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As an attempt to develop environmentally friendly polymer hybrids, biodegradable
thermoplastic starch (TPS)/clay nanocomposites were prepared through melt intercalation
method. Natural montrorillonite (Na™ MMT; Cloisite Na™) and one organically modified
MMT with methyl tallow bis-2-hydroxyethyl ammonium cations located in the silicate
gallery (Cloisite 30B) were chosen in the nanocomposite preparation. TPS was prepared
from natural potato starch by gelatinizing and plasticizing it with water and glycerol. The
dispersion of the silicate layers in the TPS hybrids was characterized by using wide angle
X-ray diffraction (WAXD) and transmission electron microscopy (TEM). It was observed that
the TPS/Cloisite Na* nanocomposites showed higher tensile strength and thermal stability,
better barrier properties to water vapor than the TPS/Cloisite 30B nanocomposites as well
as the pristine TPS, due to the formation of the intercalated nanostructure. The effect of clay
contents on the tensile, dynamic mechanical, and thermal properties as well as the barrier
properties of the nanocomposites were investigated. © 2003 Kluwer Academic Publishers

1. Introduction

In recent years there has been a growing interest in the
use of biodegradable polymers for packaging materials
in order to reduce the environmental pollution caused
by plastic wastes [1-3]. Starch is known to be com-
pletely biodegradable in soil and water and to be one
of the most effective packing materials because it is a
cheaply resourced material and has very fast biodegrad-
ability [4]. Starch promotes the biodegradability of a
non-biodegradable plastic and also starch can be used
together with a fully biodegradable synthetic plastic
[5-8] producing biodegradable blends of low cost. The
starch remains in granular form in the plastic matrix
and thus may act as filler.

One major problem with granular starch compos-
ites is their limited processability, due to the big parti-
cle sizes (5-100 pm). Therefore, it is difficult to make
blown thin film for package applications. For this rea-
son, thermoplastic starch (TPS) has been developed by
gelatinizing starch with 6-10% moisture with heat and
pressure [9, 10]. Poor water resistance and low strength
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are limiting factors, however, for the use of materi-
als manufactured only from TPS, and hence it is often
blended with other polymers. For instance, it was found
that the ductility of the gelatinized starch plasticized
with approximately 15 wt% glycerol and 10 wt% water
was improved by adding poly (ethylene-co-vinyl alco-
hol) (44 mol% ethylene) (EVOH) [11]. If the mechan-
ical properties of the TPS can be further improved by
the addition of a small quantity of an environmentally
benign material, that polymer will find applications in
more special or severe circumstances.
Organic-inorganic nanocomposites have attracted
great interest since they exhibit unexpected hybrid
properties synergistically derived from the two com-
ponents [4, 12-16]. Melt intercalating polymers into
the layered silicates of clay has been proven to be an
excellent technique to prepare polymer-layered silicate
(PLS) nanocomposites [16-23]. With only a few per-
cent of clay, PLS nanocomposites exhibit greatly im-
proved mechanical, thermal and barrier properties com-
pared with the pristine polymers [24]. The essential
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raw material for a nanoclay is montmorillonite (MMT),
2-to-1 layered-smectite clay with platy structure
[16, 17]. Montmorillonite clays have been tradition-
ally modified through a cationic ion substitution reac-
tion with surface sodium ions [18, 19]. Applications of
nanocomposites include packaging, automotive com-
ponents, appliances, and so on.

More importantly, clay is environmentally friendly,
naturally abundant and economic. To realize the com-
bination of the biodegradability of cheap TPS and
the high strength and stability of the clay, TPS/clay
nanocomposites were prepared through melt inter-
calation method in the present work. So far very
limited works have been reported on the prepara-
tion of biodegradable and/or environmentally-friendly
PLS nanocomposites or hybrids [25-29]. In this
sense, environmentally-friendly polymer blends and
hybrids have been an important issue in this laboratory
[29-31].

The objective of our research is to prepare the envi-
ronmentally friendly nanocomposites from biodegrad-
able TPS and clay, and to investigate the influence of
the clay contents on the nanostructure and properties of
the TPS/clay nanocomposites. The hybrids were char-
acterized by Wide-angle X-ray diffraction (WAXD) and
transmission electron microscopy (TEM). Tensile, dy-
namic mechanical, thermal and barrier property of the
hybrids were measured.

2. Experimental

2.1. Materials

Cloisite 30B as an organically modified MMT and nat-
ural Nat-MMT (Cloisite Na1) were purchased from
Southern Clay Co. The organoclay possesses methyl
tallow bis-2-hydroxyethyl ammonium cations. Table I
shows the related structure information and the
X-ray diffraction peak positions of the clays used in
this work.

The TPS was prepared using potato starch (PS:
Katayama Co.), glycerol (95%, Junsei Chemical Co.,
Ltd), and water in the Haake Rheocord 600 system
equipped with a mixer. The TPS was prepared using
a two-step procedure; the premixture containing native
potato starch/water/glycerol (5/2/3 by wt. ratio) was re-
tained 1 hour to let plasticizers (water and glycerol) to
swell the granular starch molecules. These swelled mix-
tures were transferred to the Haake mixer and the starch
was gelatinized at 110°C for 25 minutes at 100 rpm of
roller speed. The temperature and torque were moni-
tored during the processing. After processing, the TPS

TABLE 1 Structure information of organic clay of Cloisite Na™ and
Cloisite 30B

Basal
XRD peak spacing
Organic clay* Ammonium cation position (20) (001)
Cloisite Na*  None 7.85° 1.17 nm
Cloisite 30B  (CH3) (T)(CH,CH,OH),NT  4.73° 1.88 nm

T =tallow (~65%C18, ~30%C16, ~5%C14), anion:chloride.
aThe surface hydrophobicity of Cloisite clays: 30B > Na™.
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samples were cooled and cut into small particles, in
order to be premixed with clay powders easily.

2.2. Preparation of TPS/clay
nanocomposites

TPS was meltintercalated with Cloisite clays in a Haake
Rheocoder 600 roller mixer. First Cloisite Na™ or 30B
was dried under vacuum at 80°C for at least 24 hrs.
Dried TPS and either of the two kinds of clays were
mixed in the mixer at 110°C, 50 rpm for 20 minutes. The
hybrids were then injection molded using a Mini-MAX
molder (Custom Scientific Instruments, Inc., CS-183
MMX) to get dog-bone shaped specimens for charac-
terization and property measurements. The blends after
preparation were placed in tightly sealed polyethylene
bags to prevent any moisture absorption.

2.3. Characterization

Wide Angle X-ray diffraction (WAXD) was performed
using a Rigaku D/max 2200H X-ray diffractometer
(40 kV, 50 mA) at a scanning rate of 0.5°/min. The
basal spacing of the silicate layer, d, was calculated us-
ing the Bragg’s equation, A =2d sinf (A (CuK,)) =
0.15406 nm ). TEM images were taken from cryogeni-
cally microtomed ultra thin sections using a Hitachi
H-800 TEM.

2.4. Measurements

Tensile properties were measured using a Universal
Testing Machine (Hounsfield UL25) at room temper-
ature. The crosshead speed was 10 mm/min. All mea-
surements were performed for five replicates of dog-
bone shaped specimens and averaged to get the final
result.

The apparatus and methodology described in the
ASTM E96-80 were used to measure the water vapor
transmission rate (WVTR) of the films [24]. Four films,
17 mm diameter discs, were prepared with 110 pum
thickness and tested at 24 4+ 2°C. Each specimen was
sealed by a rubber O-ring on Plexiglas cups contain-
ing 60 x 10~° m? saturated magnesium nitrate solution
(54% relative humidity (RH)). There was an air gap
of 17.95 mm between the solution and the underside
of the specimen, and the test cups were placed in an
air-tight plastic desiccators containing CaSO, desic-
cant (0% RH). The cups were 17.0 mm (inner diam-
eter), 23.0 mm (outer diameter) and 76.5 mm (depth)
with an exposed film area of 226 mm?. The cups were
weighed to the nearest 0.1 mg at 4 hour intervals dur-
ing 24 hours. Regression analysis of weight loss as a
function of time was performed to insure that accurate
steady state slopes were obtained. WVTR was calcu-
lated by dividing the slope by the exposed film area.

Dynamic mechanical analysis (DMA) was carried
out with a Rheovibron DDV-25F instrument (Orientec
Co.) in the tension mode with the following parame-
ters: frequency = 1 Hz; scan rate = 4°C/min; tempera-
ture range = —150°C to 130°C. Samples were prepared
by injection molding using the Mini-Max moulder



and dried at 100°C in the chamber for 15 min to
remove any residual bulk water before the measure-
ments. The dynamic storage modulus (E’), loss modu-
lus (E”), and mechanical loss tangent (tand = E”/E")
were measured.

Thermogravimetric analysis (TGA) was performed
using a Perkin Elmer TGA 7 at a heating rate of
10°C/min under an atmosphere of flowing nitrogen
(40 x 10~® m3/min). Samples (10-20 mg) were mea-
sured from room temperature to 500°C.

3. Results and discussion
3.1. Characterization of the TPS/clay
nanocomposites

Fig. 1 shows the WAXD patterns of the TPS/Cloisite
Na™ nanocomposites with different clay contents as
well as the pristine TPS and the Cloisite Na™. The pris-
tine TPS exhibited an amorphous X-ray diffraction pat-
tern over the Bragg angles of 5-12°, as reported in the
literature [28, 32]. The peak around 7.85° of the Cloisite
Na' has shifted to around 4.5-5.0° for the TPS/Cloisite
Na™ nanocomposites regardless of the clay content, in-
dicating the intercalated hybrid structures. The effect
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Figure 1 Effect of Cloisite Na®™ contents on the XRD patterns of
TPS/Cloisite Na™ nanocomposites.

of the clay content on the peak shift was not significant,
even though the TPS/Cloisite Na™ nanocomposite with
10 wt% of Cloisite Na™ seems to exhibit the largest gap
between the silicate layers.

In Fig. 2, the WAXD patterns of the TPS/Cloisite
30B nanocomposites with different clay contents are
shown along with those of the pristine TPS and the
Cloisite 30B. In comparison to the TPS/Cloisite Na*
nanocomposites, the peak of the Cloisite 30B was
shifted only slightly for the TPS/Cloisite 30B nanocom-
posites (from around 4.71° to around 4.30°). For the
TPS/Cloisite 30B nanocomposite of 2.5 wt% Cloisite
30B content, however, no clear peak was observed
around 4.30°, suggesting some exfoliation of small
amounts of organoclays in the TPS matrix.

To further confirm the nanostructure of the TPS/clay
hybrids and verify the conclusions from WAXD, TEM
studies were carried out. Fig. 3 shows the TEM images
of the hybrids with different clays and clay contents.
The TEM images show that the TPS/Cloisite Na* hy-
brids show better dispersion and ordered intercalated
structure than the TPS/Cloisite 30B hybrids and that the
dispersion of clays becomes poorer on increasing the
clay content. One can see big agglomerates of clay par-
ticles distributed in the TPS matrix for the TPS/Cloisite
30B with 10 wt% of clay content. If the clay content was
over 10 wt%, the dispersion of clays in the TPS matrix
became worse for both Cloisite Na™ and Cloisite 30B
hybrid systems, although data are not shown here.

In order for the polymer to fully wet and interca-
late the clay or organoclay tactoids, it is imperative that
the surface polarities of the polymer and clays or organ-
oclays be matched [21]. Polar-type interactions are also
critical for the formation of intercalated or exfoliated
nanocomposites via polymer melt intercalation [33]. In
most works dealing with PLS nanocomposites, organ-
oclays show better dispersion in a polymer matrix than
unmodified natural clays because of the general hy-
drophobicity of polymers. The TPS used in our work is,
however, hydrophilic. Cloisite 30B possessing methyl

10000
(o]
471°% | - a: TPS 100%
;’“‘z ——————— b: TPS 97.5/30B 2.5%
5000 it ¢: TPS 95/30B 5%
[ d: TPS 90/30B 10%
': ---------- e: 30B clay
— 6000 /
@ i
S
%, 4000 » ! ’4 ’%"“,‘ ) o]
@ | R4
E . e PN
£ L R e
2000 i A IR e
Wit Z d r
ol e
e
T T T T " ) ' l I
0 2 4 6 8 10 12

2 Theta (deg.)

Figure 2 Effect of Cloisite 30B contents on the XRD patterns of TPS/Cloisite 30B nanocomposites.
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Figure 3 TEM images of various TPS/clay hybrids: (a) TPS95/Cloisite
Na™ 5 wt%, (b) TPS95/Cloisite Na™ 10 wt%, (c) TPS95/Cloisite 30B
5 wt%, (d) TPS95/Cloisite 30B 10 wt%.

tallow bis-2-hydroxyethyl ammonium cations are much
less hydrophilic than the natural Cloisite Na*. There-
fore, the Cloisite 30B does not match well with the
polarity of TPS in comparison to the Cloisite Na™. Fur-
thermore, lack of strong polar interactions between the
ammonium cations present in the Cloisite 30B and the
TPS chains further discourages TPS intercalation. For
these reasons, Cloisite 30B dispersed poorly, with large
agglomerates present, and hardly formed a nanocom-
posite when introduced into the TPS matrix in compar-
ison to the Cloisite Na™.

Itis expected, however, that the moderate surface po-
larity of Cloisite Na™ is responsible for the formation
of a partially intercalated TPS nanocomposite. In com-
parison to Cloisite 30B, therefore, the Na™ cation gives
Cloisite Na™ the proper hydrophilicity and compatibil-
ity with TPS, which in turn favors intercalation. It is
again seen that compatibility and optimum interactions
between polymer matrix, organic modifiers and the sil-
icate layer surface itself are crucial to the formation of
intercalated as well as exfoliated PLS nanocomposite
[34].

3.2. Tensile properties
Table II shows the tensile properties of the TPS/Cloisite
Na™ and the TPS/Cloisite 30B hybrids with different
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TABLE 1II Tensile properties of TPS/clay nanocomposites with

various amounts of Cloisite Nat and Cloisite 30B

Property
Tensile Elongation
Blend composition strength (MPa) at break (%)
TPS 97.5/Nat 2.5 wt% 2.79 48.9
TPS 95/Na* 5.0 wt% 3.32 57.2
TPS 90/Na* 10.0 wt% 3.20 52.0
TPS 97.5/30B 2.5 wt% 2.75 45.7
TPS 95/30B 5.0 wt% 2.80 44.5
TPS 90/30B 10.0 wt% 3.00 45.7
TPS 100 wt% 2.61 47.0

clay contents. It is seen that the tensile properties of the
TPS/clay hybrids are generally increased with increas-
ing clay content. It should be noted, however, that the
TPS/Cloisite Na* nanocomposites showed higher ten-
sile properties than the TPS/Cloisite 30B hybrids at the
same contents, and that the TPS/Cloisite Na™ nanocom-
posites with 5 wt% Cloisite Na™ showed highest ten-
sile properties among all the hybrids. The result is due
to the stronger interaction between TPS and Cloisite
Na* in comparison to that between TPS and Cloisite
30B, as discussed above. Comparison of Figs 1 through
3 and Table II indicates that the better dispersion of
clays in the TPS matrix gives the stronger mechanical
properties.

3.3. Water vapor transmission rate (WVTR)

Fig. 4 shows the relative water vapor transmission rate
(WVTR) (hybrid WVTR/polymer WVTR, P./ p,) ver-
sus the contents of Cloisite Nat or Cloisite 30B in the
TPS matrix. Fig. 4 shows that for the TPS hybrid films
the WVTR decreased remarkably with adding small
amounts of clays for both Cloisite Na™ and 30B. It
means that the layered structure of clay blocks the
transmission of moisture vapor through the film ma-
trix. It is interesting to note that in Fig. 4 the rela-
tive WVTR of the TPS nanocomposites was reduced
by nearly a half compared to the pristine TPS at only
5 wt% of silicate. The dramatic lowering of WVTR in
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Figure 4 Effect of Cloisite Na* or Cloisite 30B contents on the relative
water vapour transmission rate behavior of TPS/Cloisite Na™ and 30B
nanocomposites at 24°C.



the nanocomposites is due to the presence of dispersed
large aspect ratio silicate layers in the polymer matrix
as seen in other polymer-layered silicate composites
[35, 36].

This forces water moisture traversing the film to fol-
low a tortuous path through the polymer matrix sur-
rounding the silicate particles, thereby increasing the
effective path length for diffusion. Complete delami-
nating of the clay leads to the formation of high as-
pectratio (100-1000) impermeable layers, which is ex-
pected to maximize barrier properties as predicted by
Cussler et al. [37]. The observed dramatic decrease in
WVTR is of great importance in evaluating TPS com-
posites for use in food packaging, protective coatings,
and other applications where efficient polymeric bar-
riers are needed. For these applications, significant re-
duction in WVTR can result in either increased barrier
efficiency, or reduced thickness of the barrier layer for
the same efficiency. Furthermore, reduced WVTR in
biodegradable polymer composite films may have the
added benefit for modifying degradation rates, because
hydrolysis of the matrix polymer is likely to depend
on the transport of water from the surface into the bulk
of the material [25]. Since the film rigidity is improved
by the addition of clay, the amount of clay added to the
composite film should be controlled due to its syner-
getic effects on the mechanical strength and WVTR of
the film.

Fig. 4 also shows that the barrier property to water
vapor is better for the TPS/Cloisite Na* nanocomposite
than for the TPS/Cloisite 30B nanocomposite, regard-
less of the clay contents. Again, we note that the better
dispersion of clays in the TPS matrix gives the better
barrier properties.

3.4. Dynamic mechanical properties
Figs 5 and 6 show the temperature dependence of the
relative storage modulus (E./ E;/>) and tan$ for the
pristine TPS and the nanocomposites intercalated with
2.5-10 wt% of Cloisite Na*, where E{ and E, are the
storage modulus of nanocomposites and the pristine
polymer, respectively.

When 2.5 wt% of clay was added to TPS (Fig. 5b),
no significant difference in E;/E; can be seen over
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the investigated temperature ranges, indicating that in-
tercalated nanocomposites do not strongly influence
the elastic properties of the matrix. On the other hand,
for both the hybrids containing 5 and 10 wt% Cloisite
Na™, the storage modulus increased by 20-50% with
increasing clay contents compared to the pristine TPS
in the temperature range —20°C to 80°C. It is important
to note the enhanced storage modulus at temperatures
above room temperature for intercalated nanocompos-
ites filled with layered silicates of high aspect ratio,
especially for the TPS/Cloisite Na* hybrid. A possible
explanation for such an improvement could be the cre-
ation of a three-dimensional network of interconnected
long silicate layers, strengthening the material through
mechanical percolation [38, 39].

The smaller E!, values in comparison to other hybrids
and TPS at low temperature around —60 to —20°C,
when the contents of Cloisite Na™ is high (10 wt%),
may be related to the increasing glass transition tem-
perature in the presence of lots of clay, which affects the
stiffness of the parent starch backbone of the TPS. The
shift of tan 8§ peaks of the TPS/Cloisite Nat 10 wt%
hybrid towards much higher temperatures (—64°C to
—32°C, 7.0°C to 10-20°C, respectively) in Fig. 6 may
prove the fact. The result may be attributed to several
factors including interaction between starch granules
and clay, etc. at the low temperature ranges. In Fig. 6,
the two transition peaks around —64°C and 7.0°C of
TPS are due to respectively the «-relaxation of starch
and the B-relaxation of glycerol [40]. The temperatures
at which the two transition peaks were observed were
increased with increasing clay contents.

Figs 7 and 8 show the temperature dependence of
the relative storage modulus (E¢/E}) and tan § for the
pristine TPS and the nanocomposites intercalated with
2.5-10 wt% of Cloisite 30B. On increasing the clay
contents, the storage modulus was increased but all
the values were less than that of the pristine TPS over
the almost entire temperature ranges investigated. It
means that when the hybrid shows bad dispersion of
clays in a polymer matrix, as already shown in Figs 2
and 3, the addition of small amounts of clays does
not enhance the modulus of the TPS matrix. The tan §
behavior in Fig. 8 shows that the two transition tem-
peratures are shifted to lower temperatures due to the
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repulsion between hydrophilic TPS and the hydropho-
bic organoclays, which is in contrast to the case of the
TPS/Cloisite Na™ nanocomposites. The trend becomes
more distinct as the clay contents are increased.

3.5. Thermal stability

The thermal stability of a material is usually assessed
by thermogravimetric analysis (TGA) where the sample
mass loss due to volatilization of degraded by-products
is monitored as a function of a temperature ramp [22].
Figs 9 and 10 show respectively the TGA curves of
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Figure 9 Effect of Cloisite Na™ contents on the TGA curve of
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Figure 11 Effect of Cloisite Na* and 30B contents on the temperature
at which 50% of weight is lost from TGA curve of TPS/Cloisite Na* or
30B nanocomposites.

TPS/Cloisite Nat and 30B hybrids. Based on the TGA
curves of the two hybrids, the temperature at which
50 wt% weight loss takes place is shown in Fig. 11
for TPS/Cloisite Na™ and TPS/30B hybrids. The tem-
perature of 50% weight loss of the TPS/Cloisite Na™
(95/5 w./w.) hybrid increased from 305°C to 336°C,
meaning that the thermal stability was noticeably in-
creased as compared to the pristine TPS. The increase
of the thermal stability with the addition of clays up to
5 wt% was significant for both kinds of clays, while
the increase was leveled off with further increasing
clay content. It is seen that the thermal stability of
TPS/Cloisite Nat and TPS/Cloisite 30B hybrids are
better than that of the pristine TPS. Note also that the
TPS/Cloisite Na* nanocomposites showed better ther-
mal stability than TPS/Cloisite 30B hybrids do, regard-
less of the clay content. The results of Figs 9 through
11 strongly indicate that the enhancement of the ther-
mal stability of the TPS with the addition of clays is
larger when the TPS based hybrids form intercalated
nanocomposites than when they do not, proving that the
better dispersion of clays in the TPS matrix gives better
thermal stability as well as mechanical properties.

4. Conclusions
Novel biodegradable thermoplastic starch (TPS)/
clay nanocomposites were prepared through melt



intercalation method as an attempt to develop envi-
ronmentally friendly polymer hybrids. Two different
kinds of clays, Cloisite 30B with ammonium cations
located in the silicate gallery and one unmodified
Cloisite Na* montmorillonite (MMT), were chosen
in the nanocomposite preparation. Cloisite Nat MMT
showed better dispersion in the nanostructure of the
TPS hybrids. The dispersion of the clays in the TPS
matrix depends on the hydrophilicity of the clays and
especially the polar interaction between the silicate
layers and TPS. The strong interaction between TPS
and Cloisite Nat leads to higher tensile properties
and lower water vapor transmission rate than the pris-
tine TPS. The results also showed that adding only
5 wt% of clays to the TPS matrix is favorable to im-
prove the tensile strength and barrier property of these
composites.

For both the hybrids of 5 and 10 wt% Cloisite Na™,
storage modulus increased by 20-50% with increas-
ing clay content compared to the pristine TPS in the
temperature range —20°C to 80°C. The tan§ data of
the TPS/Cloisitie Na™ nanocomposites showed that the
two transition peaks around —64°C and 7.0°C of TPS,
which were due to the glass transition of starch and the
glass transition of glycerol, respectively, were shifted
towards higher temperatures on increasing clay con-
tent. The TGA curve showed that TPS/Cloisite Na™
nanocomposites exhibit better thermal stability than the
TPS/Cloisite 30B nanocomposites do at the same clay
contents. It was concluded that the better the dispersion
of the clays in the TPS matrix the better mechanical,
thermal, and barrier properties when we compare the
TPS/Cloisite Na™ and the TPS/Cloisite 30B hybrids
with different clay contents.
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