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Biodegradable composites were prepared by adding ZnO, Si3N4, and bamboo charcoal (BC) based on
biodegradable plastic Poly (butylene succinate) (PBS). The results show that different filling rates have
an effect on the mechanical properties of the composites. When the bamboo powder filling amount
reaches 40%, the mechanical properties of the composite material are the best. Overall, The mechanical
and chemical structure as well as the thermal data showed that the best condition for the production
of decayed wood plastic composite was 150 �C for 10 min, while TiO2, Si3N4, and BC accounting for 3%,
3%, and 5% of PBS weight, respectively, and the proportions of bamboo powder and PBS of 40% and
60%. The most important thing is that TD-GC–MS found that the composite has less organic volatiles,
indicating that it is a green and healthy composite.
� 2019 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Bamboo Plastic Composites (BPC) are a new type of composite
made by mixing and forming bamboo sawdust, bamboo or bamboo
residue, and other fibers as the main raw material at high temper-
ature, mixed with molten thermoplastic resin (mainly PE, PP, and
PVC) (Jeanette and Laurent 2005; Stark, 2006). As a new type of
polymer material, plastic products are widely used, due to their
small weight, ease of processing, beauty, and practicality. Plastic
products add convenience to people’s lifes; however, the produc-
tion of its waste has caused severe environmental pollution
(Shen et al., 2017). Poly (butylene succinate), is a fully biodegrad-
able polymer material with good biocompatibility and bioadsorp-
tion (Mi et al., 2015; Koronis et al., 2013). At present, a large
number of studies focus on the modification of traditional plastics,
and relatively few studies focus on the modification of PBS. China is
the center of bamboo cultivation and China’s bamboo area
accounts for 47% of the national bamboo forest area. 85% of the
world’s bamboo is mainly distributed in Hunan, Jiangxi, Fujian,
and other places, providing the fastest growing and best material,
with the most uses and the largest economic value.

It remains a major problem to combine the two different polar
materials in the field of BPC. Among these, bamboo fibers are the
reinforcing material, and resin is the matrix material. The interface
compatibility between the bamboo fiber and the thermoplastic
resin is an important issue in the development of BPC. At present,
researchers have tried to explore the interface combination of PVC
wood-plastic composites with several new modifiers. Jiang and
Kamdem (2004) treated the bamboo fiber with ethanolamine solu-
tion to prepare the PVC/wood fiber composite material. The
research results showed that the adhesion between the two phases
is strong. Natural chitosan is the second largest biomass resource
in the world and has a very similar chemical structure to lignocel-
lulose. It is the only natural alkaline polysaccharide found in
humans so far. It is also a strong Lewis basic electrolyte with
good physical and mechanical properties, biocompatibility, and
biodegradability (Rinaudo, 2006; Xu et al., 2014).

In this study, the fiber ‘‘cellulose” and the animal fiber ‘‘chi-
tosan” are distributed in the PBS, either crossed with each other
or randomly, and in addition to the conventional polymer chain
entanglement and physical interface combination. The develop-
ment of high performance bamboo plastic composites can provide
the foundation for the further expansion of a more widespread and
more advanced application of the material, based on the improve-
ment of the acid-base interaction between PBS and cellulose. It is
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of great theoretical significance and academic value to study the
optimization of chitosan/cellulose/PBS composite process and
the mechanism of network-like hinge bonding. Therefore, due to
the technical defects existing in the bamboo plastic composite
material, this study chooses the most representative chitosan as
the compatilizer, and investigates the effect of ZnO, TiO2, and
Si3N4 on the BPC by using bamboo powder and PBS as raw materi-
als, while exploring the mechanism of chitosan action on the bam-
boo plastic interface. This will provide basic theory and technical
support for the solution of quality defects of bamboo plastic com-
posite materials and will aid the development of high performance
interface compatible bamboo plastic composite products (Yang
et al., 2017). Therefore, this has important theoretical research
value and practical significance.

2. Material and methods

2.1. Experimental materials

The bamboo powder was air dried and crushed into 40–80
mesh. Chemicals include: ZnO, TiO2, Si3N4, and PBS.

2.2. Experimental methods

Mold Pressing: 150 �C, 10 min, and 8–10 MPa. The PBS samples
were prepared for the following tests (Table 1).

Performance analysis: Mechanical Properties Analysis (GB/
T17657-2013 and GB/T1040.5-2008), X-ray diffractometry (XRD,
General Analysis, Beijing General Instrument Co., Ltd., Beijing,
China), Fourier transforminfrared spectroscopy (FT-IR, IR100),
thermogravimetric analysis (TGA, 209-F1 TG, Netzsch, Germany),
and thermal desorption-gas chromatography-mass spectrometry
(TDS-GC–MS, DANI Co., Ltd., Italy) (Jiang et al., 2017; Peng et al.,
2014).

3. Results and discussion

3.1. Analysis of mechanical properties

The measured results are listed in Table 2. The result show
that mechanical properties of the samples changed significantly
after mixing with different proportions of bamboo powder, PBS,
ZnO, TiO2, Si3N4, and BC. Compared to the samples, Y1, Y2, Y3,
and Y4, with the addition of ZnO, the failing load, MOR, MOE,
and tensile strength of the composites increased and then
decreased. When the ZnO accounting for 1% of the PBS weight,
Table 1
Optimization of hot-pressing process.

Samples Bamboo
powder (%)

PBS
(%)

ZnO (%
PBS)

TiO2 (%
PBS)

Si3N4 (%
PBS)

BC (%
PBS)

Y1 40 60 5
Y2 40 60 1 5
Y3 40 60 3 5
Y4 40 60 5 5
Y5 40 60 1 5
Y6 40 60 3 5
Y7 40 60 5 5
Y8 40 60 1 5
Y9 40 60 3 5
Y10 40 60 5 5
Y11 40 60 3 3 5
Y12 40 60 3 3 5
Y13 40 60 3 3 5
Y14 40 60 3 3 3 5
the physical and mechanical properties of BPC achieved the best
condition. The chemical bonds between ZnO and PBS improve
the interface bonding between ZnO and PBS and facilitate the
transmission of stress; however, due to the increasing amount
of ZnO, the aggregation phenomenon increases, and the disper-
sion becomes worse, therefore reducing the tensile strength and
bending strength of the composite material. The composite mate-
rials have a good mechanical property when adding TiO2 (5%) or
Si3N4 (3%). The best hot pressing process is 150 �C for 10 min,
TiO2 and Si3N4 accounting for 3% and 3% of PBS, and the propor-
tion of bamboo powder and PBS is 40% and 60%, respectively. This
is mainly because TiO2 has an enhancement effect in BPC, while
TiO2 can be evenly distributed in BPC. When the composite is
subjected to external forces, TiO2 can effectively prevent material
breakage. However, a better chemical connection exists between
Si3N4 and PBS, thus improving the compatibility of composite
materials, so that the physical properties of composite materials
increase.
3.2. Analysis of FT-IR

The spectra of the 14 samples listed above are shown in Fig. 1.
For PBS composites, the absorption peaks observed at 2951 cm�1

and 2907 cm�1 were ascribed to the C–H asymmetric stretching
vibration in the CH3 group (Ranzieri et al., 2007). At 3043 cm�1,
the absorption peak was the C–H stretching vibration of alkene.
Meanwhile, the absorption peak at 2851 cm�1, 1384 cm�1 and
were attributed to the C–H symmetric stretching vibration of CH3

group (Jiang et al., 2018a,b). At 1455 cm�1, the absorption peak
represented the C–H asymmetric bending vibration in the CH3

group. At 724 cm�1, the absorption peak was the in-plane rocking
vibration of CH2 group. Region at 3100–3000 cm�1, 1600–
1450 cm�1, 860–680 cm�1 were the C–H stretching vibration
(Zhang et al., 2015). The broad and medium intensity peak at
961 cm�1 is attributed to the –C–OH bonding of carboxylic groups
in PBS. Stretching vibration of ester carbonyl (>C@O) groups was
observed at 1723 cm�1. The band at 1042 cm�1 corresponds to
the –O–C–C– stretching vibration of PBS (Priftis et al., 2009). In
PBS, methyl and methylene C–H stretching bands occur at 2956
and 2835 cm�1, respectively (Zhang et al., 2015). At 1660–
1628 cm�1, strong hydrogen bonds are formed between compos-
ites (Jiang et al., 2018a,b). When ZnO, TiO2, and Si3N4 were added
to BPC, the absorption peaks in the remaining ranges were not sig-
nificantly different from those without ZnO, TiO2, and Si3N4, except
for 3039–2868 cm�1 and 1858–1673 cm�1.
Table 2
Hot-pressing process optimization test results.

Samples Failing load (N) MOR (MPa) MOE (MPa) Tensile strength
(MPa)

Y1 129 30.68 2397 10.659
Y2 139 33.06 2519 10.693
Y3 115 27.35 2222 8.615
Y4 125.5 29.85 2650 10.22
Y5 128.5 30.56 2366 11.115
Y6 133.5 34.06 2862 13.844
Y7 149.5 38.14 3163 11.651
Y8 139.5 35.59 2813 11.886
Y9 158 40.31 2906 12.923
Y10 148.5 37.88 3188 12.081
Y11 122 31.12 2517 8.028
Y12 160.5 40.94 3192 13.746
Y13 147.5 37.63 3294 9.961
Y14 143 36.48 3343 13.455



Fig. 2. TGA and DTG thermal curves of PBS bamboo plastic composites.

Fig. 3. XRD test result spectrum of PBS bamboo plastic composites.
Fig. 1. FT-IR spectra of PBS Bamboo Plastic composites.
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3.3. Analysis of TGA and DTG

The thermal stability of BPC determined its flame retardant
properties to a large extent (Liu et al., 2016). Fig. 2 presents the
thermogravimetric (TG) and derivative thermogravimetric (DTG)
curves (100–700 �C). From the Fig. 2, the samples Y1, Y2, Y7, Y9,
and Y12, each group TGA curve were almost the same for all sam-
ples, with minor difference. The curves have a long and gentle per-
iod, and the maximum heat loss temperature were 353 �C, 352 �C,
350 �C, 390 �C, and 413 �C, respectively. At 700 �C, the mass loss
was 78.4%, 83.6%, 90.5%, 80.5%, and 77.8% for the Y1, Y2, Y7, Y9,
and Y12 samples, respectively. At 100 �C, the mass loss was 2.1%,
0.1%, 0.5%, 1%, and 1% for the Y1, Y2, Y7, Y9, and Y12 samples,
respectively, the mass loss is small, which indicates that the initial
decomposition temperature of the material and good heat resis-
tance. This is mainly because hydrogen bonds have a strong affin-
ity, which reduces movement of the polymer chains near the
interface (Wen et al., 2014).

3.4. Analysis of XRD

The X-ray diffraction pattern of the PBS bamboo plastic com-
posites is shown in Fig. 3. The diffraction pattern of each sample
shows three strong diffraction peaks at 2h = 19.5�, 21.9�, and
22.6�, respectively. The XRD curve is basically consistent, indicat-
ing that the crystal structure of PBS did not change with the
increase of the ZnO, TiO2, and Si3N4 and BC. After adding ZnO,
TiO2, and Si3N4, the crystallinity of the composites was signifi-
cantly reduced. It may be that the ZnO, TiO2, Si3N4, PBS, and bam-
boo powder formed a strong interfacial bonding force. The motion
and rearrangement of PBS polymer chains have been hindered,
which has greatly changed the crystallinity and crystal structure
of PBS. The changes of crystallization properties showed that the
compound use of TiO2 and Si3N4 improved the compatibility
between PBS and bamboo powder. In addition, the important crys-
tal diffraction peaks have the same shape and position, indicating
no chemical change between PBS and TiO2 and Si3N4.
3.5. Analysis of TDS-GC–MS

The total ion chromatograms of Y1, Y2, Y7, Y9, and Y12 PBS
Bamboo Plastic composites are shown in Fig. 4. The results of
TDS-GC–MS analysis, 31 chemical constituents were identified in
49 peaks of Y1 volatiles; 3 chemical constituents were identified
in 79 peaks of Y2 volatiles; 32 chemical constituents were identi-
fied in 55 peaks of Y7 volatiles; 27 chemical constituents were
identified in 34 peaks of Y9 volatiles; 26 chemical constituents
were identified in 36 peaks of Y12 volatiles. TDS-GC–MS analysis
showed a specific trend in the retention time of the different com-
ponents of the PBS composite, suggesting that the 120 �C volatiles
of the PBS composite included acetic acid, phenol and its deriva-
tives, and benzene and its derivatives, which inhibit fungal growth.
This suggests that PBS composites at 150 �C, 12 min, showed the
least toxic components. In all, there are many hydrocarbons and
lipid compounds in the organic volatiles of PBS Bamboo Plastic
composites with less toxic components, which was a relatively
new type of green and healthy composite material.

After mixing bamboo powder, PBS, ZnO, TiO2, Si3N4, and
bamboo charcoal (BC), the mechanical properties of the samples
changed significantly. Consequently, the composite materials have
a good mechanical property when adding Si3N4 and bamboo
charcoal (BC). When TiO2, Si3N4, and BC are used together, the
composite properties exert a strong effect on the composite
properties. FT-IR and XRD analysis showed that PBS and bamboo
powder can form strong hydrogen bonds, C–O, C@O, and O–C–O
when adding ZnO, TiO2, Si3N4, and BC. TGA and DTG analysis
showed significantly enhanced composite thermal stability after
adding Si3N4. The TDS-GC–MS show that there are many hydrocar-
bons and lipid compounds in the organic volatiles of PBS Bamboo
Plastic composites with less toxic components, which was a rela-
tively new type of green and healthy composite material.



Fig. 4. Total ion chromatogram of Y1, Y2, Y7, Y9, and Y12 PBS bamboo plastic composites.
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