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SUMMARY

Growing concerns in addressing environmental challenges are driving the rapid
advancement of both bio-based and environmental friendly materials. Biode-
gradable polymers have been compounded with various nanofillers to fulfill the
multiple requirements in real applications. However, current technologies remain
to be improved in terms of the intrinsic inferior performance and the lack of inter-
facial interactions. In this work, we employed a facile route to develop bio-nano-
composites integrating multiple functionalities by reactive processing of polylac-
tide and reactive boehmite nanorods. The grafting of polymer chains onto the
surface of the nanorods encourages fully homogeneous dispersion of nanofillers
with even 30 wt% loadings. Such nanocomposites exhibit simultaneously
enhanced tensile strength, modulus, ductility, and impact strength. Moreover,
the bio-based nanocomposites present promising features such as high transpar-
ency, improved flame resistance, and heat resistance. This work demonstrates
exciting opportunities to produce bio-plastics with diverse functionalities in ver-
satile applications of sustainable packaging industry and engineering plastics.

INTRODUCTION

Plastics, mainly derived from fossil resources (Weckhuysen, 2020; Zhao et al., 2022), are ubiquitous for hu-
man beings, ranging from daily necessities (e.g., packaging (Pernot et al., 2002; Shi et al., 2022), textile (Mu
and Yang, 2022), and construction (Zaidy et al., 2019)), to advanced engineering fields (e.g., aircraft (Borba
et al., 2020), automobile (Gao et al., 2018; Toledo et al., 2011), and electron (Boutry et al., 2018; Vieira et al.,
2022) industry). Nevertheless, high durability has made the annually accumulated petrochemical-based
materials one of the major global challenges (Jordan et al., 2018; Kakadellis and Rosetto, 2021; Xia
etal., 2021). Reports (Brahney et al., 2020; Geyer et al., 2017; MaclLeod et al., 2027) estimated that approx-
imately 11 billion metric tons of plastic waste will be accumulated by 2025, seriously contaminating parts of
the world (Law et al., 2020; Rochman et al., 2016). There is an urgent need to exploit sustainable replace-
ment to obviate the plastic threat. Therefore, biodegradable polymers have attracted significant attention
as the promising alternatives to conventional non-degradable counterparts (Altman et al., 2021; Jiang
etal., 2020; Sharma et al., 2022; Zhu et al., 2016). So far, the commercially available biodegradable polymers
are far from the high requirements for real applications, especially in the engineering fields, owing to the
poor physical properties of the inherent molecular chain structure. Nanofillers are therefore incorporated
into the biodegradable polymer matrix to achieve enhanced physical properties (Li et al., 2012; Mohanty
et al., 2018). However, current technologies for nanocomposites are still confronted with major challenges
that constrain large manufacturing. Firstly, it remains great challenging to design high-performance sus-
tainable materials with exceptional toughness and mechanical strength. Generally, inorganic nanofillers
can improve the modulus and tensile strength, but will lead to a significant decrease in toughness (Song
and Wang, 2020; Zhang et al., 2019). Yu et al. (2005) established a pioneering work on nylon 6/montmoril-
lonite nanocomposites with synchronously improved stiffness, strength, and toughness with the aid of wa-
ter. Unfortunately, the exceptions are still rare, especially by using traditional processing equipment. Sec-
ondly, nanofillers and bio-matrix are intrinsically immiscible and aggregation of nanofillers is inevitably
occurred especially at high content (Ding et al., 2021; Jiang et al., 2020; Roy Goswami et al., 2021; Wang
et al., 2021), resulting in the compromising of multi-functionalities toward versatile applications. For
example, it is critically difficult to achieve transparent nanocomposites owing to the aggregation of the
fillers in the transparent polymer matrix (Liu et al., 2021; Sato et al., 2020). High transparency is usually,
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Figure 1. Reactive compounding enabled PLLA nanocomposites
(A and B) (A) Schematic diagram of the fabrication strategy of PLLA/nanorods’ dispersion, (B) PLLA nanocomposites through reactive compounding process.

indeed, important for applications in the packaging industry. Thirdly, toxic solvents associated with com-
plex fabrication steps are often required especially in academia, posing severe issues regarding eco-
friendly and cost-efficiency (Wang et al., 2020, 2022).

To address the above critical problems, we developed an industrially relevant strategy to fabricate
advanced polylactic acid nanocomposites integrating superior mechanical property, multiple functional-
ities (Figure 1). Polylactic acid (PLLA) (Hamad et al., 2018; Liet al., 2021) is utilized as a biodegradable matrix
because it is predominantly utilized in the rational design of renewable nanocomposites with promising
features such as facile processability (Zhao et al., 2020), mechanical stiffness (Jin et al., 2019; Wu et al.,
2021), and biocompatibility (Chen et al., 2021; Muller et al., 2017). Surface-modified boehmite nanorods
(AIOOH-GPS termed as AG) containing reactive epoxide groups were pre-made according to our previous
work (Fu et al., 2019; Hu et al., 2021; Li et al., 2020; Rong et al., 2022) (Figure 1A). Then, PLLA and AG were
mixed and reacted in a batch mixer (Figure 1B). Note that the design of bio-nanocomposites involves the
processing equipment, in which the dispersion of nano-fillers in a polymer matrix remains a key and yet
poorly understood issue (Hu et al., 2007). In-situ grafting reaction between terminal carboxylic groups of
PLLA and epoxide groups on AG nanorods occurred immediately (one to a few minutes) during processing.
The detailed kinetics of the reaction between epoxy and carboxylic acid in heterogeneous polymer melts
has been verified previously (Hu et al., 1997). Therefore, a fully degradable polymer matrix is deconstructed
to display uniformly nanorods dispersed composites with sufficient physical entanglements between the
inorganic and organic interfaces. Unlike most strategies, the bio-nanocomposites can be homo-dispersed
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Figure 2. Homogeneous dispersion of AG nanorods

(A-C) Photographs and corresponding SEM, TEM images of the PLLA nanocomposites containing (A) 5wt % AIOOH nanorods, (B) 5 wt % and (C) 30 wt % AG

nanorods.

at a single rod level even at very high nanofiller loadings (30 wt%), resulting in the unexceptional combina-
tion of the two components synergistically. (i) The bio-plastic is mechanically strengthened and toughened,
manifesting an abnormal rigid-toughness balance, which neither traditional plastic nor nanocomposites
can achieve. (i) Multiple functionalization incorporating superior transparency, flame resistance, and
heat resistance is simultaneously integrated. The effects of AG on the morphology, mechanical perfor-
mance, optical properties, thermal properties, and combustion performance of such nanocomposites
were systematically investigated. The strong, tough, transparent, thermo-stable, and biodegradable alter-
natives via industrially relevant methods are satisfactory to fulfill multiple requirements regarding the enor-
mous usage of plastic replacement, especially in sustainable packaging and engineering plastics.

RESULTS

Dispersion of nanorods in the polylactic acid matrix

It is a great challenge for the perfect dispersion of nanofillers in polymer matrix owing to the inherent
immiscibility. In this work, boehmite nanorods have been synthesized and modified carefully according
to previous work (Hu et al., 2021; Li et al., 2020; Rong et al., 2022) (Equation S1). The nanorods have a diam-
eter of about 5 nm and a length of 100 nm (Figure S1). The epoxide groups have been grafted onto the
surface of the nanorods (Figure S2) by the silane coupling agent so that the expected reaction between
the carboxylic acid groups of PLLA with the epoxide groups occurs during the melt processing
(Figures S3 and S4). It is seen that the pristine AIOOH nanorods without surface modification aggregate
into the large agglomerations of about 30 um in the PLLA matrix at the loading of 5 wt % (Figure 2A; 3).
The pristine nanorods are hydrophilic and they are totally immiscible with the hydrophobic PLLA matrix.
Moreover, the nanosize of the filler leads to strong interactions between the nanorods (Figure 2A,). The
shear stress during the melt blending cannot overwhelm such interactions (Hu et al., 2007) and the large
nanorods agglomerates were observed with even 5 wt % loadings. A significant different situation was
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found for the surface-modified nanorods. Perfect dispersion without any aggregation was observed for the
nanocomposites with the epoxide group modified nanorods. One can see the homogeneous dispersion of
the single AG nanorod in the PLLA matrix over the different magnifications (Figure 2B4_3). Such perfect
dispersion can be attributed to the two reasons. On the one hand, the surface modification improves
the miscibility between the nanorods and the matrix. More important, the reaction between the carboxylic
acid groups of PLLA with the epoxide groups leads to the grafting of PLLA long chains onto the surface of
the nanorods. The calculated grafting ratio of PLLA on AG nanorods is as high as 41.7 wt% (Figure S4). The
grafted PLLA chains entangle with the free PLLA chains and the single nanorod can be well dispersed in the
polymer matrix (Figure 2B,). The covalent bonding of the PLLA chains at the end with the nanorods plays a
critical role to nucleate PLLA matrix (Figure S5). Moreover, it encourages the simultaneous increase in the
modulus (tensile strength) and the toughness (see the following section). The fact that surface-modified
nanorods are homogeneously dispersed in the PLLA matrix by the reactive compounding is not dependent
on the filler loadings. As shown in Figure 2C, perfect homogeneous dispersion can also be achieved with
even 30 wt % nanorods’ loadings in the nanocomposites. No any aggregations is found in both SEM and
TEM images (detailed SEM observation of nanocomposites with various contents of AG nanorods is shown
in Figure S6). Moreover, all the nanorods keep the original shape and size after the reactive compounding
from the TEM images (Figure 2Cy). Such perfect dispersion and the nanosize of the fillers give the perqui-
site of the transparency of the final nanocomposites.

Mechanical performance

The mechanical properties, such as Young's modulus, tensile strength, ductility, and toughness, are criti-
cally important for the real applications of polymer materials. So far, either strengthening or toughening
can be achieved by compounding of inorganic fillers or elastomers into the polymer matrix (Song and
Wang, 2020; Yu et al., 2005; Zhang et al., 2019). The simultaneous enhancement in both tensile strength
(modulus) and the impact strength (including ductility and toughness) has rarely been reported for the sim-
ple binary polymer blends or polymer nanocomposites. Here, we found that the homogeneously dispersed
boehmite nanorods increased both strength and toughness of PLLA at the same time. Both neat PLLA and
PLLA composites with non-modified pristine AIOOH nanorods are very brittle (Figure S7), but the PLLA
nanocomposites with surface-modified nanorods are both strong and tough (Figure 3A). Figure 3B shows
the stress-strain curve of PLLA nanocomposites with different AG nanorods (shortened as nanorods later)
loadings. Itis found that neat PLLA are rigid and brittle with the elongation at break and tensile strength of
5.9% and 67.0 MPa, respectively. 5 wt % nanorods leads to the increase in both elongation at break and
tensile strength. The values increase to 6.5% and 69.5 MPa, respectively (Table S2). This means that a small
amount of the modified nanorods improves the mechanical performance slightly. With the further increase
of nanorods’ loadings, the nanocomposites show totally different tensile behaviors from the typical ductile
stretching behaviors. The materials yield first followed by the yielding softening and the cold stretching,
finally the strain hardening and break. The nanocomposites with 10 wt % nanorods have elongation at a
break of 271.2% (Curve Ill), which is 46 times higher than that of neat PLLA. At the same time, the modulus
and tensile strength of the material also gradually increased with increasing nanorods’ loadings, indicating
both the strengthening effects and the improved ductility. In particular, the nanocomposites with 30 wt %
nanorods (Curve V) showed the tensile yielding strength of about 75.1 MPa and the elongation at the break
of 108.8%. Obviously, the inorganic nanorods strengthen the PLLA matrix drastically (SEM observation of
tensile samples shown in Figure S8). By comparing the reported literature on the modification of PLLA, this
work shows desirable tensile strength and ductility (Figure 3C). For instance, unexpected improvement in
ductility (elongation at break ~285%)) was achieved for the PLLA/MWCNTs-g-PLLA nanocomposites
(Ref. 15 shown in Table S4), accompanied by slightly compromise in tensile strength (38.3 MPa). This is
because the PLLA chain grafted on nanorods can effectively physically entangle with the PLLA molecular
chain in the matrix under the condition of high filling, and a good interface is formed between the uniformly
dispersed nanorods and the PLLA matrix. Of note, tensile plateau as marked in Figure 3B drastically
increased from 35 MPa (10 wt% nanorods), 41 MPa (20 wt% nanorods), to 44 MPa (30 wt% nanorods).
The plateau value of 30 wt% incorporated nanocomposites is extremely high that exceeds the
tensile strength reported in literature listed in Figure 3C. We believe that the maximized strengthening ef-
fect of nanofiller is achieved from its uniform dispersion and formation of nanorods network. Besides,
almost all PLLA nanocomposites are not transparent in the reported literature. Here, the prepared PLLA
nanocomposites with the surface-modified nanorods are transparent and they exhibit excellent mechanical
properties compared with other reported PLLA composites, as marked by yellow circles in Figure 3C (Ref. 1:
Erlantzetal.,, 2016; Ref. 2: Zhu et al., 2014; Ref. 3: Liang et al., 2019; Ref. 4: Huang et al., 2018; Ref. 5: Li et al.,
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Figure 3. Improved mechanical performance

(A-E) (A) Photographs of PLLA and the nanocomposites containing 20 wt % nanorods, (B) Representative stress-strain curves, (C) Significant improvement for
comparing the mechanical performance of reported PLLA nanocomposites, (D1) Impact strength of PLLA nanocomposites with various concentrations of
nanorods, and SEM images of impact sections of PLLA nanocomposites with (D2) 0 wt%, (D3) 5 wt%, (D4) 10 wt%, (D5) 20 wt% and (Dé) 30 wt% of modified
nanorods, (E) Increase rate (d) of impact strength comparing with reported PLLA nanocomposites (in the inserted equation, enanocomposites and ep;; A
referred to impact strength or impact energy of PLLA-based nanocomposites and pristine PLLA, respectively). Details are given in Tables S2-54.

2016a, ; Ref. 6: Jia et al., 2016; Ref. 7: Zhang et al., 2012; Ref. 8: Elsawy et al., 2016; Ref. 9: Zou et al., 2016
Ref. 10: Fallahi et al., 2017; Ref. 11: Wang et al., 2017; Ref. 12:, 2016b; Ref. 13: Gu et al., 2019; Ref. 14: Wen
etal., 2015; Ref. 15: Amirian et al., 2013). The detailed optical properties will be discussed in the following
section.

Toughness is important for many applications including packaging and injection molding parts. It is well known
that neat PLLA is brittle with very low impact strength (Jin et al., 2019, Wu et al., 2021). The impact strength of the
nanocomposites has been measured and plotted as a function of the nanorods’ loadings. Itis very interesting to
find that the impact strength of the material gradually increased with the increase of nanorods content followed
by the decrease at very high loadings (Figure 3D+). The impact strength of 20 wt % nanorods sample is as high as
35.8kJ/m?, which is about 15 times higher than that of neat PLLA. Even with the addition of 30 wt % nanorods, the
toughness of the material is as high as 10.9 kJ/m?, 4 times higher than the neat PLLA.

The corresponding results can be observed in the SEM images of the impact section. The neat PLLA forms a
fairly flat fracture surface, showing a typical brittle fracture (Figure 3D,). The nanocomposites with 20 wt %
nanorods exhibit a relatively rough appearance and a considerable deformation of the matrix occurred
during the impact test (Figure 3D3.5). This means that the PLLA with nanorods absorbs impact energy
and induces the deformation. Moreover, we have also compared the toughness increase rate of this
work with the reported literature and shown in Figure 3E. Highest increase rate (415%) was realized for
the PLLA/g-CHW (Rod-like chitin whiskers) nanocomposites (Ref. Five shown in Table S4). To the best of
our knowledge, this work demonstrated highest enhancement in the impact strength (1527%).
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Figure 4. Improved optical performance

(A-E) Photographs of PLLA nanocomposites containing various contents of nanorods (from 0%, 1%, 3%, 5%, 10%, 20%-30%, weight ratio) with a thickness of
100 pm: (A) before and (B) after annealing at 100°C for 60 min; (C) Light transmittance, and (D) Haze value of PLLA nanocomposites with different content of

nanorods before and after annealing (E) Refractive index curves of PLLA nanocomposites with different content of nanorods.

Optical performance

The optical properties, including transmittance, haze, and refractive index, are important for various appli-
cations, especially for the packaging materials. It is well known that neat PLLA crystallizes slowly and the
amorphous PLLA is highly transparent (Dong et al., 2012; Ye et al., 2015). However, the well-crystallized
PLLA is opaque owing to the formation of large spherulites (Ye et al., 2015). The heterogeneity usually in-
duces light reflection and refraction, which leads to low transmittance and high haze of materials. More-
over, most reported PLLA blends/nanocomposites are also not transparent because of the large domains
and/or aggregates in the polymer matrix. We have investigated the nanorods’ loading effects on the trans-
parency of PLLA before and after annealing at 100°C for 60 min (detail data are given in Supplementary
Tables S5and Sé). The annealing induces the formation of the PLLA spherulites, which usually leads to dra-
matic increase in haze value. Figures 4A and 4B compared the photo of the PLLA nanocomposites with
various amounts of nanorods before and after annealing. The thickness of the film keeps at a constant of
100 um. It is also surprising that all the nanocomposites with even 30 wt % nanorods before annealing
are highly transparent (the transmittance of 91.2% and the Haze value of 3.1%), very similar to the neat
amorphous PLLA. This is obviously attributed to the perfect dispersion and the nanosize dimension of
the nanorods. Any aggregates with a size larger than 100 nm will lead to a decreasing in the transmittance.
The transmittance is as high as 91.1% for the nanocomposites with 30 wt % nanorods after annealing (Fig-
ure 4C). The annealing leads to a significantly increased Haze value because of the formation of large
spherulites. As shown in Figure 4B, the PLLA film becomes opaque with a Haze value of 87.6% after the an-
nealing, compared with the value of 2.1% before annealing. However, the homogeneously dispersed nano-
rods impede the growth of the spherulites and therefore decrease the Haze value even with the almost
same crystallinity. High loading of nanorods presents the close distance between the neighboring
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nanorods and therefore induces the small spherulites, which gives low haze value and high transparency.
One can find that the annealing leads to only a slight increase in the Haze value. As shown in Figure 4D, the
haze value increases from 3.1% to 27% for the nanocomposites with 30 wt% nanorods after the annealing.
This opens a new avenue to preparing transparent materials with both excellent optical properties and high
heat resistance because one knows that the crystallization of PLLA definitely increases the heat distortion
temperature.

Boehmite nanorods have higher refractive index of 1.631. Itis interesting to investigate the refraction index
of transparent nanocomposites. Refractive index is, indeed, a very important optical property for the op-
tical lens. Figure 4E shows the refractive index of the PLLA/nanorods nanocomposites as the function of
the nanorods’ loadings. Refraction is the ratio of the propagation speed of light in a vacuum to the prop-
agation speed of light in a material. The refractive index of neat PLLA is 1.455. With the increase of nano-
rods content, the refractive index of the material gradually increases, and the refractive index of 30 wt%
nanorods sample has the highest refractive index of 1.473 (Table S7).

Thermal behaviors

Inorganic nanofillers usually improve the heat resistance of polymer materials (Hu et al., 2021; Li et al., 2020;
Rong et al., 2022), especially for the homogeneously dispersed nandfillers at high loadings. The formation of
inorganic nanofillers network in polymer matrix benefits the heat resistance. Figure 5A shows the DMA curves
of PLLA/nanorods nanocomposites as a function of temperature for the quenched nanocomposites with the
indicated nanorods’ loadings. The DMA measurements have also been carried out for the annealed samples
(Figure S9, Table S8). All samples decrease drastically in the storage modulus over the temperature at about
60-70°C because of the glass transition of the PLLA matrix in the nanocomposites. The modulus was then recov-
ered at the temperature of about 110-120°C owing to the cold crystallization of PLLA after the glass transition
(Dong et al., 2012). Differences can be observed for the nanocomposites with various amounts of nanorods
(detail given in Table S9). First, the storage modulus increases with increasing nandfiller loadings, indicating
the strengthening effects of the inorganic nanofillers over the whole temperature range (Figure 5B+). Second,
the starting temperature for the modulus enhancements decreases with increasing nanorods’ loadings (Fig-
ure 5By). This means that the cold crystallization temperature of the PLLA matrix in the nanocomposites de-
creases with the addition of the nanorods, indicating the nucleation effects of well-dispersed nanorods. This
is also beneficial to the injection cycling time for the nanocomposites and the optical properties of the small
crystallites. Third, the nanocomposites with small amounts of nanorods (less than 20 wt %) melt at about
160°C and the samples were totally melted and broken (Figure 5B4). However, for the samples with 20 wt % (Fig-
ure 5C) and 30 wt % (Figure 5D) nanorods, the materials are still self-supported even at a temperature much
higher than the melting temperature of the PLLA matrix. The nanocomposite with 20 wt % nanorods keeps
the shape at 190°C while the sample with 30 wt% nanorods keeps the shape even at 240°C (Figure 5B3). This
means that the heat resistance of PLLA is significantly enhanced by the nanorods. The nanorods form the scaf-
fold (network) in the PLLA matrix at a high concentration.

It should be also noted that the boehmite nanorods increase the dimensional stability of the PLLA signif-
icantly. The neat PLLA thin-film shrinks and bends in hot boiling water (Figures 5E-5G). In contrast, no any
shape changes were observed for the nanocomposites with 30 wt% nanorods (as compared in Figure 5G).
Moreover, as indicated in the previous section, the boiling water treatment induces the clear film changing
into the opaque film because of the formation of large spherulites. The nanocomposites keep a high clear-
ity after immersing in the boiling water (Figure 5H).

The well-dispersed nanorods effects on the glass transition temperature (T,) of the PLLA matrix can be
observed from the tan (delta) curves of the DMA analysis Figure 5I). It is very interesting to find that the
T4 decreases with increasing nanorods’ loadings. The tan (delta) peak temperature (T,) of neat PLLA is
63.9°C and it gradually decreases to 61.5°C for the nanocomposites with 30 wt% nanorods (Table S8).
Moreover, the relaxation peak of the PLLA matrix is also broadened with the incorporation of inorganic
nanorods. The observed phenomenon indicates that the well-dispersed nanorods can efficiently increase
the motions of PLLA chains. This is important for the physical property enhancement of the nanocompo-
sites and we will discuss this in the later section. Similar results can also be found for the fully crystallized
samples, as shown in Figure S9. The tan (delta) peak temperature (Tg) of annealed PLLA is 69.1°C and it
decreases to 62.4°C for the annealed nanocomposites with 30 wt% nanorods (Table S9). Such a big differ-
ence indicates the significantly changed PLLA chain relaxations with the addition of nanorods.
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resistance: (C and D) photographs of PLLA nanocomposites after DMA experiments, photographs of (E) PLLA and (F) PLLA nanocomposites with 30 wt %
nanorods in boiling water bath (100°C) for 3 min; (G and H) photographs of PLLA and PLLA nanocomposites after dipping in boiling water for 3 min;
Crystallization behaviors: POM images of isothermal crystallization of (J) pure PLLA and (K) PLLA nanocomposites with 30 wt% nanorods at 130°C.

The nanorods’ effects on the melt crystallization behaviors of the PLLA matrix can be clearly observed from
the isothermal crystallization. Neat PLLA crystallized very slow and crystallized into the very big spherulites
with a diameter of about 200 um after 120 min of crystallization (Figure 5J), so the fully crystallized PLLA
films are opaque and the Haze value is high. In contrast, the homogeneously dispersed nanorods nucleate
the PLLA and accelerate the crystallization of PLLA. The crystallization finished very quickly (13 min) and
formed tiny crystals (Figure 5K). Detailed characterization on the crystal growth of PLA matrix with various
AG loadings is given in Figures S10 and S11, Tables S10 and S11. It is indicated that AG nanorods can func-
tion as effective nucleating agents to accelerate the crystal growth of the PLA matrix. Accordingly, the
nanocomposites keep high transparency and low Haze value even after the full crystallization of the
PLLA matrix.

Burning behaviors

Boehmite is a kind of metal hydroxides and has been used as an effective flame retardant for polymers (Das
etal., 2013; Lietal., 2020; Rong et al., 2022). PLLA itself is burnable with low LOI values and dropping during
burning (Li et al., 2020). We expected that the homogeneously dispersed nanorods, especially the
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Figure 6. Improved flame resistance

(A-E) Photographs of PLLA nanocomposites during combustion: (A) 0 wt%, (B) 20 wt%, and (C) 30 wt% nanorods, (D) LOI
values of nanocomposites in dependence of nanorods’ loading, (E) SEM images of nanocomposites (30 wt%) after limiting
oxygen index testing.

nanorods network in matrix, induce the flame retardancy of PLLA. It can be seen that neat PLLA is very flam-
mable and the burning process is always accompanied by melting and dropping (Figure 6A, detailed
limiting oxygen index measurements process of the samples are shown in Video S1). Remarkably, one
can see clearly that the nanocomposites with 20 wt % (Figure 6B) and 30 wt % nanorods (Figure 6C) do
not melt and drop during the burning. The two samples form a dense char layer in the burning fronts.

Obviously, the melting and dropping during the combustion of the PLLA can be greatly restrained by the
incorporation of boehmite nanorods networks. The LOI value is increased from 20.1% (0 wt %), 22.1% (20
wt %), to 22.8% (30 wt %), indicating the increased flame resistance (Figure 6D). More important, we take
a closer observation on the surface of nanocomposites’ sample after limiting oxygen index testing (Fig-
ure 6E). The surface of the nanocomposites formed complete carbon layers, which further indicates the
flame retarding functions of the nanorods.

DISCUSSION

Itis clear that the reaction between the end carboxylic acid group of PLLA with the epoxide groups on the
surface of the boehmite nanorods is critically important to achieve the multifunctional performance of the
final nanocomposites. We have made systematic investigations on the final PLLA chain bonded nanorods
and the grafting ratio, as well as the calculated grafting density, is 41.7 wt % and 0.027 chains/nm?, respec-
tively (Figure S3). Note that grafting ratio/density for the nanocomposites with various contents of AG
nanorods is identical as all reactive epoxide groups in AG nanorods have been reacted with the terminal
carboxyl groups of PLLA during processing. The therefore homogeneous dispersion and formation of
nanorods networks in the PLLA matrix guaranteed the transparency, flame retardance, heat resistance,
and the dimensional stability of the final nanocomposites. However, it is necessary to discuss the phenom-
ena of the simultaneously increased tensile strength and impact strength of the nanocomposites by the
nanorods. Simultaneously enhanced tensile strength and impact strength have seldom been achieved
for the binary nanocomposites so far because most of the inorganic fillers increase Young's modulus
and tensile strength with sacrificing the ductility and toughness (Song and Wang, 2020; Yu et al., 2005;
Zhang et al., 2019). The simultaneous increase in both tensile strength and impact strength has been
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Figure 7. Schematic illustration of simultaneously enhanced tensile strength and impact strength

(A-D) (A) Increased free volumes, (B), (C) Forced high elastic deformation of the nanocomposites by nanorods, (D) Radar
plot showing the complex correlation among Young's modulus, strength, elongation at break, impact strength,
transmittance after thermal annealing, and LOI values for neat PLLA and the biodegradable nanocomposites containing

dlrectlo”

20 wt% nanorods.

pursued for a long time for polymer scientists. In this work, we attributed the drastically enhanced impact
strength and ductility with nanorods to the occurrence of the forced high-elastic deformation on the
stretching and/or impacting. PLLA chains are rigid and the neat PLLA is brittle at room temperature
because Ty is higher than room temperature. The grafting of the PLLA chains onto the nanorods and
the following dispersion of the nanorods in the PLLA matrix leads to a slightly decreasing in the Ty and
a wider relaxation peak of PLLA in the matrix (Figure 5I). We consider that the decreased T, can be attrib-
uted to the slightly increased free volume of PLLA because of the PLLA chain one end covalently grafting.
As depicted in Figure 7, one end fixing definitely restrain the chain motions. However, the interfacial region
should present increased free volume because of extended PLLA chains near the surface of the nanorods
(Figure 7A). This is originated from the immiscibility between the hydrophobic PLLA chains and hydrophilic
surface of nanorods. Such enlarged free volume of PLLA accounts for the decreased T, of PLLA and the
wide relaxation peak as well. More important, the changes in the PLLA molecular conformation and the
free volume induce totally different tensile and impact behaviors on the deformations. The forced high-
elastic deformation occurs for the nanorods dispersed nanocomposites (with a certain content of nano-
rods) on the tensile and/or impact deformation. PLLA chains were forced to move/orient along the external
force (Figure 7B). Once the mobility of the molecular chains was induced by the external force, the large
deformation or adsorption of massive impact energy occurs during the stretching or impact Figure 7C).
We have successfully achieved the simultaneously enhanced Young's modulus, tensile yielding strength,
elongation at break, and impact strength for the biodegradable PLLA/nanorods composites.

Moreover, the perfect dispersion of nanorods leads to the significantly enhanced heat resistant, dimen-
sional stability, improved flame retardance, and excellent transparency even after the full crystallization
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of the PLLA matrix. As shown in Figure 7D, one can find the dramatical enhancement in the physical prop-
erties (including mechanical, optical, and thermal properties) of the PLLA nanocomposites with 20 wt %
nanorods as compared with those of the neat PLLA. Such multifunctional nanocomposites with a feasible
fabrication strategy are expected to fulfill the requirements of bioplastics in the current situation. More-
over, the fabrication of such nanocomposites is feasible in industry and it should be easy to scale up. These
results open a feasible strategy for the biodegradable PLLA materials not only for the packaging applica-
tions but also for the high-value engineering plastics. It brings a new possibility for high-performance bio-
based plastics.

Limitations of the study

A limitation of this study is that it did not establish a direct mathematical correlation between decreased
free volumes of polymer matrix and mechanical parameters of the bio-nanocomposites. Therefore, the
function of rigid nanorods in mechanical strengthening should be further verified. Moreover, the idea
should be further developed into a bio-nanocomposites system with higher aspect ratio of nanorods for
verification and application in the sustainable packaging industry.
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Chemicals, peptides, and recombinant proteins

Polylactic acid (PLLA) Nature Works (USA) Cat# 3001D-17
Aluminium isopropoxide Aldrich Cat# 229407
v-(2,3-epoxypropoxy) propyltrimethoxysilane Sinopharm Chemical Reagent Cat# KH560
Acetic acid Alfa Cat# 010994.AP
Anhydrous ethanol Sinopharm Chemical Reagent Cat# 80059462
Petroleum ether Sigma-Aldrich Cat# 184519
Chloroform Sinopharm Chemical Reagent Cat# 10006818
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Yongjin Li (yongjin-li@hznu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ Data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Synthesis of modified boehmite nanorods

Pure boehmite nanorods (AIOOH nanorods) were prepared by hydrothermal method from aluminum
isopropoxide. At the end of the hydrothermal reaction, acetic acid and water were removed by rotary evap-
oration to obtain pure AIOOH. Next, modified boehmite nanorods (AG nanorods) were obtained by modi-
fying the surface of boehmite nanorods with epoxy groups by silane coupling agent (GPS). The specific
steps were as follows: AIOOH nanorods (5g) and GPS (10mL) were added into 250 mL anhydrous ethanol,
and then ultra-sonicated for 5 min and 6 times. The reactants were transferred to a round-bottom flask and
refluxed at 85°C for 20 h. After the reaction, the product was precipitated with petroleum ether and centri-
fuged at 5000 rpm for 5 min to remove the unreacted GPS, and finally modified boehmite nanorods were
obtained. The modified AG nanorods were pre-dispersed in PLLA with chloroform to prevent the aggre-
gation of nanorods. A typical procedure is as follows: AG nanorods (12 g) and PLLA (40 g) were simulta-
neously dispersed into 350 mL of chloroform and ultra-sonicated for 10 min. Then, the homogeneous so-
lution was casted in PTFE container. The resultant mixture were dried in fuming cupboard at room
temperature for 24 h and in vacuum at 65°C for 24 h for solvent evaporation.

Preparation of PLLA nanocomposites

PLLA were previously dried in a vacuum oven at 80°C for at least 12 h. Both PLLA and the PLLA/AG pre-
mixer with a certain amount was simultaneously melt-blended in a batch mixer (Haake Polylab QC) at
the mixing temperature of 190°C and the rotation speed of 50 rpm for 10 min to obtain the PLLA nanocom-
posites. In this work, the mass of PLLA is fixed at 50 g, and the concentration of nanorods is 0-30 wt%. The
concentration of nanorods is regard to the sum of PLA and nanorods (Table S1). After melt blending, a part
of samples were molded under a pressure of 10 MPa and at a hot pressing temperature of 200°C, and kept
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for 6 min. Finally, it was cooled to room temperature with ice-water, and two kinds of thin slices with thick-
ness of 100 and 500 um were obtained for characterization. In addition, splines for impact test were pre-
pared using a micro-injection molding machine (Haake Minijet Pro) at a barrel temperature of 200°C
and a mold temperature of 80°C.

Characterization of PLLA nanocomposites

Fourier Transformed Infrared Resonance (FT-IR): FT-IR was performed by using Bruker VERTEX 70V. The
samples were mixed with KBr and pressed into thin sheets, and then spectra were scanned from 4000 to
400 cm ™" with a resolution of 4 cm ™" for 64 times under vacuum at room temperature.

Thermo-gravimetric analyses (TGA): Thermo-gravimetric analysis (TGA) was performed by using TGA Q500
(TA Instruments, USA) in an atmosphere of nitrogen. Approximately 5 mg of samples were placed in a sam-
ple tray at a heating rate of 10°C/min ranging from 30 to 650°C. The mass ratio of grafted epoxy groups in
AG nanorods can be calculated by the following Equation:

(pEpoxy = QP AIOOH nanorods — PAG nanorods

Here ¢g,ox, referred to mass ratio of grafted epoxy groups, ®a100H nanorods @A PG nanorods represented the
inorganic content from AIOOH nanorods and AG nanorods. (900 nanorods = 81.:6% and @G nanorods =
74.2%)

Pepoy = 81.6% — 74.2% = 7.4%

The mass ratio of grafted PLLA chains on grafted nanorods can be calculated by following Equation:

PprLia = PAG nanorods — (pgrafted nanorods

Here @p 4 referred to mass ratio of grafted PLLA chains, @ag nanorods @8N @grafted nanorods represented the
inorganic content from AG nanorods and grafted nanorods. (g nanorods = 74-2% and @gafied nanorods =
32.5%)

Orin = 74.2% — 32.5% = 41.7%

The graft density of the grafted PLLA chains on the grafted nanorods can be further calculated as follows:

fPLLA NApnanorods d
4fnanorods Mn

Here apia referred to graft density of grafted PLLA chains; fpiia and fanorods represented the weight frac-
tion of PLLA and boehmite nanorods of the grafted nanorods determined by TGA measurement; N is Avo-
gadro’s number; pnanorods IS the density of the boehmite nanorods; d is the average diameter of the
boehmite nanorods; M, is the number-average molecular of PLLA. (fpiia =58.3% and fpiia = 41.7%)
(Pnanorods is 343 g/cm?)

OpLLA =

OpLa = % = 0.027chain/nm2
Scanning Electron Microscopy (SEM): The phase morphology was observed by scanning electron
microscopy (SEM, Hitachi S-4800) at an accelerating voltage of 5.0 kV. All samples of the blends were
immersed in liquid nitrogen for 10 min, quenched and then dried in a vacuum oven at 55°C for more
than 2 h. The dried samples were pre-sprayed with gold for 15 s at room temperature under a vacuum
environment.

Transmission electron microscopy (TEM): Transmission electron microscopy (TEM) was performed by Hita-
chi HT-7700 instrument at an accelerating voltage of 60 kV. All samples of the blends were ultramicrotomed
to a thickness of 70-80 nm in liquid nitrogen at —120°C, and then drying in a vacuum oven at 55°C for more
than half an hour in advance.

Differential Scanning Calorimetry (DSC): The crystallization and melting behaviors of the blends were char-
acterized by DSC Q2000 (TA Instrument, USA) under a nitrogen atmosphere. All samples (about 5 mg) of
the blends were placed in sample trays and heated from 30°C to 190°C at a heating rate of 10°C/min, then
kept for 5 min to eliminate the thermal history, cooled to 30°C at a rate of 3°C/min, and finally increased to
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200°C at a rate of 10°C/min, so as to analyze the crystallization and melting behavior of the sample. The
crystallinity of PLLA matrix (X.) be evaluated by the following Equation:

AH,, — AH
m <« 0,
AHS X w 100%

Xe =
Here AH,, referred to the enthalpy of melting of PLA; wy represented the weight fraction of the PLLA
component; AHY, is the melting enthalpy of 100% crystalline polymer (93.7 J/g for PLA).

Dynamic Mechanical Analysis (DMA): Dynamic mechanical analysis (DMA) was performed using DMA Q800
(TA Instruments, USA) under a nitrogen atmosphere. All samples of blends were cut into a rectangle shape
(14.0 x 6.20 x 0.50 mm) in advance., and heated from —40 to 250°C at a heating rate of 3°C/min at an ampli-
tude of 5 um and a frequency of 5 Hz.

Mechanical Test: Samples were prepared into dumbbell-shaped splines (20 mm length, 4 mm width, 2 mm
thickness) by a micro-injection molding machine (Haake MiniJet Pro). Tensile testing was performed using
an INSTRON Universal Material Testing System 5966 (Instron, USA) at a tensile rate of 10 mm/min at room
temperature after placed for 12 h at room temperature to remove the stress concentration. The impact test
was performed using an impact tester (SS-3700) and a pendulum energy of 4 J according to the GB/T
16420-1997 standard. Samples were prepared by a Haake Minijet Pro into standard splines with a length
of 80mm, a width of 10mm and a thickness of 4 mm, and then placed for 24 h. Finally each sample was
tested at least five times to obtain an average result with standard deviation.

Light transmittance and Haze Test: The light transmittance of the blend was characterized by light trans-
mittance/haze tester (Shen Guang Instruments, WGT-S). The blends were tested for light transmittance
and haze by selecting 5 distinct areas in a 100 um sheet and the final results were the average of the data.

Refractive Index Test: The refractive index of the films with a thickness of 100 um was measured by an Abbe
Refractometer (NAR-1T SOLID) under a sodium light source (wave number 589.3 nm). Each group of sam-
ples was measured 5 times, and the final results were taken as the average value.

Wide-Angle X-Ray Diffraction: The crystal structure of the blends was characterized by Bruker D8 (Bruker,
Germany) with the radioactive source of CuKa. (A = 0.154 nm). Measured by a wide-angle X-ray diffractom-
eter at a scanning rate of 2 °/min within a diffraction angle (26) of 5-50°.

Polarized Optical Microscopy (POM): The crystal morphology of the materials was observed by a phase dif-
ference polarized optical microscope (POM, Olympus BX-51) and the temperature was controlled using a
Linkham LTS 350 hot stage. Samples with a thickness of 100 pm were placed on clean glass sheets, melted
and pressed to the thinnest, and then observed during isothermal crystallization at 130°C.

Flame retardancy measurements: Limiting oxygen index (LOI) measurements were tested according to

ASTM D2863 standard. The value of the LOl is carried out in the HC-2C (Jiang Ning analytical instrument,
China). All samples have the size of 80 mm (length)X10 mm (width) X4 mm (thickness).
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