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A B S T R A C T   

Antioxidant fabrics are excellent shields against oxidative damage by free radicals and can be used in clothing, 
packaging, cosmetics and preservation. In this study, we developed antioxidant and hydrophobic cotton fabrics 
using ecofriendly materials and processes. The fabrics were functionalized with a double layer coating. Pristine 
cotton fabrics were coated with a food grade antioxidant (butylated hydroxytoluene, BHT) incorporated 
biodegradable polyester (polycaprolactone, PCL). This coating was shielded with an acetoxy functional 
biocompatible hydrophobic silicone coating. The hydrophobic shielding prevented potential loss of the antiox-
idant due to interaction with water or ambient humidity over time. Coated fabrics were exposed to extreme 
peroxidative (concentrated H2O2) and UV light damage conditions using an ad hoc protocol for simulating de-
cades of atmospheric ageing. Chemical changes on the cotton surface and potential oxidation and preventive 
mechanisms were studied using spectroscopy. Treated fabrics also displayed very low water vapor uptake and 
remained breathable with no visible color change. Mechanical properties of the original fabric were preserved 
after the treatment.   
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1. Introduction 

The preservation of textiles from deterioration is a major issue for 
conservators and conservation scientists, considering that the category 
“textiles” includes valuable canvases, carpets, tapestries, curtains, cos-
tumes, design objects [1,2]. The preservation of the aforementioned 
objects is of fundamental importance in cultural heritage. Deterioration 
of these textiles is primarily governed by the presence of humidity [3–5]. 
Rapid variations in humidity can cause swelling or shrinkage of cellulose 
fibers, that are among the principal constituents of the ancient textiles 
[6], resulting in irreversible tensions, especially when occurring in large 
artworks or objects [7]. Furthermore, in presence of humidity, the air 
contaminants SO2, NO2, and CO2 can turn into sulfuric, nitric, and car-
bonic acids, respectively [8]. Cellulose can react with these acids at 
room temperature, triggering a hydrolysis process inside the poly-
saccharide chains, that leads to the scission of original cellulose struc-
tures, making the textile less resistant [9–11]. Constant exposure to high 
humidity can also promote microbial/bacterial growth and proliferation 
[12–14]. When insects and microorganisms attack a textile, they rapidly 
degrade it through enzymatic reactions by releasing excrements [15, 
16]. Hence, humidity has a significant impact on the conservation of 
artworks [17,18]. 

Besides humidity, oxidative degradation with ambient light and 
oxygen (oxidation) [19] is another source of textile deterioration. Ex-
periments demonstrated that fabric samples stored in dark conditions 
suffered less strength loss compared to others exposed to light [20,21]. 
However, long periods of storage in the dark is not a viable option for 
public display and museum profitability. As such, textile preservation 
against stresses induced by oxidative processes and humidity [22] 
should involve the use of protective coatings to significantly reduce the 
diffusion of harmful oxidative peroxide radicals into the fabric. An ideal 
protective coating should confer hydrophobicity, reduce absorption of 
ambient moisture and maintain the breathability of the original fabric to 
prevent humidity accumulation and development of the microorganisms 
[23–25]. Moreover, it should be transparent, conformal to the textile 
structure without altering its texture, maintain or improve mechanical 
properties, and interact with the textile in a non-intrusive way [26,27]. 
In the past, several polymeric coatings based on acrylic copolymers 
[28–31], polydimethylsiloxane [32–35] and polymeric composites with 
nanoparticles [36–39] have been developed for conservation purposes. 
Due to ecological issues related to fluorinated coatings (C-8 chemistry 
was expelled by Environmental Protection Agency due to health risks 
[40]), research on fluorine-free protective coatings has accelerated 
recently [41–45]. These coatings are usually integrated with active 
substances such as UV absorbers, antioxidants or oxidizing agent 
quenchers to minimize the deterioration of the textiles, as summarized 
by Koussoulou [46]. Antioxidant treatment was applied for conservation 
purposes by Hackney et al. [20], based on commercial antioxidants: 
Irganox 1010, Irganox 565, and Topanol CA. Authors observed that 1% 
wt. concentration produced little visual change, whereas the 2% wt. 
antioxidant additions resulted in an opaque to white coating. Antioxi-
dant, antibacterial, and UV-resistant properties were successfully tested 
on not historical fabrics treated with CuO nanoparticles by Altun and 
Becenen [47]. A colorless and chemically stable solution based on 
hexamethyltriethylene tetramine and Zn(NO3)∙6H2O has been applied 
onto cotton fabrics by Shaheen et al. [48] conferring an antibacterial 
and UV protective function. 

Some other studies provided protective treatments against photo- 
degradation and water uptake-induced deterioration. Hou et al. [49] 
developed a robust polyhedral oligomeric silsesquioxanes (POSS)- based 
superhydrophobic treatment, which resulted in fabrics with a water 
contact angle of 159◦ with resistance to UV irradiation, 
high-temperature exposure, ultrasonic washing, and mechanical abra-
sion. Abd El-Hady et al. [50] coated cotton fabrics by developing mul-
tilayers of poly(diallyldimethylammonium chloride), ZnO/SiO2 
colloidal solution nanocomposite, and stearic acid. The multilayers 

conferred UV protection properties to the cotton fabric and improved 
water repellency. A silica coating on the fabrics was produced by Par-
hizkar et al. [51] using UV stabilizers, modifying the surface wettability 
and conferring to the fabrics high abrasion durability and acceptable 
wash fastness. In another work, cotton fabric with photochromic, hy-
drophobic, antibacterial, and ultraviolet (UV) blocking properties was 
developed by Ayazi-Yazdi et al. [52] with a mixture of silica nano-
particles, spirooxazine as a photochromic dye and an alkylsilane com-
pound. Photo-stability in an accelerated ageing environment of a 
protective acrylic coating and the influence of rutile-TiO2 nanoparticles 
along with an amine light stabilizer (HALS) have been quantitatively 
studied by monitoring the chemical modifications occurring upon 
ageing conditions by Nguyen et al. [53]. Note that in all the aforemen-
tioned studies that developed functional protective coatings for fabrics 
[54–58], no ad hoc protocol for simulating cotton ageing (relevant to 
long exposure to light and air) under oxidation conditions has been 
proposed and tested, with little attention paid to chemical changes over 
the cellulose fiber surfaces [54]. 

In this study, an antioxidant transparent fluorine-free hydrophobic 
treatment was designed for the conservation of cotton-based heritage 
textiles. Cotton fabric was functionalized with food-grade antioxidant 
butylated hydroxytoluene (BHT) embedded in polycaprolactone (PCL) 
as a first layer. A second layer of polydimethylsiloxane (PDMS) was 
applied over the antioxidant coating for water repellency [55]. In 
addition, an aggressive oxidation protocol was implemented, consisting 
of exposing the fabrics to H2O2 and UV–vis light to simulate an accel-
erated exposure to harsh oxidation medium. The antioxidant function-
ality of the coating was verified by radical scavenging activity tests and 
using infrared spectroscopy to monitor the chemical changes in the 
cotton surface. Developed double-layered coatings demonstrated 
excellent light transmission, water-repellency, antioxidant and me-
chanical properties achieved by using only ecofriendly and biodegrad-
able polymers, making the treatment a valid candidate for the 
preservation of cultural heritage textiles. 

The main goal of this work is to formulate a hydrophobic cotton 
treatment free from fluorinated chemicals or polymers but also with 
polymers or chemicals that are known to be biodegradable, biocom-
patible and nontoxic. Both PCL and PDMS satisfy these requirements 
along with food grade BHT. Furthermore, the lipophilic food-grade BHT 
crystals were easily dispersed within the hydrophobic PCL polymer by 
using a green co-solvent, benzyl alcohol. Subsequently, a PDMS coating 
improved the hydrophobicity of the fabric. Note that since the fabrics 
were dip coated in respective PCL and PDMS solutions with proper 
polymer concentrations (~2 wt.%), rather than forming a continuous 
film or coating over the fabrics, we mainly coated individual fiber sur-
faces with both polymers enabling pore breathability. 

2. Materials and methods 

2.1. Materials 

Plain-woven and bleached 100 % cotton fabric, with 180 ± 5 g/m2 

mass density, was selected for the experiments. The textile has 24 
threads/cm density both in warp and weft direction. Powdered poly-
caprolactone (hereafter, PCL) was supplied by Polysciences, Inc. (USA). 
The antioxidant butylated hydroxytoluene (hereafter BHT) and 
hydrogen peroxide (H2O2) solution 30 % (w/w) in water were pur-
chased from Sigma-Aldrich. Single component acetoxy moisture cured 
polydimethylsiloxane resin (hereafter PDMS), a transparent silicone 
elastomer (ELASTOSIL®E43), was purchased from Wacker (Germany). 

2.2. Preparation of the active coatings 

The solution for the antioxidant coating was prepared by dissolving 
0.50 g of powdered PCL in 25 mL of benzyl alcohol by stirring for 2 h at 
room temperature. When PCL was completely dissolved, 0.50 g of BHT 
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were added to the solution and the system was stirred for another 30 m. 
Afterwards, 25 mL of acetone were added in order to increase the 
volatility of the solution. In Fig. 1a, the preparation of the antioxidant 
coating is schematically represented. The solution for the hydrophobic 
coating was obtained by dissolving 1.00 g of PDMS in 50 mL of heptane, 
as represented in Fig. 1b. The components were stirred for 24 h, 
achieving a 2 % (w/v) homogeneous solution. 

2.3. Application of the coatings 

Prior to use, the cotton fabric was washed (standard detergents), 
rinsed and dried to remove any contamination. Samples of pure cotton 
fabric were labeled as COT. The cotton fabrics of 6 × 15 cm2 were 
dipped in the antioxidant solution (PCL-BHT 2% w/v) for 30 s and 
allowed to dry at 40 ◦C for 24 h. The process was repeated two more 
times after the treated textiles dried. These samples were labeled as 
COT-AO, as reported in Table. 1. For the secondary hydrophobic 
coating, COT-AO fabrics were immersed in the PDMS (2% w/v in hep-
tane) solution for 30 s and then dried at 40 ◦C for 24 h. For the second 
coating, the heating step was required not only to dry the sample but 
also to accelerate silicone crosslinking. The samples with the secondary 
protective PDMS layer were labeled as COT-AOP. Another control 

sample was produced by applying only PDMS layer to the cotton fabric, 
COT-P. Note that the drying temperature of 40 ◦C was chosen to ensure 
that if such a treatment was applied on a real historical/ancient fabric, 
complications due to thermal annealing would be minimized. Further 
experimental details on mechanical characterization, accelerated ageing 
and oxidation treatments, antioxidant properties characterization [59, 
60], and color variation [61] are presented in the Supplementary Ma-
terial as sections 2.9 to 2.12. 

2.4. Morphological characterization by SEM 

Scanning electron microscopy (SEM) was used to analyze the micro- 
morphology of fiber surfaces and cross-sections of the samples. JEOL 
JSM- 6490LA (Japan), with 10 kV acceleration voltage, was used to 
acquire SEM images. Ten nm thick film of gold (Cressington 208 h 
sputter coater, UK) was used to sputter-coat the fabrics’ surfaces prior to 
imaging. SEM images were collected at the following magnifications: 
×50, ×1000, ×2000. 

Fig. 1. Schematic representations of the preparation of (a) antioxidant and (b) hydrophobic coatings. A step-by-step representation of (c) coating, curing, and ageing 
processes for the fabric and (d) process for antioxidant polymeric layer removal. Fabric samples in the photos are about 5 × 5 cm in size. 
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2.5. Chemical characterization by attenuated total reflection–Fourier 
transform infrared (ATR-FTIR) spectroscopy 

The instrument used to acquire infrared spectra is a single-reflection 
attenuated total reflection (ATR) accessory (MIRacle ATR, PIKE Tech-
nologies), with a diamond crystal coupled to a Fourier Transform 
Infrared (FTIR) spectrometer (VERTEX 70v, FT-IR, Bruker). The spectra 
were collected from 4000 to 600 cm− 1 with a resolution of 4 cm− 1. Three 
spectra of 128 scans each were acquired for each sample. 

2.6. Surface wettability by Water contact angle and water roll-off angle 

Static water contact angles (WCA) were measured with a contact 
angle instrument (OCAH-200 DataPhysics, Germany) in order to inves-
tigate the fabrics’ surface wettability. The analyses were performed at 
room temperature (~23 ◦C). Milli-Q water droplets of 5 μL were 
deposited through a gas-tight 500 mL Hamilton precision syringe with a 
blunt needle of 0.52 mm internal diameter [55,62]. Evolution of WCAs 
as a function of time was recorded by the software. Frames were taken 
from each video at 5 s, 10 s, and 60 s to compare the wettability of 
different surfaces. Reported WCA values were the average of ten drop-
lets, which were deposited on each sample on different locations. Using 
the same instrument, the roll-off angle analysis was performed. Droplets 
of 15 μL, 20 μL, 25 μL, and 30 μL were deposited on the fabric surface, 
which was then tilted at an angular speed of 1.42◦ per second. Side view 
pictures of the drops were taken and the roll-off angle was recorded. For 
each sample, 5 measurements were performed. 

2.7. Water vapor permeability 

Water vapor permeability (WVP) of the uncoated and coated fabrics 
was determined at 25 ◦C and 100 % RH according to the ASTM E96 
standard method. 100 % relative humidity was reached by placing 400 
μL of deionized water in the sealed chambers of 7 mm × 10 mm inner 
volume. The samples were cut into circles with a diameter of 10 mm, 
they were placed on the chambers and then sealed. The chambers were 
moved in a desiccator where the outer environment was maintained at 
0 % RH by silica gel desiccant. The transfer of water from the chamber, 
through the sample, to the desiccant was monitored by measuring the 
weight change of the chambers. The mass loss over time was registered 
by weighting samples every hour for 8 consecutive hours, with an 
electronic balance (with 0.0001 g accuracy). The mass loss of perme-
ation chambers was plotted as a function of time. The slope of each line 
was calculated by linear regression. Then, the water vapor transmission 
rate (WVTR) was determined as below: 

WVTR
(

g
(
m2d

)− 1
)
=

slope
area of the sample 

The water vapor permeability (WVP) of the samples was calculated 
with the following formula: 

WVP
(
g(mdPa)− 1 )

=
WVTR∙L∙100

ps∙ΔRH  

where L (m) is the thickness of the sample, measured with a micrometer 
with 0.001 mm accuracy, ΔRH (%) is the percentage relative humidity 
gradient, and ps (Pa) is the saturation water vapor pressure at 25 ◦C. The 
tests were repeated three times for each sample. 

2.8. Water uptake 

Water uptake measurements on the untreated and treated fabric 
samples were also carried out. Samples were first placed in a dry 
chamber with anhydrous silica gel desiccant for 24 h. Dry samples were 
weighed on a sensitive electronic balance (0.0001 g accuracy) and 
placed in the humidity chamber at 100 % RH. After 24 h in the humidity 

chamber, each sample was weighed every day and the amount of 
adsorbed water was calculated based on the initial dry weight as the 
difference, according to the following formula: 

Water adsorption (%) =
mf − m0

m0
∙100  

Where mf is the sample weight at 100 % RH condition and m0 is the 
sample at 0 % RH. The test proceeded until stabilization of the weight 
gain. The trend of mass increase over time is reported. 

3. Results and discussion 

3.1. Morphological characterization 

The morphology of the COT, COT-AO, COT-AOP and COT-P samples 
was analyzed by using SEM microscopy. Figure 2a shows the dense 
woven structure of the untreated fabric (COT). The typical wrinkle-like 
and longitudinal fibril structure [63,64] of cotton fibers can be observed 
at ×2000 magnification (Fig. 2a). The cross-section of the warp at 
×1000 magnification highlighted the sharp section of each fiber without 
any fall-out or partial filament separation among them. On the other 
hand, in the COT-AO samples, some polymeric traces are visible at 
×2000 in Fig. 2b. A similar finding was noticed in the cross-sectional 
image, where some polymeric filaments due to the coating were 
visible among the fibers at ×1000 magnification (highlighted by the 
yellow arrow). However, the morphological aspect of COT-AO at low 
magnification (×50) appears comparable to the untreated one, sug-
gesting that the antioxidant treatment did not alter the macroscopic 
appearance of the fabric and conformed to the fiber surfaces. 

Finally, the morphology of COT-P and COT-AOP samples is reported 
in c and Fig. 2d. Similar to the COT and COT-AO, the woven structures of 
the COT-P and COT-AOP samples remained unchanged. However, the 
presence of pure PDMS or the double polymeric coating (PCL + PDMS) 
was confirmed by the formation of a smoother fiber surface compared to 
the untreated fabric in Fig. 2a. Moreover, in the cross-sectional SEM 
images at ×1000, polymeric filaments among the fibers can be noticed. 

Even though, the treatments were invisible to the naked eye, they 
changed the weight and the thickness of the fabrics. In Table 1 the 
detailed data are reported. Due to the antioxidant treatment, the fabric 
thickness and the mass density (i.e., grams per meter square GSM) 
increased by 4.7 % and 5.3 %, respectively. Similarly, after applying 
both the antioxidant and the hydrophobic layers, the fabric thickness 
and the mass density increased by 5.0 % and 7.9 % respectively. 

3.2. Chemical characterization 

3.2.1. Infrared spectroscopy characteristics of the coatings 
Typical bands of cotton [65,66] are shown in Fig. 3a: stretching of 

O–H groups at 3329 and 3283 cm− 1, asymmetrical and symmetrical 
stretching of CH2 at 2897 cm− 1 and 2866 cm− 1, OH– bending of the 
adsorbed water at 1643 cm− 1, CH2 scissoring at 1427 cm− 1, C–H 
bending at 1364 cm− 1, CH2 rocking at 1314 cm− 1, CO– stretching at 
1201 cm− 1, asymmetrical bridge C–OC– stretching at 1159 cm− 1, 
asymmetric in-plane C–OC– stretching band at 1105 cm− 1, asym-
metric and symmetric C–O stretch at 1053 and 1028 cm− 1, respec-
tively, ring stretching modes at 986 cm− 1 and ß-Linkage of cellulose at 
897 cm− 1. No CO–– stretching in the spectral region 1800− 1700 cm− 1 is 
detected in the COT samples. 

The antioxidant coating was composed of the antioxidant molecule 
BHT and the biodegradable polymer PCL and their FTIR spectra are 
reported in Fig. 3a. The main bands of BHT that are associated with the 
chemical structure of the antioxidant molecule are [67]: sharp stretch-
ing of O–H at 3624 cm− 1, weak aromatic C–H stretching at 3071 cm− 1, 
asymmetrical and symmetrical stretching of CH2 at 2953 cm− 1 and 2911 
cm− 1, CC–– aromatic stretching at 1431 cm− 1, CO– stretching at 1148 
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cm− 1. In the PCL spectrum, bands were ascribed to characteristic ab-
sorptions of the polymer [68]: asymmetric and symmetric stretching of 
CH2 at 2942 and 2866 cm− 1, the sharp peak of C––O stretching at 1724 
cm− 1, asymmetric and symmetric stretching of C–OC at 1238 cm–− 1 

and 1162 cm− 1 respectively. After the coating process, the spectrum of 
COT-AO samples is mainly characterized by the peaks of the cotton, 
although the C––O stretching peak typical of PCL appeared at 1724 
cm− 1, confirming the coating presence. 

A PDMS coating was also made directly on the cotton textile as a 

control for the hydrophobic coating. PDMS spectrum is reported in 
Fig. 3a and shows typical bands of the silicone material: asymmetric and 
symmetric CH3 stretching at 2963 and 2905 cm− 1, respectively, sym-
metric CH3 bending mode at 1258 cm− 1, symmetric and asymmetric Si‒ 
O‒Si stretching modes at 1063 and 1005 cm− 1, respectively, CH3 
rocking mode at 795 cm− 1 [69]. In the FTIR spectrum of the COT-P 
sample, the presence of the hydrophobic coating was confirmed by the 
increase in intensity of the peak at 1258 cm− 1 and by the appearance of 
CH3 rocking mode at 795 cm− 1, characteristic of PDMS, among all the 
typical peaks of cellulose. These outcomes confirmed that when the 
hydrophobic coating is applied on the fabric, a thin layer of PDMS was 
deposited on the surface of every fiber, as it was also noticed in the 
morphological analyses. It has to be noted that PDMS does not show any 
peak in the carbonyl area; thus, no bands were found in the area of 
1750− 1720 cm− 1 in the sample COT-P. 

3.2.2. Infrared spectroscopy results after accelerated ageing and oxidation 
In the natural ageing process of the cellulose, it is well known that 

oxidative processes occur and carbonyl groups appear in the poly-
saccharide backbones, as found in 400 and 500 year-old cellulose 

Fig. 2. 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. (d) COT-P: cotton treated only with PDMS. In each row, there are SEM images of the top-view at ×50 
(on the left) and ×2000 (middle) magnifications, and their corresponding cross-sectional images at ×1000 magnification (on the right). The arrows indicate the 
presence of polymeric materials. 

Table 1 
Names, thickness and weight/area of samples.  

Sample 
names 

Thickness 
(μm) 

Percent increase 
in thickness 
(Δμm%) 

GSM (Grams 
per Square 
meter) 

Percent 
increase in GSM 
(Δg/m2%) 

COT 297 ± 2 – 189 ± 1 – 
COT-AO 311 ± 2 4.7 % 199 ± 2 5.3 % 
COT-P 312 ± 1 4.7 % 202 ± 3 7.7% 
COT-AOP 312 ± 3 5.0 % 204 ± 2 7.9 %  
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samples reported by Boukir et al. [70]. Furthermore, cellulose paper 
dated CE 1955 and 1973 described by Librando et al. [71] and textile 
cotton fibers dated A.D. 1250–1300, 900–1100, 1325–1400 analyzed by 
Cardamone et al. [72] presented the characteristic peak in the spectral 
region 1750− 1720 cm− 1, associated with the C––O stretching of the 
oxidation. 

Before ageing, the C––O peak, correlated with the oxidation of the 
cellulose at ca. 1740 cm− 1 is not present in the sample COT (pristine 
cotton fabric) (Fig. 3a). After the ageing, in the spectrum of the sample 
COT(AG) an oxidation peak appeared at 1740 cm− 1, as shown in Fig. 3b, 
confirming oxidation process [73]. Hence, the new peak can be associ-
ated with an oxidative reaction on C6 of the cellulose structure, where 
the CH2OH group is oxidized to COOH. A schematic of the oxidation 
reaction is shown in Fig. 3c. 

To verify the efficiency of the antioxidant coating, the samples COT- 
AO were subjected to the ageing process treatment. As the COT-AO(AG) 
had the peak of C––O group associated with the PCL (1724 cm− 1) in the 
same area of the oxidation marker of cellulose, COT-AO(AG) samples 
after ageing were soaked in chloroform in order to remove the PCL. The 

spectrum of sample COT-AO(AG) after PCL removal, named COT-AO 
(AG–W), is reported in Fig. 3b. After chloroform etching of the PCL, in 
the spectral region 1750− 1720 cm− 1, no peaks could be attributed 
neither to PCL nor to oxidation related peaks, confirming the removal of 
the polymer and excellent efficacy of the antioxidant coating. To ensure 
that washing with chloroform does not remove or alter oxidation peak 
associated with aged-cellulose, pure cotton fabrics underwent the same 
ageing process (COT-AG) and were washed or soaked in chloroform six 
consecutive times; at the end of this treatment the oxidation peak was 
still present (not shown for brevity). 

As for the sample COT-P(AG), upon accelerated ageing, the peak at 
1740 cm− 1 is noticeable, meaning that the cellulose was oxidized even 
when the PDMS hydrophobic coating was applied. As described in 
literature [74,75], PDMS is known to have poor gas and moisture barrier 
properties. Despite the good hydrophobicity of PDMS, it appears to be 
inefficient in preventing accelerated oxidation of the underlying cellu-
lose, confirming the need to apply a functional coating before the hy-
drophobic treatment. 

Fig. 3. (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). (c) A representative model of the chemical reaction occurring in cellulose through the accelerated ageing treatment. 
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3.3. Treated textile hydrophobicity, water vapor permeation and water 
uptake measurements 

The wettability of the cotton fabrics was studied by measuring static 
water contact angle. The water contact angle on the sample COT was not 
possible to be measured, as the deposited water droplet was immediately 
absorbed into the fabric. In general, cotton fibers are prone to absorb a 
significant amount of water due to their high hygroscopicity [3,17]. 
However, it was possible to report the WCA on the sample COT-AO, 
since the droplet took approximately 10 s to be absorbed by the sub-
strate, as reported in Fig. 4a. A highly hydrophobic surface was obtained 
by the PDMS coating. Indeed, the sample COT-AOP maintained a WCA 
of ~144◦, and the water never sank in the substrate throughout the 
observation period (evaporated away after sufficient time), see Fig. 4a. 

In addition, roll-off angles of water droplets with varying droplet 
volume were measured to quantify dynamic surface wettability. The 
tests were not performed on COT and COT-AO, since the surfaces 
absorbed water droplets, as shown in Fig. 4a. Fabrics having the PDMS 
layer i.e., the samples COT-P and COT-AOP showed water roll-off angles 
of 35◦ and 52◦, respectively, when water droplets with a volume of 15 μL 
or larger were used. Droplet mobility with lower roll-off angles for larger 
volume droplets was found for both treatments. This can be ascribed to 
competition between gravitational and surface tension forces, as shown 
in Fig. 4b [76]. Between the two samples, the COT-P has better 
self-cleaning properties as compared to the COT-AOP, because of the 
presence of PCL underneath the PDMS. Nevertheless, the treated sample 
COT-AOP could hold large droplets volumes (~100 μL of colored water) 
on its surface without spreading, as shown in Fig. 4b. 

The breathability of the treated cotton fabrics was measured through 
water vapor permeability (WVP) test. PCL-BHT and PDMS treatments 
are respectively intended to confer antioxidant and hydrophobic 

properties to the fibers. However, they should avoid occluding the pores 
of the fabrics to prevent the accumulation of humidity with all its con-
sequences. The average WVTR of the untreated cotton is calculated to be 
~ 5866 (g/m2∙day), which corresponds to WVP ~ 5.5∙10− 4 g (m day 
Pa)− 1. Indeed woven cotton is demonstrated to be highly breathable. 
After the antioxidant and hydrophobic treatments, all analyzed samples 
showed WVP values comparable to the original fabric and decreased 
only by 8% for COT-AO and 9% for COT-AOP, as shown in Fig. 4d. 
Comparable breathability to the pristine cotton fabric could be obtain-
able thanks to the maintained porosity of the textile, as it was confirmed 
through the SEM images in Fig. 2, where it is visible that the porosity 
between the warp and weft threads is maintained after the applied 
treatments. 

Water vapor uptake was monitored in 100 % RH for 5 consecutive 
days, till the mass change reached equilibrium. After 5 days, there was 
no significant variation and at this point, the maximum quantity of the 
water vapor was absorbed. Fig. 4c shows that the water vapor uptake of 
the sample COT arrived to 8.3 ± 0.2 % with respect to the starting 
weight. As expected, PDMS did not play a significant role in the pro-
tection from water vapor. In fact, PDMS is known to be permeable to 
water vapor [74,75] and the water vapor uptake of the sample COT-P is 
7.6 ± 0.2 %, i.e. slightly lower than COT. In contrast, the antioxidant 
layer played a major role in the prevention of water uptake. The samples 
COT-AO and COT-AOP displayed a mass change of 6.1 ± 0.1 % and 6.2 
± 0.1 %, respectively, compared to the initial mass (see Fig. 4c). Hence, 
the protective layers did not affect the breathability and the porosity of 
the fabrics, keeping the natural properties of cotton unchanged, while 
they were efficient in the reduction of water uptake capacity of the 
fabrics. This outcome is essential to reduce swelling, shrinking, biolog-
ical attack and biodeterioration, due to the presence of adsorbed water 
on the fabric. 

Fig. 4. (a) Water contact angles as a function of droplet deposition time. Static WCA are reported at 5 s, 10 s, 60 s for the samples COT-AO and COT-AOP. (b) Water 
roll off angle of the samples COT-AOP and COT-P0; colored water droplets of 100 μL 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-AOP. 
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3.4. Mechanical characterization 

In Fig. 5a the standard tensile stress-strain curves of the samples 
COT, COT-AO and COT-AOP samples are reported. The first part of the 
slope (from 0 to 0.1 mm/mm) in the stress-strain curves coincides with 
the strain in the single yarn, which increases under moderate stress, 
lengthens and tries to resist further stress-induced deformations. The 
second part of the slope (from 0.1 mm/mm on) represents to the irre-
versible stretching after overcoming the initial strain levels, and indi-
vidual fibers start elongating within the woven network [55]. The 
Young’s modulus associated with both slopes is reported in Fig. 5b. In 
particular, the elastic modulus was measured to be ~270 ± 25 MPa for 
the sample COT, ~287 ± 12 MPa for the sample COT-AO and ~228 ± 8 
MPa for the sample COT-AOP. In Fig. 5c the values of stress at maximum 
load for each sample are shown. A decreasing trend of the ultimate 
tensile stress from ~50 ± 3 MPa for the sample COT (pristine cotton 
fabric) to ~39 ± 3 MPa and ~42 ± 2 MPa for the samples COT-AO and 
COT-AOP, respectively, was found. 

Finally, Fig. 5d shows the results of maximum elongation at break. 
The pristine cotton fabric (sample COT) displayed a maximum elonga-
tion at break point of ~37 ± 2 %. While the treated samples COT-AO and 
COT-AOP reached an elongation of ~26 ± 2 % and ~31 ± 2 %, 
respectively. Overall, the treatment did not cause a remarkable variation 
in the mechanical properties of the starting woven cotton fabric. 

3.5. Radical scavenging activity 

•ABTS+ radical assay was used to determine the free radical scav-
enging activity of the antioxidant coating applied onto the cotton fab-
rics. The radical inhibition effect is manifested through a discoloration, 
from an intensely blue of the cation radical ABTS•+ to colorless solution. 
Fig. 6b represents the color loss of the ABTS•+ radical solution after 
immersing the COT-AO and COT-AOP samples into it for 24 h and 
demonstrates an effective antioxidant response. 

In Fig. 6a, the radical scavenging activity (RSA) of the samples COT- 
AO and COT-AOP against the radical cation ABTS•+ solution is repre-
sented. The samples COT-AO and COT-AOP reached 82 ± 1 % and 87 ±
1% inhibition level, respectively, after 24 h of immersion in the radical 
aqueous solution. Considering that PCL and PDMS do not show any 
antioxidant property [77,78] the obtained antioxidant activity can be 
attributed to the presence of BHT in the cotton matrix, conferring a 
suitable scavenging action. Note that our main goal was to immobilize or 
coat the cotton fibers with 100 % BHT only. However, it crystalizes 
rapidly out of solution and does not form continuous films. Hence, we 
combined it with PCL in equal weights in solution (see Section 2.2). As 
such, it is not an additive but a main coating component bonded to 
cotton fibers with the help of PCL resin. In general, phenolic antioxi-
dants are added to polymers between 0.01 % to 0.1 % [56–60]. In the 
present work, BHT concentration is at least two orders of magnitude 
higher. Radical scavenging activities of the fabrics COT-AO and 
COT-AOP were also measured after accelerated ageing tests (COT-AO 
(AG); COT-AOP(AG)) and no differences were observed with the data 
reported in Fig. 6a (see Figure S1 in the Supplementary Material). 

3.6. Color variation 

Fig. 6c shows the measured colorimetric variations of the samples 
COT-AO, and COT-AOP, as well as the respective ones after accelerated 
natural ageing process COT-AO(AG) and COT-AOP(AG), with respect to 
the sample COT. All color variations (ΔE) are much lower than 3, i.e., 
0.35 ± 0.05 for the sample COT-AO, 1.75 ± 0.06 for COT-AO(AG), 0.53 
± 0.08 for COT-AOP, and 1.98 ± 0.07 for COT-AOP(AG). Figure S2 
(Supplementary Material) also shows photographs of the treated fabrics 
with no color variation compared to the untreated one. Therefore, the 
proposed treatments are appropriate and beneficial for Heritage-related 
fabrics application [61]. 

Fig. 5. 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, (c) tensile stress at maximum load, and (d) maximum elongation at breakpoint. 
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4. Conclusions 

Woven cotton fabrics were treated with a double layer polymer 
coating comprising a biodegradable polymer (PCL) and a biocompatible 
hydrophobic polymer (PDMS) for protection against oxidative ageing 
and degradation, while rendering them hydrophobic. A food-grade 
common antioxidant known as BHT was incorporated into the PCL 
layer that remained effective against aggressive accelerated peroxide 
and UV ageing conditions, simulating decades of atmospheric ageing. 
The PDMS-based outer coating was hydrophobic and prevented wetting 
of the fabrics. The dual-functional coating maintained the textile 
morphology with minimal impact on mechanical properties and 
breathability. This work shows that textiles based on cellulose can be 
protected against oxidative ageing by a simple treatment using eco-
friendly resins and processes. Moreover, an ad hoc protocol for simu-
lating in only 24 h 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. 
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[9] M.M.Á.D. Maciel, K.C.C. de C. Benini, H.J.C. Voorwald, M.O.H. Cioffi, Obtainment 
and characterization of nanocellulose from an unwoven industrial textile cotton 
waste: effect of acid hydrolysis conditions, Int. J. Biol. Macromol. 126 (2019) 
496–506, https://doi.org/10.1016/j.ijbiomac.2018.12.202. 

[10] Y.W. Chen, H.V. Lee, J.C. Juan, S.-M. Phang, Production of new cellulose 
nanomaterial from red algae marine biomass Gelidium elegans, Carbohydr. Polym. 
151 (2016) 1210–1219, https://doi.org/10.1016/j.carbpol.2016.06.083. 

[11] G. Liu, P. Han, L. Chai, Z. Li, L. Zhou, Fabrication of cotton fabrics with both bright 
structural colors and strong hydrophobicity, Colloids Surf. A Physicochem. Eng. 
Asp. (2020), 124991. 

[12] B. Gutarowska, K. Pietrzak, W. Machnowski, J.M. Milczarek, Historical textiles – a 
review of microbial deterioration analysis and disinfection methods, Text. Res. J. 
87 (2017) 2388–2406, https://doi.org/10.1177/0040517516669076. 
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[58] L.F. Zemljič, J. Volmajer, T. Ristić, M. Bracic, O. Sauperl, T. Kreže, Antimicrobial 
and antioxidant functionalization of viscose fabric using chitosan–curcumin 
formulations, Text. Res. J. 84 (2014) 819–830, https://doi.org/10.1177/ 
0040517513512396. 

[59] A.I. Quilez-Molina, J.A. Heredia-Guerrero, A. Armirotti, U.C. Paul, A. Athanassiou, 
I.S. Bayer, Comparison of physicochemical, mechanical and antioxidant properties 
of polyvinyl alcohol films containing green tealeaves waste extracts and discarded 
balsamic vinegar, Food Packag. Shelf Life 23 (2020), 100445, https://doi.org/ 
10.1016/j.fpsl.2019.100445. 

[60] A.I. Quilez-Molina, L. Marini, A. Athanassiou, I.S. Bayer, UV-blocking, transparent, 
and antioxidant polycyanoacrylate films, Polymers. 12 (2020) 2011, https://doi. 
org/10.3390/polym12092011. 

[61] R. Johnston-Feller, Color science in the examination of museum objects: 
nondestructive procedures, Color Res. Appl. 27 (2002) 456–457, https://doi.org/ 
10.1002/col.10107. 

[62] E. Cappelletto, E. Callone, R. Campostrini, F. Girardi, S. Maggini, C. della Volpe, 
S. Siboni, R. Di Maggio, Hydrophobic siloxane paper coatings: the effect of 
increasing methyl substitution, J. Solgel Sci. Technol. 62 (2012) 441–452, https:// 
doi.org/10.1007/s10971-012-2747-1. 

[63] C.-H. Xue, S.-T. Jia, J. Zhang, L.-Q. Tian, Superhydrophobic surfaces on cotton 
textiles by complex coating of silica nanoparticles and hydrophobization, Thin 
Solid Films 517 (2009) 4593–4598, https://doi.org/10.1016/j.tsf.2009.03.185. 

[64] V. Trovato, G. Rosace, C. Colleoni, S. Sfameni, V. Migani, M.R. Plutino, Sol-gel 
based coatings for the protection of cultural heritage textiles, IOP Conf. Ser.: Mater. 
Sci. Eng. 777 (2020), 012007, https://doi.org/10.1088/1757-899X/777/1/ 
012007. 

[65] N. Abidi, L. Cabrales, C.H. Haigler, Changes in the cell wall and cellulose content of 
developing cotton fibers investigated by FTIR spectroscopy, Carbohydr. Polym. 
100 (2014) 9–16, https://doi.org/10.1016/j.carbpol.2013.01.074. 

[66] P. Garside, P. Wyeth, Identification of cellulosic fibres by FTIR spectroscopy - 
thread and single fibre analysis by attenuated total reflectance, Stud. Conserv. 48 
(2003) 269–275, https://doi.org/10.1179/sic.2003.48.4.269. 

[67] M.K. Trivedi, A. Branton, D. Trivedi, G. Nayak, R. Singh, S. Jana, Physicochemical 
and spectroscopic characterization of biofield treated butylated hydroxytoluene, 
J. Food Ind. Microbiol. 1 (2015), https://doi.org/10.4172/jfim.1000101. 

[68] T. Elzein, M. Nasser-Eddine, C. Delaite, S. Bistac, P. Dumas, FTIR study of 
polycaprolactone chain organization at interfaces, J. Colloid Interface Sci. 273 
(2004) 381–387, https://doi.org/10.1016/j.jcis.2004.02.001. 

[69] L. Ceseracciu, J.A. Heredia-Guerrero, S. Dante, A. Athanassiou, I.S. Bayer, Robust 
and biodegradable elastomers based on corn starch and polydimethylsiloxane 
(PDMS), ACS Appl. Mater. Interfaces 7 (2015) 3742–3753, https://doi.org/ 
10.1021/am508515z. 

[70] A. Boukir, I. Mehyaoui, S. Fellak, L. Asia, P. Doumenq, The effect of the natural 
degradation process on the cellulose structure of Moroccan hardwood fiber: a 
survey on spectroscopy and structural properties, Mediterr. J. Chem. 8 (2019) 179, 
https://doi.org/10.13171/10.13171/mjc8319050801ab. 

[71] V. Librando, Z. Minniti, S. Lorusso, Ancient and modern paper characterization by 
FTIR and Micro-Raman spectroscopy, Conservat. Sci. Cult. Heritage. 11 (2011) 
249–268, https://doi.org/10.6092/issn.1973-9494/2700. 

[72] J.M. Cardamone, J.M. Gould, S.H. Gordon, Characterizing aged textile fibers by 
fourier transform infrared photoacoustic spectroscopy: part I: comparison of 
artificial and natural ageing in cotton, Text. Res. J. 57 (1987) 235–239, https:// 
doi.org/10.1177/004051758705700408. 
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