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Abstract To improve the UV resistance of cotton
fabrics, three different carbon dots doped with boron
and nitrogen (BN-CDs) were prepared by a one-step
hydrothermal synthesis method wusing citric acid,
ammonium citrate and glucose as different carbon
sources, and ethylenediamine and borax as nitrogen
and boron sources, respectively. Three types of
blended aqueous solutions (BN-CDs/WPU) with BN-
CDs and water-based polyurethane were sprayed on
the surface of cotton fabric, and then the cotton fabric
was rolled and dried. The structure and optical
properties of BN-CDs were characterized by Fourier
transform infrared spectroscopy, transmission electron
microscopy, X-ray diffraction, X-ray photoelectron
spectroscopy, ultraviolet-visible spectrophotometry,
and fluorescence spectrophotometry. The structure
and ultraviolet screening capability of cotton fabrics
after finishing with BN-CD/WPU blend solution were
characterized. Results showed that the prepared BN-
CDs were graphite-like nanocrystals with an approx-
imately 0.3-nm crystal plane spacing. All BN-CDs had
rich hydroxyl groups and amine groups on the surface,
which made the BN-CDs soluble in water. BN-CDs
had a strong absorption peak in the ultraviolet region
and emitted bright blue fluorescence independent of
excitation wavelengths. Cotton fabrics finished with
BN-CDs/WPU all showed a high ultraviolet protection
factor (UPF), an excellent level of protection, and
good washing durability. In particular, in cotton fabrics
treated with BN-CDs prepared using citric acid as a
carbon source, the UPF value was still as high as 50.1
even after washing 10 times, and the fabrics maintained
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good elasticity and morphological characteristics.
Results thus showed that BN-CDs can be used as UV
absorption agents for finishing cotton fabrics.
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Introduction

Proper sunlight exposure is beneficial to human health,
while excessive ultraviolet radiation can cause skin
burns and erythemal accelerate skin aging; and even
cause skin cancer.'” Ultraviolet radiation from the sun
that reaches the ground can be divided into three
segments according to the wavelength of radiation:
longwave UVA (315-400 nm), medium wave UVB
(280-315 nm) and shortwave UVC (200-280 nm).? The
ozone layer in the stratosphere has a strong absorption
capacity for the high-energy parts of the UVC and
UVB sections, which thus effectively do not reach the
surface of the Earth. Only approximately 2% of UVB
and 98% of UVA can reach the surface of the earth.
Therefore, the ultraviolet radiation protection of cot-
ton fabrics is primarily aimed at UVB and UVA.
Currently, there are two primary methods for the
production of textiles with UV screening capability.
One is the incorporation of ultraviolet reflecting agents
or absorbents in the production of synthetic fibers by
blending, core nitration and other methods. Common
ultraviolet reflectors are prlmarlly silica partlcles
nanometal organic frameworks,® graphene oxide,’ zinc
oxide nanoparticles,® etc. Common ultraV1olet absor-
bents contain benzotriazole reactive dyes rare earth
metal orgamc complex light conversion agents'’ and
tea extracts.' The preparation method of this type of
ultraviolet absorbing fabric has the disadvantages of
high technical requirements and high cost, and is not
easy to use with natural fibers. The second method is
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using the coating method,'* sol-gel technology,
printing method'* and other methods to give textiles
UV screening capability during the finishing processing
of cotton fabrics. The UV-resistant cotton fabrics
treated with one of these methods exhibit poor fastness
to washing and will have a certain degree of influence
on the surface morphology of the cotton fabric.

Carbon dots (CDs) are a new type of fluorescent
nanomaterial that have received extensive attention
due to their hlgh fluorescence and downconverted
fluorescence emission characteristics.'”> Due to advan-
tages of high fluorescence intensity, strong photo-
bleaching resistance, good blocompatlblhty, low
toxicity, and good hght stability,' CDs are widely
used in biosensors,'” chemical sensors'® and cell
imaging'’ and other fields. Currently, few studies have
investigated using CDs as ultraviolet absorbers in
textiles. Due to the strong UV absorption properties
of many CDs, they can be used as ultraviolet absorbing
finishing agents for cotton fabrics. In this paper, boron
and nitrogen co-doped carbon dots (BN-CDs) of three
different carbon sources were prepared by a one-pot
hydrothermal synthesis. The effect of BN-CDs on the
UV screening ability of cotton fabrics was investigated
by characterizing the UPF values of cotton fabrics
treated with a mixture of BN-CDs and water-based
polyurethane (WPU) solutions.

Experimental section
Experimental materials

Citric acid monohydrate, glucose, ammonium citrate,
ethylenediamine, and borax were all analytically pure
and purchased from China National Pharmaceutical
Group Corporation. Water-based polyurethane (WPU,
homemade, all monomers purchased from China
National Pharmaceutical Group Corporation) was
used. Plain cotton white gray cloth (Qingdao Coastal
Textile Co. Ltd.) with an area density of 135 g/m?; a
thickness of 0.24 mm; and warp and weft densities of
298 and 312/(10 cm), respectively, was also used.

Synthesis of BN-CDs

Citric acid monohydrate (0.42 g, ammonium citrate or
glucose), 0.042 g of borax and 0.5 mL of ethylenedi-
amine were dissolved in 80 mL of deionized water,
transferred to a 100-mL polytetrafluoroethylene auto-
clave (Henan-Nuo Pharmaceutical Chemical Con-
tainer Limited Company), sealed, and put in an oven
at 180°C for 5 h. Then, the mixture was naturally
cooled to room temperature to obtain BN-CDs solu-
tions with different carbon sources. The obtained
solution was put into a dialysis bag (MW 1000 Da)
for dialysis for 48 h and then freeze-dried in vacuum to
obtain a light yellow powder. The three BN-CDs
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solutions were recorded as C1, C2, and C3 in the order
of carbon sources: citric acid, ammonium citrate, and
glucose.

Cotton fabric treatment

A method reported in the literature was used to
synthesize water-based polyurethane (WPU and for-
mulate it into a 2% WPU aqueous solution.”” An equal
volume of BN-CDs solution and WPU solution was
evenly stirred to obtain a mixed solution of BN-CDs/
WPU. Cotton fabrics were finished with different
aqueous solutions of BN-CDs (C1, C2, C3) mixed with
WPU. First, the cotton fabrics (4 cm x 4 cm) were
washed with deionized water and dried in an oven at
80°C for 120 min, and 10 mL of BN-CDs/WPU mixed
aqueous solution was placed into a vacuum sprayer.
BN-CDs/WPU mixed solutions were sprayed into
cotton fabric samples, placed in a 50°C oven to dry
to semidry, removed, rolled on a small rolling mill five
times, placed in a 50°C oven to dry, and sprayed. This
operation was repeated until the spraying solution was
finished. The three samples are denoted as F1, F2, and
F3 in the order of carbon sources (citric acid, ammo-
nium citrate, and glucose), and the water-washed blank
cotton fabric is designated FO.

UPF value test and protection level assessment

The UV protection effect of the fabric is measured in
accordance with the Australian/New Zealand standard
AS/NZS4399-1996 “Evaluation and classification of
solar protective clothing”.?! According to the ultravi-
olet protection factor (UPF), there are three classes:
providing good protection (UPF: 15-24), providing
very good protection (UPF: 25-39) and providing great
protection (UPF > 40).

Characterization and testing

The UV absorption spectrum of BN-CDs was charac-
terized by a UV2100 ultraviolet-visible spectropho-
tometer (Beifen-Ruili, China).

The excitation and emission spectra of BN-CDs
were characterized by a WFY-28 fluorescence spec-
trophotometer (Tianjin-Tuopu, China).

The structural characterization of BN-CDs and
finished cotton fabrics was performed using a VER-
TEX 70 Fourier transform infrared spectrometer
(Bruker, Germany).

The particle size and structure of BN-CDs were
observed with a Tecnai G2 F30 transmission electron
microscope (TE, FEI, USA).

The surface morphology of cotton cloth after
finishing with BN-CDs/WPU was observed with a
JSM-IT300 electron microscope (SEM, JEOL, Japan).
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The structure and composition of the samples were
studied using a German Bruker AXS D2 X-ray
diffractometer (Cu target K, ray, 1 = 0.15406 nm,
scanning range 10°-80°).

Thermo Scientific Company X-ray photoelectron
spectroscopy (K-alpha) was used to test the structure
and elemental composition of the samples.

The ultraviolet protection factor (UPF) of the
cotton fabric was tested using the HD902C ultraviolet
transmittance tester (Nantong Hongda, China). Ten
different positions were taken for each sample for
testing, and the average value was recorded.

The durability of the samples was assessed by testing
their UPF values after 1, 2, 5 and 10 household laundry
washes. The household laundry test was conducted
according to the AATCC61-2001 standard, and each
washing time was 5 min. After washing and drying, the
UV protection coefficient of the dried samples was
measured again.

The change in the quality of cotton fabric after
finishing and after washing was calculated as follows:

m% ="M 100%
moy

where m,, is the mass (g) of the original fabric and m;
is the mass (g) of the fabric after finishing or after
washing.

Results and discussion
Structural analysis of BN-CDs

Figure 1 shows the infrared spectra of three BN-CDs.
The primary functional groups of the prepared BN-
CDs exist. The broad peaks of C1, C2, and C3 at 3384,
3405, and 3386 cm ™!, respectively, can be attributed to
the stretching vibrations of -NH and —-OH. The peaks
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Fig. 1: FTIR spectrum of BN-CDs

at 1652, 1647, and 1647 cm ' can all be attributed to
the —C=ON- stretchin ing vibration, and the peaks at
1567, 1563, 1561 cm™ " can all be attributed to the
-C=N stretchlng vibration. The peaks at 1041, 1045,
and 1047 cm™ " can all be attributed to the vibrational
V1brat10n of C-0, and the peaks at 791, 627, and 647
cm ', respectively, can all be attributed to the out-of-
plane bending vibration peaks that are primarily -NH
and —OH. The 1peaks of C1, C2, and C3 at 1394, 1389,
and 1391 cm™ can be attributed to the stretching
vibration of B-O, and the peaks at 1120, 1080, and
1080 cm ™! can be attributed to the stretchlng vibration
of C-B. The peaks at 1154 and 1180 cm ™' in C1 and C2
can be attributed to B-O- H bending vibrations. The
peaks at 1154 and 1180 cm ™! in C1 and C2 can all be
attributed to B-O- H bending vibrations. The peaks at
1482 and 1498 cm ! in C1 and C3 can be attributed to
the stretching vibration of C-N.?*** These results
showed that the surface of the three prepared BN-
CDs contained a large number of amine groups,
carboxyl groups and oxygen-containing functional
groups, which can interact with the hydroxyl groups
on the surface of cotton fabrics to enhance the
interaction between BN-CDs and cotton fabrics.

Figure 2 shows the transmission electron micrograph
of BN-CDs. The prepared BN-CDs all have a near
spherical morphology with dimensions in the range of
5-8 nm. The high-resolution transmission electron
micrographs in the lower right corner show that BN-
CDs have a lattice parameter of approximately 0.30
nm, which is near the interlayer distance between the
graphene layers (002 facet). Based on these results, the
prepared BN-CDs may be graphite -like nanoparticles
with abundant hydroxyl and amine groups on the
surface.”*

Figure 3 shows the XRD pattern of BN-CDs. The
three types of BN-CDs have broad-scale diffraction
peaks at 2d of 26.20°, 25.10° and 24.70° with crystal
plane spacings of 0.344 nm, 0.347 nm and 0.354 nm,
respectively, Wthh can be designated the graphlte
(002) crystal plane.” These results are consistent with
those of TEM characterization. The low crystallinity of
these three BN-CDs is primarily caused by the large
number of functional groups on the surface of the
carbon quantum dots, resulting in increased crystalline
surface spacing.

To describe the structure and element composition
of three different BN-CDs in more detail, we per-
formed a detailed characterization analysis of the
element composition of BN-CDs using XPS. As shown
in Fig. 4, the XPS wide scan spectra of BN-CDs of
three different carbon sources have strong absorption
peaks at 191.7, 284.6, 400.3, and 530.4 eV that
correspond to the peaks of Bls, Cls, N1s and Ols.
These results indicate that we successfully prepared
boron-nitrogen co-doped fluorescent carbon quantum
dots.

XPS results show that BN-CDs of three different
carbon sources are primarily composed of four ele-
ments, C, N, O and B, which is consistent with the
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Fig. 4: XPS wide-scan spectra of three different carbon
source BN-CDs

1080

infrared spectrum detection results, further indicating
that there are a large number of hydrophilic functional
groups containing nitrogen, oxygen and boron on the
surface of the three carbon quantum dots. However,
the proportions of the four elements in the three
carbon quantum dots are different. As shown in
Table 1, the proportions of C, N, O and B in C1 are
67.98%, 16.53%, 13.9% and 1.59%, while the propor-
tions of C, N, O and B in C2 are 66.12%, 11.04%,
21.44% and 1.39%, respectively. The proportions of C,
N, O and B in C3 are 64.9%, 11%, 22.6% and 1.5%,
respectively. The different element contents of the
three carbon quantum dots indicate that the contents
of various groups on the surface of carbon quantum
dots are different. C1 has the highest nitrogen content
and the lowest oxygen content, while C3 has the lowest
nitrogen content and the highest oxygen content, and
C2 has the middle nitrogen content and oxygen
content.

The high-resolution Cls, N1s, Ols and Bls XPS
spectra of the three BN-CDs carbon sources are shown
in Fig. 5. The high-resolution spectra of Cls of BN-
CDs (Figs. 5a, 5b, 5c) show that there are three peak
values at 284.3, 285.7 and 287.8 eV. Ascribed to C-C/
C=C, C-N and C-O, carbon is shown to exist in the
three different environments. The N1s high-resolution
spectrum of BN-CDs (Figs. 5d, Se, 5f) consists of two
peaks centered on 399.1 and 400.7 eV, indicating that
nitrogen exists in two forms of C-N-C and N-H,
respectively. The Ols high-resolution spectrum of BN-
CDs (Fig. 5g, 5h, 5i) consists of two peaks at 530.8 and
531.8 eV, indicating that oxygen exists in the form of
C=0 and C-OH/C-0O-C, respectively. The Bls high-
resolution spectrograms of BN-CDs (Fig. 5j, 5k, 51)
have peaks of 191.5 and 192.1 eV, indicating that boron
primarily exists in the form of B-O and B-N/B-C. XPS
results were consistent with those of FTIR analysis.
Based on this characterization data, the prepared BN-
CDs may be graphite-like nanocrystals with rich
hydroxyl and amine groups on the surface.**
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Table 1: Element distribution table of three different carbon source carbon quantum dots

Carbon quantum dot number C (%) N (%) O (%) B (%)
C1 67.98 16.53 13.9 1.59
c2 66.12 11.04 21.44 1.39
C3 64.9 11 22.6 1.5
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Fig. 5: High-resolution XPS spectra of C1s(a, b, c), N1s(d, e, f), 01s (g, h, i), and B1s (j, k, I) of three different carbon source

BN-CDs
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Photoluminescence characteristics of BN-CDs

Figure 6 shows the ultraviolet-visible absorption spec-
tra and fluorescence emission spectra of the BN-CDs
aqueous solution. The prepared BN-CDs exhibit good
UV screening capabilities in the range of 200-400 nm,
which shows that the prepared BN-CDs can be used as
ultraviolet-shielding materials. There are two strong
absorption peaks at 240 and 347 nm, which can be
attributed to the 1 — 7* transition of the conjugated
double bond C=C and the n — =* transition of C=0,
respectively.”” These results are consistent with the
oxygen-containing groups on the surface of BN-CDs in
Fig. 1 and the graphite-like structure in Fig. 2. Three
BN-CDs aqueous solutions showed strong emission
peaks at 435 nm when they were excited at 380 nm.

Figure 7 shows the fluorescence emission spectra of
BN-CDs at different excitation wavelengths. Even if
the excitation wavelength increases from 340 to 380
nm, the emission peak of the BN-CDs is nearly at 435
nm. Thus, the photoluminescence behavior indepen-
dent of the excitation wavelength may be related to the
surface defect state rather than the interband transi-
tion.”® Due to this downconverted fluorescence emis-
sion, BN-CDs can be used as ultraviolet absorbers for
cotton fabrics. When ultraviolet light is irradiated onto
BN-CDs, BN-CDs convert it into visible light.”” The
inset shows photographs of aqueous solutions of BN-
CDs under sunlight and 365-nm UV light. The C1 and
C2 solutions are pale yellow, and the C3 solution is
dark red when exposed to sunlight. Irradiated by 365-
nm ultraviolet light, C1 and C2 solutions emit strong
blue light, and C3 solution emits strong green—blue
light.
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Fig. 6: BN-CDs ultraviolet-visible absorption spectrum and
fluorescence emission spectrum
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Infrared spectrum of cotton fabric samples

Figure 8 shows the IR spectra of blank cotton fabrics
and cotton fabrics after finishing with the three BN-
CDs/WPU solutions and after 10 washes. The absorp-
tion spectrum in Fig. 8a primarily shows three charac-
teristic peaks near 3294, 2865 and 1615 cm™', which
can be attributed to the O—H stretching vibration, C-H
asymmetric stretching vibration and C=O stretching
vibration of cotton cellulose, respectively. The absorp-
tion band between 1500 and 1200 cm ' corresponds to
the characteristic vibrations of C-H, O-H, C-O and C-
O-C of cotton cellulose.?® The spectra of F1, F2 and F3
are similar, showing a strong absorption peak at 1725
cm !, which can be attributed to the C-H stretching
vibration and C=0 stretching vibration in the WPU on
the surface of the cotton fabric. There is a strong
absorption peak at 1538 cm™ ' due to the bending
vibration of -C=0O-N- in the BN-CDs. Results thus
showed that BN-CDs successfully adhered to the
surface of the cotton fabric after finishing with the
three BN-CDs/WPU solutions, and there was no
chemical reaction between BN-CDs/WPU and cotton
cellulose.

The spectra of F1, F2 and F3 in Figs. 8b and 8a are
similar, and the bending vibration of -C=0O-N- at 1538
cm~' is markedly reduced. After 10 washings, the
amount of BN-CDs attached to the surface of the
cotton fabric decreased because the combination of
BN-CDs and WPU with the surface of cotton fabric
has a physical effect. After washing, some of the BN-
CDs fell off, resulting in weaker absorption peak
intensity, but the absorption peak was still present,
indicating that after multiple washings, the BN-CDs
still adhered to the cotton fabric.

Surface morphology of cotton fabric samples

Figure 9 shows the SEM images of FO, F1, F2, and F3.
FO has a relatively smooth surface, but F1, F2 and F3
have a relatively rough surface with a thin layer of
WPU on the surface. Due to the intermolecular
hydrogen bonding among BN-CDs, cellulose and
WPU, the WPU coating can improve the wash fastness
of BN-CDs on the surface of cotton fabric.

UV protection of cotton fabric samples

Table 2 shows the UPF values of cotton fabric samples
(F1, F2, F3) before and after water washing. The blank
cotton fabric has a UPF value of approximately 31.2 (a
very good anti-UV fabric). Cotton fabrics finished with
three BN-CDs/WPU aqueous solutions of C1, C2, and
C3 have UPF values of up to 97.1, 194.9, and 163.9,
respectively, all of which provide excellent protection
against UV fabrics. Finished cotton fabrics F1, F2 and
F3 emit bright blue light under 365-nm UV light, as
shown in Fig. 10. After washing once, the UPF values
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Fig. 7: PL emission spectra of the BN-CDs excited by different wavelengths between 340 and 380 nm in 10 increments
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Fig. 8: Infrared spectrum of cotton fabrics. (a) Cotton finished with different solutions. (b) Cotton finished with different

solutions after washing 10 times

of F1, F2, and F3 all showed a marked decrease, which
may be due to washing away the excessive BN-CDs
solution absorbed on the surface of cotton fabric. After
subsequent water washing, the UPF values of F1 and
F2 tended to be stable. After ten washes with water,
the UPF values of F1 and F2 were 1.61 and 1.55 times
that of blank cotton fabrics, respectively, thus indicat-
ing that F1 and F2 remained excellent UV protection

fabrics. In subsequent washings of F3, the UPF value
continued to decrease primarily because BN-CQD
does not chemically react with the surface of the cotton
fabric and is primarily attached to the surface of the
cotton fabric in the form of physical adsorption. The
bond is thus weak, leading to BN-CQD easily falling
off during washing. However, the UPF of cotton fabric
treated with C3 was still as high as 79.9 after 10
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Fig. 9: SEM image of the finished cotton fabric

Table 2: UV protection factor of cotton fabric samples after finishing and different washing times
No. UPF

Finished with BN-CDs After 1 washing After 2 washings After 5 washings After 10 washings

CF1 97.1 53.0 52.2 51.4 50.1
CF2 194.9 57.8 53.4 50.1 48.3
CF3 163.9 119.7 96.3 86.8 79.7

Fig. 10: Digital photographs of F1, CF2 and F3 under 365 nm UV light. (A) Before washing. (B) After 10 washings
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washings, which was related to the dark-brown color of
BN-CDs prepared by a glucose carbon source. The
surface morphology of cotton fabric after C3 finishing
was poor, and the color of the cotton fabric appeared
black. Therefore, the use of C1 and C2 finishing cotton
fabrics is more conducive to application in the field of
clothing fabrics. F1, F2 and F3 still emit blue light
under 365-nm UV light (Fig. 10) after 10 washes.

Figure 11 shows the rate of change in mass of the
finished cotton fabrics with the number of washing
times. After finishing cotton fabrics with BN-CDs/
WPU solutions, the mass changes of cotton fabrics
were relatively large. Compared with blank cotton
fabrics, the masses of F1, F2, and F3 increased by
43.34%, 45.03%, and 43.25%, respectively, indicating
that BN-CDs successfully attached to the cotton fabric
in the presence of WPU. After the first and second
water washings, the rate of change in mass dropped
abruptly because the water washing removed a portion
of the BN-CDs and WPU attaching to the surface of
the cotton fabrics. In subsequent water washings, the
mass of F1, F2, and F3 decreased slowly. Particularly
for F1, the mass exhibited a relatively stable trend.
Compared with the blank cotton fabric after washing
10 times, the mass change rate of the cotton fabrics
finished with three BN-CDs/WPU solutions was
29.71%, 28.41% and 27.81%, respectively. Thus, a
large number of BN-CDs were still attached to the
surface of cotton fabric, which corresponded with the
measured UPF value reported above.

Conclusions

Three boron-nitrogen-doped carbon dots were pre-
pared with a one-step hydrothermal synthesis that used
citric acid, ammonium citrate or glucose as a carbon
source, and ethylenediamine and borax as nitrogen and

boron sources, respectively. These BN-CDs exhibited
PL behavior that was independent of excitation wave-
length, emitted blue and green-blue luminescence
under 365-nm ultraviolet light, and exhibited strong
absorption peaks in the ultraviolet region. The BN-
CDs/WPU-finished cotton fabric exhibited excellent
UV protection. Compared with the BN-CDs prepared
with ammonium citrate and glucose as carbon sources,
the fabric treated with BN-CDs using citric acid as a
carbon source achieved the best performance. After 10
washes, the UPF value of the fabric was 50.1 with good
flexibility and morphology.
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