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In order to prepare low-cost and heat-resistant poly(lactic acid) (PLA)
composites, in this study, bamboo fiber (BF) was added to stereo-complex
crystal PLA (SC-PLA) to prepare heat-resistant composites. Poly[(phenyl
isocyanate)-co-formaldehyde] [a polyaryl polymethylene isocyanate (PAPI)] was
used to form cross-linked structures between SC-PLA and BF, and the effects
of PAPI-cross-linked structures on the crystallization properties, mechanical
properties, and heat resistance of BF/SC-PLA composites with different BF
contents were systematically investigated. When 15% BF was added, the
mechanical properties of the composite were significantly improved. The tensile
strength increased by 85.5% compared to the unmodified composite, reaching
34.7 MPa, which was even higher than that of the SC-PLA composite (33.1 MPa).
In addition, in order to explore the impact of the PAPI-modified BF/SC-PLA
composite on the environment and carbon emissions, a life cycle assessment
(LCA) of the composites was conducted. The addition of BF effectively reduced
the impact of the composite on the environment. Notably, the emissions of
CO, decreased by approximately 11.7%, and the freshwater, marine, and land
ecotoxicity were also significantly reduced. This work provided a reference
for the preparation of low-cost and heat-resistant PLA composites for heat-
resistant food packaging and disposable tableware and expanded the application
of PLA products in the field of heat-resistant materials.

bamboo fiber, poly(lactic acid), stereo-complex crystals, life cycle assessment, poly-
D(lactic acid)

1 Introduction

In order to address the serious environmental pollution caused by disposable
petroleum-based plastics and the large amount of carbon emissions generated during
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their processing and use (Cheng et al., 2024), people are gradually
starting to use biodegradable materials to replace disposable
petroleum-based materials (Wan et al., 2024). Poly(lactic acid)
(PLA), polyhydroxyalkanoate (PHA), and poly(butylene adipate-
co-terephthalate) (PBAT) are common biodegradable plastics
(Eraslan et al., 2024). With the continuous progress of technology
and good strength comparable to petroleum-based plastics, PLA
shows a wider range of applications than other biodegradable
plastics (Farkas et al., 2024). However, there are two obvious
obstacles to the use and promotion of PLA. The first is its high cost,
which is significantly higher than that of petroleum-based materials
for the same purpose. Second, the heat resistance of PLA is poor,
and its heat resistance temperature is approximately 60°C, which
seriously limits its related applications in heat-resistant packaging
and food tableware (Zhang et al., 2024).

The main method to reduce the high cost of PLA is to
incorporate low-cost fillers, such as biomass and inorganic fillers,
into the PLA matrix. The addition of biomass such as starch, wood
fiber, and bamboo fiber (BF) to PLA has been widely studied
(Khan et al., 2023). Among them, the excellent performance and
environmental protection characteristics of BF make it a more
suitable biomass filler (Yang et al., 2024). The main ways to improve
the heat resistance of PLA include blending heat-resistant materials,
increasing crystallinity, and forming stereo-complex (SC) crystals
(Nagarajan et al., 2016). There are two types of PLA polymers with
different optical activities. When poly-D(lactic acid) (PDLA) and
poly-L(lactic acid) (PLLA) are blended, the entanglement between
the molecular chains will promote the formation of a stereo-complex
crystal form (SC-PLA) (Jia et al., 2024). The melting temperature
of the SC-PLA composite is higher than 200°C, which significantly
improves the heat resistance of PLA products (Li et al., 2018).
However, the cost of PDLA is higher than that of PLLA, and creating
the SC-PLA composite increases the cost of PLLA products. This
work focuses on whether BF can be used to prepare BF/SC-PLA
composites and how to improve the performance of BF/SC-PLA
composites. This was because the compatibility between BF and
PLA was poor (Chen et al,, 2024), and the mechanical properties
of BF/SC-PLA composites would be significantly decreased, so

Frontiers in Materials

02

modification methods should be studied to improve the properties
of BF/SC-PLA composites.

In recent years, with the continuous attention to the
carbon emission and environmental protection characteristics
of materials, research on the carbon footprint generated by
materials and the related impact on the environment has gradually
deepened (Moretti et al., 2021; Schwarz et al., 2023). The life
cycle assessment (LCA) analysis is a type of research on the
environmental impact and carbon emissions of the whole life
cycle of materials (Tamburini et al., 2021; Madival et al., 2009).
Even if BF/SC-PLA composites are more environmentally friendly,
their manufacturing process will still have some impact on the
environment (Beigbeder et al., 2019), and this impact needs to be
quantified in this work to ensure the safety and usability of the
composites.

In this work, polyaryl polymethylene isocyanate (PAPI) was
used to form chemical cross-linked structures with the BF
and SC-PLA surface to improve the compatibility of the two
phases through the cross-linked structures, and various mechanical
properties were tested to explore the best performance of PAPI-
modified BF/SC-PLA (PAPI-BF/SC-PLA) composites. In addition,
the crystallization properties and heat resistance of different PAPI-
BF/SC-PLA composites were investigated. Finally, the LCA analysis
was carried out to analyze the PAPI-BF/SC-PLA composite with
the best comprehensive performance, and a series of assessments
were conducted to study the environmental impact of the composite
through substance consumption, CO, emissions, and various
ecotoxicity effects on the environment. This work provided a
reference for the application of API-BF/SC-PLA composites in the
fields of heat-resistant packaging and disposable tableware, thus
expanding the relevant applications of PLA composites.

2 Materials and methods
2.1 Materials

PLLA (4032D) was purchased from NatureWorks (United
States), and PDLA (D70) was purchased from TotalEnergies
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TABLE 1 Proportions of different PAPI-BF/SC-PLA.

10.3389/fmats.2024.1484677

Name PLLA (g) PDLA (g) BF (9) PAPI (g) TMC (g)
TMC + 30%LD 70 30 0 0 0.5
BE-10 63 27 10 0 0.5
BE-15 25.5 59.5 15 0 0.5
BE-20 56 24 20 0 0.5
PAPI-BE-10 63 27 10 5 0.5
PAPI-BE-15 255 59.5 15 5 0.5
PAPI-BE-20 56 24 20 5 0.5

Corbion (Thailand). BF was supplied by Jiangxi Zhu Shang Bamboo

Industry Co., Ltd. (Jiangxi, China). The sizes of BF were between

100 and 300 meshes. PAPI (44V20) was purchased from Bayer
(Germany), with the -NCO groups constituting approximately
30%. TMC-300 was produced by Shaanxi Chemical Research
Institute (China). TMC was a suitable nucleating agent for PLA,
and its main ingredients were decanedioic acid and 1,10-bis(2-
benzoylhydrazine). Acetone was supplied by Sinopharm Group
Chemical Reagent Co., Ltd. (China).

2.2 Sample preparation

PLLA and PDLA pellets were dried at 80°C for 5h, and BF
was dried at 100°C for 5 h. PAPI was weighed according to Table 1,
and it was stirred in acetone at two times the volume of PAPI until
PAPI was evenly dispersed. The solution was evenly sprayed on
the surface of the PLLA/PDLA pellets and then dried at 60°C for
1 h to remove acetone. The sample was named according to the
composition of the composite material. Among them, the TMC +
30%LD sample contained 70 wt% PLLA and 30 wt% PDLA. BF-X
represented the composites with different BF contents (X represents
the added BF content), and PAPI-BF-X represented the composites
modified with PAPL The different pellets were mixed according to
the proportions given in Table 1.

The mixed samples were extruded using a twin-screw extruder
(SHJ-20, Nanjing Jeante Co., Ltd.), and the processing temperature
was 200-220-220-200°C. The composites were injected into splines
of various shapes in the injection molding machine (WZS10D,
Hongli Machinery Co., Ltd.); the injection temperature was 220°C,
and the heating-melting time was 210 s.

2.3 Mechanical testing of PLA/BF
composites

The mechanical strength of the PAPI-BF/SC-PLA composites
was assessed using the CMT-5504 Universal Testing Machine
(Shenzhen SANS Test Machine Co., Ltd., China). The tensile
strength followed the ASTM D638-10 standard, and the
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FIGURE 1
XRD analysis of (A) PLLA and TMC + 30%LD composite and (B)
different BF/SC-PLA and PAPI-BF/SC-PLA composites.

flexural strength followed the ASTM D790-10 standard

(Kartikeyan et al., 2023).

2.4 Characterization of composite
properties

The different PAPI-BF/SC-PLA composites were brittle with
liquid nitrogen, and the fracture surface was observed using
the Quanta 220 scanning electron microscope (FEI Company,
United States). The thermodynamics and crystallization properties
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FIGURE 2
Second heating DSC curve of different BF/SC-PLA and

PAPI-BF/SC-PLA composites.

of different PAPI-BF/SC-PLA composites were tested using X-
ray diffraction (XRD; D/Max-220, Japan) and differential scanning
calorimetry (DSC; NETZSCH DSC 214, Germany) analyses referred
to in other works (Wan et al., 2024). The contact angle analysis
was performed using 4 uL of water using the Biolin Scientific angle
measuring instrument (Sweden). The heat-resistant water test of
PAPI-BF/SC-PLA composites involved placing the composites in
the water under a negative pressure of 10 g heavy weight and then
increasing the water temperature to record the shape change of the
composites at different water temperatures.

2.5 LCA analysis

The work used LCA Software GaBi Professional, which was
developed under the auspices of Argonne National Laboratory.
GaBi Professional is the largest and most authoritative LCA
database software application based on industrial data. The LCA
model is constructed using the ReCiPe2016 v1.1 (H) method
(Wernet et al., 2010), which has outstanding comprehensiveness
and detail. Based on midpoint and endpoint impact categories,
environmental damage types are obtained through classification
and characterization to quantify the impact of products on the
environment during their whole life cycle. GaBi software was a
modular system of plans, processes, and flows with a clear and
transparent structure. The data on TMC + 30%LD and its use and
electricity were obtained using the software application, and the
specific proportion of participating substances is given in Table I.
Regarding power consumption, the TMC + 30%LD composite
consumed 0.05 kWh/min according to the processing power of
the equipment, and that of the PAPI-BF-20 composite was
0.5 kWh/min. All materials, including BF and PAPI, were calculated
as the main raw materials, and their LCA data were obtained from
the GaBi Professional database.
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3 Results and discussion
3.1 Crystallization property analysis

The XRD analysis was used to analyze the crystallization
properties of different BF/SC-PLA and PAPI-BF/SC-PLA
composites. The XRD pattern of PLLA showed a wide peak at
16.6°, which belonged to the (200) or (110) crystal plane of homo-
crystals (HCs) (Figure 1A) (Wei et al., 2014). Since PLLA was a type
of semi-crystalline polymer, its XRD curve showed a wide peak.
When PDLA was added to PLLA (TMC + 30%LD composite),
two PLA molecular chains with different optical activities were
stacked and formed a stereo-complex. This made the TMC +
30%LD composite form SC crystals (Lu et al, 2007). The XRD
pattern of the TMC + 30%LD composite showed that the new
characteristic peak at 12.1° belonged to the (110) crystal plane,
the characteristic peak at 20.7° belonged to the (300)/(030) crystal
plane, and the characteristic peak at 23.8° belonged to the (220)
crystal plane (Xie et al, 2020). Stereo-complexation occurred
between the molecular chains of PLLA and PDLA, and the new
SC crystals were formed in the TMC + 30%LD composite. The
strong hydrogen bonding between the stereoisomeric molecules
significantly improved the heat stability of the TMC + 30%LD
composite (Zhang et al., 2021).

When BF was added, the XRD curves of different BF/SC-
PLA composites changed to some extent. The peak strength of
HC crystals on the (200) or (110) crystal plane decreased to a
certain extent, while the strength of the (300)/(030) crystal plane
of SC crystals was significantly increased. This indicated that the
heterogeneous nucleation effects of BF were more conducive to
the generation of SC crystals and inhibited the generation of
HC crystals in PLA composites. The addition of PAPI did not
significantly change the crystal shape of different PAPI-BF/SC-PLA
composites. In order to prove this phenomenon, the crystallization
properties of different BF/SC-PLA composites were further analyzed
via DSC analysis.

The second heating DSC curve of different BF/SC-PLA and
PAPI-BF/SC-PLA composites is shown in Figure 2. Consistent
with XRD results, the strength of HC crystals at approximately
170°C decreased significantly from the PLLA sample to the BF-
10 composite when BF was added, which indicated that the
heterogeneous nucleation of BF would inhibit the growth of HC
crystals and promote the growth of SC crystals in BF/SC-PLA
composites.

In addition, DSC analysis showed that the melting temperature
of SC crystals of the composite exceeded 220 °C (Malayarom et al.,
2023), which indicated that SC crystals could increase the melting
temperature, thus improving the heat resistance of the BF/SC-
PLA composites. The addition of PAPI had no obvious effect
on the crystallization properties of PAPI-BF/SC-PLA composites,
which was also consistent with the conclusion obtained from the
XRD analysis.

3.2 Mechanical property analysis
The mechanical properties of composites have a very important

impact on their applications. The four mechanical properties of
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different BF/SC-PLA composites after compatible modification
using PAPI are shown in Figure 3A. Although stereo-complex
crystallites were formed after the addition of PDLA, the tensile
strength of the TMC + 30%LD composite was lower than that
of most PLLA samples. The multiple crystals in the TMC +
30%LD composite promote the occurrence of crystal phase
separations, resulting in its tensile strength decreasing to 33.1 MPa
(Chen et al., 2010). Due to the large polarity difference between
BF and SC-PLA, the tensile strength of different composites
decreased significantly, and that of different composites (BE-
10, BF-15, and BF-20 composites) was stable at 18 MPa. When
PAPI was used as the interface compatibilizer to modify the
BF/SC-PLA composites, isocyanate groups (-NCO) in PAPI
could significantly cross-link with hydroxyl groups (-OH)
in the molecular chains of PLA and on the surface of BF
(Mai et al., 2024). The cross-linked structures formed between
the isocyanate and hydroxyl groups could effectively enhance
the interaction between BF and SC-PLA and inhibit phase
separations (Basil et al, 2023). Thus, the tensile strength of
different PAPI-BF/SC-PLA composites was improved. When
the content of BF was 15%, the cross-linked effect of PAPI
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was most obvious. The tensile strength of the PAPI-BF-15
composite was higher than that of the TMC + 30%LD composite,
reaching 34.7 MPa.

PLA was a type of rigid material. The tensile fracture was brittle,
and its elongation at break was low, at approximately 6%. With
the addition of a more rigid BE, the rigidity of different BF/SC-
PLA composites increased further. Regarding the elongation at
break (Figure 3B), the cross-linked structures of PAPI could increase
the elongation at break of different PAPI-BF/SC-PLA composites.
However, due to the strong rigidity of the BF and SC-PLA, the
modification effects of PAPI on the elongation at break were very
limited, and the highest value of the elongation at break only reached
approximately 10% (PAPI-BF-15 composite). The tensile strength of
different PAPI-BF/SC-PLA composites was higher than 30 MPa, and
the elongation at break was higher than 6%. These strength values
were higher than those of other PLA composites used in tableware
(Ding et al., 2023).

The modification effect of PAPI on the flexural properties of
different BF/SC-PLA composites was most obvious (Figure 3C).
BF has a rigid structure, which could act as a skeletal structure
in the body to enhance the flexural properties of different
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FIGURE 4

PAPI-BF-15 composite.

The fracture surface of (al) the BF-15 composite, (a2) the enlarge of the BF-15 composite, (b1) the PAPI-BF-15 composite, and (b2) the enlarge of the
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FIGURE 5
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Contact angle analysis of different BF/SC-PLA and PAPI-BF/SC-PLA composites.

TMC+30%LD

64.64°

PAPI-BF-20

PLA composites. With the PAPI-cross-linked structure, the
compatibility between BF and SC-PLA was improved, and
the bending strength of different PAPI-BF/SC-PLA composites
was significantly improved. When the content of BF was
20%, the bending strength of the PAPI-BF-20 composite
reached 60.9 MPa, which was 19.4% higher than that of
the TMC + 30%LD composite, and the bending strength
was improved.

Frontiers in Materials

The impact strength change trends of different BF/SC-PLA
composites were similar to those of tensile strength (Figure 3D).
When PAPI promoted the formation of a cross-linked structure
between BF and SC-PLA, the impact strength was also improved to
a certain extent compared to the TMC + 30%LD composite. All the
properties of composites showed that when the content of BF was
15%, the comprehensive properties of the PAPI-BF-20 composite
were higher than those of the TMC + 30%LD composite.

frontiersin.org


https://doi.org/10.3389/fmats.2024.1484677
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org

Chen et al.

10.3389/fmats.2024.1484677

BF-15

BF-20

PAPI-BF-20 PAPI-BF-15

FIGURE 6

Heat-resistance water test of different BF/SC-PLA and PAPI-BF/SC-PLA composites.

3.3 SEM analysis of the fracture surface

The BF-15 and PAPI-BF-15 composites were chosen as examples
to show the modification effect of PAPI on the interface between
BF and SC-PLA (Figure 4) because the comprehensive mechanical
properties of the PAPI-BF-15 composite were the best. The fracture
surfaces of the BF-15 and PAPI-BF-15 composites treated with liquid
nitrogen were selected to observe SEM images to reveal the reason
for the improvement of mechanical performance. In the BF-15 and
PAPI-BF-15 composites, BF was wrapped in PLA and dispersed in
the PLA matrix (Figures 4al, 4b1). Due to the polarity difference
between BF and SC-PLA, the fracture surface became rough and
uneven, and the interface compatibility between BF and SC-PLA
also became poor. As shown in Figure 4a2, there was a certain
repulsion effect between BF and SC-PLA, which led to an obvious
gap between the two terms. Such a gap caused uneven stress transfer
during the stress process of the BF-15 composite, resulting in an
obvious decrease in the mechanical properties.

After the addition of PAPI, due to the cross-linked structures
between isocyanate groups in PAPI and the hydroxyl groups in the
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molecular chains of PLA and those on the surface of BE the cross-
linked structures improved the interface compatibility between BF
and SC-PLA (Xu et al., 2019). The fracture surface of the PAPI-BF-
15 composite became slightly flat, and the gap at the interface of
BF and SC-PLA in the PAPI-BF-15 composite disappeared in the
SEM image (Figure 4b2). The two phases combined completely and
uniformly due to the cross-linked effect of PAPL

3.4 Contact angle analysis

Contact angle testing of composites could be used to gauge the
hydrophobic properties and evaluate the relevant applications in
different fields, such as packaging (Figure 5). The contact angle of
PLLA was 74.88° and that of PDLA was 79.30°. The contact angle
of the TMC + 30%LD composite was 75.20° and the contact angle
value did not change significantly after the mixing of PLLA and
PDLA, indicating that the stereo-complex crystallites of PLA showed
no significant effect on the hydrophobicity of PLA composites. The
surface of BF contained a large number of hydroxyl groups, so it
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PAPI-BF-15

FIGURE 7

Bending diagram of the heat-resistance water properties of (A) BF-15, (B) BF-20, (C) PAPI-BF-15, and (D) PAPI-BF-20 composites.

PAPI-BF-20

was more hydrophilic. When BF was added to PLA, the contact
angle of BF/SC-PLA composites decreased with the increase in BF
content, and the lowest angle (BF-20 composite) reached 64.64°.
The addition of BF made the different BF/SC-PLA composites
more hydrophilic.

However, after the addition of PAPI, due to the reaction
between the isocyanate groups and hydroxyl group, a large
amount of hydroxyl groups were consumed, which improved the
hydrophobicity of the PAPI-BF/SC-PLA composites. When the
content of BF was 10%, the contact angle of the PAPI-BF-10
composite was increased to 80.86°. The value of the contact angle was
even higher than that of the TMC + 30%LD composite, indicating
that the hydrophobicity of the PAPI-BF/SC-PLA composites was
enhanced after PAPI was added. This made PAPI-BF/SC-PLA
composites more suitable for applications in food packaging and
other related fields.

3.5 Heat-resistance water test

As packaging materials or disposable tableware, the materials
needed to have a certain heat resistance to ensure that they
would not deform at higher temperatures, such as in hot water.
The heat resistance of the BF/SC-PLA composites before and

Frontiers in Materials

after modification was determined by observing the bending
state of the composites at different hydrothermal temperatures.
As shown in Figure 6, five different temperature points were used to
determine the thermal properties of the BE/SC-PLA composites. The
glass conversion temperature of PLA was generally approximately
60°C, so the general use temperature of PLA was slightly higher
than 60°C. When PDLA is added, the strong hydrogen bond formed
between the SC crystals could effectively improve the heat resistance
of the SC-PLA composites.

When BF was added, the heat resistance of the BF/SC-PLA
composite was higher than that of pure PLA. Even when the
composites were pressed with heavy weights in hot water at 79°C,
there was no obvious bending phenomenon. When the water
temperature was increased to 89°C, the BF-15, BF-20, and PAPI-BF-
15 composites showed a significant bending phenomenon, while the
PAPI-BF-20 composite showed no obvious bending phenomenon
even at 99°C. When the four composites were removed from the
99-C hot water, obvious bending occurred in the BF-15, BF-20,
and PAPI-BF-15 composites, but no obvious deformation occurred
in the PAPI-BF-20 composite (Figure 7). This indicated that the
cross-linked structures formed after the addition of PAPI and the
skeleton structure of BF could effectively inhibit the deformation
of the composites in hot water and improve their heat stability.
Overall, the PAPI-BF-15 and PAPI-BF-20 composite material is
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more suitable for heat-resistant food packaging and disposable
tableware compared with the results obtained in other studies
(Mai et al., 2024; Ding et al., 2023).

3.6 LCA analysis

The substance TMC + 30%LD
composite and PAPI-BF-15 composite for the LCA analysis

is shown in Figure 8. The PAPI-BF-15 composite was chosen for

consumption of the

comparison with the TMC + 30%LD composite in the life cycle
assessment was because its various properties were better than those
of the TMC + 30%LD composite, which had better possibility in the
field of food packaging or disposable tableware.

The carbon source of BF growth mainly came from the CO,
fixed from the air during its growth, so the BF was a type
of negative carbon material. The use of BF showed a positive
significance in reducing the utilization of environmental resources
(Hermann et al,, 2011). When 15% BF was used to prepare the
PAPI-BF-15 composite, the composite reduced its fossil depletion
by 6.5% compared with the TMC + 30%LD composite. Regarding
land use and freshwater consumption (Kolstad et al.,, 2012), the
PAPI-BF-15 composite decreased by 19.9% and 13.8%, respectively,
after adding 15% BE. The addition of PAPI in the production
of the PAPI-BF-15 composite increased the metal depletion of
the composite by 9.5% (Madival et al., 2009). Considering the
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abovementioned four main resource consumptions, the PAPI-BE-
15 composite had lower resource consumption, as shown by the
LCA analysis.

Thelife cycle assessment of different PLA composites was carried
out according to four aspects: (1) carbon emission; (2) PM 2.5
emission; (3) freshwater, marine, and land ecotoxicity; and (4)
human toxicity (Figure 9) (Sommerhuber et al., 2017). Due to the
addition of BF as a negative carbon material, the whole process
of the PAPI-BF-15 composite, from production to use to scrap,
had a lower impact than that of the TMC + 30%LD composite
in terms of climate change (taking carbon dioxide emission as
the standard) and fine particulate-matter formation. The main
resource of the CO, and particulate matter was the composting and
burning of PLA (Rossi et al., 2015). The freshwater, marine, and
land ecotoxicity of the PAPI-BF-15 composite were also reduced to
a certain extent compared to the TMC + 30%LD composite. Future
research could introduce more BF to reduce the corresponding
carbon emission of BF/SC-PLA while ensuring the properties of
composites.

As a type of biodegradable material, PLA had low toxicity to
the human body, and after adding BE, the PAPI-BF-15 composite
showed lower toxicity to the human body, which indicated that
the PAPI-BF-15 composite could be used in food packaging or
disposable tableware and other related fields. In addition, Tran
et al. reported that SC-PLA composites could also be composted
and degraded (Quynh et al., 2007). Due to the addition of PDLA, the
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FIGURE 9
Life cycle assessment of the TMC + 30%LD and PAPI-BF-15 composites regarding four aspects.

degradation rate of conforming SC-PLA composites would decrease
to a certain extent. Various degradation properties of PAPI-BF/SC-
PLA composites will also be studied in the following studies to
ensure their availability.

4 Conclusion

In this work, the cross-linked effects of PAPI on the
crystallization properties, mechanical properties, and heat resistance
of PAPI-BF/SC-PLA with different BF contents were studied, and the
effects of the modified composites on the environment and carbon
emission were evaluated through LCA analysis. The heterogeneous
nucleation of BF promoted the formation of SC crystals and
inhibited the formation of HC crystals, but the addition of PAPI
showed little effect on the crystallization properties. The cross-linked
structures formed by PAPI effectively improved the mechanical
properties of PAPI-BF/SC-PLA composites. The comprehensive
mechanical properties of the PAPI-BF-15 composite were the best
because both its tensile strength and flexible strength were higher
than those of the TMC + 30%LD composite, and the impact strength
increased by 72.6% compared to the PAPI-15 composite and 11.1%
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compared to the TMC + 30%LD composite. After the addition
of PAPI, the heat resistance of the composites was significantly
improved, and the PAPI-BF-20 composite withstood hot water up
to 99°C. The LCA analysis showed that the addition of BF effectively
reduced the environmental impact and CO, emissions of the PAPI-
BF-15 composite. The land use and freshwater consumption of the
PAPI-BF-15 composite decreased by 19.9% and 13.8%, respectively,
after adding 15% BF, while the metal depletion of the composite
increased by 9.5%. In addition, the freshwater, marine, and land
ecotoxicity of the PAPI-BF-15 composite were also reduced to
a certain extent compared to the TMC + 30%LD composite.
This study showed that the PAPI-BF-15 composite material was
more suitable for heat-resistant food packaging and disposable
tableware.
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Nomenclature

PLA Poly(lactic acid)

LCA Life cycle assessment

PAPI Polyaryl polymethylene isocyanate
BF Bamboo fiber

SC-PLA Stereo-complex crystal PLA
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BF/SC-PLA

PAPI-BF/SC-PLA

PHA

PBAT

10.3389/fmats.2024.1484677

Bamboo fiber/stereo-complex crystal PLA composites

PAPI-modified bamboo fiber/stereo-complex crystal PLA

composites

Polyhydroxyalkanoate

Poly(butylene adipate-co-terephthalate)
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