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The optimization of a consolidation and protection coating for wool-based artefacts is a challenging issue for
conservator of cultural heritage. In this study, an aqueous dispersion containing Keratin (K) and Halloysite
nanotubes (Hal) was investigated in a coating protocol for wool thread. Colorimetric analysis and optical mi-
croscopy revealed the surface characteristic of wool. Scanning electron microscope showed the halloysite
nanotubes distribution in the wool fibers. The protection efficacy after UV-irradiation was evaluated and the
mechanical analysis gave us direct information on consolidation and protection effect of Hal/K mixtures in
treated wool thread samples. The formulation with the optimal performances was used on conservation protocol

for a historical yarn. The obtained results indicate that the proposed protocol is promising to generate a rein-
forcing coating layer onto wool-based yarn also providing protection from deterioration due to UV exposure with
a minimal impact on the sample aesthetic aspects.

1. Introduction

Aging process of artworks are the cause of conservation issues on
cultural heritage. Natural and artificial materials undergo to chemical
structure modification upon time and, irreversible changes in the aspect
and physico-chemical properties may occur. Environmental condition
such as temperature, humidity, pollutant and UV irradiation could affect
the degradation process by speeding-up the material alteration gener-
ating a valuable impact on the fruition of the artwork itself.

Cellulose- and protein-based materials are among the most common
materials of interest for scientist involved in the development of
consolidation protocols because wood and natural fibers are widely used
as decorative objects. Aging effects typically generates a loss of material
that needs a proper treatment to keep the physico-chemical features at
least unaltered from further stress in the future (Giorgi et al., 2002; Chen
et al., 2018; Lisuzzo et al., 2021b, 2021c; Dei et al., 2023).

Wool is obtained from the hairy covering of sheep or goats and it is
among most commonly used animal fiber in historical textiles. Keratin is
the main constituent of wool and due to the presence of histidine,
tryptophan and tyrosine in its backbone, UV radiation can induce pho-
todegradation of the fiber (Degano et al., 2011). Clay minerals are
known for their UV-protection ability in several application (Hoang-
Minh et al., 2010). Modified clay minerals have been immobilized onto
textiles to generate functional products with high added-value (Mon-
teiro et al., 2014).
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In the last two decades, researchers paid more attention on sustain-
able material for the conservation of artwork. Biopolymers (mainly
protein and carbohydrates), natural nanomaterials (nanoclays among
all) and essential oils have been investigated in several protocols to
improve physico-chemical performances and efficacy of formulations
for consolidation, protection and cleaning treatments (Cavallaro et al.,
2019, 2020b; Baglioni et al., 2021; Samal and Blanco, 2021; Alcala et al.,
2022; Pramualkijja and Jiratumnukul, 2022; Dei et al., 2023).

Due to chemical characteristics, biocompatibility and reduced costs,
the use of keratin/clay composites have been exploited in tissue engi-
neering (Giannelli et al., 2021), human hair treatments (Cavallaro et al.,
2020a, 2022), water decontamination (Zhang et al., 2021) and it can be
promising in conservation of wool-based artworks.

Among clay minerals, Halloysite nanotubes (Hal) have been inves-
tigated in conservation protocols for cultural heritage thanks also to
their ability to get dispersed uniformly in the solution and performance
as filler for several kind of organic matrixes (Gorrasi et al., 2018; Yu
etal., 2019; Bertolino et al., 2020; Zhao et al., 2020). Just to quote some
relevant field of applications, Halloysite nanotubes can be used as
reinforcing agent of scaffolds for tissue engineering (Liu et al., 2013;
Fakhrullin and Lvov, 2016; Gkouma et al., 2021; Wong et al., 2023),
composite materials for biomedical applications (Feng et al., 2022,
2023), bioplastics for packaging (Aghajani-Memar et al., 2022; Boccalon
et al., 2022), decontamination purposes (Yang et al., 2021), catalysis
(Liu et al., 2018; Sadjadi et al., 2018; Feng et al., 2020; Sadjadi, 2020)
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and emulsion stabilizer on dispersion for developing a new material for
cultural heritage (Lisuzzo et al., 2021a).

In this work, we studied the combination of halloysite nanotubes
with keratin to obtain green nanocomposite materials as a coating layer
for the treatment of wool samples.

Keratin can be incorporated within the wool thread and be cross-
linked through disulphide bonds reducing the aging effects. Hal, as
nanofiller, enhances the consolidation efficiency of dispersion, can play
an active role in physico-chemical properties such as photochemical
sensitivity, tensile performances and it can open further route for a
longer-term action by incorporating active species for a slow release.
Besides the tests on contemporary wool, the proposed protocol was
applied on a yarn sample from an historical tapestry.

2. Experimental section
2.1. Materials

Hydrolyzed Keratin (K) was gift from Kelisema srl and it is obtained
from hair of sheep. Halloysite nanotubes, Hals (AlSioOs(OH)4-2H20),
were a gift from I-Minerals Inc. The composition of Hal is 90% of hal-
loysite with about 9.5% of kaolinite and 0.5% of quartz. The XRD
pattern of Hal is provided in supporting information. Wool samples were
100% pure sheep Merinos. Historical yarn, wool based, was from a
Flemish tapestry of the sixteenth century from an unknown artist (it
belongs to the Tapestry Museum of Marsala in Sicily, Italy).

2.2. Preparation of halloysite dispersions in keratin aqueous solution

Keratin solutions were prepared at 1 mass% of concentration, by
magnetic stirring for 1 h at 25 °C. Halloysite nanotubes at variable
concentration, from 0% to 1%, were added in the keratin solution. The
dispersions were sonicated for 10 min and magnetically stirred over-
night at 25 °C. The Hal/K mass ratio (R y,1.x) was varied from 0 to 10.

2.3. Wool treatment by immersion within the Hal/K dispersion

An immersion protocol was carried out to compare different Hal/K
dispersion on wool treatment. Samples were washed with water to and
then they were immersed into Eppendorf with Hal/K dispersion at 25 °C
on the basculator for 15 and 60 min. The wool samples were dried and
stored in controlled relative humidity (75 + 1%) and temperature (25 +
0.1 °Q).

2.4. Aging of wool samples by UV irradiation exposure

UV-radiation was performed to carry out aging test on untreated
wool and treated wool with Hal/K dispersion. Samples were exposed to
irradiation of 500 Wm ~2 for 1 week under controlled temperature (25
+ 0.1 °C) and relative humidity (75 + 1%) of the room.

3. Methods
3.1. Optical microscope

The optical micrographs were taken with an Optika polarizing mi-
croscope at room temperature, and the images were acquired at 4x/
0.10, 10x/0.25 and 40x/0.65 objectives magnification.

3.2. Colorimetric analysis

Colour parameters of treated and untreated wool samples were
measured using a colorimeter (NH300 Colorimeter, 3NH Shanghai Co.,
Ltd.) with a spot size of 8 mm. The device was calibrated using black and
white plates. CQCS3 Software was used for data acquisition, a* (red-
green), L* (lightness), and b* (yellow-blue) parameters, whiteness index
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(WI), yellowness index (YI) and total colour differences (AE) are
measured for each treated wool samples and compared to untreated
wool by using the following equations:

YI = 142.86 (b*/L¥) o)
WI = 100-v/[(100-L*)* +a** + b**] @
AE = \/[(L* = Lo*)’ + (a* — ay*)’ + (b* — by*)" ] 3)

3.3. Scanning Electron Microscopy (SEM)

SEM microscope (Desktop SEM Phenom PRO X PHENOM) was used
to investigate of morphological characteristic of treated wool samples.
The energy of beam ranged between 4.8 and 20.5 kV. Each sample was
preliminarily coated with gold to avoid charging effects under an elec-
tron beam.

3.4. Dynamic Mechanical Analysis (DMA)

Tensile properties of untreated and treated wool sample were eval-
uated by a Dynamic Mechanical Analysis (DMA) Q800 apparatus (TA
Instruments). The experiment was carried out under a controlled force of
stress ramp of 10 MPa / min~' at 25.0 + 0.5 °C. Universal Analysis
software (TA Instruments) allowed us to analyse stress vs strain curves
and to determine mechanical performances in terms of yield tensile
strength, maximum elongation, stress at breaking point and Young's
modulus at the sample fracture.

3.5. X-ray Diffraction (XRD)

The patterns were obtained from an X-ray diffractometer (Rigaku,
MiniFlex) with a CuKa radiation source including a nickel filter and
working at 40kV and 15mA. The wavelength of the X-ray beam was
1.5406 A, and the layer spacing of the samples was calculated by the and
Bragg's equation, which can be expressed as.

nA = 2dsin 9 @

where 0 is the angle that the outgoing beam forms with the crystal-
line layer, A is the wavelength of the radiation, d is the distance between
two adjacent layers and n can be 1,2 or 3.

The angle for scanning was ranged from 2° to 70° with a rate of
20°min — 1 and a step of 0.02°.

3.6. (-potential

{-potential measurements were performed by Zetasizer Nano-ZS
(Malvern Instruments) under isothermal conditions. Specifically, the
temperature was set at 25 °C. The experiments were conducted using
disposable folded capillary cell was used.

4. Results and discussion

4.1. Preparation and surface characteristics of Hal/K dispersion on wool
samples

A series of Hal/K dispersion in water was prepared from a stock
solution of keratin (K) at constant concentration (1 mass%) by adding
variable Hal amounts in the range from 0.1 mass% to 1 mass%. The mass
ratio between Hal and K is indicated as Ryap.x. The Hal/K aqueous dis-
persions exhibited a high colloidal stability in agreement with their
potential values, which range between —39 and — 43 mV. Accordingly,
halloysite nanotubes are stable in water because of the electrostatic
repulsions. We observed that the Hal/K dispersions are stable for 12 h at
least, whilst a nanotubes sedimentation is observed for the bare Hal in 2
h from preparation. These results are in agreement with turbidimetric



M.R. Caruso et al.

reports (Cavallaro et al.,, 2020a). The stabilization of the colloidal
dispersion at neutral pH is a consequence of the electrostatic in-
teractions between Hal and keratin. In particular, the protein at pH
above the isoelectric point (pI = 4.0) is adsorbed to the positively
charged Hal lumen increasing the net charge of the nanotubes and
therefore hindering the agglomeration and sedimentation process
(Cavallaro et al., 2020a). The wool treatment protocol is based on the
fiber immersion, and it is sketched in Fig. 1.

Wool thread samples were imaged with an optical microscope. Un-
treated wool thread (diameter of 0.12 mm) is characterized by many
fibers (diameter of ca. 0.01 mm) twisted together (Fig. 2). The wool fi-
bers present a cylindrical shape with a lumen and are covered with large
scales overlapping on each other that gives wool the ability to felt
(Fig. 2d). The wool thread exhibits a typical pattern without striations or
damaged scales, confirming the status of the sample used in this study
(Fig. 2¢).

As concerns the treated wool samples, the optical microscope shows
that Hal/K dispersion successfully covered the fibers (Figs. 2 and 3)
although it did not produce any significant variations by eye observa-
tion. It should be noted that the dispersion covered each fibers without
create a single stiff thread, so the mobility of fibers isn't compromised by
the treatment as well as the general aspect (Figs. 2 and 3).

The deposition of Hal on wool samples was clearly visualized by
using SEM, which evidenced that halloysite nanotubes are randomly
positioned. The clay is deposited especially on scales of wool fibers as
anchoring site. A similar result was observed for Hal deposited onto
human hair that showed a nanotubes accumulation near the coticules
(Panchal et al., 2018; Rahman et al., 2021).

The alteration of the aesthetic characteristic of the wool thread
sample after the treatment can be assessed by measuring its optical
properties and in particular the colour. The colorimetric data of wool
yarns after each treatment were collected and compared with untreated
wool sample (Table 1).

The colour change is calculated as total colour differences (AE) be-
tween standard sample and treated sample. The treatment with Hal/K
dispersion does not alter the colour of the control surface, indeed, for
human eyes, 2.3 is reported as a AE limit between undistinguished
colours and the measured AE values are never above 1.4. Additionally,
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the white and yellow indexes (WI and YI in Table 1) revealed an un-
substantial deviation from the parameters of the untreated sample.
Similar conclusions can be drawn by considering the CIELAB colour
space diagram (see figure in Supporting informations) defined by the
colour coordinate (L*, a* and b*). The experimental points are
concentrated in a small region of the diagram confirming that the colour
perception is unchanged after the treatment with Hal/halloysite
dispersion compared to the control. Based on colorimetry results, Hal/K

treatment doesn't alter aesthetical aspect of wool thread sample.

4.2. Strengthening effect of Hal/K dispersion on wool samples

The percentage of consolidant material (Hal/K) absorbed on wool
samples (Consolidation %) was measured gravimetrically at two im-
mersion times, 15 and 60 min. The coating efficiency doesn't depend on
to immersion time of wool samples as the amount of absorbed material is
varied within +4% considering all of the investigated Hal/K composi-
tions (see data in Supporting Information). The coating efficiency was
estimated by gravimetric measurements. Therefore, a short-time treat-
ment already ensures a wool fiber saturation with the Hal/K dispersion,
due to the natural behaviour of wool thread to absorbs typically 20-30%
of water inside fibers (Lo Nostro et al., 2002).

The effect of Hal/K composition on the consolidation can be evi-
denced by looking at the data obtained for an immersion time of 15 min.
The keratin presence is necessary to improve the sticking of the con-
solidant material at the surface, in fact, the treatment with halloysite
nanotubes dispersion has a low loading value (ca. 7%,). Fig. 4 shows the
non-monotonic trend with a maximum for the consolidation % vs Rygai.x
curve. The best consolidation performances are obtained for Rya.x = 0.5
being the adsorbed material two fold of the treatment with keratin
dispersion. Above this composition, the addition of Hal in the Hal/K
dispersion does not make any improvement in the consolidation efficacy
most likely because keratin plays a key role in favouring the Hal sticking
to the wool fiber and, in the presence of an excess of nanotubes, the
consolidation % cannot be further increased.

A key aspect in the efficacy of the consolidation treatment is about
the tensile properties of the sample. Mechanical analyses were con-
ducted by measuring stress vs strain curves for wool thread samples
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Fig. 1. Schematic representation of (a) the preparation of Hal/K dispersion; (b) the immersion protocol of wool samples and (c) the treated wool sketch.
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Fig. 2. Optical Microscope images of untreated wool thread sample at different magnification: (a) 10x image of untreated wool; (b) 40x image of wool fiber, scales
are visible; (c¢) 2x image of treated wool thread with Ry,.x = 0.5; (d) scheme of wool fibers where scales are marked with a red arrow. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Scanning Electron Microscopy images at different magnifications of treated wool sample (R gai:x = 0.5). Red circle indicates an example of Hal accumulation
on the fibers, (a). Red arrows indicate scales of wool fibers with Hal accumulated, (b). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

(Fig. 5).

Untreated wool sample display a Young Modulus of 2973 MPa that is
lower than the values for all treated wool samples (See table in Sup-
porting information). In agreement with the consolidation efficacy re-
sults, the best mechanical performances are achieved for the wool thread
immersed in the mixture with R pa.x = 0.5. Namely, both the Young
modulus and the stress at breaking (Fig. 5) have the maximum values in

this circumstance.

The transition from an elastic region to a plastic region is defined by
the yield point (%) that corresponds to the maximum deformation
within an elastic regime. The proposed treatment protocol improved by
a factor two the yield point of the wool yarn (see data in Supporting
Information).

Finally, the consolidation treatment at Rya:x = 0.5 provided an
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Table 1

Colorimetric parameters.*
Sample L* a* b* AE WI YI
Keratin 89.96 1.13 -1.41 0.38 76.7 —1.00
Hal 89.84 1.11 —-1.63 0.31 78.62 —-2.15
R Haix = 0.1 89.51 1.29 -1.30 0.21 77.5 -1.33
R gaixk = 0.25 90.51 0.93 -1.74 1.36 80.26 —2.49
R gai:x = 0.5 89.15 1.40 -1.17 0.57 76.57 -0.97
R Hai:x = 0.75 89.77 1.20 —1.36 0.21 78.12 —1.51
Rpaxk =1 89.07 1.49 —0.96 0.79 76.12 —0.47

* Control: untreated wool, L* = 89.60, a* = 1.24, b* = —1.48, WI = 77.92, YI
= —-1.74.

excellent efficiency in the adsorbed material and on mechanical per-
formances, even if his maximum elongation is slightly lower than un-
treated wool sample.
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The role of the immersion time on the mechanical properties of the
wool treated with the mixture at Rya.x = 0.5 is negligible (Table 2) in
agreement with the consolidation % data.

4.3. UV Protection of Hal/K dispersion on wool samples

Wool thread samples were exposed at UV irradiation for 1 week at
room temperature and samples were observed with an optical micro-
scope that evidenced the typical damage of wool fibers after aging
(Vasileiadou et al., 2019). Namely, the high energy UV radiation induces
structural changes on the surface of the fibers due to the presence of the
aromatic amino acids residues that are photosensitive (Vasileiadou
etal., 2019). As an example, Fig. 6 shows the sample treated with a Hal/
K mixture (Rya:x = 0.5) where the tubular fibers appear crushed with an
irregular shape after UV irradiation.

The protection's effect on wool thread samples was investigated by
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Fig. 4. Consolidation % of wool thread after 15 min immersion in Hal/K aqueous dispersions with variable composition.
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Fig. 5. (a) Stress vs Strain curves of native wool thread sample and after immersion in a Hal/K mixtures at different composition. (b) Stress at breaking of untreated

and treated sample (R ya1.x)-
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Table 2
Tensile Properties of Treated wool samples with Hal/K dispersion at variable
immersion time.*

Time R Maximum Stress Yield Elastic
(minutes) Hal: Elongation (%) breaking Point Modulus
K point (MPa) (%) (MPa)
10.6 +
15 0.5 25+ 1.7 459 + 32 0056 8530 + 80
60 0.5 26.4 +1.8 439 + 30 (1)05'9 + 7650 + 74

" Control: Untreated wool sample max El.42.5%, Breaking point 299 MPa,
Yield Point 18%, Elastic Modulus 2970 MPa.

comparing tensile properties before and after the UV irradiation. Fig. 7
compares the stress at breaking for wool yarns after UV irradiation. The
treatment with Hal/K composites enhances the mechanical perfor-
mances in all cases being Ryq).x = 0.5 the optimal composition. It should
be noted that Hal alone does not provide enough protection to the wool
thread.

Hal/K treatment guaranteed a strong consolidation layer due to the
capacity of Keratin to create a film with the chemical characteristics of
the sample, and halloysite nanotubes increase mechanical resistance of
wool sample. Both materials protect the wool thread from UV irradia-
tion, according to data from DMA analysis where tensile properties were
improved after aging samples. It should be noted that wool protective
effect is caused by both halloysite, which increase the light reflectivity of
the thread, and keratin that creates a UV-shielding layer.

4.4. Application of Hal/K treatment on Historical Yarn sample

Based on successful experimental findings on contemporary wool
yarn, we considered to test the conservation protocol on a historical
wool yarn by using a Hal/K dispersion with mass ratio R ya.x = 0.5. With
this in mind, a sample of wool yarn from a Flemish tapestry dated back
to the Sixteenth Century was considered. The extensive dynamic me-
chanical characterization on different coloured wool-based warp sam-
ples provided a clear evidence of a strong deterioration of the tensile
properties compared to contemporary wool yarns (Caruso et al., 2022).
The observation under optical microscopy showed that untreated his-
torical yarn is characterized by wool-based fibers twisted together and
with light brown colour (Fig. 8). An accumulation of deposited material
on the fibers of the treated historical yarn was imaged by optical mi-
croscopy (Fig. 8), although the general morphological features and
aspect by eye observation are not altered.

Tensile tests were carried out to assess the consolidation efficacy of
Hal/K treatment. The stress vs strain curves (Fig. 9) evidence the
different mechanical behaviour induced by the conservation protocol.

0.1 mm
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The tensile parameters, provided in Table 3, indicate: an enhancement
of ca. 15% of stress at breaking and an increasing of the yield point of ca.
35% and finally a maximum elongation ca. 65% larger due to the his-
torical yarn treatment. Therefore, the treated sample can certainly
dissipate more energy and stretch further before breaking. These results
prove the efficacy of the protocol on naturally aged wool threads.

5. Conclusions

In this work, we proposed a novel treatment based on Halloysite
nanotubes and Keratin (Hal/K) mixtures for wool threads. Strengthening
and protection toward UV irradiation damages are exploited.

Optical and electron microscopy showed that halloysite nanotubes
can be glued on the surface of wool fiber and the scales are acting as an
anchoring site of the threads. Colorimetric analysis demonstrated that
the total colour differences between standard sample and treated sample
is never beyond the limits of human eyes detection. The composition of
the consolidant dispersion plays a role and a Hal:keratin mass ratio of
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Fig. 7. Stress at breaking point (MPa) of wool yarns wool samples after UV-
irradiation.

0.1 mm

Fig. 6. Optical Microscope images of wool yarns wool sample treated with Hal/Keratn dispersion (Ryga.x = 0.5) before (a) and after (b) UV exposure.
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0.1 mm

Fig. 8. Optical Microscope images of historical yarn before (a) and after (b) the treatment.
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Fig. 9. Stress vs Strain Curves of historical yarn before and after treatment with
Ruarx = 0.5. Stress at breaking is provided in the inset.

Table 3
Tensile properties of historical wool threads samples before and after treatment.

Sample Maximum Stress breaking point  Yield Point
elongation (%) (MPa) (%)
Untreated 9.4 +£0.6 240 £ 16 7.8+ 0.4
historical yarn
Treated historical 27.6 £1.9 276.6 £ 19 11.5+ 0.5

yarn

0.5 shows in the best tensile and photo-protective performances. The
prospective results from treatment of contemporary wool threads sam-
ples were confirmed on a damaged wool yarn from a Flemish tapestry
(Sixteenth Century).

In conclusion, the proposed protocol for wool treatment combines
the capacity of Keratin to create a film as a reinforcing coating with a
fully compatible chemical composition of wool threads sample, and the
halloysite nanotubes ability to increase mechanical resistance and UV
shielding.
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