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ABSTRACT: Photocatalyzed self-cleaning cotton fabrics with TiO, nano-
particles covalently immobilized are obtained by cograft polymerization of 2-
hydroxyethyl acrylate (HEA) together with the surface functionalized TiO,
nanoparticles under y-ray irradiation. The covalent bonds between the TiO,
nanoparticles and cotton fabrics bridged by poly(2-hydroxyethyl acrylate)
(PHEA) graft chains is strong enough to survive 30 accelerated laundering

circles, equivalent to 150 commercial or domestic launderings.
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B INTRODUCTION

Self-cleaning materials have received much attention lately for
their obvious advantages in industry and daily life. There are
two routes to preparation of self-cleaning materials. One is to
prepare a superhydrophobic surface' ~® with low surface energy
chemical structures combined with microstructural roughness
where dirt is removed by water droplets that roll across the
surface, which is well-known as the “lotus effect”.”*? The other
route is to prepare a hydrophilic surface containing a
photocatalyst on which water-soluble dirt is easily washed off
and the organic pollutants on the surface are removed by
photocatalyzed degradation under ultraviolet (UV) irradia-
tion."*™"” Very recently there have been reports of materials
functionalized with both superhydrophobic and photocatalysis
properties.'® Since the adhesion of oily dirt may decrease the
water-repellent properties of the superhydrophobic materials, "’
self-cleaning materials containing a photocatalyst may be more
suitable for some practical applications, such as self-cleaning
fabrics and clothes.

TiO, is one of the most commonly used photocatalysts
and has been widely employed in applications for wastewater
treatment,”>** water splitting,™ air puriﬁcation,26 chemical
synthesis,”” and electrode fabrication.”®*” In recent years, there
has been growing research interest in the preparation of self-
cleaning fabrics thru the immobilization of TiO, nanoparticles
on fabric surfaces via a coating method,>®3! sol—gel
method,”** and surface-modification method by introducing
a hydroxyl or carboxyl group onto the surface of the fabric to
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adsorb TiO, nanoparticles by charge effect.>* In these self-
cleaning fabrics, however, the binding force between TiO,
nanoparticles and the fabric is quite weak and the usage
durability needed for self-cleaning fabrics has been largely
ignored.

In our previous work, a radiation-induced graft-polymer-
ization technique was used to prepare a durable super-
hydrophobic cotton fabric for laundering, where covalent
bonds enhance the binding force between cotton and low-
surface-energy compounds.
difficult to form tight covalent bonding between TiO,
nanoparticles and cotton fabrics. C=C bonds can be
introduced onto the surface of TiO, nanoparticles by reaction
with a vinyl monomer such as maleic anhydride (MAH) or
acrylic acid, and the functionalized TiO, nanoparticles can be
regarded as nanosize “giant” monomers. But the surface for the
photocatalysis reaction should not be blocked by the surface
organic functional groups, thus the density of C=C bonds on
TiO, nanoparticles will not be high. Therefore, it is difficult to
form an adequate amount of covalent bonds between
functionalized TiO, nanoparticles and the cotton fabric, as
the interface area is limited between them.

Here we utilize a new strategy to immobilize TiO,
nanoparticles covalently onto a cotton fabric surface using a

5,36 .
However, it is much more
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monomer to form a graft chain network that involves TiO,
nanoparticles. First, C=C bonds were introduced onto the
surface of TiO, nanoparticles by an esterification reaction
between the hydroxyl group on the TiO, nanoparticle surface
with MAH; second, the functionalized TiO, nanoparticles
(denoted as TiO,-g-MAH) and 2-hydroxyethyl acrylate (HEA)
were cografted onto cotton fabric induced by y-ray irradiation
(Scheme 1). The functionalized cotton fabrics (denoted as

Scheme 1. Procedure of Covalent Immobilization of TiO,
Nanoparticles onto Cotton Fabric
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cotton-g-TiO,) show a photocatalyzed self-cleaning property,
and the covalent bonds between TiO, nanoparticles and cotton
fabrics bridged by the poly(2-hydroxyethyl acrylate) (PHEA)
graft chains are strong enough to survive an accelerated
laundering durability test.

B EXPERIMENTAL SECTION

Materials. TiO, nanoparticles with a purity of 99.8% and particle
size from S to 10 nm, maleic anhydride (MAH) and anhydrous sodium
acetate of analytical grade were purchased form Aladdin Industrial Inc.
2-Hydroxyethyl Acrylate (HEA) with a purity of 96% was purchased
from Tokyo Chemical Industry Co., Ltd. Xylene, ethanol and acetone
were all analytical grade and purchased from Sinopharrm Chemical
Reagent Co., Ltd. All these materials were used without further
purification.

Modification of TiO, Nanoparticles. Thirty grams of TiO,
nanoparticles, 40 g of MAH, and 0.1 g of anhydrous sodium acetate
were added into 300 mL of dimethyl benzene. After 5 min of high
shearing at 35000 rpm, the mixture was heated to 140 °C. The
esterification reaction lasted for 24 h, and then the modified
nanoparticles was centrifugally separated and ultrasonically washed
by acetone for five times.

Radiation-Induced Cograft Polymerization of HEA and TiO,-
g-MAH. Ethanol solutions with 20% (v./v.) HEA, were added with
weighted TiO,-g-MAH nanoparticles to prepare the dispersions with
TiO,-g-MAH concentration of 0, 5, 15, 25, and 35 g/L, respectively.
The dispersions were well mixed by ultrasonication and then were
padded to cotton fabric samples. After that, the cotton fabric samples
were put into tubes and purged with nitrogen for 15 min to remove
oxygen. The tubes were sealed and then irradiated by y-ray in a °Co
source for the absorbed dose of 30 kGy. Then the fabrics were
extracted by ethanol for 72 h in a Soxhlet apparatus to remove any
residual monomer, homopolymer, and nanoparticles. Finally, the
modified cotton fabrics were vacuum-dried for further measurements.

Measurements. Fourier transform infrared (FT-IR) spectra were
taken on a BRUKER TENSOR 27 FT-IR spectrometer. The TiO, and
TiO,-g-MAH nanoparticles were pressed into pellet with KBr. The
pristine and functionalized cotton fabrics were measured under
attenuated total reflection (ATR) method.

X-ray diffraction (XRD) analysis was performed on a RIGAKU D/
Max2200 XRD instrument equipped with Cu—Ka radiation (4 = 1.54
A).

Thermogravimetry analysis (TGA) was performed on a TG 209 F3
Tarsus (NETZSCH, Germany) instrument. The samples were heated
from 50 to 700 °C at a heating rate of 10 °C/min under nitrogen
atmosphere.

Contact angle (CA) analysis was performed on a KSV
INSTITUTION (Attention Company) instrument and the volume
of the water drop is 3 yL. Each sample was measured for three times
on different positions and the average value was obtained.

Scanning electron microscopy (SEM) analysis was performed on a
JEOL JSM-6700F SEM instrument. The pristine cotton fabric and
functionalized cotton fabrics were deposited of gold by sputtering. The
SEM voltage was set at 10 kV.

Transmission electron microscopy (TEM) analysis was performed
on a FEI TECNAI G2 TEM instrument. The pristine TiO,
nanoparticles and TiO,-g-MAH were dispersed in ethanol by
ultrasonication and dropped on copper net and vacuum-dried before
analysis. The TEM voltage was set at 200 kV.

Photocatalyzed Self-Cleaning Effect Test. Oleic acid dyed with
S g/L Oil Red was used as a model stain and dropped onto the cotton
fabrics. The fabrics were then irradiated by UV with a wavelength of
355 nm under a light intensity of 2.0 + 0.1 mW/cm? at specific time
intervals.

Laundering Durability Test. A laundering durability evaluation
was carried out according to AATCC (American Association of Textile
Chemists and Colorists) Test method 61—2006, condition 2A. The
cotton fabrics were cut into S0 mm X 150 mm patches and washed in
a rotating closed canister containing 150 mL aqueous solution of an
AATCC standard WOB detergent (0.15%, w/w) and 50 stainless steel
balls in a thermostatically controlled water bath at 49 °C, 40 + 2 rpm.

Cc —TiO,

——Ti0,g-MAH

1722 cm”

g \
Q
[
[
2 /\___/\/\_/\
]
w
a
<

: T
2500 2000
R
Wavenumbers / cm

T T T
3500 3000 1500 1000

Figure 1. TEM images of (a) the pristine TiO, nanoparticles and (b) the TiO,-g-MAH nanoparticles, and (c) the FT-IR spectra of the pristine TiO,

and the TiO,-g-MAH nanoparticles.
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Figure 2. (2) TGA curves of the pristine cotton fabric and the cotton-g-TiO,; (b) dependence of the DG of TiO,-g-MAH nanoparticles and the DG
of HEA graft chains on the amount of TiO,-g-MAH nanoparticles immobilized; (c) CA of the pristine cotton fabric, the cotton-g-PHEA with
DGyga= 6.9%, the cotton-g-TiO, with with DGygs= 5.9% and DGry, = 0.69%, and the cotton-g-TiO, with DGyga= 17.0% and DGryo, = 6.5%.

20pm

Figure 3. SEM images of (a) the pristine cotton fabric (x300) and (b, c) the cotton-g-TiO, with DGygy= 17.0% and DGryo, = 6.5% (b, X300; c,

x50 000).

B RESULTS AND DISCUSSION

The TiO, nanoparticles used in this research are in an anatase
form, which has many hydroxyl groups on the surface and can
react with other groups.”” An esterification reaction between
TiO, nanoparticles and MAH was carried out in dimethyl
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Figure 4. Photocatalyzed self-cleaning property of the functionalized
cotton fabrics under the irradiation of UV light (355 nm, 2.0 + 0.1
mW/cm?). Oleic acid colored with § g/L oil red is used as model oil
stain. The samples are (a) pristine cotton fabric, (b) cotton-g-PHEA
(DGyga = 6.9%), (c) cotton-g-TiO, (DGygs = 5.9% and DGry, =
0.69%), (d) cotton-g-TiO, (DGygs = 9.6% and DGryo, = 2.3%), (e)
cotton-g-TiO, (DGygs = 12.5% and DGryo, = 5.2%), and (f) cotton-g-
TiO, (DGyga = 17.0% and DGryp, = 6.5%).
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benzene and catalyzed by anhydrous sodium acetate. After the
esterification reaction, some spherical domains appeared on the
surface of the TiO, nanoparticles in the TEM images (Figure
la, b) ascribed to the maleic acid group that was introduced.
The success in the esterification is also confirmed by means of
FT-IR spectra of the pristine TiO, and TiO,-g-MAH (Figure
lc), where a new band at 1722 cm™' due to the stretching
vibration of carbonyl group in the FT-IR spectrum of TiO,-g-
MAH confirms the presence of maleic acid group on the
surface of the TiO, nanoparticles. The content of the maleic
acid esterified on the TiO,-g-MAH nanoparticles was 2.7%,
which was calculated from the TGA curves (see the Supporting
Information, Figure S1). According to the DG of MAH, the size
(about 25 X 25 X 50 nm) and the density (3.8 g/cm?) of TiO,
nanoparticles and the thickness (about 1 nm) and the density
(1.1 g/cm®) of the maleic acid layer on the surface of the
nanoparticles, it can be calculated that about 2% of the surface
area of the TiO, nanoparticles was covered by maleic acid. The
maleic acid group had not covered the whole surface of the
TiO,-g-MAH and photocatalysis reactions can still be carried
out on the surface of the TiO, nanoparticles exposed to the air.
Because the crystal structure represents a critical factor for the
photocatalytic properties of TiO, nanoparticles, X-ray
diffraction (XRD) was used to investigate and compare the
crystal structure of the obtained TiO,-g-MAH nanoparticles
(Supporting Information, Figure S2). The diffraction peaks at
25.2, 37.8, 47.9, 54.0, and 62.6° on the pattern of the pristine
TiO, nanoparticles are the typical signals seen for an anatase
crystal structure.®® The pattern of the TiO,-g-MAH nano-
particles was almost the same as the pristine nanoparticles,
which indicates that the surface esterification reaction did not

dx.doi.org/10.1021/am400304s | ACS Appl. Mater. Interfaces 2013, 5, 3697—3703
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Figure 5. (a) FT-IR ATR spectra and (b) SEM images (X300) of cotton-g-TiO, fabric after UV (355 nm, 2.0 + 0.1 mW/cm?) irradiation for 65 h

(DGyga = 17.0% and DGryo, = 6.5%).
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Figure 6. Dye stability test of the functionalized cotton fabrics under
the irradiation of UV light (355 nm, 0.2 mW/cm?). 2.5 g/L methylene
blue aqueous solution is used as a dye. The samples are (a) pristine
cotton fabric, (b) cotton-g-PHEA (DGygs = 6.9%), (c) cotton-g-TiO,
(DGyga = 5:9% and DGryp, = 0.69%), (d) cotton-g-TiO, (DGygs =
9.6% and DGy, = 2.3%), (e) cotton-g-TiO, (DGygs = 12.5% and
DGryp, = 5:2%), and (f) cotton-g-TiO, (DGygs = 17.0% and DGryo,
= 6.5%).

affect the crystal structure of the TiO, nanoparticles. The
existing C=C bonds on the TiO,-g-MAH nanoparticles, which
is the reacting site for the following graft polymerization, was
proven by the reaction with a Br, solution (see the Supporting
Information, Figure S3), where the color of the Br, solution
turned from yellow to colorless after the reaction, and the band
at 395 nm due to Br,* disappeared after the reaction in the
UV—vis spectrum.

The TiO,-g-MAH nanoparticles were immobilized onto the
cotton fabric by cograft polymerization with HEA under y-ray
irradiation. After the graft polymerization, the cotton fabric was
thoroughly washed and extracted to remove any residue
homopolymers and unfixed TiO,-g-MAH nanoparticles, and
the functionalized cotton fabric was thus obtained. From the
TGA curve (Figure 2a) of the cotton-g-TiO,, there was obvious
higher weight remaining after the degradation of most parts of

3700

the organic macromolecules, which should be attributed to the
immobilized TiO, nanoparticles. Therefore, the DG of TiO,
nanoparticles immobilized (denoted as DGryo,) can be

determined from the TGA curves, and the total DG can be
calculated by the weight increase versus the original weight of
the cotton fabric during the graft polymerization. Thus, the DG
of grafted poly(2-hydroxyethyl acrylate) (denoted as DGypy) is
the difference between DG and DGryo,. In this work, the

concentration of HEA used was fixed and the concentration of
TiO,-g-MAH nanoparticles was variable, and the dependence
of the DGs on the concentration of TiO,-g-MAH nanoparticles
in the dispersions used is presented in Figure 2b. From the
figure, it is obvious that both DGr;p,, and also DGy, linearly
increase with an increasing concentration of TiO,-g-MAH
nanoparticles. Here the TiO,-g-MAH nanoparticles, that have
many C=C bond arms, are both nanosize giant cross-linkers,
and also the starting point for the graft polymerization under
the y-ray irradiation. That means that HEA was grafted onto
both the cotton fabric and the coated TiO,-g-MAH nano-
particles at the same time, and the PHEA graft chains form a
network due to the cross-linking effect of TiO,-g-MAH
nanoparticles and thus the TiO, nanoparticles were covalently
bonded to the cotton fibers.

Figure 2c shows the contact angles of the pristine cotton and
the functionalized cotton fabrics with different DGr,o,.

Although the cotton fabric is hydrophilic, the CA reduces
with an increase in time and remains constant after 0.5 s at
about 35°. As a comparison, HEA-grafted cotton fabric was
prepared and tested, and the decreasing in CA is faster than the
pristine sample due to the increased hydrophilicity from
introduction of more hydroxyl bonds on the surface. Mean-
while, the functionalized cottons fabric shows dramatically
faster reduction in CA, where the water drops spread out within
0.4 s. This is obviously due to the superhydrophilicity by the
immobilized TiO, nanoparticles*® and the surfaces of the TiO,
nanoparticles are not fully covered by the grafted polymers,
which is very important for the following photocatalyzing
process.

The SEM images of the pristine cotton fabric and the
functionalized cotton fabric are compared in Figures 3. From
the image of the functionalized cotton fabric, the TiO,

dx.doi.org/10.1021/am400304s | ACS Appl. Mater. Interfaces 2013, 5, 3697—3703
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Figure 7. (a) CA of the cotton-g-TiO, (DGygs = 17.0% and DGryp, = 6.5%) before and after accelerated laundering test for 10, 20, and 30 cycles;
(b) TGA curves of the pristine cotton fabric and the cotton-g-TiO, (DGygs = 17.0% and DGryp, = 6.5%) before and after accelerated laundering

test for 30 cycles.

Figure 8. SEM images (XS50000) of the cotton-g-TiO, (DGyga =
17.0% and DGy, = 6.5%) after accelerated laundering test for 30

cycles.

nanoparticles are seen to be immobilized on the surface of the
cotton fibers. From the amplified SEM image of the cotton-g-
TiO, with DGryo, = 6.5% (Figure 3c), the size of the TiO,
nanoparticles immobilized on the surface of the cotton fibers is
around 100 nm, which indicates that the nanoparticles are not
severely aggregated.

Figure 4 presents the photocatalyzed self-cleaning effects of
the functionalized cotton fabrics as compared with the pristine
sample, and oleic acid dyed with Oil Red was used as a model
organic stain. As expected, the pristine cotton fabric and the
cotton-g-PHEA are still red in color no matter how long they
are UV irradiated. In comparison, the red color disappeared on
the cotton-g-TiO, under ultraviolet irradiation because of the
photocatalyzed degradation of the oleic acid and Oil Red on the
surface of TiO, nanoparticles.*""** Obviously, the high DGryg,,

which means that there are more TiO, nanoparticles covalently
immobilized on the surface of the cotton fabric, the quicker the
fabric bleached, due to the existence of more reaction sites for
the photocatalyzed degradation of the organic stains. From the
FT-IR ATR spectra of the cotton-g-TiO, fabric before and after
UV irradiation (Figure Sa), it can be found that the intensity of
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Figure 9. Photocatalyzed self-cleaning property of the fabrics after
accelerated laundering test for 30 circles. Testing conditions are the
same as those in Figure 3. The samples are (a) pristine cotton fabric,
(b) cotton-g-PHEA (DGyg, = 6.9%), (c) cotton-g-TiO, (DGygy =
5.9% and DGr;p, = 0.69%), (d) cotton-g-TiO, (DGygs = 9.6% and
DGryp, = 2.3%), (e) cotton-g-TiO, (DGygy = 12.5% and DGy, =
5.2%), and (f) cotton-g-TiO, (DGygs = 17.0% and DGryp, = 6.5%).

the band due to the ester group*’ of the PHEA graft chain at
1720 em™! decreased a little, which indicated some of the
PHEA graft chain were also degraded by the photocatalyzed
reaction on the surface of TiO, nanoparticles. The band still
has strong intensity, because the PHEA graft chain formed a
network with the giant cross-linker, ie, the TiO,-g-MAH
nanoparticles, during the cograft polymerization, there should
be plenty of covalent bonds bridging the TiO, nanoparticles to
the cotton fabric even after UV irradiation. The UV irradiation
also has little effect on the morphology of the functionalized
cotton fabric, which is confirmed by the SEM images (Figure
Sb).

In contrast to the oil-soluble stains, when the cotton-g-TiO,
fabrics were colored with a water-soluble dye such as methylene
blue, it did not degrade under UV irradiation no matter how
much the TiO, nanoparticles were immobilized (Figure 6), and
does not show the same trend as in the previous reference.”
The reason for this is the photocatalyzed degradation can take

dx.doi.org/10.1021/am400304s | ACS Appl. Mater. Interfaces 2013, 5, 3697—3703
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place only when the pollutants are located in close vicinity to
the TiO, nanoparticle surface*® and the water-soluble
methylene blue is absorbed by the numerous tiny pores in
the cotton fibers, therefore it does not come into contact with
the TiO, nanoparticles who are on the surface of the cotton
fibers. To measure the color fastness of methylene blue on the
cotton-g-TiO, fabric, a laundering durability evaluation was
carried out according to AATCC (American Association of
Textile Chemists and Colorists) Test Method 61—2006,
condition 2A, where one accelerated laundering cycle equals
five home or commercial launderings. The samples were cut
into 50 mm X 150 mm patches and tested with a surfactant and
stainless steel balls in warm water (see the Supporting
Information, Figure S4). From the images of the laundered
cotton-g-TiO, fabric (see the Supporting Information, Figure
SS), it can be found the color became lighter with the
increasing times of the laundering circles. These results
indicated that the remove of water-soluble dyes only depends
on the strength of the interactions between the dyes and cotton
fabric, but irrelevant with the photocatalyzed degradation
caused by the TiO, nanoparticles. This means that cotton-g-
TiO, fabrics are both photocatalyzed self-cleaning, and
colorable with water-soluble dyes, which is important for
commercial applications.

The same laundering durability evaluation (AATCC Test
Method 61—2006, condition 2A) was carried out to evaluate
how strong the covalent bonds were between TiO, nano-
particles and cotton fabric bridged by PHEA graft chains.
Because the spreading out of water droplets is faster on cotton-
g-TiO, fabrics than on pristine cotton fabric or cotton-g-PHEA
fabric, the CA valuation was used as a quick indicator of surface
chemical changes after the laundering test. From Figure 7a,
there was no obvious difference in the spreading speed of the
water droplet on the cotton-g-TiO, fabric, which means the
TiO, nanoparticles still exist on the surface of the fabric. The
TGA curves tell the same story (Figure 7b), where the change
in the remaining weight due to the TiO, nanoparticles was very
small. From the SEM image (Figure 8) of the fabrics after 30
accelerated laundering tests, there were still many TiO,
nanoparticles sticking on the surface of the fibers, just like
mushrooms growing on a wall.

From the characterization, most of the TiO, nanoparticles
were still immobilized on the surface of the cotton fibers after
30 accelerated laundering circles (which is equivalent to 150
instances of commercial or domestic launderings), because of
the strengthening of covalent bonds between TiO, nano-
particles and cotton fabrics bridged by PHEA graft chains.
Therefore, the photocatalyzed self-cleaning effect is retained
after the laundering test, which was tested and presented in
Figure 9. The image is almost the same as that in Figure 4,
indicating that the photocatalyzed self-cleaning ability is
unchanged after the accelerated laundering test thanks to the
strengthened covalent bonds. This indicates that our strategy of
forming covalent bonds between TiO, nanoparticles and cotton
fabrics bridged by PHEA graft chains was quite successful.

B CONCLUSIONS

TiO, nanoparticles were covalently immobilized onto cotton
fabrics, first by esterification with MAH, and then cografting
with HEA under y-ray irradiation. The functionalized cotton
fabrics, i.e. cotton-g-TiO, fabrics, show improved hydrophilicity
as compared with pristine cotton fabric, and were enabled with
a photocatalyzed self-cleaning effect under UV light radiation.

3702

An accelerated laundering durability experiment was conducted
to measure the effects of the strength of the covalent bonds
between the TiO, nanoparticles and cotton fabrics bridged by
PHEA graft chains. From the characterization, most of the TiO,
nanoparticles were still immobilized on the surface of the
cotton fibers after 30 accelerated laundering circles (which is
equivalent to 150 instances of commercial or domestic
launderings), and therefore, the photocatalyzed self-cleaning
ability of the functionalized cotton fabrics was well-retained.

B ASSOCIATED CONTENT
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TGA curves of the pristine TiO, nanoparticles and the TiO,-g-
MAH nanoparticles. X-ray diffraction (XRD) spectra of the
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