroxyl radical, which could simulate a natural

oxidizing environment. H2O2 was purchased from Sigma-Aldrich.

3.2.2 Preparation of the active coatings

The antioxidant solution was created by dissolving 0.50 g of PCL in 25 mL of benzyl alcohol by
stirring for 2 h at room temperature. When PCL was completely dissolved, the solution became
transparent and 0.50 g of BHT were added to the polymeric solution and stirred for 30 more

minutes. Then, 25 mL of acetone were added to the solution in enhance its volatility. This will be
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beneficial for the applicability of the antioxidant treatment. Fig. 3.1a shows the proportions of the
components used to prepare the antioxidant coating. The hydrophobic solution was instead
obtained by stirring 1.00 g of PDMS in 50 mL of heptane for 24 hours. The components are
represented in Fig. 3.1b and in this way a 2 % (w/v) homogeneous solution was reached.
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Fig. 3.1. Schematic representations of the preparation of (a) antioxidant and (b) hydrophobic
coatings.

3.2.3 Application of the coatings

First of all, the cotton fabric was washed with delicate detergent to remove any possible form of
dirt or pollutant, then it was rinsed and hanged to dry at room temperature. Cotton fabrics samples
were cut into 5x15 cm? shape. Pure cotton samples were labeled as COT. Samples were dipped
for 30 seconds into antioxidant solution (PCL-BHT 2% wi/v) and immediately hanged to dry at
40°C for 24 hours. 40°C temperature was chosen as a compromise between the desired evaporation
of benzyl alcohol, the glass transition temperature of PCL (=60°C) [144] and caution with respect
to real historical/ancient fabrics in Cultural Heritage field. The dip-dry process was repeated two
more times and the resulting samples were named COT-AO, where AO stays for “antioxidant”.
For the additional hydrophobic function, COT-AO samples were immersed for 30 seconds in the
PDMS (2% w/v in heptane) solution. Again, they were dried for 24 hours at 40°C. The 40°C curing
parameter was chosen in accordance with literature [145], [146], [147] and in order not to
compromise the PCL layer and the underneath cellulose. Here, the heating step was particularly
important not only to dry the sample but also to accelerate silicone crosslinking process. The
samples covered by both the antioxidant and the hydrophobic layers were labeled as COT-AOP,
where P stays for “PDMS”. All the procedure is schematically reported in Fig. 3.2 and samples
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pictures are reported in Fig. 3.3. Moreover, a control sample was created by applying the PDMS
solution directly onto cotton fabric. The sample was named COT-P.

Antioxidant Drying Hydrophobic Curing and
treatment treatment crosslinking

24h x 24h
%305 at 40°C X 2 at 40°C

9 29 2%
— |BcraT| — — |[FPDMS | —
w/v w/v

Fig. 3.3 Pictures of untreated cotton (COT), cotton treated with antioxidant coating (COT-AQ)
and cotton treated with antioxidant and hydrophobic coatings (COT-AOP).
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3.2.4 Morphological characterization by SEM

The morphology of COT, COT-AO, COT-AOP samples was observed with SEM microscope. The
aim of this analysis was to verify the presence of the coating, to observe how the polymers
distributed and to monitor any changing in the porosity of the fabric. The instrument used is a
JEOL JSM- 6490LA (Japan), with 10 kV acceleration voltage. Before analyzing the samples with
SEM, the fabric surfaces were sputter-coated with a 10 nm thick film of gold (Cressington 208HR

sputter coater, UK). Then, images where collected at x50, x1000, x2000 magnifications.

3.2.5 Chemical characterization by Attenuated total reflection—Fourier transform
infrared (ATR-FTIR) spectroscopy

The chemical characterization was performed with FTIR spectrometer (VERTEX 70v, FT-IR,
Bruker) with a diamond crystal and coupled with (ATR) accessory (MIRacle ATR, PIKE
Technologies). Analyses were performed onto COT, PCL, BHT, PDMS and their combinations:
COT-AO, COT-P, COT-AOP, also after accelerated aging treatment. For each sample, three
spectra of 128 scans each were collected in between 4000 to 600 cm™* with a resolution of 4 cm™.

All spectra were normalized to the maximum peak.

3.2.6 Surface wettability by water contact angle and water roll-off angle

Static water contact angle (WCA) and water roll-off angle were measured with a contact angle
instrument (OCAH-200 DataPhysics, Germany). The static angle between a liquid drop and a solid
surface i1s named Young’s contact angle, as explained in the Materials and Methods section of the
previous chapter. As the water droplets wets the surface, the contact angle approaches zero.
Gastight 500 pL Hamilton precision syringe with blunt needle of 0.52 mm internal diameter was
used to deposit 5 pL droplets onto surfaces. From each sample, a strip of 1x5 cm? was cut and
attached to contact angle table with double sided adhesive tape to get a wrinkle free surface for
WCA measurements. WCAs, as a function of droplet deposition time, were calculated by the
software depending on the droplet shape in the video. The WCA was measured from video frames
after 5, 10 and 60 seconds to compare surfaces wettability. Static WCAs at 10 different positions

on each sample were measured and reported as mean values with standard deviations.
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For roll-off angle measurements, different droplet volumes corresponding to 15 pL, 20 pL, 25 pL,
and 30 pL were deposited and the substrate holder was tilted with an angular speed of 1.42°/sec.
Side view videos of the rolling drops were captured and from the video the roll-off angle was
extrapolated. Measurements were repeated 5 times [105].

3.2.7 Water vapor permeability

Water vapor permeability (WVP) of COT, COT-AO and COT-AOP was calculated at 25°C and
100% RH (%) according to the ASTM E96 standard method. 100%RH was reached by placing
400 uL of deionized water in the permeation chambers of 7 mm inner diameter and 10 mm height.
Samples were cut and placed on the top of the permeation chamber, carefully closed with sealing
rings, lid and screws. The chambers were then placed in a desiccator, maintained at 0% RH by
anhydrous silica gel. The weights of the chambers were recorder every hour for 8 consecutive
hours in order to register every weight change and to monitor the permeation of water vapor from

the chamber, trough the porosity of the fabric, to the silica gel.

An electronic balance (with 0.0001 g accuracy) was used to weight the chambers containing water
and fabric samples. The water mass loss versus time was plotted and the slope of the line was
calculated by linear regression. Then, the water vapor transmission rate (WVTR) was determined

as below:

slope

Equation 9 WVTR(g(m?d)™") =

area of the sample

The water vapor permeability (WVP) of the samples was calculated as follows:

1) = WVTR-L-100

Equation 10 WVP(g(mdPa)~ YT
-

where L(m) is the thickness of the sample, measured with a 0.00lmm accuracy micrometer, ARH
(%) is the percentage relative humidity gradient, and ps (Pa) is the saturation water vapor pressure
at 25°C [107], [108], [109]. Every measurement was repeated 3 times. The graph in Fig. 3.8d

shows the WVP values.
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3.2.8 Water Uptake

Water uptake measurements were also performed onto untreated and treated fabrics to verify
whether the coatings had a blocking effect with respect to the water moisture absorption. First,
samples were placed for 24 hours in a dry chamber containing anhydrous silica gel. Then, dry
samples were weighed on a sensitive electronic balance (0.0001 g accuracy) and placed in the
humidity chamber at 100 % RH. From this moment, each sample was weighted every day at the
same hour and the amount of adsorbed water was calculated with respect to the initial dry weight
as the difference, according to the following formula:

Equation 11 Water adsorption (%) = % - 100
0

Where ms is the sample weight at 100 % RH condition and mo is the sample at 0 % RH. The test
proceeded until stabilization of the weight gain. The trend of mass increase over time is reported
in Fig. 3.8c.

3.2.9 Stress-strain measurements

Mechanical strength and flexibility of the fabrics are major parameters in textiles conservation
field, as explained in Chapter 1. Hence, it is crucial to achieve water-repellency and antioxidant
properties without altering the mechanical characteristics of the fabric to a significant extent.

The mechanical properties of COT, COT-AO and COT-AOP samples were tested with 3365
Instron (USA) tensile tester. First, the samples were conditioned at room temperature. Specimens
were cut in a dog-bone shaped, with standard dimension of 25 mm length along the axis of warp
threads and 3.98 mm width. Samples were placed in between pneumatic clamps. The extension
speed was maintained constant at 5 mm/min. in this study, the elastic modulus (MPa) was
calculated using the initial slope of the curve, between the starting point 0 and 0.1 mm/mm.
Elongation at maximum load was also calculated. The analyses were repeated 7 times for each
specimen in order to calculate the averages and standard deviations of elastic moduli and
elongation values [110], [111]. Moreover the samples were analyzed after undergoing 1,4 and 7

days of accelerated aging according to the protocol explained in “Accelerated aging and oxidation
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treatments” section. Fig. 3.9 and Fig. 3.10 reports the data related to stress-strain measurements,

before and after aging, respectively.

3.2.10 Flexural rigidity

The variation of tactile properties, such as bending properties and the drapability of fabrics after a
hydrophobic treatment are very likely to happen and they can be quantified by measuring the
flexural rigidity tough Peirce Cantilever test. COT, COT-AO and COT-AOP were cut in
dimensions of 200mm x 25mm, they were placed on the horizontal board with a metal plate on
them. The metal plate gradually slid, until the leading strip of the fabric made contact with the
bending angle (©=41.5°) indicator. The flexural rigidity Grierce (NmM) was calculated according to
the formula [114]:

Equation 12 Gpierce = 9.81-10712 .y - [3

where w (g/m?) is the weight of the analyzed fabric and | (mm) is the bending length measured
when the strip touched the ® angle. So there is a proportion between the stiffness and the bending
length of the fabric. A higher value of the bending length indicates higher fabric stiffness [104].
For each fabric, the front and rear side of both extremities were tested, leading to a total of four

measurements per sample [114].

3.2.11 Accelerated aging and oxidation treatments

Accelerating aging is extremely important to test the efficiency of the antioxidant treatment onto
cotton fabrics, but also to monitor the behavior of the polymers and their possible interactions with

the supports.

To simulate an oxidative accelerated aging process, the samples COT, COT-AO, COT-AOQOP, and
COT-P were immersed in a solution of 15% (w/w) H20- for 1 hour. Then, samples were extracted,
the excess hydrogen peroxide was removed and the samples were placed into a climatic chamber
(Memmert). The aging process consisted in 24 hours of exposition to three cold light fluorescent
lamps (D65, 6500 K) and two UV lamps (320—400 nm) at 70% RH and 25°C.
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After undergoing this accelerated aging process the samples are labeled COT(AG), COT-AO(AG),
COT-AOP(AG), and COT-P(AG), respectively. A schematic representation of the whole process

is shown in Fig. 3.4a.
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Fig. 3.4 A step-by-step representation of (a) coating, curing, and ageing processes for the fabric
and (b) process for antioxidant polymeric layer removal.

Fig. 3.4b shows the steps representing the control of the treatment efficiency. The aged COT-AO
samples were soaked in chloroform in order to remove the antioxidant coating (PCL). This would
allow the analysis of chemical composition of the bare fabric after the ageing process, without
havening any interference with PCL chemical structure. The samples were stirred in chloroform
solution for 24 hours and then dried. This process was repeated 6 times to ensure full removal of
PCL. The washed COT-AO(AG) samples are named as COT-AO(AG-W). The following Table
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3.1 summarizes all the treatment and ageing procedures including the sample labels utilized for all

the samples studied.

Table 3.1. Sample, treatment composition and labels.

Fabric composition Treatment Designation Designation after ageing
cotton none COoT COT(AG)
cotton PCL-BHT COT-AO COT-AO(AG)
cotton PCL-BHT+PDMS COT-AOP COT-AOP(AG)
cotton PDMS COT-P COT-P(AG)

3.2.12 Antioxidant properties

The antioxidant scavenging activity parameter is widely used to define the antioxidant capacity of
the materials and, in this case, of the antioxidant coatings present onto the treated textiles [148],
[149], [150]. The ABTS* radical solution was prepared following the standard method reported in
the literature [151], [152]. Three replicates for each sample were cut into 1x4 cm? shape and were
placed into 3 mL of the ABTS ™ radical solution. Caps for cuvettes were used to protect the solution
from the air and to keep the cotton samples into the cuvettes, avoiding possible floating. This was
particularly useful in the case of the hydrophobic samples, forcing them to go in contact with the
radical solution. The measurements were collected after 24 hour of immersion by using a Varian
Cary 6000i UV-Vis spectrophotometer. The variation of the characteristic absorption peak of

ABTS™ at 734 nm was used to calculate the percentage of radical inhibition following the equation

Equation 13 Percentage of radical inhibition = %x 100

1

Where A1 is ABTS™ radical control solution and Az is the absorbance of the sample solution at the

same wavelength.
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3.2.13 Color variation

The evaluation of colorimetric parameter is of primary concern, especially in conservation science.
The proposed treatment should guarantee the preservation of the original color and aesthetic
properties of the object [112]. A portable spectrophotometer and colorimeter Konica Minolta CM
2600d was used to measure the color of fabrics before and after applying the protective coatings,
also before and after performing accelerated aging tests. The surface area analysis was the small

area view (SAV) of 3 mm, used with the 10° detector and the D65 primary source.

Reflectance measurements were analyzed according to the CIEL*a*b color parameters, which
gave the Cartesian (L*a*b*) coordinates to identify any colorimetric variation produced by the

polymers on the fabric.

The overall color variation, AE, represents the deviation from the original value due to the coating,
and it is calculated from all the variations of L*, a* and b* parameters, as also reported in the

previous chapter:

Equation 14 AE*,, = /(AL")? + (Aa*)? + (Ab*)2

where L* stands for the brightness vector on a gray scale from 0 to 100, from black to white,
respectively; a* stands for the red/green color vector with positive values and negative values
corresponding to red and green respectively; b* stands for positive values and negative values

corresponding to yellow and blue respectively.

81



3.3 Results and discussion

The samples were measured after both antioxidant and hydrophobic treatment and the overall
changes are reported in Table 3.2. Most of the variations are due to the antioxidant treatment,
which caused a thickness increase of 4.7% and a mass density increase of 5.3%. Minor is the
contribution due to the hydrophobic layer, which, added to the previous PCL-BHT layer, caused a

variation of 5.0% in thickness and 7.9% in mass density.

Table 3.2. Names, thickness and weight/area of samples

Sample name Thickness Percent increase in GSM (Grams per @ Percent increase in

(um) thickness (Apm%) Square meter) GSM (Ag/m?%)
CoT 297 +2 - 189+1 -
COT-AO 3112 4.7% 199+ 2 5.3%
COT-AOP 312+ 3 5.0% 204 +2 7.9%
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3.3.1 Morphological characterization by SEM

) /AN SSV 7S
500um e X50

100pum s X200

Fig. 3.5 SEM images of (a) COT: untreated sample, (b) COT-AO: cotton with the antioxidant
treatment of PCL and BHT, (c) COT-AOP: cotton with the antioxidant treatment of PCL and BHT
and hydrophobic treatment of PDMS. For each sample, there are SEM images of the top-view at
x50 (i) and x2000 (ii) magnifications, and their corresponding cross-sectional images at x200 (iii)
and x1000 magnification (iv). The arrows indicate the presence of polymeric materials.
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Fig. 3.5a i) shows the warp and weft woven together to form the fabric structure, Fig. 3.5a ii)
shows the typical wrinkle-like and longitudinal fibril structure [89], [153] of cotton fibres. Fig.
3.5a iii) shows the cross section of a thread at x200 and, at higher magnification in Fig. 3.5a iv),
there is the typical kidney-bean shape of the cotton fiber cross section.

Fig. 3.5b represents COT-AO at the same magnifications. In particular, Fig. 3.5b i) shows the same
woven structure as Fig. 3.5a i). The presence of polymeric film is not detectable at x50, warp and
weft are unchanged and the porosity in between them was maintained. Some polymeric traces are
visible on the fiber at x2000 and some polymeric filaments are highlighted by the yellow arrows
at x1000 in Fig. 3.5b iv). These pictures suggests that the polymer is present and covers the fibers,
adapting to their shape, leaving the macroscopic morphology of the woven structure unchanged.

Fig. 3.5¢ shows the morphology of COT-AOP, which is very similar to COT-AO. In fact, the
presence of the polymeric layer is invisible at x50 and %200, in the top view and cross section
respectively, while the presence of polymeric filaments is detectible at higher magnifications. The
yellow arrows show at x2000 and x1000 the presence of the filaments. Especially at x2000, the
presence of polymeric filaments is more evident, probably because of the double layer of PCL and
PDMS.

Although the antioxidant and hydrophobic treatment were not detectable to the naked eye, their

presence was verified thanks to SEM observations at 2000 and 1000 enlargements.

As a consequence of the observed unchanged morphology, we expected to verify unchanged

breathability of the woven textile, as it is reported in Fig. 3.8a.
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3.3.2 Chemical characterization by Attenuated total reflection—Fourier transform
infrared (ATR-FTIR) spectroscopy

Table 3.3. ATR-FTIR peak interpretation of Cotton, PDMS, BHT and PCL.

Cotton [38], [119], [120] PDMS [121]
Wave number . Wave number )
(cm) Functional group ) Functional group
3283 OH stretching 2963-2905 Asym. and sym CHs stretch.
2897-2866 Asym. and sym. CH; stretch. 1258 CHs; symmetric bending
1643 O-H bending. Adsorbed H:0 1074 Si-O-Si symmetric
1427 CH; scissoring 1007 Si-O-Si asymmetric
1364 CH bending 783 CHs rocking
1336 OH in-plane bending BHT [154]
1314 CH> rocking 3624 O-H stretching
1282 CH deformation stretch 3071 Aromatic C-H stretching
1201 C-O stretching 2953-2911 Asym. and sym. CH stretch.
1159 Asym. bridge C-O-C stretch. 1431 C=C aromatic stretching
1105 Asym in-plane C-O-C stretch 1148 C-O stretching
1053 Asym. C-O stretching PCL [155]
1028 Sym. C-O stretching 2942-2866 Asym. and sym. CH; stretch.
986 ring stretching modes 1724 C=0 stretching
897 Asym. out-of-phaS(.e r.ing streteh: 1238-1162 asym and symm C-O-C stretch.
C1—0-Cy4; b glucosidic bond

The typical peaks of cotton are summed in Table 2.3. All the mentioned peaks are also visible in
the spectrum named COT in Fig. 3.6a. As expected, there is no peak corresponding to C=0

stretching in the spectral region 1800-1700 cm™.

All the characteristic peaks of PCL and BHT are described in Table 2.3 and represented in the
spectra named PCL and BHT, respectively, in Fig. 3.6a.
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Fig. 3.6 (a) ATR-FTIR spectra of cotton fabric, PCL, BHT, COT-AO, PDMS, COT-P, and COT-
AOP in the 4000 - 600 cm-1 region. The main assignments for cotton, BHT, PCL and PDMS are
included. (b) The region at 1800 — 1600 cm-1 where the carbonyl band appears in the samples
COT(AG), COT-AO(AG), and COT-P(AG), while it is not visible in the sample COT-AO(AG-
W).
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After dipping the cotton in the PCL-BHT solution, a spectrum of COT-AO was taken and it is
reported in Fig. 3.6a. This spectrum is mainly characterized by cotton peaks, except for the C=0
stretching peak typical of PCL, which appeared at 1724 cm™, confirming the presence of the
polymeric coating.

PDMS main peaks are reported both in Table 2.3 and Fig. 3.6a. Moreover, a control sample of
cotton dipped into PDMS was analysed and reported in Fig. 3.6a, with the name COT-P. This
spectrum shows all the typical peaks of cellulose, as well as the increase in intensity of the peak at
1258 cm® and the appearance of CHj; rocking mode at 795 cm™, characteristic of PDMS. Again,
no bands were found in the area of 1750-1720 cm™, so, as expected, PDMS does not show any
peak in the carbonyl area.

The presence of PCL and PDMS peaks onto cotton confirmed the presence of the antioxidant and

hydrophobic layer, as it was also demonstrated by the SEM microscopic pictures.

As it was reported in the introduction chapter, the oxidative process is one of the natural aging
processes of cellulose. Oxidation results in the rise of carbonyl groups along the polysaccharide
backbones. This chemical change can be monitored by observing the characteristic peak in the
spectral region 1750-1720 cm™, associated with the C=0 stretching of the oxidation.

Before performing the oxidative aging, the C=0 peak is not present in COT spectrum. After
exposing the COT sample to 24 hours of oxidative environment an oxidation peak appeared at
1740 cm* appeared onto COT(AG), as shown in Fig. 3.6b. Hence, the new peak in the chemical
structure of cellulose can be associated with an oxidative reaction. Fig. 3.7¢ shows a hypothetical

oxidation reaction of Ce of cellulose, where the CH,OH group is oxidized to COOH.

OH B =
HO On HO
° o UV HO, o
AN OH OH é o OH
(o) 5 Mo \OH
OH i 0
OH
- - - OH -

Fig. 3.7. A representative model of the chemical reaction occurring in cellulose through the
accelerated ageing treatment.
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Also COT-AO underwent the accelerated aging, to verify the efficiency of the PCL-BHT

antioxidant later.

Unluckily, it was impossible to have an immediate feedback about the efficiently of the treatment,
due to the presence in the same spectrum area of both the C=0 group associated with the PCL
(1724 cm™) and the C=0 group associated with the cellulose oxidation. Hence, soaking the COT-
AO(AG) sample in chloroform was the most efficient solution, in order to dissolve and remove
the PCL from the fibers surfaces and observe the chemical composition of cotton fibres. The
spectrum of sample COT-AO(AG) after PCL removal, named COT-AO(AG-W), is reported in
Fig. 3.6b. After the PCL removal there was no peak at all in the spectral region 1750-1720 cm™.
Thanks to this missing peak, two things were clear: all PCL was efficiently removed by chloroform

and the antioxidant layer was demonstrated excellent efficacy in preventing oxidation.

To ensure that washing with chloroform did not alter or interfere with the oxidation peak of aged-
cellulose, COT and COT(AG) were washed or soaked in chloroform six consecutive times; at the
end of these washing cycles, the oxidation peak was still present. Hence, the chloroform did not

interfere with the chemical structure of cellulose.

The control sample COT-P, also underwent accelerated aging and COT-P(AG) is reported in Fig.
3.6b. The peak at 1740 cm™ is evident, indicating that cellulose was oxidized despite the presence
of the silicone coating. In fact, PDMS is known to have poor gas and moisture barrier properties
[156], [157] and it likely allowed the permeation of oxidizing agent to get in contact with cellulose.
Hence, despite the excellent hydrophobicity of PDMS, it appeared to be ineffective in preventing
oxidation of the underlying cellulose. This test confirmed the necessity to apply a specific coating

to prevent oxidation, between cotton and the hydrophobic layer.

3.3.3 Water-linked properties: Surface wettability, Water vapor permeability and
Water Uptake

Surfaces wettability was studied though static water contact angle (WCA) and water roll-off angle.
WCA of pristine cotton was impossible to analyze. As expected, the droplets of water were
immediately absorbed by the cotton, due to its high wettability and hygroscopicity The wettability

of the fabric slightly decreased after the treatment with the PCL-based antioxidant treatment. In
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fact, the droplets of water were not absorbed immediately, but after 10 seconds, as reported in Fig.
3.8a. High hydrophobicity was reached after applying the PDMS layer. Indeed, a contact angle of
144° was exhibited by COT-AOP, from which the water was never absorbed, it rather evaporated.
The constant 144° WCA into COT-AORP is reported in Fig. 3.8a.

Roll off angles were then analysed to characterize the dynamic surface wettability of the cellulose
surfaces covered by the double functional coatings (COT-AOP) and the control sample covered
only by PDMS (COT-P). The tests were not performed onto COT and COT-AO, because of their
high wettability, as shown Fig. 3.8a. Droplets of volumes ranging from 15 uL to 30 uL were
deposited on the surfaces and the tilt angles were registered. COT-P showed water roll-off angles
from 35° to 21°, while COT-AOP showed water roll-off angles from 52° to 26°. Overall, similar
droplet mobility trends were found: the higher the water volume, the smaller the roll-off angle.
This was due to the competition between gravitational and surface tension forces, as shown in Fig.
3.8b [105]. Moreover, a test with 100 puL of coloured water droplets onto COT-AOP was
performed. The droplets were coloured to better detect the penetration of water in the fabrics. The
double functional coating resisted this high volume of water, which fully evaporated without

penetrating.

Then, water vapor uptake was monitored by placing all samples in 100 % RH, until their mass
changes reached equilibrium. After 5 days, there was no significant variation, so the 5 day was
considered the point at which the maximum quantity of the water vapor was absorbed. The graph
reported in Fig. 3.8c shows that water vapor uptake of COT increased 8.3 £ 0.2 % with respect to
its initial weight. The weight increase after 5 days of the sample COT-P was 7.6 + 0.2%, i.e.
slightly lower than COT. This result was expected, in fact it is well known from literature that
PDMS is quite permeable to water vapor [156] [157]. The polymeric antioxidant layer, instead,
had a more remarkable effect in the prevention of moisture absorption. The samples COT-AO and
COT-AOP exhibited a mass increase of 6.1 £ 0.1 % and 6.2 £ 0.1 %, respectively, as shown in
Fig. 3.8¢c. Again, the presence of PDMS in COT-AOP did not substantially contribute to the

protection from water vapor.
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Fig. 3.8 (a) Water contact angles as a function of droplet deposition time. Static WCA are reported
at 5s, 10s, 60s for the samples COT-AO and COT-AOP. (b) Water roll off angle of the samples
COT-AOP and COT-PO; colored water droplets of 100 uL onto the sample COT-AOP. (c) Water
vapor uptake of the samples COT, COT-AO, COT-AOP and COT-P kept at 100 % R.H. for 5
days. (d) Water vapor permeability of the samples COT, COT-AO and COT-AOQP.

Finally, the breathability of the fabric samples was tested through water vapor permeability (WVP)
test. The first (PCL-BHT) and the second (PDMS) polymeric treatments were meant to confer
antioxidant and hydrophobic properties to the fibers, respectively. Moreover, the treatments are
expected not to occlude the porosity between warp and weft or between the fibers in the threads,
to prevent humidity accumulation and, consequently, all the deterioration forms liked to humidity
and mentioned in Chapter 1. The average WVTR of the untreated cotton resulted to be ~ 5866
(9/m?-day), which corresponds to WVP ~ 5.5-10* g (m day Pa)*. These data matched with the
high breathability exhibited by woven cotton. After applying the antioxidant and hydrophobic
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layers, all analyzed samples exhibited WVP values similar to the original fabric ones. Fig. 3.8d
shows that WVP decreased only by 8% for COT-AO and 9% for COT-AOP. This high
breathability could be maintained after the protective coating applications thanks to the ability of
the polymers to penetrate in the bulk and to cover every fiber, without occluding the porosities, as

it was confirmed through the SEM images in Fig. 3.5.

Concluding, the protective treatments did not remarkably modify the breathability and the porosity
of the fabrics, keeping the original structure and appearance of the fabric unchanged. They rather
decreased the hygroscopicity of the samples, lowered the wettability and enhanced the mobility of
liquid water on the surfaces. All these properties are beneficial for the conservation of fabrics in
Cultural Heritage field, because they reduce the risk of swelling, shrinking, biological attack and

biodeterioration.

3.3.4 Mechanical characterization

Fig. 3.9a represents the tensile stress-strain curves of COT, COT-AO and COT-AOP samples. The
low strain behavior (from 0 to 0.1 mm/mm) in the stress-strain curves coincides with the crimp
removal zone. The results concerning this part of the slope resulted from straightening crimped
yarns. After crimp removal started the second part of the slope, which corresponded to the actual

yarn behavior analysis. Here, individual fibers started elongating within the woven network [72].

The Young's modulus associated with both slopes is reported in Fig. 3.9b. it is evident that, after
treatment, a slightly higher stress was required to strain the crimped yarns. Concerning the second
part of the slopes, the elastic modulus was measured to be ~270 + 25 MPa for the sample COT,
~287 + 12 MPa for the sample COT-AQ and ~228 + 8 MPa for the sample COT-AOP, as reported
in Fig. 3.9.

In Fig. 3.9c¢ the values of stress at maximum load for each sample are shown. A diminished stress
was found in treated samples: ~50 + 3 MPa for the sample COT (pristine cotton fabric), ~39 = 3
MPa and ~42 + 2 MPa for the samples COT-AO and COT-AOP.
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Finally, Fig. 3.9d shows the results of maximum elongation at break. The pristine cotton fabric
(COT) exhibited a maximum elongation at break of ~37 £ 2 %. Treated samples COT-AO and
COT-AORP, instead, reached an elongation of ~26 + 2 % and ~31 + 2 %, respectively.

The mechanical test was performed in order to verify that the treatment did not cause remarkable
variations in the mechanical properties of the starting woven cotton fabric. The results show that
the proposed antioxidant and hydrophobic treatments did not focus on enhancing the mechanical

properties of the fabrics.
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Fig. 3.9 Mechanical tests performed on the samples COT, COT-AO and COT-AOP. (a) stress
strain curves, (b) Young’s modulus calculated on the first (0 to 0.1 mm/mm) and the second (0.1
mm/mm on) slopes, () tensile stress at maximum load, and (d) maximum elongation at breakpoint.
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The mechanical properties of untreated and treated fabrics were also tested after accelerated aging.
According to the developed protocol, the accelerated aging procedure lasted 1 day. In order to
stress the samples and observe the mechanical behaviors in extreme conditions the samples were

aged also 4 and 7 days. The mechanical data of 0, 1, 4 and 7 days are compared in Fig. 3.10.

The first modulus, corresponding to the crimp removal zone, was basically unchanged for the
different samples after aging: COT went from 28+3 to 9+1 MPa, COT-AO went from 30 £2 to
15+1 MPa and COT-AOP went from 26+1 to 11+1 MPa. The Young's modulus concerning the
second part of the slope drastically decreased for COT, as shown in Fig. 3.10a. It passed from 285
+16 to 22+5 MPa. When the samples were coated with the protective treatment, the modulus
decreased less drastically: COT-AO went from 274+20 to 57 £2 MPa and COT-AOP went from
25715 to 41£10. The trend was similar for stress at maximum load, as represented in Fig. 3.10b.
COT could withstand a stress of 54 £3 MPa at the beginning and only 2+1 MPa after 7 days. COT-
AO passed from 45+5 to 5+1 MPa, COT-AOP passed from 47 £2 to 3+1 MPa. Finally, the
elongation a break (Fig. 3.10c) were calculated to pass from 31 £1% to 11+1 % for COT, while
COT-AO demonstrated 29+2 % before aging and 17 +1% after 7 days of aging; COT-AOP passed
from 31+1 % to 16 £ 1% in 7 days.

To sum up, the mechanical properties exhibited by untreated samples after 7 days of accelerated
aging were very poor. The developed treatment, which mainly focused on hydrophobic and
antioxidant properties, could partially slow down the mechanical deterioration of the underneath

cotton yarns.
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Fig. 3.10 Mechanical tests performed on the samples COT,

(b) tensile stress at

on the first (0 to 0.1 mm/mm) and the second (0.1 mm/mm on) slopes,

maximum load, and (c) maximum elongation at breakpoint.
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3.3.5 Flexural rigidity

The bending length of COT, COT-AO and COT-AOP was measured with Peirce Cantilever test
to verify their flexural rigidity. This property measured the draping quality of a fabric before and
after treatments and it was useful to quantify the stiffness appreciated by the fingers. The COT had
a Gpeirce equal t0 2.26x10 + 3.33x10° Nm, while COT-AO had a value of 5.36x107 + 5.73x10*
Nm and COT-AOP had a value of 5.15x107 + 5.80x10* Nm. These physical tests were useful to
reflect the sensations felt by touching the fabrics, i.e. the increasing stiffness due to the antioxidant
polymeric coating. The hydrophobic layer, instead, contributed to maintain the high flexibility of

the original fabric.

3.3.6 Antioxidant properties
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Fig. 3.11. (a) Radical scavenging activity. (b) Cuvettes containing the ABTS-+ radical solution
without sample, the samples COT-AO and COT-AOP in the ABTS-+ radical solution after 24h.

ABTS™ radical assay was performed to determine the free radical scavenging activity (RSA) of
the antioxidant coating applied onto the cotton fabrics. The reaction between the radical and the
radical inhibitor was evident thanks to ABTS™ discoloration. The liquid gradually changed from
an intense blue of the cation radical ABTS ™ to a colorless solution. In Fig. 3.11b the color loss of
the ABTS™ aqueous radical solution is represented after immersing the COT-AO and COT-AOP
samples into radical solution for 24 h. The color fading demonstrated an effective antioxidant

response of both samples.
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Fig. 3.11a shows the RSA of the samples COT-AO and COT-AOP with respect to the radical
cation ABTS ™ solution, after 24 hours of immersion in the radical solution. The samples COT-AO
and COT-AOP reached 82 £ 1 % and 87 = 1% inhibition level, respectively. PCL and PDMS do
not show any antioxidant property [158], [125], so the obtained radical scavenging activity can be

attributed to the presence of BHT in the cotton matrix, conferring a suitable antioxidant action.

This test gave complementary information to the ones collected via ATR-FTIR. The two analyses
together contributed to verify that, whether exposed to an oxidative environment, the antioxidant
treatment could interact with radicals to protect the underneath cellulose matrix. Hence, the

proposed treatment seemed to have the adequate features to face long-term natural aging.

3.3.7 Color variation

3.5
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Fig. 3.12. AE color variation of treated and aged samples with respect to COT.

In order to propose this treatment for the conservation of Cultural Heritage, the aesthetical changes
due to the polymeric solution and the accelerated aging were monitored. AE parameter, reported
in Fig. 3.12, represents the overall colorimetric variations for each sample, with respect to the
untreated and unaged cotton sample (COT). Both color variations after antioxidant and antioxidant
plus hydrophobic treatments gave color variations much lower than AE values of 3. As for human
perception, color determination depends on many factors, such as previous eye exposure, object
and illuminant position with respect to the observer and to each other, and the color characteristics
of the illuminant [159], [160]. Despite this, scientists and conservators defined a threshold value
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below which color alteration cannot be detected by naked human eyes. This threshold value is
generally accepted to be around AE = 2-3 [161], [157], [162], [163]. In this experiment, the values
are: 0.35 = 0.05 for the sample COT-AO and 0.53 £ 0.08 for COT-AOP. Higher AE colorimetric
variation, but always lower than 3, were detected for samples after accelerated aging: 1.75 + 0.06
for COT-AO(AG) and 1.98 + 0.07 for COT-AOP(AG). These colorimetric data and the appearance
of the fabrics (Fig. 3.13) gave one more confirmation that the proposed treatments can be applied

onto Cultural Heritage object without altering their appearance, hence preserving the original

forms in time.
_COT  COT-AO  COT-AQ(AG)
|
| : |
COT COT-AOP COT-AOP(AG)

3 chil

Fig. 3.13. Pictures of untreated cotton (COT), cotton with antioxidant treatment (COT-AQ), cotton
with antioxidant treatment after aging (COT-AO), cotton with antioxidant and hydrophobic
treatment (COT-AOP), and cotton with antioxidant and hydrophobic treatment after aging (COT-
AO).
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3.4 Conclusions

This study focused on developing a new coating able to interfere with the natural aging process of

woven cotton fabrics and protect them from several deterioration phenomena.

The milestones of this multi-functional coating are:

An antioxidant layer was developed using BHT, which is a transparent antioxidant agent,
maintaining its transparency also after reacting with radicals during the accelerated aging;
PCL is a polymer, which is potentially biodegradable in anoxic conditions, but highly
durable in aerobic conditions. Moreover, PCL demonstrated good compatibility with the
overlapped polymer;

A hydrophobic layer was developed without the use of fluorine chemistry, only by using
PDMS; other than low wettability, PDMS demonstrated high water vapor permeability and
excellent mechanical properties.

The surface wettability was considerately decreased, and at the same time, the water vapor
permeability was guaranteed. Moreover, the water uptake was halved. All these properties
were efficiently modified to reduce the risk of water-linked deterioration phenomena;

The protective treatments did not remarkably modify the breathability and the porosity of
the fabrics, keeping the original structure and appearance of the fabric unchanged;
Mechanical properties after treatment where almost unchanged, only flexural rigidity
increased,

An ad hoc protocol for simulating in only 24 hours the long-term cotton ageing under
oxidative conditions had been proposed and tested. The developed protocol has been used
to prove the efficiency of the presented protective treatment.

After aging, the protected woven fabric demonstrated unchanged chemical structure,

unchanged color and slowing down of the cotton yarns mechanical deterioration.

Overall, this work shows that textiles based on cellulose could be protected against oxidative

ageing by a simple treatment using ecofriendly polymers and processes.
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4. Conclusions & Future Perspectives

This study was born from the need to develop innovative treatments for the conservation of
cellulose fabrics. Fabrics present in artworks are in fact prone to several degradation phenomena
such as swelling ad shrinking due to humidity, loss of mechanical properties, biodeterioration and

oxidation.

The literature investigation, presented in Chapter 1, revealed the presence of several natural and
synthetic commercial products for protection and consolidation treatments. Moreover, the review
revealed a lack of attention to conservation issues, such as esthetical problems, brittleness and
color changes. In most of the researches, the study of mechanical properties was also absent,
demonstrating insufficient concern about fabrics handling and museum installations for public
fruition. Hence, this research focused on proposing innovative treatments, paying particular

attention to conservation needs.

The development of a hydrophobic coating based on polycarbonate diol polyurethane combined
with aminosiloxane was successfully tested onto fabrics in Chapter 2. Solvents with no
environmental hazards were used and the selected application techniques (dip- and spray- coating)
were easy to perform at low cost. The micro-emulsion of the two components was stable and
demonstrated an excellent penetration in the bulk. Taking advantage of the intrinsic roughness of
the cotton fibers and covering them with the low surface energy polymers, high hydrophobicity
was conferred to the fabric bulk. The fluorine-free treatments also conferred high resistance to
large volumes of water and, at the same time, maintained high water vapor permeability. The
resulting high breathability of the fabrics was ideal to diminish the arise of degradation phenomena
linked to condensation, such as mold, fungi, moth infestation, and swelling-shrinking behavior. In
the attempt to respond to a literature lack of knowledge concerning mechanical data after
conservation treatments, the stretching, strength, bendability and drapability of the fabrics were
evaluated. These data confirmed that mechanical properties were unchanged, which was also
noticeable thanks to the impossibility to distinguish treated and untreated samples by simple
touching. The colorimetric properties were unaltered after the treatments and their stability to

accelerated aging was also confirmed.

A multifunction coating have also been realized and presented in Chapter 3, aiming at protecting

the fabrics, not only from water linked deterioration phenomena, but also from oxidation. For this
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purpose, an ad hoc aging protocol was developed to bring pristine cotton to the same oxidation
state of ancient fabrics reported in literature. The multifunctional coating, based on
polycaprolactone, butylated hydroxytoluene, and polydimethylsiloxane was applied by dip-
coating. Thanks to the coating, the surface wettability considerately decreased, the water uptake
was halved, but the water vapor permeability and the porosity were maintained. These features
conferred protection from liquid and vapor water, promoting the breathability and avoiding
condensation phenomena. Moreover, color and mechanical properties after coating were
maintained similar to untreated cotton fabrics. The arise of carbonyl groups in untreated cotton
was Verified trough spectroscopy after undergoing the accelerated oxidative treatment, while the
chemical structure of coated cellulose was maintained unchanged. The ability of the antioxidant
treatment to scavenge radicals in solution was also verified. In addition, after accelerated
oxidation, the protective coating slowed down the mechanical deterioration and aesthetical

properties were unchanged.

The developed technologies demonstrated to be highly suitable for fabrics of inestimable historical
and cultural value. Thanks to their sustainability, hydrophobicity and breathability the proposed

treatments may also be suitable for commercial fabrics used in modern design and fashion.

Future perspectives of this study should include the evaluation of proposed treatments reversibility.
Removal procedures should be tested onto multi-component artworks, such as fabrics containing
colorants, pigments, metal threads or protein-based fibers and artworks in compromised
conservation states. It should be considered that fabrics mechanical properties benefitted from
polymers application, especially after accelerated oxidative treatments. The removal of the
coatings may be detrimental, making the object breakable and brittle. Hence, conservation scientist

and restores may consider to verify the re-treatability of the coatings, rather than their reversibly.

Overall, the proposed treatments were found to fulfill conservation science requirements. Thanks
to the promising results, the treatments could help to valorize ancient artworks, which are not

exposed to the public due to the conservative issues described in this thesis.
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