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Abstract: Commercial P25 TiO, nanoparticles are widely exploited as an effi-
cient photocatalyst. In the textile domain, these nanoparticles are used for the
production of self-cleaning, highly UV protective textiles, with an antimic-
robial activity. The disposed textile products may end up in a landfill where
they are subjected to the biodegradation process. Considering the importance
of the later, this study discusses the biodegradation behaviour of cotton fabric
impregnated with commercial P25 TiO, nanoparticles. Photocatalytic activity
of TiO, nanoparticles immobilized on cotton fabric was proved by the photo-
degradation of dyes C.I. Acid Orange 7 and methylene blue in aqueous sol-
ution. Biodegradation of fabrics was assessed by soil burial test in periods of 3,
9 and 18 days. Chemical and morphological changes induced by biodegrada-
tion were analyzed by FTIR, SEM and EDS. A colour of the samples gradually
changed from white to yellow/brown due to rotting. SEM analysis revealed a
severe destruction of the control and impregnated cotton fibres after 18 days of
soil burial which was in line with visual appearance of completely damaged
fabrics. The results confirmed that biodegradation behaviour of both the
control and impregnated sample was equivalent, indicating that P25 TiO,
nanoparticles did not inhibit the biodegradation process of cellulose.

Keywords: cotton; TiO, nanoparticles; biodegradation; dye photodegradation;
UV protection.

INTRODUCTION

Various goods with immobilized metal and metal oxide nanoparticles (NPs)
can be already found on the market. Although Ag NPs are enormously exploited
due to their antimicrobial action against a wide range of microorganisms,' the
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commercialization of products with TiO, NPs should not be underestimated.
Excellent photocatalytic activity, UV protective properties, high stability and
relatively low price made them attractive for numerous applications (photovoltaic
cells, treatment of effluents, manufacturing of cosmetic products, self-cleaning
ceramics and glass, etc). These features are also utilized for manufacturing of
textiles with high UV protective, self-cleaning and antimicrobial efficiency.*®
The commercially available P25 powdered TiO, NPs (Degussa and Aeroxide) are
the most commonly consumed TiO, NPs and they can be considered as de-facto
standard titania photocatalyst.” Generally, TiO, NPs in anatase crystalline form
exhibit extraordinary photocatalytic activity. However, it has been shown that
P25 TiO, NPs possess absolutely superior photocatalytic activity, which is attri-
buted to their specific anatase/rutile crystalline structure.* The addition of rutile
significantly improves the photocatalytic activity of anatase phase.® Namely,
when anatase and rutile phase are in the close contact, photo-excited electrons
and holes are preferentially trapped in the anatase and rutile phases, inhibiting an
unfavourable electron-hole recombination.® Although the mechanism of their
action is well established, little is known on their environmental impact and
health safety at this point. These aspects gained much attention recently, but the
specific nature of NPs that highly differ from the behaviour of equivalent bulk
materials makes such research very complex and time consuming. The environ-
mental impact of NPs in general is strongly affected by their size, shape, chemi-
cal composition, surface structure and area, charge, solubility and aggregation
state'” and hence, an extensive and systematic research on the interaction of the
NPs with various ecosystems should be encouraged."'

Keeping in mind the significance of biodegradation of textile products in
post-exploitation period, we made many efforts in the last several years to learn
more on the possible influence of Ag, TiO, and TiO,/Ag NPs on biodegradation
behaviour of cotton and cotton/PET fabrics in soil.'”> ' Since the biodegradation
trends vary with a nature of the substrate and applied NPs, it is very important to
understand that some general conclusion will be drawn in the future only on the
ground of the results acquired from the plenty of individual case studies. The
reported studies so far indicated that the complexity is even larger than expected
as the temperature, the humidity and the type of soil, including the type of enz-
ymes involved, also play an important role in biodegradation processes of textiles
in the soil.""'”'® As anticipated, the results confirmed that Ag NPs in various
forms inhibit the biodegradation of cotton and cotton/PET fabrics due to out-
standing antimicrobial activity.">">'" Recently, Milo3evi¢ et al. reported that
Ag/TiO, NPs also suppress the biodegradation of cotton and cotton/PET fabrics
in the soil."” It is well established that antimicrobial activity of TiO, NPs is ini-
tiated by UV irradiation. Therefore, it was surprising that cotton fabrics loaded
with colloidal TiO, NPs synthesized by acidic hydrolysis of TiCl, hindered the
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biodegradation process, which was carried out in the dark.'* The latest study
pointed out that the biodegradation behaviour of the cotton fabric corona pre-
treated and impregnated with the same TiO, NPs insignificantly differed from the
control sample.'®

To our knowledge, a biodegradation behaviour of cotton fabrics loaded with
P25 TiO, NPs, which are dominant in textile nanocomposites studied in literature
and commercial textile products, has not been reported yet. Therefore, the aim of
this study was to consider their influence on biodegradation of cotton fabric in
soil by the standard soil burial test. Chemical and morphological changes were
assessed by FTIR and SEM, respectively. As already mentioned, P25 TiO, NPs
impart photocatalytic and UV protective properties to textile materials. In order
to demonstrate that TiO, NPs in applied concentrations are truly efficient from
that point of view, UV protection efficiency and discoloration of selected textile
dyes (C.I. Acid Orange 7 and methylene blue) from aqueous solution were also
evaluated.

EXPERIMENTAL
Materials and methods

Desized and bleached cotton (CO) woven fabric (117.5 g/m’, 52 picks/cm, 27 ends/cm,
thickness of 0.26 mm) was kindly supplied by the Slovenian textile company Tekstina d.d.
Ajdovscina (Ajdovséina, Slovenia). The samples were cleaned from impurities before the
impregnation with Aeroxide P25 TiO, NPs in a manner described elsewhere."’

CO fabric was dipped into 0.1 M dispersion of TiO, NPs (liquor to fabric ratio 20:1) for
5 min and after squeezing at a pressure of 2 kg/cm’, it was dried at room temperature. Dry
fabric was rinsed twice (5 min) with deionised water and dried again at room temperature.
This fabric is denoted as a CO+TiO,.

The UV protection factor (UPF value) of the control and impregnated CO fabrics was
measured by UV/Vis spectrophotometer Cary 100 Scan (Varian). The UV protection factor
(UPF) was automatically calculated based on recorded data in accordance with Australia/New
Zealand standard AS/NZS 4399:1996 using a Startek UV fabric protection application soft-
ware, version 3.0 (Startek Technology).

Photocatalytic activity of TiO, NPs deposited onto CO fabric was studied by measuring
the removal of dyes C.I. Acid Orange 7 (AO7) and methylene blue (MB) from aqueous sol-
ution under UV illumination (Ultra-Vitalux lamp, 300 W, Osram). A 0.5 g of the CO fabric
was dipped into 25 mL of AO7 and MB solutions (10 mg/L) and illuminated for 30, 60, 90,
120, 180, 240, 300, 360 and 1440 min. The AO7 and MB concentrations were calculated
based on spectrophotometric measurements (UV/Vis spectrophotometer Cary 100 Scan,
Varian) at A, of 664 and 484 nm, respectively.

Biodegradation of the CO and the CO+TiO, fabrics was accomplished by a soil burial
test according to ISO 11721-1:2001 and ISO 11721: 2003 standards. In this standard proce-
dure, a container was filled with commercial grade compost. The water content of the soil was
60+5 % of its maximum moisture retention capacity. It was held constant during the expe-
riment by spraying with water. The pH of the soil was between 4.0 and 7.5. The samples were
buried in the soil for 3, 9 and 18 days. After certain incubation times, the samples were rem-
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oved from the soil and rinsed with running tap water. Afterwards, they were immersed in
70 % ethanol for 30 min and dried at room temperature.

The presence of TiO, NPs on the surface of the CO fibres after impregnation was det-
ected by field emission scanning electron microscopy (FESEM, Tescan Mira3 FEG). In
addition, energy-dispersive X-Ray spectroscopy (EDS) of the fibres was performed using a
JEOL JSM 5800 SEM with a SiLi X-Ray detector (Oxford Link Isis series 300, UK). Mor-
phological changes of CO and CO+TiO, fabrics induced by the biodegradation process after
3, 9 and 18 days of exposure to the soil microflora were analyzed by JEOL JSM 5610 and
6060 LV scanning electron microscope equipped with EDS. The samples were coated with a
thin layer of Au before the analysis.

The wettability of CO and CO+TiO, fabrics was studied using a thin-layer wicking test
of wettability (TLW) which was carried out in the horizontal direction according to Chib-
owski and Gonzales-Caballero.”

Fourier-transform infrared (FTIR) spectra were obtained by a Spectrum GX I spectro-
photometer (Perkin Elmer, Great Britain) equipped with an attenuated total reflection (ATR)
cell and a diamond crystal (n = 2.0). The spectra were recorded over a range of 4000 to 600
cm’' using 32 scans at a resolution of 4 cm’.

RESULTS AND DISCUSSION

A successful impregnation of CO fabric with P25 TiO, NPs was confirmed
by FESEM and EDS analyses. Large amounts of agglomerated TiO, NPs across
the surface of CO fibre can be seen in FESEM image (Fig. 1a). Peaks corres-
ponding to Ti are also visible in EDS spectrum of the CO+TiO, fabric which is
presented in Fig. 1b.

Fig. 1. FESEM image (a) and EDS spectrum (b) of the CO+TiO, fiber.

The influence of TiO, NPs on the wickability of the impregnated CO fabric
was evaluated on the basis of the results obtained by TLW measurements. The
time at which the water penetrated a certain distance was plotted as a function of
the wetted surface and the results are presented in the Fig. 2. Apparently, the
impregnation of CO fabric with TiO, NPs resulted in decreased wickability. The
rate of thin-layer wicking of water into the CO+TiO, fabric was slower compared
to the control CO fabric. Taking into account that wickability and wettability are
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closely related,”’ the obtained results indicate that TiO, NPs created the hydro-
phobic effect. Such finding is in a good correlation with literature data.'*'**
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Fig. 2. Rate (x*/¢) of thin-layer wicking of water into CO and CO+TiO, fabrics.

Growing depletion of ozone layer requires adequate UV protection which
can be utilized with TiO, NPs due to their ability to absorb UV irradiation. The
UV protection of textiles is commonly expressed as UV protection factor (UPF)
or UPF rating. It is recommended that UPF rating for garments should not be less
than 40 to 50+. In this study, the UPF values of CO and CO+TiO, fabrics were
5.24+0.21 and 83.79+12.32, respectively. The UPF rating of only 5 in the case of
CO fabric means that it does not provide UV protection. In contrast, the impreg-
nated fabric ensured maximum UPF rating of 50+.

The photocatalytic activity of TiO, NPs immobilized onto CO fabric was
evaluated by monitoring the discoloration of aqueous solutions of dyes AO7 and
MB under the lamp which simulated the sunlight. The dependence of c/cy vs.
time of illumination for the CO and the CO+TiO, fabrics is shown in Fig. 3. Fig.
3a reveals that the control CO fabric caused the removal of AO7 dye by approx-
imately 10 % after 24 h of exposure to illumination. On the other hand, MB was
almost completely removed from the solution in the same period. Such results are
attributed to the absorption of dyes which was more prominent in the case of MB
as it is cationic dye. The photographs of the CO and the CO+TiO, fabric samples
after the repeated illumination cycles (Fig S-1, Supplementary material to this
paper) proved that photodegradation did not occur in the presence of CO fabric.
It is evident that both CO samples were orange/blue coloured after 24 h of illu-
mination. In contrast, CO+TiO, fabric remained white, independently of inves-
tigated dye, which indicates the photodegradation of both AO7 and MB dyes.
The AO7 dye was totally removed from the solution after 3.5 h, while in the case
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of the MB dye, the complete discoloration of the solution occurred after 3 h. The
obtained results confirmed that the amount of deposited TiO, NPs was sufficient
for the efficient removal of AO7 and MB dyes from aqueous solutions.
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In order to examine the durability of photocatalytic activity of TiO, NPs in
the impregnated CO+TiO, fabric, the discoloration procedure was repeated two
more times under the same experimental conditions. The changes in relative AO7
and MB concentrations after repeated illumination cycles for the CO+TiO, fabric
are presented as insets in Fig. 3. Obviously, the CO+TiO, fabric preserved
excellent photocatalytic activity in repeated cycles, but its efficiency slightly dec-
reased for the AO7 dye though it can be still considered as satisfactory. Such
results demonstrate that the CO+TiO, fabric is stable and it could be exploited
several times.

Biodegradation of the CO and the CO+TiO, fabrics was evaluated by the
soil burial test. CO fabrics consist of cellulosic fibers that are prone to action of
bacteria and fungi during the biodegradation process. The photographs of the CO
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and the CO+TiO, fabrics before and after 3, 9 and 18 days of soil burial are
shown in Fig. 4. Apparently, there is no significant difference in appearance
between the control and impregnated fabric. The yellowish/brown colour of both
samples appeared already after 3 days spent in soil. The prolongation of incub-
ation time in soil led to a further darkening of the samples due to severe rotting.
It can be also noticed that both fabrics lost their form after 18 days of soil burial,
i.e., they were disintegrated into pieces. Such macroscopic, visually detectable
changes are caused by the changes in fibre morphology, crystallinity and chem-
ical structure.

Days co CO+TiO:

18

Fig. 4. Photographs of the CO and the CO+TiO, fabrics before and after 3, 9 and 18 days of
soil burial.

Morphology of CO and CO+TiO, fibres before burial and after excavation
from the soil after 3, 9 and 18 days were assessed by SEM analysis (Fig. 5). On
the other hand, EDS analysis provided the data on the surface elemental
composition of the CO+TiO, fibres before and after the soil burial test (Fig. S-2
of the Supplementary material).
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Fig. 5. SEM images of the CO and the CO+TiO, fabrics before and after 9 and 18 days of soil
burial.

The indications of fibres damage were apparent already after 3 days of bur-
ial. Deep cracks can be observed on both CO and CO+TiO, fibres. The damage
was slightly more pronounced on the CO fibres indicating higher biodegradation
rate. As expected, further prolongation of burial time brought about more severe
fibre destruction which is in line with the photos shown in Fig. 4 and previous
results.'® The presence of considerable fibre defibrillation was also reported by
MiloSevié ef al. and Primc et al.">* The SEM images of the CO+TiO, fibres
reveal considerable decrease in amounts of deposited TiO, NPs with a burial
time, which implies the leaching of TiO, NPs into the soil environment. On the
other hand, the EDS results showed that Ti was detected on the CO+TiO, fibre
surface even after 18 days of burial. It is clear that both the CO and the CO+TiO,
fibres underwent the equivalent destruction. This indicates that TiO, NPs did not
affect the biodegradation process.
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It is generally accepted that TiO, NPs exhibit antimicrobial activity when
they are exposed to UV light. However, some studies indicated that TiO, NPs can
interact with bacteria even in the absence of UV light>** Lazi¢ et al. also
demonstrated that CO fabric impregnated with 0.1 M colloid of anatase TiO, NPs
(with significantly smaller dimensions than currently applied P25 TiO, NPs)
which were synthesized by acidic hydrolysis of TiCly, exhibited similar biodeg-
radation behaviour as the control sample within 20 days of testing.'* However,
unlike in the current study, the former samples were not destroyed within this
time interval and impregnated sample in the following weeks showed a resistivity
towards biodegradation. This collision in the results implies that the structure,
size and shape of TiO, NPs may highly influence their behaviour in soil. On the
other hand, weaker degradation is attributed to lower temperature and humidity,
as well as to different soil type in previous study. Commonly, microorganisms in
soil are more active at elevated temperature and humidity. So far reported results
undoubtedly convinced us that these parameters are extremely important in bio-
degradation process.'*'* It is suggested that cuticle layer of the CO fiber is dig-
ested first.”® The action of various microorganisms is supposed to be different.
Fungi penetrate through the second wall until they reach fibre lumen where they
grow. In fact, mycelium grows towards the fibre wall secreting the enzymes
which cause the degradation.”® In contrast, the action of bacteria is oriented in
opposite direction: from the fibre surface towards fibre interior. TomsSi¢ et al.
assumed that fungi play the main role in biodegradation of cellulose fibres since
bacteria need medium with larger moisture.'® In other words, CO fabric should
be saturated throughout the whole biodegradation process.

The chemical changes induced by biodegradation were examined by FTIR
analysis. The FTIR spectra of CO and CO+TiO, samples before and after 3, 9
and 18 days of soil burial are presented in Fig. 6. The characteristic absorption
bands for cellulosic fibres can be clearly read from these spectra and they were
discussed in detail in our previous work.'>'® The emergence of intensive absorpt-
ion bands at 1641 and 1535 cm™' corresponding to amide I and II in excavated
samples are attributed to secondary amides originating from the proteins that
were produced during the growth of microorganisms and they remain irreversibly
bound to the fibres.'>'® The intensity of these bands gradually increased with a
prolongation of the burial time for both the CO and the CO+TiO, samples. The
clear presence of these bands in the CO+TiO, fabric revealed that TiO, NPs did
not significantly affect the biodegradation process in soil. Since the existence of
these bands was reported and discussed in many studies so far, they can be
adopted as an indicator of microbial growth and thus, the degree of fibre det-
erioration,'>!*!316:3

Rough conclusions on the alterations in crystallinity of cellulose caused by
biodegradation process can be drawn also on the basis of FTIR measurements.
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The degree of crystallinity is commonly expressed as a crystallinity index (/). In
accordance with methods proposed by O’Connor et al., Nelson and O’Connor,
and Hulleman et al. in the current study, /x was determined from the proportion
of intensity of absorption bands at 1429 (CH, bending) and 893 cm™' (C-O
stretching), at 1372 (vibration of C—H group of cellulose ring) and 2900 cm
(C-H stretching) as well as at 1280 (C—H bending) and 1200 cm™' (—OH bend-
ing)’”*. The I, changes of cellulose in the CO and the CO+TiO, fabrics caused
by biodegradation after 3, 9 and 18 days of soil burial are presented in Fig. 7.
Evidently, the degree of crystallinity increased within 18 days of soil burial for
both samples. Such finding is attributed to initial attack of amorphous fibre regions
by microorganisms.'>'® It is believed that further exposure to the action of mic-
roorganisms would result in deterioration of both amorphous and crystalline
regions of the fibre.'® Obtained results are in accordance with the reported data.'®
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Fig. 6. FTIR spectra of the CO and the CO+TiO, fabrics before and after 3, 9 and 18 days of
soil burial.
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CONCLUSION

The commercial P25 TiO, nanoparticles present on the fibres of the impreg-
nated cotton fabric decreased the fabric wickability, provided maximum UPF
rating and excellent photocatalytic activity.

After 18 days of soil burial, both the control cotton fabric and impregnated
fabric were disintegrated into pieces. The observed defibrillation and degradation
of the control and impregnated fibres during the biodegradation in the soil envi-
ronment showed that presence of the P25 TiO, nanoparticles did not significantly
influence the biodegradation process. Furthermore, the detected amide groups
from the generated proteins and increased crystallinity index with a prolonged
burial time, for both the control and impregnated fabrics, suggested that TiO,
nanoparticles did not obstruct the growth of the microorganisms. Obtained results
clearly demonstrated that P25 TiO, nanoparticles did not hinder the biodegrad-
ation of cotton fabric which is very beneficial from the environmental standpoint.
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http://www.shd.org.rs/JSCS/, or from the corresponding author on request.
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U3BOJ
BUOIETPATAIINJA IIAMYUYHE TKAHUHE UMITPETHUPAHE HAHOYECTUIIAMA TiO:

IIAPKA MAPKOBUR', JETEHA BACUJBEBUR?, BRIGITA TOMSIC?, BARBARA GOLJA?, BARBARA SIMONCIC?
u MAJA PAJIETUR®

1YHueep3umeu7 y Beoipagy, Hnosauyuonu yenitiap TexHonowxo—metianypwxol paxynitemia, KapHeiujesa 4,
11120 Beoipag, *Faculty of Natural Sciences and Engineering, University of Ljubljana; ASkerceva cesta 12,
Ljubljana, Slovenia u *Ynusep3uiteii y Beoipagy, Texnonouxo—meianypuisu paxyninei, Kapueiujesa 4,

11120 Beoipag

Komepuujanne HaHovyectrue P25 TiO: ce mupoko ynorpedibaBajy kao KaTaausaTop. Y
00/1aCTH TEKCTUIA CE OBE YECTHLE UECTO KOPUCTE y NPOU3BOAKBU caMovucTeher TekcTuna ca
YB 3amITUTOM W aHTUMHUKPOOHOM akTuBHOIIhy. OndaueHu TeKCTUIHHU MPOU3BOJU MOTY 3aBp-
IIUTH Ha JEeTIOHHjaMa IIe Jojasy A0 BUX0Be duoperpaganyje. Ysumajyhu oso y od3up, y pany
jé AWCKYTOBaHO NOHAllake MaMyyHe TKaHWHE MMIIperHupaHe KOMepLHjaJHUM HaHOuec-
tulama P25 TiO: npunukom mpoueca duoperpagauuje. PoTokaTaluTHYKa aKTUBHOCT HaHO-
yecruna TiOz uModurcaHUX Ha NaMYyYHO] TKAaHWHU je okasaHa nmpaheweM goTtonerpasanyje
BozeHor pacteopa doja C.I. Acid Orange 7 U MeTWIEHCKO IUIaBo. buonerpanaudja mamydse
TKaHUHE je UCTIMTaHa METOLOM 3aKOllaBama Y 3eMJby Ha nepuop ox 3, 9 unu 18 nana. Xemuj-
cke ¥ Mopdorollke IpoOMeHe HacTase ycien duomerpagaudje Mmarepujana cy ucrnurade FTIR,
SEM un EDS ananusom. boja y3opaka ce mpoMmeHuna U3 dene y KyTo/dpaoH ycien mporueca
Tpy/bera. SEM aHanu3a je ykasana Ha U3pakeHo omTeheme KOHTPOIHOT Y30pKa U UMIIPETHH-
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PaHMX BlaKkaHa HakoH 18 maHa cTajama y 3eMJbH, LITO je Y CKIAZY Ca M3ITIeNOM PacHagHyTHX
TkaHMHa. Takohe je yrBpheHo ma nmpucyctBo HaHouectuna P25 TiO, HeMa HeraTHUBaH yTHILIAj
Ha CoCcodHOCT droperpaganyje naMmy4qHe TKaHUHE.
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