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ABSTRACT: The traditional approach toward barrier property
enhancement of poly(lactic acid) (PLA) is the incorporation of
sheet-like fillers such as nanoclay and graphene, unfortunately leading
to the sacrificed biocompatibility and degradability. Here we unveil
the first application of a confined flaking technique to establish the
degradable nanolaminar poly(butylene succinate) (PBS) in PLA films
based on PLA/PBS in situ nanofibrillar composites. The combination
of high pressure (10 MPa) and appropriate temperature (160 °C)
during the flaking process desirably enabled sufficient deformation of

PBS nanofibrils and retention of ordered PLA channels. Particularly,

interlinked and individual nanosheets were created in composite films containing 10 and 20 wt % PBS, respectively, both of
which presented desirable alignment and large width/thickness ratio (nanoscale thickness with a width of 428 + 13.1 and 76.9 +
8.2 um, respectively). With the creation of compact polymer “nano-barrier walls”, a dramatic decrease of 86% and 67% in the
oxygen permeability coeflicient was observed for the film incorporated with well-organized 20 wt % PBS nanosheets compared to
pure PLA and pure PBS (1.4 and 0.6 X 107'* cm*cm-cm™s™"-Pa™"), respectively. Unexpectedly, prominent increases of 21%
and 28% were achieved in the tensile strength and modulus of composite films loaded 20 wt % PBS nanosheets compared to pure
PLA films, although PBS intrinsically presents poor strength and stiffness. The unusual combination of barrier and mechanical
performances established in the fully degradable system represent specific properties required in packaging beverages, food and

medicine.
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B INTRODUCTION

The up-to-date development of biopolymer science and
technology has generated a demand for the enhancement of
functional properties (e.g., high thermal and electrical
conductivity, low gas permeability) for an array of appealing
applications.' ™ One of the most typical and visible is the
pursuit of multifunctional poly(lactic acid) (PLA): PLA has a
great reputation among the emerging bioplastics in terms of
desirable renewability,”'* impressive mechanical performance
and outstanding biodegradability,"*~"” but the poor resistance
to gas/water largely blocks its promising applications for green
packaging.'®'” As a result, the enhancement of gas barrier
performance for PLA has prompted rapidly increasing efforts
during the past decade, with the ultimate goal of substituting
traditional petroleum-based products that currently dominate
the packaging field*”*' Among the available approaches
appearing in the recent progress, incorporating sheet-like
nanofillers, such as nanoclay, graphene oxide, and their
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derivatives, into PLA is perceived as the common route to
fabricate high barrier PLA composites.”” > Specifically, these
introduced impermeable nanoplatelets are generally recognized
as “nano-barrier walls”, compelling the diffusing molecules to
follow longer and more tortuous pathways.”**” An imperative
task in preparing high barrier nanocomposites is to uniformly
disperse and orderly organize the nanoplatelets in the
polymeric matrix, and thus to translate competently the unique
properties of individual nanoplatelets to larger scales.”®>° It is
pertinent to point out that, at present, time/ energy-consuming
efforts are normally engaged, such as surface decoration of the
nanofillers,”" complex processing technique or laboratory-scale
production.”® Of vital weakness is the sacrificed biocompati-
bility and biodegradability of PLA composites after introducing
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nanofillers, depriving of the potential for packaging beverage,
food and medicine.”” It seems a continuing challenge to achieve
simultaneously superior barrier properties and desirable
degradability for PLA, especially during an industrially feasible
manufacturing process.

Pioneering exploration in immiscible blends of polyamides or
polyesters in the polyolefine matrix, particularly polyethylene,
manifested that constructing parallel, thin and large laminae of
dispersed phase during the blowing and extrusion molding
substantiallgr reduced the permeability properties (3—100
times).>> > And this methodology has been applied for
commercial production of bottles and films since the late
1990s.>® Tt naturally encourages us to extend the concept of
functional laminar phase formation to manufacture PLA
composites containing highly aligned laminar biopolymer,
targeting full biodegradability and desirable barrier properties.
However, to date, the exploitation of all-biopolymer blends
featuring micro/nanosheet-like dispersed phase is still in its
infancy, and almost none of the obvious opportunities to
promoting the permeability resistance by establishing in situ
nanosheets in biopolymers have been examined. Our recent
exploration demonstrates the possibility to construct in situ
nanofibrillar poly(butylene succinate) (PBS) utilizing intense
extrusion compounding followed by “slit die extrusion-hot
stretching-quenching” technique, permitting the nanofibrilla-
tion of nanosized PBS droplets in the PLA matrix.*® Here we
attempt to further tailor the morphology of PBS nanofibrils, i.e.,
establishing highly oriented PBS nanosheets by confined flaking
of in situ nanofibrillar composites during the compression
molding process, which is schematically depicted in Figure 1.
The key element in this methodology is the application of
appropriate molding temperature (160 °C), allowing the
preservation of oriented units and sufficient thermal deforma-
tion of PBS nanofibrils but partial melting of PLA matrix.
Moreover, the woven design may help build biaxial structures
for the composite films rather than the anisotropic alignment of
functional units, which is in great need for packaging, energy
and transport-related applications.

B EXPERIMENTAL SECTION

Materials. PLA under a trade name of 4032D comprising ~2% D-
LA was commercially purchased from NatureWorks (USA), its weight-
average and number-average molecular weight are 2.23 X 10° and 1.06
X 10° g/mol, respectively. PBS (Bionolle #1001MD) with a number-
average molecular weight of ~6.0 X 10* g/mol and a dispersive index
of 2.33 was obtained from SHOWA Highpolymer Co. Ltd. (Japan).

Preparation of PLA/PBS Composite Films. Figure 1 depicts the
confined flaking manufacture of PLA/PBS films based on PLA/PBS
nanofibrillar composites. The nanofibrillar composites were woven
into platelets and then submitted to compression molding at 160 °C
under a fixed pressure of 10 MPa. Such a confined flaking process was
hypothesized to desirably control phase morphology for nanofibrillar
composites.”” At this particular temperature (between the melting
points of PBS and PLA), the semisolid, aligned tiny channels
established by PLA largely confined the flow mobility of PBS which
melts in the channels instead of direct fracture or relaxation of fibrillar
PBS phase. Once subjected to high pressure, the PLA channels were
compelled to generate sufficient, ordered deformation rather than
disordered, overlapping integration, which triggered the structural
alteration into nanolaminae from nanofibrils for PBS. For the sake of
briefness, the detailed procedures of nanofibrillar composite
preparation are not stated here, which were available in our recent
work. >

Scanning Electronic Microscopy (SEM). Cryogenic fracture
followed by selective etching of PLA matrix in dichloromethane
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Figure 1. Schematic representation describing the processing approach
for structuring the PLA/PBS films. Starting from the direct extrusion
compounding of PLA and PBS, the PLA composites containing PBS
nanofibrils are manufactured employing the “slit die extrusion-hot
stretching-quenching” technique.*® Subsequently, the composite
sheets are woven into ordered platelets and finally, PLA/PBS
composite films with a thickness of ~100 pm are obtained by
confined flaking at the specific temperature of 160 °C. It is worth
noting that a woven structure is applied to preserve the oriented units
by minimizing the random flow during confined flaking and to achieve
the isotropic structure and performances, while the molding
temperature is fixed at 160 °C to allow the sufficient thermal
deformation of PBS nanofibrils but partial melting of PLA matrix. The
digital photograph presents the appearance for the PLA/PBS (80/20)
film, demonstrating high transparence and desirable toughness.

(CH,CL,) at 5 °C for 40 s was applied to obtain the specific surfaces
showing the phase morphology for PBS. The surfaces sputter-coated
with gold were observed with a field-emission SEM instrument
(Inspect F, FEI, Finland) with an accelerated voltage of 10 kV.

Two-Dimensional Small-Angle X-ray Scattering (2D-SAXS).
2D-SAXS measurements were performed at the beamline BL16B1 of
Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China).
The monochromated X-ray beam operated at a wavelength of 0.124
nm with a beam size of 80 X 80 ym (length X width), and the sample-
to-detector distance was fixed at 1900 mm. All the film samples (~100
pum) were exposed to the X-ray for a fixed duration of 90 s. The 2D-
SAXS images were collected with an X-ray CCD detector (Model
Marl16S, a resolution of 2048 X 2048 pixels). The radically integrated
intensities I(q) (q = 4zsin 0/1) are obtained for integration in the
azimuthal angular range of a whole circle, where 260 stands for the
scattering angle and A represents the X-ray wavelength. And the long
period (L) regarding the lamellar structure was calculated using the
Bragg equation, L = 27/q*.

Two-Dimensional Wide-Angle X-ray Diffraction (2D-WAXD).
2D-WAXD determination was carried out at the beamline BL1SU1 of
SSRF, Shanghai. The monochromated X-ray beam with a wavelength
of 0.124 nm was focused to an area of 3 X 2.7 um (length X width),
and the sample-to-detector distance from was set as 185 mm. After 90
s of exposure to the X-ray for the film samples (~100 ym), the 2D-
WAXD images were collected with an X-ray CCD detector (Model
§X16S, Rayonix Co. Ltd, USA). Additionally, the WAXD intensity
profiles for each 26 were obtained by integration in the azimuthal
angular range of a whole circle (0—360°) from the sample patterns
employing the Fit2D package, while background scattering was
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subtracted from the sample patterns. The orientation parameter of
PLA matrix was calculated using Picken’s method based on the
reflection of lattice planes (200)/(110) of PLA a-form crystals, which
enabled the quantitative evaluation of the order of molecular
a.lignment.38

Differential Scanning Calorimetry (DSC). Pure PLA and
composite films (around S—6 mg) were heated from 30 to 200 °C
on a DSC Q200 (TA Instruments, USA) at a heating rate of 10 °C/
min under nitrogen atmosphere. The crystallinity of PBS (Xpgs) was
calculated based on the melting enthalpy of PBS (AHpgs) occurring at
~112 °C and the weight ratio of PBS (Wpyg), as illustrated in eq 1.

AH,

PBS

=— X 100%
AI_IPBS'I/VPBS

X

PBS (1)
where AHJj represents the melting enthalpy of 100% crystalline PBS
(220 _]/g).39 The crystallinity of PLA (Xp;4) based on the melting
enthalpy near 173 °C was evaluated using the same method, while the
melting enthalpy of 100% crystalline PLA is 93.7 J/g."°

Oxygen Permeability Measurements. The oxygen permeability
(Poy) of PLA/PBS composite films was determined at room
temperature with 50% relative humidity and a VAC-V2 film
permeability testing machine (labthink instruments, Jinan, China)
according to 1S0O2556:1974. Oxygen gas (Alphagaz, Air Liquide
Denmark) with a purity of >99.999% was used. Permeability
coefficient of the composite films was calculated by an analysis
program.”® For each sample, measurements were repeated until four
successive readings deviated <5% from the average value.

Mechanical Property Testing. According to ASTM standard
D638:1999, the tensile properties were measured at room temperature
on an Instron universal test instrument (Model 5576, Instron
Instruments, USA) with a crosshead speed of 20 mm/min and a
gauge length of 20 mm. A minimum of 6 bar for each sample was
tested at the same conditions, and the average values were presented
with standard deviation.

B RESULTS AND DISCUSSION

Combining the in situ fibrillation and confined flaking
techniques, we aim at creating and orderly organizing
nanolaminar phase structure for PBS, potentially rendering
the construction of compact “nano-barrier walls”, as well as the
generation of effective reinforcing elements.** Figure 2 offers
the direct evidence of this. Figure 2al evidently suggests the
formation of laminar PBS after confined flaking in the
composite film penetrated 10 wt % PBS, in clear contrast to
the nanofibrillated structure in the in situ fibrillar composite
(Figure S2 of the Supporting Information). Figure 2al,2 reveals
some important features in the laminar structure of PBS. First,
extremely high density and good alignment of PBS nanosheets
are clearly observed, indicative of sufficient structural
conversion from the rich, oriented PBS nanofibrils (Figure S2
of the Supporting Information). Second, these PBS nanosheets
are characterized by a large width of 1.5 &+ 0.3 ym but a low
thickness of several to tens of nanometers, demonstrating little
variations of volume compared to that of PBS nanofibrils with
an average diameter of 83 nm. Such a high width/thickness
ratio (428 + 13.1 ym) of PBS nanosheets definitely may be on
a par with or even exceed most 2D nanofillers such as nanoclay
and few-layered graphene sheets.”*® Third, the PBS nano-
sheets are interconnected to each other to form an enormous
laminar network without visible ends, primarily arising from the
branched agglomeration of molten PBS nanofibrils during the
confined flaking. The strong linkages created among the PBS
nanosheets may present evident advantages over normal
nanofillers that are individually dispersed in the matrix in
terms of enhancing permeability resistance and mechanical
performance.*
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Figure 2. SEM images of section cryofracture surfaces of PLA/PBS
composite films after etching the PLA matrix for (al) PLA/PBS (90/
10), (b1) PLA/PBS (80/20) and (c1) PLA/PBS (60/40); a2—c2
show the local morphology of PBS nanosheets in higher magnitude,
respectively.

The significantly increased density of PBS nanosheets is
clearly observed for the PLA/PBS (80/20) film in Figure 2b1,2,
accompanied by the decreased width (0.9 + 0.2 pm). The
reduction in sheet width can be explained by the decreased
viscosity of composite system in the presence of higher
contents of PBS (Figure S3 of the Supporting Information),
resulting in effective flow and extension of PBS fibrillar melts
along the channels in PLA backbone. This restricts the lateral
extension of PBS phase during the confined flaking, leading to
the formation of orderly individual nanosheets rather than
interconnected nanosheets in the PLA/PBS (90/10) film.
Figure 2c1,2 suggests PBS nanofibrils in the PLA/PBS (60/40)
sample cannot be effectively converted to nanosheets,
displaying tabular ribbons with a width of 1.6 + 0.3 ym are
generated. The agglomeration of molten PBS phase and
decreased channels of PLA framework are, to different degrees,
responsible for it.

These observations evidently verify our first establishment of
well-organized, thin and large PBS nanosheets in the PLA films,
which has not been realized in the biomass-based system yet.
Besides the desirable biocompatibility and degradability
overwhelming traditional manufacture of polymeric nano-
composites, our proposed methodology offers some prepon-
derant principles compared to the traditional manufacture of
polymer “barrier walls” in polyolefins. It can be exemplified by
the typical model based on polyethylene (matrix) and
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polyamide 6 (dispersed-phase).*' The gross incompatibility of
the immiscible blends is destined to cause asymmetrical
distribution and dispersions of polyamide 6 and poor interfacial
adhesion, frequently resulting in the low permeability resistance
and easy breaking,** Incorporating a surfactant, compatibilizer
or interfacial agent generally represents an indispensable route
to prepare homogeneous blends prior to obtaining laminar
polyamide 6.** In clear contrast, our case is established on the
basis of common processing technology without utilizing any
additives. Specifically, we have recently demonstrated that
intensive shearing/stretching enabled the control of the
structure and alignment of PBS, as well as the construction
of ordered PLA lamellae at PBS nanofibrils which serve as
tenacious filament to enhance the interfacial interactions.*® The
construction of aligned PBS nanofibrils, PLA lamellae and
strong interfacial interactions satisfies essential prerequisites for
creating oriented PBS nanosheets in the subsequent confined
flaking process. Of more significance is the flexibility in the
choice of biopolymer matrices based on this technique,
probably motivating further efforts for creating laminar
structure in biopolymer films.

Two-dimensional small-angle X-ray scattering (2D-SAXS)
was performed to examine the ordered entities in PLA/PBS
composite films (Figure 3). Figure 3A illustrates the 2D-SAXS
patterns for the composite films, which yields the 1D intensity
profiles, as plotted in Figure 3B. Only symmetrical bulb-shape
lobes indicating the presence of oriented PLA lamellae are
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Figure 3. (A) Typical 2D-SAXS patterns and (B) 1D-SAXS intensity
profiles of PLA/PBS composite films. Scattering patterns attributed to
oriented PLA superstructures and epitaxial entities of PBS are
indicated with white arrows in the 2D images. The peak position
(¢*) and long spacing (L) are marked near the peaks, and note that a
broad and weak peak located at 0.44 nm™" is observed as a result of
epitaxial crystallization of PBS. (a) PLA/PBS (90/10), (b) PLA/PBS
(80/20) and (c) PLA/PBS (60/40).
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observed for the films containing 10 and 20 wt % PBS
nanosheets, presumably due to the partial retention of oriented
PLA units during the disengage of aligned PBS during confined
flaking at 160 °C.*> Moreover, the PLA/PBS (80/20) sample
displays one more pair of lobes in the equatorial direction,
probably arising from the orthogonal structure of woven PLA/
PBS composites (Figure 1). Besides the existence of bulb-shape
lobes, it is of great interest to observe a large scattering halo
outside the lobes for the film incorporated 40 wt % PBS. It
suggests the formation of a small quantity of less ordered PBS
lamellae during the recrystallization in the confined space.
Figure 3B manifests the PLA/PBS (90/10) and PLA/PBS (80/
20) composite films present similar curves with a single peak at
g = 0.12 and 0.14 nm™’, respectively. The long period (L)
corresponding to the intensity peak is calculated to be 52.3 and
44.8 nm for these two samples, respectively. Note that the L
values of flaked composite films, which mainly reflects the
lamellar spacing of PLA matrix, are twice over those of the as-
stretched nanofibrillar composites (26.2 and 20.9 nm).*® It
primarily results from the synergetic morphological alterations
of PLA matrix and dispersed PBS: (1) the creation of
nanolaminar PBS during the confined flaking processing may
interfere the ordered alignment of PLA lamellae in the vicinity
of PBS nanosheets and thus expand the lamellar spacing; (2)
the stretched PLA chains present high nucleation activity to
form the lamellae with a higher thickness, which is likely
facilitated by the neighboring PBS chains that are partially
disengaged and relaxed (under 160 °C).***> A broad and weak
peak located at g = 0.44 nm™" attributed to the PBS lamellae is
exclusively observed for the film loaded 40 wt % PBS (Figure
3Bc), accompanied by the dominate peak at g = 0.15 nm™".
Like the PLA matrix, the PBS lamellae (probably induced by
the surviving stretched chains/ segments) have a much higher
long 3period of 143 nm compared to that of nanofibrils (8.4
nm).>
Crystalline morphology and molecular orientation of
composite films are traced employing two-dimensional wide-
angle X-ray scattering (2D-WAXD), as presented in Figure 4.
Arc-like diffraction patterns assigned to oriented lattice planes
(010), (200)/(100) and (203) of a-form PLA are observed for
both PLA/PBS (90/10) and PLA/PBS (80/20) in Figure 4A,
giving rise to the main diffraction reflection at 20 = 15.8°, 16.7°
and 18.9° for PLA, respectively (Figure 4B).*%7 Homogeneous
diffraction rings with strong intensity are detected for PLA in
the film incorporated 40 wt % PBS (Figure 4A), displaying
weak PBS reflection close to the lattice planes of PLA (Figure
4B). It is evident that the 2D-WAXD characterization yields the
same results with the 2D-SAXS analysis, i.e., the retention of
oriented PLA units enables the generation of ordered PLA
lamellae for films containing 10 and 20 wt % PBS nanosheets in
the confined flaking process. This assumption explains, in
principle, the high orientation degree of PLA for the two
samples, but substantially decreased orientation parameter for
the film after incorporating 40 wt % PBS (Figure 4C).
Differential scanning calorimetry (DSC) was carried out to
offer insights into the thermal behaviors of composite films in
the presence of PBS nanosheets, as recorded in Figure S. Pure
PLA film submitted to the same processing was also measured
to distinguish the thermal transitions from those of PBS (Figure
Sa). Figure Sa clearly indicates pure PLA displays a glass
transition at 59.9 °C (T,) and a melting endotherm at 172.9
°C, and the crystallinity (46.6%) is found to be much higher
than that of as-stretched pure PLA (11.4%).% It is well in line
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Figure 4. (A) Representative 2D-WAXD patterns and (B) 1D-WAXD intensity profiles of PLA/PBS composite films, the diffraction peaks and their
assignment to the specific lattice planes are indicated on the curves (black dashed lines for the diffraction peaks of PLA and red ones for PBS). (C)
Plots of orientation degree of PLA as a function of PBS content. The orientation parameter is calculated based on the azimuth angle (0—360°) of
lattice plane (200)/(110) due to its highest diffraction intensity in all reflections of PLA. (a) PLA/PBS (90/10), (b) PLA/PBS (80/20) and (c)

PLA/PBS (60/40).

Xy 4= 46.6% (a)

\’ 172.9 °C
Xpps= 28.9% Xppa=53.2% (b)

S
112.5°C
1729°c |&H
61.9°C 0o >
: Xpps=10.8% Xppa=56.6% © |°
e —
\\/ 111.5°C
60.8° 173.6°C
m\—- Xpps=22.6% Xppa=62.2% (d)
LI \/
50 60 70 111.6°C
170.2°C
r T T T 1
40 80 120 160 200

Temperature (°C)

Figure 5. Heating traces of the DSC program of (a) pure PLA, (b)
PLA/PBS (90/10), (c) PLA/PBS (80/20) and (d) PLA/PBS (60/40)
composite films. The glass transition temperature (T,) and the melting
points of PBS and PLA (T,,,, T,,) are marked below the curves.
Crystallinity of PBS and PLA (Xpgg, Xpra) marked on the curves is
calculated on the basis of their melting enthalpies and weight ratios,
respectively. The glass transition region is extracted to present clear
identification of T, shifts. The curves in the range of 30—40 °C were
disordered and not plotted due to the overshoot of heat flow at the
beginning of the thermoprogram.

with the SAXS results and again confirms our hypothesis on the
reorganization of ordered lamellae staring from the aligned PLA
chains. With the incorporation of PBS nanosheets, some
notable variations of thermal behaviors are observed. First, T,
of PLA jumps to 61.9 °C for PLA/PBS (90/10) and decreases
to 60.8 and 59.5 °C for the films containing 20 and 40 wt %
PBS. It mainly results from the competition between the
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formation of interlinked or individual nanosheets strongly
interacting with the PLA chains that pushes up the T, values
and the introduction of flexible PBS chains that causes the
reduction of Tg.46’48 Second, small endotherm peaks ascribed to
the melting of PBS are located at ~112 °C. One may notice
that the PLA/PBS (90/10) film presents the highest melting
point at 112.5 °C, which is principally associated with the
existence of interconnected PBS networks that immobilize the
adjacent PLA chains. Third, the crystallinity of PLA ranges
from 53.2 to 62.2%, well above that of PBS (normally lower
than 30%). This provides sufficient evidence for extended PLA
chains in serving as the precursors to elicit the rapid generation
of ordered lamellae.*” Additionally, PLA/PBS (60/40) shows
the lowest melting point of PLA at 170.2 °C, mainly due to the
increase of PBS chains with high mobility and low melting
point.

The above observations confirm the establishment of PBS
phase displaying distinct structural features: enormous nano-
sheets interconnected to each other for PLA/PBS (90/10),
individual nanosheets with a higher concentration and tabular
ribbons in the films penetrated 20 and 40 wt % PBS. The
existence of these nanolaminar blocks lays down important
prerequisites for the enhancement of barrier ability. Figure 6A
reveals the large changes in oxygen permeability coeflicient
(Py,) for the composite films. Evidently, the highest
permeability (1.4 X 107" cm*cm-cm™s™"-Pa™) occurs in
pure PLA film, and pure PBS film shows a much lower Py, at
0.6 X 107" cm*cm-cm™s™"-Pa". It is a surprise to find the
substantial decrease in P, for all composite films (even lower
than that of pure PBS). In particular, PLA/PBS (80/20) is
characterized by the lowest Py, of 0.2 X 107" cm*-cm-cm™
s™!-Pa™!, whereas moderately increased P, values are observed
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Figure 6. Performance evaluation to demonstrate the impressive
permeability resistance to oxygen of the PLA films containing PBS
nanosheets, as well as the exceptional mechanical properties. (A) Bar
chart showing the values of oxygen permeability coefficient (Pg,) with
standard deviations for (a) pure PLA, (b) PLA/PBS (90/10), (c)
PLA/PBS (80/20), (d) PLA/PBS (60/40) and (e) pure PBS. (B)
Comparison of percentage decline of Py, between (a) this work and
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Figure 6. continued

other PLLA composite systems based on (b) GO nanosheets,” (c)
N,N’,N"-Tricyclohexyl-1,3,5-benzenetricarboxylamide (trade name
TMC-328, a nucleating agent of PLLA),'® (d) GO,** (e) graphene®*
and (f) hexadecylamine—montmorillonite (C16-MMT),*’” the per-
centage decline is defined as the decrease in Pg, to the initial value of
pure matrix. (C) Typical strain—stress curves and (D) detailed tensile
results regarding yield strength, Young’s modulus, elongation at break
for (a) pure PLA, (b) PLA/PBS (90/10), (c) PLA/PBS (80/20) and
(d) PLA/PBS (60/40).

for composite films with 20 and 40 wt % PBS (0.5 and 0.4 X
107" cm®cm-cm™s7'-Pa™!). Apparently, the barrier properties
of composite films are closely associated with the phase
morphology of incorporated PBS. For PLA/PBS (80/20)
composite film, an array of compact, well-organized PBS
nanosheets render the construction of robust barriers to the
diffusing gas molecules, conferring the highest promotion in the
permeability resistance.® This mechanism can be further
enhanced by the increased concentration of crystalline phase
of PLA due to the enhancement of crystallization kinetics with
the aid of the existing PBS nanosheets (Figures 4 and $),
forcing a tortuous penetration path for the gas molecules by
offering compact crystalline lamellae.'®*"> As such, the PLA/
PBS (60/40) shows moderately higher permeability in the
absence of sufficiently flaked PBS nanosheets, suggesting that
1D structural units (or fillers) fail to provide effective resistance
to gas diffusion and permeation compared to the 2D ones. It is
therefore instructive to convert 1D structural units into 2D
ones to advance barrier properties, instead of traditional
preparation of nanocomposites based on nanotubes and
nanowhiskers.>>™>”  Although unique interconnected nano-
sheets are created for PLA/PBS (90/10), the low concentration
of “barrier walls” slightly pushes up the oxygen permeability. It
should be emphasized that PLA/PBS blends manufactured by
common processing methods are normally characterized by
poor barrier performance, instead of translating the relatively
high barrier ability of PBS to the PLA products. As an example,
Gupta et al. demonstrated the PLA/PBS blends loaded 20 wt %
PBS prepared by extrusion compounding followed by confined
flaking presented almost the same oxygen permeability with
pure PLA (around 20 cm®mm-m~>day~"-atm).*® It seems that
uncontrollable phase morphology and poor phase interface in
the immiscible blends cause the easy diffusion and permeation
of gas molecules through the PLA matrix and interfaces.**
Figure 6B clarifies the distinct superiority of our proposed
methodology, i.e., tailoring the phase morphology holds the
potential to achieve superior oxygen-barrier properties in fully
biodegradable composites film.

Next, we examined the enormous possibility of developing
PBS nanosheets in largely improving the mechanical properties
of PLA, as indicated in Figure 6C,D. We see from Figure 6C
that the composite films present similar tensile behavior with
pure PLA, starting from elastic deformation and fracturing with
slight plastic deformation. Some important parameters of the
tensile properties are summarized in Figure 6D. Of particular
significance is the proportional relationship between the
strength and stiffness of composite films and the content of
oriented PBS units. Compared to the value of 59.5 MPa for
pure PLA, the incorporation of PBS is found to give an unusual
enhancement of yield strength up to 72.1 and 79.1 MPa for
PLA/PBS (80/20) and PLA/PBS (60/40), respectively. Note
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that pure PBS film intrinsically shows low tensile strength and
modulus of 33.7 and 623 MPa, respectively, well below those of
pure PLA (Figure SS of the Supporting Information). The
highly ordered PBS nanosheets can serve as the effective
reinforcing elements instead producing the simple plasticization
for the common PLA/PBS blends.***° This is the reason for
the slightly decreased strength observed in PLA/PBS (90/10)
film containing the lowest content of PBS nanosheets (56.1
MPa). Similar results are found in the Young’s modulus of
composite films, achieving the profoundly increased modulus
for PLA/PBS (80/20) and PLA/PBS (60/40) (2626 and 2588
MPa) in comparison to low modulus of pure PLA (2057 MPa).
Moreover, PLA/PBS (90/10) presents the highest elongation
at break (7.1%), which can be appraised from the formation of
interconnected nanosheets that may show strong retardation of
crack propagation with the dissipation and absorption of much
energy when encountering the stress deformation.

The unusual combination of barrier properties and
mechanical performances suggests appealing generalizations
concerning the role of laminar structuring in encouraging
evolutionary innovations and adaptive radiation for achieving
high performance and functionalities for PLA. Practically, the
traditional blend or composite systems such as PLA/PBS and
PLA/graphene associated with the normal processing techni-
que (e.g., solution casting, extrusion, compression, injection
molding, and spinning) have unfortunately resulted in
undesirable balance of permeability resistance and mechanical
properties.®’ Limited progress in simultaneous enhancement of
barrier and mechanical properties was found in the PLA
composites and blends, even in the recent reports.”* > Here
the polymeric nanosheets with enormous specific surface area
are providing their extremes to resist gas permeation and stress
deformation, which is essentially attractive both academically
and commercially.*®

In addition to the distinct superiority in offering high
resistance to oxygen permeation compared to the traditional
PLA-based composing systems, our PLA/PBS composite films
featuring the combination of high mechanical properties and
low gas permeation can even challenge the common plastic
films existing in the market, as illustrated in Figure 7. Although
making up a huge share of the films market, polyethylene (PE),
polypropylene (PP), polystyrene (PS) and poly(vinyl chloride)
(PVC) are characterized by the relatively poor barrier
properties compared to our PLA/PBS composite films, by for
example showing a Py, of 5—10 X 10™"* cm*cm-cm™s™"-Pa™
for PP films.®® More importantly, these traditional films
normally fall into the category of poor mechanical properties,
as demonstrated by the tensile strength of 50—60 MPa for PVC
films—far below that of our PLA/PBS films (up to nearly 80
MPa). It is apparent that our PLA/PBS composite films are in
the comparable level with poly(ethylene terephthalate) (PET)
with respect to the ability to resist gas molecules diffusion, both
of which present the extremely low values of Py, (0.1-0.6 X
107 em®em-em™2s71Pa7!).%® The property elucidation
evidently brings to light the possibility to substitute the fossil-
fuel films with biobased materials. As growing industrial
development drastically reduces the production costs of
bioplastics, scaled-up biorefineries can ultimately compete
with those traditional plastics coming only from crude 0il.%

Bl CONCLUSIONS

In the present work, fully biodegradable PLA films incorporated
PBS nanosheets were achieved by converting PBS nanofibrils
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Figure 7. Comparison of Py, and tensile strength for a wide range of
packaging film materials, showing that our PLA films containing
nanolaminar PBS present the distinct combination of low P, and high
strength even compared to the common packaging materials existing
in the films market. Although the aluminum/polymer (e.g, PP or
PET) composite foils frequently used as food containers stand out in
the comparison of barrier properties, people can expect the growing
urgency to pursue sustainable developments and substitute these
packaging materials with the renewable and degradable candidates,
such as our PLA/PBS composite films. A factor of 0.1143 X 107 was
used to transfer the data of P, reported from the literature®® to allow
the direct comparison with our work, i.e, 1 cm*mm-m~>day '-atm™
= 0.1143 x 107" em*cm-cm™s™"-Pa”.

into nanosheets during a simple confined flaking at 160 °C.
The specific molding temperature allowed for the sufficient
thermal deformation of PBS nanofibrils and retention of
ordered PLA channels. Large, well-ordered PBS nanosheets
with a thickness of several to tens of nanometers were observed
in the composite films loaded 10 and 20 wt % PBS, whereas
PLA/PBS (60/40) only showed tabular ribbons primarily due
to insufficient lateral deformation with high PBS content.
Resulting from an array of compact aligned PBS nanosheets
serving as robust “barrier walls”, drastically improved resistance
to oxygen was observed for all composite films, and the highest
decrease of 86% and 67% in oxygen permeability coeflicient
was achieved for the PLA/PBS (80/20) film compared to pure
PLA (1.4 X 107"* cm*cm-cm™s7"-Pa™") and pure PBS (0.6 X
107" cm*cm-cm™s7"-Pa™"), respectively. Unexpectedly, the
tensile strength and stiffness of composite films increased
gradually with the introduction of extended PBS. It can be
exemplified by the rise of strength and modulus up to 72.1 and
2626 MPa for the composite film loaded 20 wt %, showing a
prominent increase of 21% and 28% compared to pure PLA.
The unusual combination of barrier and mechanical perform-
ances of PLA films penetrated nanolaminar PBS represents
specific properties required for green packaging beverage. More
importantly, our tentative exploration of high-performance and
functional PLA films based on confined flaking signifies
potential in its broad application to the industrially feasible
manufacturing such as successive rolling. Looking out to the
future, with the growing number of preparation, structuring and
engineering pathways to specific phase architectures and
nanostructured sheets in the materials scientists’ hands, it
appears likely to increasingly structure tailor-made creation of
sheet-like biopolymer “nano-barrier walls”.
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Schematic representation of the “slit die extrusion-hot
stretching-quenching” technique, SEM observation of phase
morphology of PLA/PBS blends after extrusion compounding
and PLA/PBS nanofibrillar composites after hot stretching,
frequency dependency of complex viscocity (1) of PLA/PBS
blends, and DSC heating trace and tensile properties of pure
PBS film. This material is available free of charge via the
Internet at http://pubs.acs.org.
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