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Abstract

Nanoparticles (NPs) of titanium dioxide (TiO2) are promising for the photocatalytic
degradation of organic compounds, arising as an excellent alternative to
conventional bleaching processes. Within this background, aqueous suspensions of
TiO2 NPs were impregnated by the pad-dry method in raw cotton. The hydrophilic
properties and whiteness index (WI) of Berger were the main parameters examined
before and after the TiO: treatment. In the absence of water, using a UV-Vis lamp,
high hydrophilicity was found for raw cotton. Diversely, under UV-LED radiation, the
presence of water molecules in the coated cotton was revealed to be a crucial
parameter in enhancing its whiteness. A comparable WI of Berger with conventional
bleaching methods was obtained using 0.5 g L-1 TiO2 suspension under UV-LED
radiation, suggesting that the impregnation of TiO2 NPs can be a promising
alternative for the industrial bleaching methods, as it proves to be more sustainable
and with low operating costs.
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In the textile industry, there are different processes to remove impurities from raw cotton,
making it more hydrophilic and whiter. Scouring, mercerization and bleaching are the main
pre-treatments, so that the resulting cotton has the necessary conditions for the following
finishing and dyeing treatments. All these treatments are major water consumers in the
industrial textile processes, spending between 250-350 Kkgwater/Kgtextile, and, consequently,
spending the highest amount of energy, between 55-60 % (Karmakar 1999). In addition, during
these treatments, different types of waste can be generated being harmful to the
environment. For instance, during the scouring process solvents such glycol esters are used,
releasing volatile organic compounds to the atmosphere as well residues of detergents (fats,
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oils, pectins and ashes), which will end in the water sources; in the mercerization step, residual
sodium hydroxide can be delivered, enhancing the effluent pH; the bleaching process
generally leads to effluents with high pH, trace amount of H,0, and stabilizers (Babu et al.
2007). Therefore, with the increasing cost of chemical products, equipment, workers, effluent
control and chemicals recovering, there has been an increasing need to find alternatives to
these conventional textile treatment processes.

Heterogeneous photocatalysis is one of the most promising technologies due to the low cost,
non-toxicity and reusability of the semiconductor photocatalyst, and the fact that the sun can
be used as a source of radiation, which is an inexhaustible source and does not add costs to
the process (Beydoun et al. 1999; Pera-Titus et al. 2004). The semiconductors commonly used
to catalyse a wide range of chemical reactions include titanium dioxide (TiO>), zinc oxide (ZnO),
zinc sulphide (ZnS), tungsten trioxide (WOs) and cadmium sulfide (CdS) (Abid et al. 2017a; Abid
et al. 2017b; Beydoun et al. 1999; Lima et al. 2014; Montazer and Pakdel 2010; Pakdel et al.
2014a; Pera-Titus et al. 2004). TiO, with a band gap energy = 3.0-3.3 eV (Jovic et al. 2015) has
been established as one of the most promising photocatalyst in the degradation of organic
compounds due to its physicochemical properties and high photoactivity when exposed to
ultraviolet (UV) radiation (Abid et al. 2017a; Haji et al. 2014; Hashemikia and Montazer 2012;
Jovic et al. 2015; Lima et al. 2014; Montazer and Morshedi 2014; Pakdel et al. 2014a; Wu et
al. 2009). Furthermore, this semiconductor is white, which is an advantage when the purpose
is to bleach the substrate on which it is applied (Montazer and Morshedi 2012). Commercial
TiO, Aeroxide® P25 (80 % of anatase and 20 % of rutile), is highly used in the industry because
it allows the obtention of the best compromise between the high photocatalytic performance
of the anatase phase and the more intense absorption in the solar spectrum of the rutile phase
(Jovic et al. 2015).

Montazer and Morshedi (2012) tested the photocatalytic activity of TiO, nanoparticles (NPs)
in the degradation of the hydrophobic impurities and natural dyes of raw cotton fibres, to
obtain whiter and hydrophilic cotton. In this study, it was found that a higher concentration
of TiO lead to increased bleaching and tissue hydrophilicity. Furthermore, it was verified that
these textiles had antibacterial properties and UV protection. Likewise, Daoud, Xin, and Zhang
(2005) and Wu et al. (2009) coated cotton textiles with TiO2 to induce antibacterial and self-
cleaning properties. It was found that this coating allows the formation of a biofilm of
adsorbed bacteria which activity is inhibited after UV exposure. Wu et al. (2009) still observed
bleaching due to the degradation of natural cotton dyes.

Hashemikia and Montazer (2012) managed to get functional features such as anti-pilling,
hydrophilicity, self-cleaning, UV protection and antibacterial properties in cotton and
polyester (35/65) textiles functionalized with TiO2. The use of this semiconductor was also
studied on wool surfaces by Montazer and Pakdel (2010) and Montazer and Morshedi (2014),
to add functional properties. Montazer and Morshedi (2014) described how to bleach and
increase the hydrophilicity of wool, after functionalization with TiO, and exposure to UV and
visible (Vis) radiation. Montazer and Pakdel (2010) reported the decrease of yellowness of
wool induced by UV exposure, through the incorporation of TiO, NPs, increased
photostability, and UV protection.

In the present study, TiO, NPs were used to investigate the photocatalytic degradation of
hydrophobic compounds and natural pigments of cotton. TiO, was impregnated on the
surface of raw cotton, without using crosslinking agents, and exposed to radiation sources
with different ranges of wavelengths. Following exposure to UV (390 nm) and UV-Vis radiation
(300-700 nm), the main objective is that the cotton samples become whiter and hydrophilic,
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in a procedure alternative to the conventional cleaning and bleaching processes. In this way,
a more sustainable, environmentally friendly, and less costly process that can replace
conventional methods can be obtained.

2. Materials and Methods

2.1. Chemicals and materials

The textile substrate used was 100% of raw cotton without any treatment. This textile sample
was impregnated in an aqueous suspension containing TiO, Aeroxide® P25 from Evonik
Industries. Briefly, aqueous suspensions containing different TiO» loads (0.5, 4.0, 6.0, 10 and
15 g L'!) were prepared by sonication for 30 min at 30 °C.

The impregnation was conducted by pad-dry method using a foulard (Werner Mathis AG, HVF
27291). The cotton fabric samples were padded under 3 bar pressure at speed rate of
2 m min! using the previously prepared TiO, suspensions. Finally, the TiO,-coated fabrics
were dried at 100 °C for 2 min in a thermofixation furnace (Werner Mathis AG, DHE 51991).

2.2. Fabrics characterization

The above-mentioned fabrics were characterized by their whiteness index (WI) of Berger, CIE
("CIE", n.d.). The whiteness and tone were analysed by UV-Vis spectroscopy using a
colorimeter (Spectraflash SF 450, Datacolor). Additionally, for comparison purposes, a
commercial bleached cotton sample was also analysed.

The hydrophobicity and water repellency of the coated TiO, fabrics were analysed by
measuring the cosine of the contact angle (cos 8) and wet-out time, respectively. For that, the
standard test ISO 23232:2009 (ISO 2009) was used. In the case of the water repellency tests,
3 drops (50 pL total volume of each) of standard liquid consisting of different proportions of
water and ethanol were dispersed on the fabrics for 10 seconds (Morgado 2013). The level of
repellency is established by the droplets remaining on the substrate surface.

The contact angles were examined in a goniometer Theta Basic+Attensuin, with Navitar lens.
In a typical analysis, 3 uL of water was dropped on the cotton surface, and sequential images
were recorded using a fixed camera. The measurements were performed at room
temperature (= 25 °C), and 6 repetitions were conducted at different sites of the cotton pieces.
The contact angles were calculated through the equipment software, and the resulting value
corresponded to the average value of the contact angles measured.

Diffuse Reflectance Ultraviolet-Visible Near-Infrared (UV-Vis-NIR) analyses were conducted to
verify the presence of TiO, NPs on the cotton surface by using a spectrophotometer (Cary
5000 UV-Vis-NIR) equipped with an integrated sphere. Reflectance values were acquired
between 200-1000 nm with a 1 nm interval. The measurements were performed in triplicate
for each sample.

The morphology of the TiO, coated raw cottons was evaluated by scanning electron
microscopy (SEM) using a Phenom ProX apparatus.

2.3. Photocatalytic bleaching of cotton

The bleaching of the uncoated and coated cotton samples was conducted under different
experimental conditions. Firstly, the cotton fabrics were exposed to two types of radiation
sources in the absence of water: i) Ultraviolet Light-Emitting Diode (UV-LED, Chanzon,
Amax =390 nm, 90 W m2) located 7 cm from the fabric; and ii) Ultraviolet-visible lamp (UV-Vis,
Ultra-Vitalux 300 W) with a wavelength range between 300-700 nm located 20 cm from the
cotton samples. The fabrics were exposed to light for 0, 1, 2 and 5 h. Then, the fabrics were
irradiated in the presence of water. In these experiments, distinct reaction systems were used
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depending on the radiation source. When Light Emitting Diodes (LEDs) were used as light
source, the coated and uncoated fabrics were placed in a cylindrical borosilicate reactor and
immersed in 230 mL of water, and a four-LED system (Amax of 390 nm) was placed 5 cm from
the reactor wall. The irradiation power of each LED reaching the sample was c.a. 400 W m?,
which was determined using a UV-vis spectroradiometer (USB2000+, OceanOptics, USA). By
using the UV-Vis lamp, the fabric samples were immersed into a Petri plate containing 70 mL
of water.

3. Results and Discussion

Different TiO; loads were impregnated at the surface of raw cotton in order to study its
photocatalytic efficiency for the degradation of hydrophobic compounds and natural cotton
pigments. The cotton substrates were analysed before and after exposure to different
radiation light sources.

3.1. Fabrics characterization

Raw cotton is mainly composed of a-cellulose but also contains impurities such as waxes and
pectins which give it a yellow colour and a hydrophobic nature (Hsieh 2007). This yellow colour
is essentially due to the protoplasmic residues of proteins and the flavonoid pigments of
cotton flowers (Karmakar 1999). In terms of whiteness, the raw cotton used in this study
presented a WI of 11.1 £ 0.1 on the Berger scale. Its hydrophobic nature was proved by the
water repellency test and by measuring the contact angle (134.7 + 0.5 °).

The morphology of the cotton samples was examined by SEM (Figure 1), for comparison
purposes, a SEM image of the uncoated fabric is also shown (Figure 1a).
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TiO2 suspension
As displayed in Figure 1(a), raw cotton without pre-treatments presented great amount of
impurities on its surface, as well as showed fibres which were quite aggregated and
misaligned. After impregnating the TiO2, NPs on this substrate, Figure 1(b), relative
homogeneity of the catalysts on the cotton surface was observed, despite some TiO;
aggregates.

To understand the effect of the TiO; loads, aqueous suspensions containing 0.5, 4.0, 6.0, 10
and 15 g L' of TiO2 were used during the impregnation procedure. By UV-Vis-NIR
spectroscopy, as shown by Figure 2, an enhancement in the absorption intensity with the
increase of the TiO, load was observed.
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Figure 2: Diffuse reflectance of raw cotton without NPs and with different TiO2

loads
The uncoated cotton has a specific absorbance spectra that can be observed in Figure 2
(Batool and Shah 2018; Jovic et al. 2015; Moreira et al. 2019; Zhang and Yang 2012). The UV-
Vis-NIR spectra suggest that the TiO, NPs were successfully impregnated in raw cotton,
without the need to use a crosslinking agent. It was also observed that the increasing the TiO;
concentration seems to be proportional to the intensity of the TiO; absorption band.
Through UV-Vis spectroscopy, Table 1, it was also possible to confirm the presence of TiOz on
the cotton surface and to verify the influence of using suspensions with different TiO; loads.

[TiO2] (g LY WI (Berger)

0 11.1+0.1

0.5 12.1+0.1

4.0 16.3+1.2

6.0 17.0+0.4

10 21.7+0.4

15 22.5+1.3

Table 1: Variation of WI Berger with the increase TiOz:load in the raw cotton before
irradiation

TiO; is a white pigment thus, when this material is impregnated on the fabrics’ surface it is
expected that the resulted coatings assume its white colour, with an increase in the WI Berger
values until a plateau is reached. In addition, by water repellency test, was found that, before
irradiation, raw cotton coated with TiO; NPs maintains its hydrophobic nature, for all catalyst
loads studied.

3.2. Photocatalytic results

During the photocatalytic tests, raw cotton samples coated with 0.5, 4.0 and 10 g L' of TiO2
suspensions, were exposed to the UV-Vis lamp and to the UV-LED system, in the presence or
absence of water, for 1, 2 and 5 h.

It is known that when TiO; is exposed to UV radiation, with energy (hv) equal to or higher than
its band gap, electrons are excited from the valence band to the conduction band, producing
electron/hole pairs (e'/h*). These e’/h* pairs, move to the particle surface and engage in redox
reactions, Equation 1. Positive holes react with water (H.0) producing HO® radicals, while
electrons react with oxygen (0O;) producing 0,° radicals, Equation 3 and Equation 2,
respectively. Then, the produced hydroxyl and superoxide radicals decompose the organic
compounds (ChnOmH(@2n-2m+2)) producing intermediate compounds that can be converted into
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carbon dioxide (CO,) and water, Equation 4 (Conceicdo et al. 2017; Costa et al. 2013; Daoud,
Xin, and Zhang 2005; Haji et al. 2014; Li et al. 2014; Lima et al. 2014; Montazer and Morshedi
2012; Pakdel et al. 2014a; Pakdel et al. 2014b; Pakdel, Daoud, and Wang 2013; Wu et al. 2009).

TiO, + hv > e~ + ht (1)

0,+e” >0, (2)

H,0 + h* - HO" + H* (3)

CnOmHzn_z2ms2) + HO" + 0,°” - nCO, + (n — m + 1)H,0 @)

Therefore, organic compounds present in raw cotton, namely pectins and waxes, are expected
to be degraded by exposing TiO, to UV radiation, making raw cotton whiter and more
hydrophilic (Hsieh 2007). To confirm these assumptions, the WI of cotton samples was
analysed under different reaction conditions (Figure 3).
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Figure 3: WI variation with time for samples without NPs and with 0.5,4.0and 10 g
L-1 of TiO2 in the different reaction conditions. UV-Vis lamp: (a) in the absence of
water (b) with water; UV-LED system: (c) in the absence of water, (d) with water

As previously mentioned, before irradiation (t =0 h), an increase in the TiO2 load promotes an
increase in WI Berger due to the white colour of the photocatalyst. Nevertheless, when the
coated TiO; fabrics were exposed to the photocatalytic treatment, in the absence of water,
and by using both the UV-Vis lamp and the UV-LED, a negligible variation in the WI Berger was
detected. The results displayed in Figure 3(a) and Figure 3(c), respectively, suggest that the
degradation of the organic compounds was not achieved, since the yellow colour
characteristic of the raw cotton remained after the photocatalytic treatment.

On the other hand, in the presence of water molecules and using the UV-Vis lamp, Figure 3(b),
aslight increase in the WI Berger value was observed for uncoated fabric as well for the coated
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fabric impregnated with a 0.5 g L' of TiO2 suspension. An increment of the WI Berger value
from 12.0 £+ 0.3 to 17.3 + 1.9 was observed when the fabrics were treated with 0.5 g L'! of TiO>
suspension. This enhancement was also noticed in the uncoated fabric with WI increasing
from 11.0 £ 0.4 to 20.5 + 1.4, suggesting that the presence of dissolved oxygen under light
radiation augmented the efficiency of the process by decomposing the organic compounds
attached in raw cotton samples (Ferrero, Migliavacca, and Periolatto 2016; Fynn and Dean
1951; Hon 1979; Yatagai and Zeronian 1994). When great TiO; loads were used in the coating
procedure (4.0 and 10 g L), the WI Berger did not change significantly over the reaction time.
This seems to be attributed to the existence of a surplus amount of TiO2 which blocks UV
radiation, decreasing the efficiency of the reaction (Conceicdo et al. 2017; Lima et al. 2014;
Pera-Titus et al. 2004).

When the UV-LED system was used as light source in the presence of water, Figure 3(d) after
5 h of irradiation, the fabric sample treated with 0.5 g L' of TiO2 showed the highest WI (37.2
1 2.7). This corroborate with the results found using UV lamp in presence of water, suggesting
that 0.5 g L™* of TiO; could be the optimal catalyst load for the photocatalytic degradation of
the compounds which colour cotton. For comparison purposes, the WI of a commercial
bleached cotton sample treated be conventional methods was measured, obtaining a value
of 57.8 + 0.1 on the Berge scale. Although the WI value found for the coated TiO; treated by
photocatalysis was lower than the obtained for the commercial cotton, it is expected that if
the exposure time was extended, then the WI values would be closer to those obtained using
conventional methods.

To verify the occurrence of photocatalytic degradation of the compounds which make cotton
hydrophobic, water repellency tests were carried out on the samples exposed to the different
irradiation systems, with and without water. It was found that only the use of the UV-Vis lamp
without water was efficient in the degradation of the hydrophobic compounds of raw cotton.
In this system, raw cotton with 4 g L' of TiO,, which was initially (t = 0 h) hydrophobic, became
hydrophilic after 1 h of irradiation, without being possible to measure its contact angle. The
same was found for the sample with 10 g L'™* of TiOa.

Comparing the two sources of irradiation, the results suggest that the UV-Vis lamp, which
presents different emission peaks between 300 and 700 nm, Figure 4(a), is more efficient in
the photodegradation of the hydrophobic compounds of cotton. The UV-LED system, with an
emission peak at 390 nm, Figure 4(b), proved to be efficient in the photocatalytic degradation
of the compounds that give colour to cotton. In addition, the presence of water seems to be
crucial in the degradation of compounds, promoting the photodegradation and
photooxidation of a-cellulose.

(a) Watt m? = 7,09E1 (b) Watt m™= 4,19E2
Photons cm?s™ = 1,67E16 Photons cm? s™ = 8,03E16
S -~
: :
= >
0 =
g 2
E 2
. w N |
300 400 500 600 700 300 400 500 600 700

A (nm) A (nm)
Figure 4: Emission spectra of (a) UV-Vis lamp and (b) the system of UV-LEDs
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Since no cross-linking agents were used, it would be expected that the presence of water
would cause the detachment of TiO, NPs from the surface of the cotton fibres. To verify if this
occurred in these reaction systems, SEM analysis was performed Figure 5 on the cotton
samples with 10 g L'! of TiO, which were exposed to water and irradiated with UV-Vis lamp
and UV-LEDs.

Figure 5: SEM images of raw cotton with 10 g L™ of TiO2 exposed to the (a) UV-Vis
lamp and (b) UV-LEDs irradiation under aqueous reaction medium
As displayed in Figure 5, a negligible loss of NPs was notice after the 5 h exposure to water
and using both irradiation sources. These results suggest a good stability of the coated fabrics
without requiring the addition of crosslinking agents.

4. Conclusions

The TiO2 NPs, activated with a UV-Vis lamp and UV-LEDs, proved to be efficient in the
photocatalytic degradation of the compounds which stain and confer hydrophobic nature to
cotton, such as pectins, waxes and natural pigments.

Irradiating the raw cotton treated with a suspension of 4.0 g L™ TiO,, with a UV-Vis lamp for
1 h, in dry conditions, made it possible to degrade the hydrophobic compounds, rendering it
hydrophilic.

In presence of water and the irradiation system of four UV-LEDs, it was possible to make raw
cotton three times whiter than it was initially, using a suspension of 0.5 g L'! TiO; and a
residence time of 5 h. The water medium plays a critical role in the degradation of compounds
that stain the raw cotton, since it favours the photooxidation and photodegradation of a-
cellulose, owing to the formation of a higher number of soluble radicals.

Raw cotton passed from hydrophobic to hydrophilic and became whiter, as in industrial pre-
treatments, but without using a large number of chemicals, water, and energy. It is not
necessary to use crosslinking agents since the TiO2 NPs link to the cotton fibres after
irradiation in the different reaction systems. Besides, this photocatalytic technology produces
less waste, being less harmful to the environment since TiO; is not toxic.

This investigation represents a beautiful proof of concept of an alternative to conventional
raw cotton cleaning and bleaching processes, which is more sustainable, environmentally
friendly, and presents lower operating costs.
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