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ABSTRACT Innovative pretreatment by UVC light (185 nm) and by radio-frequency (RF) plasma at atmospheric pressure to
functionalize the Nylon surface, increasing its bondability toward TiO,, is reported in this study. In the case of UVC light pretreatment
in air, the molar absorption coefficient of O,/N, at 185 nm is very low and the air in the chamber absorbs very little light from the
UVC source before reaching the Nylon sample. Nylon fabrics under RF plasma were also functionalized at atmospheric pressure
because of the marked heating effect introduced in the Nylon by the RF plasma. This effect leads to intermolecular bond breaking
and oxygenated surface groups in the topmost Nylon layers. Both pretreatments enhanced significantly the photocatalytic discoloration
of the red-wine stain in Nylon—TiO, compared with samples without pretreatment. The UVC and RF methods in the absence of
vacuum imply a considerable cost reduction to functionalize textile surfaces, suggesting a potential industrial application. Red-wine-
stain discoloration under simulated sunlight was monitored quantitatively by diffuse-reflectance spectroscopy and by CO, evolution.
X-ray photoelectron spectroscopy (XPS) was used to monitor the changes of the C, N, and S species on the Nylon topmost layers
during the discoloration process. Significant changes in the XPS spectra of Ti 2p peaks were observed during discoloration of the
wine spots. Wine stains attenuated the signal of the Ti 2p (458.4 eV) peak in the Nylon—TiO,-stained wine sample at time zero (from
now on, the time before the discoloration process). Furthermore, a decrease of the wine-related O 1s signal at 529.7 eV and N 1s
signal at 399.5 eV was observed during the discoloration process, indicating an efficient catalytic decomposition of the wine pigment
on Nylon—TiO,. X-ray diffraction detected the formation of anatase on the Nylon fibers. High-resolution transmission electron

microscopy shows the formation of anatase particles with sizes between 8 and 20 nm.
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1. INTRODUCTION

he development of fabrics with self-cleaning proper-

ties is a recent area of research with a wide potential

use in the textile industry (1—10). Furthermore, TiO,-
coated fabrics have been applied in pollutant degradation
and bacterial inactivation (11—13). Recently, Kiwi and co-
workers have reported self-cleaning activity for a variety of
fabrics on different stains (3—5, 9). The pretreatment of
fibers by radio-frequency (RF) plasma, molecular weight
(MW) plasma, and vacuum-UV (V-UV) radiation, leading to
the formation of surface bonding/chelating groups able to
bind TiO,, is the focus of these studies. Daoud et al. have
also reported the pretreatment of polyester fibers using low-
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temperature RF plasma in the pretreatment cavity to prepare
self-cleaning textiles (2).

Nylon is an artificial fiber widely used in the textile
industry. Global Nylon production was 4.37 million tons in
2007 (14—16). Asia accounts for 43% of the total world
output, while North America accounts for only about 30 %.
Western Europe and Middle East are at a very distant third
and fourth, comprising 13% and 3 % respectively.

We report here the innovative surface treatment of Nylon
under atmospheric pressure, leading to the discoloration of
the pigments in the red-wine stains for (a) Nylon pretreated
by RF plasma and (b) Nylon pretreated by UVC (185 nm)
light. We describe in this study the details of the discoloration
process and suggest a possible discoloration mechanism.
The red wine contains several hundred pigments, but its self-
cleaning proceeds under solar light in a relatively fast, almost
complete and reproducible way. This is the reason why we
have chosen this probe in this study. RF-plasma treatment
of surfaces is traditionally carried out under vacuum. The
findings of RF plasma and UVC at atmospheric pressure for
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the pretreatment of fibers may have an application in the
production of TiO,-modified textiles, avoiding the expensive
vacuum of the traditional pretreatments.

2. EXPERIMENTAL SECTION

2.1. Materials. The Nylon samples were provided by Medel-
lin textile industry. The finished Nylon had the additives neces-
sary for ready use. The fabric spun was processed to a lubricated
and cohesive yarn (17, 18).

2.2. TiO, Colloidal Synthesis. Titanium isopropoxide (97 %,
Aldrich Chemical Co.) was added dropwise to a 0.1 M nitric acid
solution (125—750 mL) under vigorous stirring. A white slurry
formed, and this slurry was heated to 80 °C and stirred for 3 h
to achieve peptization (i.e., destruction of the agglomerates into
primary particles with a decrease of the size). The solution was
then filtered through a glass frit to remove nonpeptized ag-
glomerates. Hydrothermal treatment of the solution in an
autoclave was carried out for 12 hat 250 °C to grow the primary
nanoparticles. Sedimentation occurred during the autoclaving,
and the particles were redispersed by two consecutive sonica-
tions. Then the colloidal suspension was introduced in a rotary
evaporator at 35 °C and 3 MPa and brought to a TiO, concen-
tration of 11 % (w/w).

2.3. Pretreatment of Nylon Fabrics by RF Plasma. The
molecular structure of Nylon-6,6 is [—(NHCO)(CH,)4(CONH)-
(CH»)6—] and is a polyamide fiber made by the condensation
of hexamethylenediamine NH,(CH,)¢NH, (a diamine with six
C atoms) and adipic acid HOOC(CH,)4sCOOH (a dicarboxylic acid
with six C atoms). The Nylon fabrics were used as a support for
TiO, because of their good flexibility, large surface, and good
absorbing power. Nylon fabrics were washed twice with deter-
gent and water for the removal of impurities and natural grease
before pretreatment in a RF-plasma cavity (Harrick Scientific
Corp., Pleasantville, NY; 13.56 MHz, power 100 W) for 5, 10,
and 30 min at 0.1 mbar and atmospheric pressure.

Generally, for RF-plasma formation, low pressures are needed
to enhance the capture length of the electrons generated in the
electric field having a higher ionization potential than that of
the gas. This condition allows the plasma discharge to occur in
the reactor cavity. However, without vacuum as in our experi-
ments conducted at the low RF-plasma power of 100 W, the
RF pretreatment was only able to heat the Nylon, breaking
intermolecular bonds (hydrogen bonds) and partially segment-
ing the textile fibers (19). This introduces functional groups
C—07, —COO7, and —O—0O" on the Nylon surface in the
presence of O(air), enabling the attachment of TiO, on the
Nylon by (a) exchange/impregnation (20). The nanocrystals of
TiO, bind to the Nylon by exchange with the slightly positive
Ti*" of TiO, through electrostatic attraction/chelation with the
—CO0?*", —0—0° negative surface groups and (b) with the
introduction of additional N—H bonds, along with amine/amide-
like groups made available by the local heating on the Nylon
structure (21).

2.4. Pretreatment of Nylon Fabrics by V-UVC. The textile
polymer surface was also functionalized by UVC irradiation
using the 185 nm line (6 W) from a 25 W (254 nm + 185 nm
light) low-pressure Hg lamp (Ebara Corp., Tokyo, Japan).

RF plasma at low pressure (0.1—10 Torr) in the presence of
0, gas gdenerates anions and cations (O~ and O™), radicals,
excited O* sates, molecular ions, and high-energy electrons in
a system that is not in equilibrium. However, UVC activation
having a lower energy than that of the RF plasma does not lead
to cationic or anionic oxygen species, and only atomic (O) and
excited oxygen (O*) species are formed by using 185 nm light.
The radiant energy at 185 nm is below 241 nm (495 KJ/mol),
the energy required for the reaction O, —20* (22). The absence
of cationic or anionic oxygen leads to a more uniform distribu-
tion in the activated sites on the Nylon. This, in turn, was seen
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Scheme 1. Cylindrical Pyrex Photoreactor Provided
with a Septum To Monitor the CO, Produced during
the Discoloration of Stains
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to lead to a more uniform TiO; layer of the textile surfaces, as
found by high-resolution transmission electron microscopy
(HRTEM) and described in section 3.7.

In the UVC cavity, the distance between the Nylon samples
and the cylindrical UVC light was ~3 mm. The O, cross section
is 1072° cm?, and the molar absorption coefficient €o,(185 nm)
~ 2.6 M 'cm™!' (22). The cross section of N, is about 10 times
smaller than that for O, at this wavelength. Therefore, ey,(185
nm) would negligible. At 185 nm, the extinction coefficients of
0O, and N, are so low that practically no UVC radiation is lost in
the optical pathway between the light source and the Nylon
sample even at atmospheric pressures.

2.5. Nylon Used as a Support for TiO,. Coating of TiO,.
After functionalization of the textile surfaces by both RF-plasma
and UVC pretreatment, the fabrics were immersed in TiO,
colloidal solutions and impregnated/exchanged for 30 min.
Afterward, the samples were dried in two steps: (a) first in air
for 24 h at room temperature and (b) then by heating at 100
°C for 15 min. The samples were immersed immediately after
pretreatment because the functional groups introduced at the
fabric surface deactivate with time by reacting with the humidity
and O, of the air (3). The samples were then washed with
distilled water to remove TiO, particles that did not attach to
the Nylon surface.

2.6. Evaluation of the Nylon Self-Cleaning through CO,
Evolution. The photochemical reactors consisted of 50 mL
cylindrical Pyrex flasks containing strips of TiO,-coated textiles
(9 cm?) positioned immediately behind the reactor wall (Scheme
1). The red-wine stains were introduced on the Nylon fabric
using a 70 uL microsyringe. The irradiation of the samples was
carried out in a Suntest solar simulator CPS (Atlas GmbH)
equipped with a Xe lamp (830 W). The solar cavity has a spectral
distribution with 0.5 % of the photons at wavelengths <300 nm
and 7% between 300 and 400 nm. The emission spectrum
between 400 and 800 nm followed the solar spectrum. The
internal walls of the Suntest were of Al reflective material to
conduct all of the lamp irradiation to the Pyrex vessels. The CO,
produced during irradiation was measured in a gas chromato-
graph (Carlo Erba, Milano, Italy) provided with a Poropak S

column.
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(a) (b) (©) (d)
FIGURE 1. Discoloration of wine stains on Nylon—TiO,: pretreated
by RF atmospheric pressure for 30 min (a) before and (b) after 24 h
of Suntest irradiation and pretreated by UVC in vacuum for 30 min
(c) before and (d) after 24 h of Suntest irradiation.
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Table 1. Surface Atomic Concentration in % Nylon Determined by XPS

O N C
sample O 530 531 532 533 Ti Tipos N 3995 401.5 C 284.6 285.8 287.6 2887 S Si K

nylon ref 12.23 2042 42.9 36.68 0 3.66 100.00 83.69 76.25 14.58 6.45 274 O 0.4
nylon + TiO, (t = 0) 18.75 19.7 53.27 34.27 10.76 1.71 458.41 4.86 100.00 74.68 60.8 268 6.17 569 0

nylon + TiO, + wine (t = 0) 24.29 0.95 17.51 53.18 28.37 0.16 458.52 1.90 68.19 31.81 72.92 50.9 42.18 436 2.55 0.33 0.1 0.28
nylon + TiO, + wine (t =3 h) 23.65 6.77 22.69 51.55 19.00 0.58 458.42 2.09 57.00 43.00 73.15 54.62 37.83 4.10 3.45 0.25 0.27
nylon + TiO, + wine (t =6 h) 26.24 11.75 25.76 48.93 13.56 1.47 458.41 2.27 5546 44.54 69.46 59.61 28.67 9.39 2.12 0.21 0.36
nylon + TiO, + wine (¢t = 24 h) 26.04 8.14 29.61 49.00 13.26 0.85 458.43 2.48 66.17 33.83 69.88 54.78 34.75 4.26 6.20 0.27 0.49

2.7. X-ray Photoelectron Spectroscopy (XPS). An AXIS
NOVA photoelectron spectrometer (Kratos Analytical, Manches-
ter, U.K.) equipped with a monochromatic Al Ka (hv = 1486.6
eV) anode was used in the study. The kinetic energy of the
photoelectrons was determined with the hemispheric analyzer
set to a pass energy of 160 eV for wide-scan spectra and 20 eV
for the case of HRTEM spectra. The electrostatic charge effect
of the sample was overcompensated for by means of the low-
energy electron source working in combination with a magnetic
immersion lens. The C s line with its position at 284.6 eV was
used as a reference to correct the charging effect. Quantitative
elemental compositions were determined from peak areas
using experimentally determined sensitivity factors and a
spectrometer transmission function. The spectrum background
was subtracted according to Shirley (23). The HRTEM spectra
were analyzed by means of spectral deconvolution software
(Vision 2, Kratos Analytical, London, U.K.) (24).

2.8. Diffuse-Reflectance Spectroscopy (DRS). DRS spectra
were measured using a Cary 5 UV—vis—near-IR spectropho-
tometer equipped with an integration sphere. Measurements
were carried out on 2.5 x 2.5 cm size samples.

2.9. X-ray Diffraction (XRD) Measurements of Nylon—
TiO,. The crystallinity and phase of TiO, loaded on the fabric
surface were studied with a Siemens X-ray diffractometer using
Cu Ka radiation.

2.10. HRTEM of Nylon—TiO, Samples. A Philips CM 300
(field-emission gun, 300 kV, 0.17 nm resolution) high-resolution
transmission electron microscope and a Philips EM 430 (300
KV, LaBg, 0.23 nm resolution) were used to measure the particle
sizes of the TiO; cluster coatings on the Nylon. The textiles were
embedded in an epoxy resin (Embed 812), and the fabrics were
cross-sectioned with an ultramicrotome (Ultracut E) to a thin

section of 50—70 nm. Magnification from about 3000x to
41 000x was used to characterize the samples and determine
the TiO, cluster size.

2.11. X-ray Fluorescence Determination of the Ti
Content on the Nylon Surface. The Ti content on Nylon fabrics
was evaluated by X-ray fluorescence in a PANalytical PW2400,
RFX spectrometer. In this technique, each element emits an
X-ray of a certain wavelength associated with its particular
atomic number. The Nylon fabric before coating showed 0.36 %
(w/w) Ti because of TiO, added during the Nylon manufacturing
process. The Ti content of the Nylon samples pretreated by RF
and loaded as described in section 2.5 was ~0.99 £ 0.01 %
(w/w) and was conserved throughout the discoloration process.

3. RESULTS AND DISCUSSION

3.1. Discoloration of Red-Wine Stains on
TiO,-Coated Nylon Fabrics. Parts a and b and parts ¢
and d of Figure 1 show the red-wine-stain disappearance on
pretreated Nylon by RF and UV before the reaction and after
24 h of Suntest irradiation. The samples pretreated by RF
show a higher degree of discoloration than the samples
pretreated by UV.

3.2. XPS of TiO,-Loaded Nylon within the
Wine-Stain Photodegradation Time. Table 1 shows
avalue of 1.71 % for the Ti content for Nylon—TiO, at time
zero (before the reaction). This value decreases after wine
is added, covers the Nylon topmost layers, and regains the
initial value after 6 h, when TiO, appears again on the Nylon

Cls
'd
284.6
Nylon + TiO,
b
20 E sh B 532 B s

Binding Energy (V) Binding Energy (6V)
(@) (b)

FIGURE 2. XPS spectra of Nylon fabric showing (a) the C 1s peak and (b) the O 1s peak.
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FIGURE 3. XPS spectra of N 1s peaks of (a) Nylon fabric and (b)
Nylon—TiO, without wine at 0 h and wine-stained under Suntest
light at (c) 0 h, (d) 3 h, (e) 6 h, (f) and 24 h.

surface after wine discoloration. The lower value after 24 h
is lower because of the inhomogeneous TiO,—nanoparticle
coverage of the Nylon surface on the different samples. The
C content of the topmost layers decreases because of two
factors: (a) upon addition of the red wine at time zero and
(b) during the subsequent discoloration time because of
mineralization of the wine spot added. The O content values
increase at time zero when TiO, is added to the Nylon
sample because of the O content of TiO,, and the S content
due to the wine addition is seen to partially decrease during
the discoloration time. The N content of the Nylon polyamide
decreases after the addition of wine at time zero and regains
a concentration close to the initial one after 24 h when the
red wine has been partially eliminated.

Figure 2a shows the characteristic XPS C 1s peaks at
284.6, 285.8, 287.5, and 288.7 eV due to the presence of
C—C, CNH(C=0), C=0, and NC=0 (25—28). This is consis-
tent with the elements found in the formulation of Nylon as
stated in section 2.3. The O 1s peak for the Nylon surface
alone is seen in Figure 2b at 532.1 eV. For the TiO,-coated
Nylon, the O 1s peak is observed with a binding energy (BE)
of 529.8 eV due to the formation of the O—Ti*" species
(29, 30) on the Nylon surface. The N 1s peak at 529.8 eV of
the amine group RNHj is also shown in Figure 2b (26).

Figure 3 presents the dynamic of the topmost-layer N
peaks at different times within the 24 h discoloration time.
The N peak for the higher N 1s component at 401.5 eV
appears after the addition of wine (Figure 5¢). This signal is
assigned to quaternary N from the flavin pigment, found in
red wine (31—34). The main N peak at 399.5 eV in
Nylon—TiO; is almost constant.
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FIGURE 4. XPS spectra of Ti 2p peaks of (a) Nylon—TiO, without wine
at 0 h and of wine-stained Nylon under Suntest light for (b) 0 h, (c)
3 h, (d) 6 h, (e) and 24 h.
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FIGURE 5. XPS spectra of O 1s peaks of (a) Nylon fabric and (b)
Nylon—TiO, without wine at 0 h and of wine-stained Nylon—TiO,
under Suntest light at (c) 0 h, (d) 3 h, (e) 6 h, (f) and 24 h.

A deposit of about 2% TiO, was found on the Nylon
surface after TiO, coating (Ti 2p at 458.4 eV), lowering in
Figure 4 other XPS signals from the Nylon. The addition of
a wine spot attenuates the signal from the Nylon—TiO,
sample at time zero, as seen in the lower peak at 458.4 eV
in Figure 4. During the course of photodiscoloration, the
removal of the wine spot is shown in Table 1 by a decrease
of the surface C on the Nylon topmost layers. Figure 4 shows
that, after 3 and 6 h, the Ti 2p signals again reached the
initial intensity.

Figures 5 and 6 show by inspection of the XPS lines of C
1s, O 1s, and S 2p that wine spot removal during discolora-
tion presents the following features: (a) The C 1s line in
Figure 6 presents a higher intensity ratio between the peak

IEENAPPLIED MATERIALS 2193

XINTERFACES




Cls

2846

\
—

~-J
=}

\\\\\\\ N,

\‘oo

24 h

| 0h
= Nylon +TiO
AL Nylon
2% 280 276

Binding Energy (eV)

FIGURE 6. XPS spectra of C 1s peaks of (a) Nylon fabric and (b)
Nylon—TiO, without wine at 0 h and of wine-stained Nylon—TiO,
under Suntest light at (c) 0 h, (d) 3 h, (e) 6 h, (f) and 24 h.

components at 285.8 eV (C—0) and 284.6 eV (C—C) with
reaction time. More oxidized C intermediates were observed
on the Nylon as the reaction progresses. (b) The value of the
O 1s component at 285.8 €V increases when the wine stain
is added (see Table 1). (c) The S 2p line in the XPS spectrum
(not shown) at zero reaction time shows two S components
at 168.0 eV of SO,*~ groups and at 163.5 eV characteristic
of the S*~ molecular group. The sulfide (S*7) was oxidized
during discoloration to SO,*~, and the sulfate component
increased at longer reaction times.

3.3. DRS of Wine-Stain Discoloration on
Nylon—TiO;. The DRS spectra of Nylon—TiO, pretreated
by RF and stained with red wine are shown in Figure 7 (trace

90

0,08

0,02

T T T T 1
550 600 650 700 750

A (nm)
FIGURE 8. Kubelka—Munk relationships of (a) Nylon—TiO, stained

with wine before irradiation, (b) Nylon—TiO, stained with wine after
24 h of Suntest irradiation, and (c) Nylon fabric alone.

T T T
400 450 500

a) before Sunlight irradiation. Two absorption ranges are
observed. Below 390 nm, the absorption was due to TiO,,
and above 390 nm, the absorption in the visible was due to
the red-wine stain. After 24 h of Suntest light irradiation, a
sharp increase in the reflectance is observed because of the
red-wine discoloration [Figure 7 (trace b)].

The Kubelka—Munk (K/S) relations were used to trans-
form the reflectance shown in Figure 7 data into absorption
data and are presented next in Figure 8 (30). The DRS is
related to the absorbance by the KIS relation using the
Kubelka—Munk relation (eq 1, where S is the scattering term
and R is the reflectance term.

(1 —R)"
TR, TR

o

K
3 (M

Figure 8 (trace a) shows KIS for the red-wine stain on
Nylon—TiO, before light irradiation with an absorption
shoulder between 425 and 590 nm due to the tannin,
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and (c) Nylon fabric alone.
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FIGURE 7. DRS spectra of (a) Nylon—TiO, stained with wine before irradiation, (b) Nylon—TiO, stained with wine after 24 h of Suntest irradiation,
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FIGURE 9. CO, evolution under Suntest light irradiation for UVC-
pretreated samples of (a) Nylon + TiO, without pretreatment, (b)
Nylon alone, (c) Nylon + wine stain, (d) Nylon pretreated by UVC,
no vacuum during 30 min + wine stain, (e) Nylon pretreated by UV
without vacuum 10 min + wine stain, (f) Nylon pretreated by V-UVC
at 0.1 mbar during 30 min + wine stain, and (g) Nylon pretreated
by V-UVC at 0.1 mbar during 10 min + wine stain.

carotene, porphyrin, and flavin pigments of red wine (35).
Furthermore, the absorption of Nylon is seen in Figure 8
(trace ¢). KIS showing a decrease in the absorbance of the
red-wine stain after 24 h of Suntest irradiation is presented
in Figure 8 (trace b). The considerably lower values for K/S
for Nylon are found in Figure 8 (trace c).

3.4. CO; Evolution during Wine-Stain Discolora-
tion on Nylon—TiO,. 3.4.1. CO, Evolution of
Nylon—TiO; Pretreated by UVC with and without
Vacuum. Wine stains are mineralized under Suntest ir-
radiation, leading to CO,.

CH,N,S, + H,0, + O,(air) — CO, + SO, + NO, +
H,0 (2)

CO; evolution during discoloration of wine-stained Nylon
and Nylon—TiO, samples pretreated by UVC light is shown
in Figure 9. It can be seen that samples pretreated by UVC
for 10 min at 0.1 mbar (Figure 9, trace g) show the highest
CO; evolution (3532 ul) after 24 h of irradiation. Samples
pretreated by V-UVC for 30 min (Figure 9, trace f) at 0.1
mbar produced the second highest amount of CO, (2607 uL).
Samples with UVC pretreatment at atmospheric pressure
(Figure 9, trace e) produced 2353 uL of CO, after 24 h of
irradiation. This result in the absence of vacuum makes UVC
highly convenient for industrial applications, reducing cost
because no vacuum is required. Very small amounts of CO,
were found for Nylon fabrics stained with red wine in the
absence of TiO, (trace ¢) and for Nylon irradiated in the
absence of TiO, and wine (trace b).

3.4.2. CO; Evolution of Nylon Fabrics Pretreat-
ed by RF Plasma with and without Vacuum. Figure
10 shows the evolution of CO, during red-wine-stain discol-
oration as a function of the irradiation time for samples of
Nylon and Nylon—TiO, pretreated by RF plasma. Samples
pretreated by RF plasma without vacuum for 10 min (Figure
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10, trace @) produced the highest amount of CO, (3131 uL)
after 24 h. Samples pretreated by RF plasma without vacuum
for 30 min (Figure 10, trace f) showed CO, production
slightly lower than that of the previous sample. This suggests
that 10 min is the optimum time for the pretreatment of
Nylon fabrics by RF/no vacuum. Pretreatment of Nylon—
TiO, samples for longer times only led to additional cost
without increasing the amount of CO, evolved from the
sample.

Furthermore, the amount of CO, released by samples
pretreated by RF with vacuum (traces f and d) was lower
than that achieved without vacuum, showing that RF without
vacuum enhances stain degradation. Only small amounts
of CO, (63 uL) were observed when Nylon was irradiated in
the Suntest (Figure 10, trace b). Also, only small amounts of
CO; (96 uL) were found for Nylon stained with wine in the
absence of TiO, (Figure 10, trace ¢).

The reproducibility observed for CO, mineralization was
established by running three different samples of
Nylon—TiO; pretreated by RF and UVC and stained with the
same amount of red wine. The amount of CO, evolved
showed a reproducibility of 2% during our experimental
measurements. Generally, RE-plasma and UVC pretreatment
induced localized heating in the Nylon breaking of intermo-
lecular bonds (hydrogen bonds), partially segmenting the
textile and introducing functional groups —C—0—, —OOH,
—0—C=0, —0—0", and —COO"™ on the Nylon, in the
presence of O,(air). The amount of functional groups cannot
be quantified by XPS or other techniques. It seems to be
higher in the case of UVC (Figure 9) than in the case of RF
plasma (Figure 10) because a higher amount of CO, was
evolved from the wine stain during photocatalysis. This may
be due to a higher amount of TiO, attached on the function-
alized Nylon surface by exchange/impregnation as described
in section 2.3.

3.5. XRD of Nylon—TiO,. The XRD patterns of
Nylon textile before and after TiO, loading by RF pretreat-
ment for a sample pretreated in vacuum for 10 min are
shown in Figure 11. The XRD spectra confirmed a TiO,
anatase phase on the Nylon (trace 1). This result is consistent
with the XPS observation shown in Figure 4. The peaks at
20.32°,21.36°, and 23.8° in traces 1 and 2 come from the
Nylon substrate. The Brookite orthorhombic TiO, phase
shows a strong peak at around 31° (precisely at 30.81°, as
shown in the TiO, database). Hence, this small peak at 31°
in Figure 11 could be due to the presence of a small quantity
of Brookite.

3.6. HRTEM on Nylon—TiO,. Figure 12 shows an
almost continuous coating of TiO, on the Nylon surface at
time zero. The thickness of the TiO, layer was found to be
between 35 and 115 nm and was maintained after the 24 h
discoloration process. The TiO, particle sizes from 8 to 20
nm determined by HRTEM are shown in Figure 13. This TiO,
particle size was small enough to render transparent films
and keep the original handling touch of the Nylon. This is
important for the potential application of Nylon—TiO, self-
cleaning fabrics. No atomic force microscopy could be
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Description:

1- Treatment chamber (mirror
corps: I=70 cm, d=10 cm),

2- Cover with Pumping port (3) and
Gas inlet (4),

5- Pump,

6- Gas pressure controller,

7- UV-Lamp (I=60 cm, D=3 cm),

8- Sample fixed on the lamp.

Parameters:

* UV-Lamp (Ebara Corp., Japan):
- power =25W, - UV-irradiation of
185 nm,

+ Gas nature (air, O,, N,, H,,
Ar,.)

* Gas flow (20-100 ml/min),

= Depth of vacuum (1072 - 1 bar),
* Temperature (293-350 K,
depending on parameter's
combination),

+ Treatment time (> 30 min).

§

FIGURE 10. (Part a) CO, evolution under Suntest light irradiation for RF-pretreated samples of (a) Nylon + TiO, without pretreatment, (b)
Nylon alone, (c) Nylon + wine stain, (d) Nylon pretreated by RF plasma, 0.1 mbar, during 30 min + wine stain, (e) Nylon pretreated by RF
plasma at 0.1 mbar during 10 min + wine stain, (f) Nylon pretreated by RF plasma without vacuum during 30 min + wine stain, and (g) Nylon

pretreated by RF plasma without vacuum for 10 min + wine stain. (Part b) Schematic of the V-UVC unit.

carried out on these samples because of rough nonhomo-
geneous surface of Nylon—TiO,.

4. CONCLUSIONS
(i) Two innovative pretreatments of the Nylon surface are

presented: (@) RF plasma at atmospheric pressure was able
to bind TiO, because of the heat effect introducing hydro-
carbon chain scission and oxygenated functionalities in the
Nylon chains, and (b) UVC light (185 nm) at atmospheric
pressure led to the formation of atomic O and excited O* in
the gas phase because of the extremely low optical molecular
absorption of O, and N; at 185 nm.

(ii) Although samples pretreated by V-UVC for 10 min
exhibited the most favorable CO, evolution under Suntest
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light, the samples pretreated by RF under atmospheric
pressure reached a comparable level of CO, formation.
Therefore, the absence of vacuum makes the pretreatment
presented in this study promising for the surface activation
of fibers.

(iii) High-reproducibility stain discoloration was observed
for RF plasma and UVC under Suntest light.

(iv) Anatase TiO, particles were bonded on Nylon in a
stable manner. These particles did not show any modifica-
tion after repeated red-wine discoloration cycles.
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FIGURE 11. XRD patterns of (1) Nylon fabric and (2) Nylon—TiO, pretreated by RF plasma for 10 min (A stands for the anatase crystallographic
form).
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