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Abstract Poly (butylene succinate) (PBS), as a fully biodegradable thermoplastic, have developed

rapidly due to its integrated performance and processibility. The CaCO3 as a reinforcing component,

and AHP, APP and CaHP as a flame-retardant component were separately incorporated into PBS

matrix. A series of PBS-based composites were fabricated via melting blending using internal mixer

followed by injection molding. The results show that the different filling ratio has a certain influence

on themechanical properties of the composites.When the filling amount of wood powder is 40 copies,

the composite mechanical properties of the composite is better. CaCO3 addition, the composite mate-

rial of the bending strength, tensile strength have improved significantly. The results showed that

small amount of AHP, APP and CaHP improved the tensile strength of PBS composites, however,

the tensile strength decreased as further increase amount of AHP, APP and CaHP. Cone Calorimeter

testing revealed that, the combination of AHP, APP and CaHP could significantly reduce the pHRR

and the total heart release (THR) of the composites. TGA test indicated that the addition of AHP,

APP and CaHP could significantly increase the char residue and reduce the mass loss rate. TGA test

indicated that the addition of AHP, APP and CaHP could significantly increase the char residue and

reduce the mass loss rate. Through the research of mechanical and thermal properties of PBS com-

posite, it could lay a foundation of the application of PBS composite in different fields.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Facing the coming energy crisis, the world recognized the need
to adopt expenditure strategy, on the one hand, energy saving,

on the other hand, the development of new energy. In the case
of the petrochemical industry, we must find a new way for the
synthesis of polymer materials, in order to reduce dependence
on oil and other nonrenewable resources. On the other hand,

with the development of the times, the shortage of natural
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wood has become one of the important problems facing the
world today. Governments are working to protect natural
resources and strengthening the implementation of forest pro-

tection laws. In particular, the rapid development of living
conditions, environmental awareness gradually increased.

Plastic was once known as the 20th century’s most signifi-

cant invention, It has been widely used in many fields because
of its many excellent performances. The application of plastic
products brings great convenience to people, but also brings

serious negative effects. Most of the abandoned plastic pro-
duct, except in the special conditions can be solved. Waste
plastics in the natural environment of light, biodegradation
rate is very slow, it may take hundreds of years to completely

disappear. With the increasing of the plastic dosage, waste
plastics are becoming more and more polluted to the environ-
ment. The ‘‘white pollution” caused by plastics has become a

public nuisance worldwide. In order to solve this problem,
The research and development of biodegradable plastics is
an ideal way to solve white pollution. Biodegradable plastics

can be completely decomposed under natural conditions after
disposal, and the pollution to the environment is very small.
Plastic degradation process refers to the composition of plastic

macromolecular chain in the role of light and micro-organisms
were cut into small molecules process, it can be broken down
into CO2 and H2O, eventually disappearing into the natural
world (Rath et al., 2012; Sukor et al., 2017; Ismail and

Hanafiah, 2017). There are two main types of biodegradable
plastics, one is photodegradable plastic, the other is biodegrad-
able plastic (Kutláková et al., 2011; Halim et al., 2017).

Degradable plastics can not only solve the problem of white
pollution, but also become an effective way to achieve recy-
cling of resources, which can significantly improve social and

economic benefits (Prasannalakshmi et al., 2015; Basheer
et al., 2017; Razali and Said, 2017).

Today, sustainable development is the ideal model for glo-

bal common pursuit, as an important factor in sustainable
development, green environmental protection has become a
popular topic in the 21st century. The development and appli-
cation of degradable plastics is an effective way to solve the

environmental problems caused by refractory plastic waste.
It plays an important role in promoting the development of
green environment in the 21st century (Hassan et al., 2017).

And the degradable plastics are not only important for green
environmental protection, but they can also help alleviate the
problem of the current shortage of oil resources. Therefore,

it is of great importance to actively develop and utilize
biodegradable plastics for environmental protection and the
sustainable development of composite materials. These green
composites have been widely used in packaging, gardening,

automotive, biomedical and other aspects (Mantia and
Morreale, 2011; Koronis et al., 2013; Zini and Scandola,
2011; Dicker et al., 2014; Halim and Phang, 2017).

Poly (butylene succinate), PBS, is obtained by condensation
of succinic acid and butanediol, the chemical structure is
shown in Figs. 1 and 2, The synthesis method consists of

two stages: First at the lower reaction temperature, the dibasic
acid is reacted with an excess of the diol to form a terminal
hydroxyl group prepolymer, And then remove the diol to

obtain the polyester in high temperature, high vacuum and cat-
alyst conditions. PBS is a non-toxic white particle, a semi-
crystalline polymer. PBS, Density:1.27 g/cm3, Melting point:
114 �C, Decomposition temperature: 300 �C, Glass transition
temperature: �32 �C, Crystallinity: 30–60%, Crystallinity tem-
perature: 75 �C. PBS is a fully biodegradable polymer material,
has good biological compatibility and biological absorbability

(Shamsudin et al., 2017). PBS, Under the catalysis of bacteria
or enzymes, can eventually be degraded to non-toxic and
harmless substances such as carbon dioxide and water [4–7].

The degradation is due to the breakage of chemical bonds in
the polymer, including the breakage of chemical bonds in the
main chain and the branch, in which the degradation of the

polymer plays a decisive role in the cleavage of the main chem-
ical bonds. As a new biodegradable polymer material, PBS has
developed rapidly and has attracted much attention because of
its good thermal stability and mechanical properties.

With the market demand for degradable materials growing,
PBS has expanded its application, because it has better process-
ability and practicality. At present, PBS has been used in the

field of packaging, medical and automotive fields (Deschamps
et al., 2001; Aziz and Hanafiah, 2017). The cost of PBS is more
expensive than traditional nonbiodegradable polymers. It is

well known that this shortcoming can be overcome by mixing
with cheap natural fibres/fillings (Dash et al., 2008), while
maintaining or enhancing the substrate performance.

With the increasingly stringent national energy and envi-
ronmental regulations and the large-scale development of the
PBS molding process, the material cost of PBS is expected to
be further reduced. How to combine the advantages of plastic

and wood, the development of new environmentally friendly
wood materials, has become a major problem people need
solve. Therefore, a variety of natural wood are used to fabri-

cate composites with the PBS matrix (Zini and Scandola,
2011), in addition to being inexpensive, natural wood are
renewable, sustainable, biodegradable, abundant, and have

good specific properties (Gamon et al., 2013; Rahman et al.,
2017; Khan et al., 2017). So the new wood plastic composite
(WPC) material came into being. It is mixed with lignocellu-

losic fillers and some thermoplastics (PVC, PP, PE, etc.) as
the main raw material (Ayrilmis and Jarusombuti, 2010); With
the addition of certain processing aids, the composites were
prepared by high temperature mixing and molding. Compared

to wood-based panels, the biggest advantage of WPC is non-
toxic and environmentally friendly. As a substitute for wood,
WPC not only has a unique wood texture, and it has good

mechanical properties, good dimensional stability, water resis-
tance, abrasion resistance, excellent chemical resistance, not
afraid of insects, easy to color, low maintenance requirements,

Long life, easy to shape, can be secondary processing and
many other excellent performance. It is also worth mentioning
that it can also make full use of recycled wood, spare materials,
wood chips and other original waste wood. And it greatly

improve the utilization of natural wood, and can solve the
waste wood caused by waste pollution and handling problems.
It has the function of protecting the natural environment and

increasing the added value of artificial wood products. In addi-
tion, because the WPC production process using molding,
which can be achieved automatically continuous production

and the length of arbitrary ruling, while the wood can not.
Therefore, WPC has attracted extensive attention in the world,
and is regarded as a new type of green environmental protec-

tion material, and has broaden prospects for development.
At present, PBS flame retardant mainly uses additive flame

retardant and intrinsically flame retardant. Additive flame
retardants mainly used to add ammonium polyphosphate as



Fig. 1 The chemical structure of the PBS.

846 S. Jiang et al.
the representative of the expansion of flame retardants and a
small amount of aluminum hydroxide as the representative of
the metal hydroxide flame retardant. Metal hydroxide flame

retardants generally require a large amount of added to achieve
flame retardant effect, while the high addition of the material
will lead to the decline in mechanical properties. And the

expansion type of flame retardant usually needs about 30%
of the added quantity to achieve the excellent flame retardant
effect. At present, hypophosphite is represented by AHP as a

novel halogen-free flame retardant. AHP is widely used in engi-
neering plastics polyester and polyamide flame retardant and
received good results; So far, there have been few reports of

high-efficiency flame retardants such as AHP, CaHP and
APP for the flame retardant on PBS. And, PBS and engineering
plastics polyester have similar structures. Therefore, a series of
hypophosphite flame retardants, such as AHP, used in PBS

flame retardant. AHP, CaHP, APP and PBS were mixed to pre-
pare flame retardant PBS/AHP, PBS/CaHP and PBS/APP
composites, in order to obtain a good flame retardant effect.

At present, the research on the thermal resistance of new
polymer materials, especially flame-retardant polymer compos-
ites, has been extensively studied and made at home and

abroad. In the actual fire, the non-thermal hazard of the poly-
mer fire is mainly from the narcotic gases that are released dur-
ing combustion, Such as CO and HCN, irritant harmful gases

such as aldehydes, halogenated oxygen, sulfide, nitrogen oxi-
des, polycyclic aromatic hydrocarbons and smoke particles;
these ingredients will cause physical and psychological prob-
lem, which will do harm to the people in the fire, which is the

main cause of personal injury in the event of fire (Gann et al.,
2010; Yang et al., 2008; Ghafar et al., 2017). Therefore, the
industry should pay more attention to the thermal hazard of

new polymer materials and strengthen the study of non thermal
hazard. This will help reduce the smoke of polymer materials
and effectively prevent the occurrence of fire hazards, this also

provides a theoretical basis for high-safety polymer materials.
The aim of this study was to prepare wood plastic compos-

ite (WPC) under various conditions and study their chemical
structure by X-ray diffractometry (XRD), Fourier trans-

forminfrared spectroscopy (FT-IR), thermogravimetric analy-
sis (TGA), and thermal desorption-gas chromatography-mass
spectrometry (TD-GC-MS).

2. Material and methods

2.1. Experimental materials

Decayed Pinus massoniana Lamb. was collected from the

Liyang Forest region in south of China. The decayed Pinus
massoniana Lamb. was dried in air and crushed into 40–80
mesh. The AHP, APP, CaHP and CaCO3 were obtained from

Chemical New Materials Co., Ltd. The PBS was obtained
from Zhengzhou All Stroke Chemical Products Co., Ltd.
2.2. Experimental methods

2.2.1. Mold pressing

The wood pieces and lignin were weighed (200 g), mixed, laid

over a mold, and pressed at a surface pressure of 8–10 MPa
(Table 1). The PBS samples were prepared for the following
tests.

2.2.2. Mechanical property analysis

According to the national standard GB/T17657-2013 and GB/
T1040.5-2008 to test the physical and mechanical properties.

2.2.3. Cone calorimeter analysis

Cone calorimeter was founded by NIST first successfully
developed in the United States, 1982. It can be used to evaluate

combustion characteristic of materials (Schartel and Hull,
2010). Cone calorimeter test was carried out according to the
ISO5660 standard which the sample size is 100 mm � 100 m

m thickness as the original sample thickness.

2.2.4. FT-IR analysis

The FT-IR spectra of the samples were obtained on a FT-IR

spectrophotometer (IR100) using KBr discs containing
1.00% finely ground sample (Peng et al., 2014; Xue et al.,
2014; Jiang et al., 2017).

2.2.5. TG analysis

Each sample was analyzed using less than 10 mg of powder.
TG spectra were measured from room temperature to 700 �C
on a TG20 thermal gravimetric analyzer (209-F1 TG, Netzsch,
Germany) using a carrier gas (N2) velocity of 40 mL/min and a
heating rate of 10 �C/min.

2.2.6. XRD analysis

After sample preparation, the samples were examined using an
XD-2 diffractometer (General Analysis, Beijing General

Instrument Co., Ltd., Beijing, China) with Cu radiation (k
1.5406 nm), voltage of 36 kV, and current of 20 mA. The 2
h–h range was scanned continuously with a linkage scanning
system (rotary half-cone 2h) from 5� to 60�, at a scanning

velocity of 4�/min and a scan step of 0.01�. A graphite crystal
monochromator was used, with slit device widths of DS518,
SS518, and RS50.3 mm (Peng et al., 2013).

2.2.7. TD-GC-MS analysis

Each samples of 5 g each were placed in the sample tubes of a
Master TD thermal desorber (DANI Co., Ltd., Italy), and the

sample tubes were purged with 120 �C He for 30 min. The trap
adsorption temperature was set to 120 �C, trap resolution tem-
perature to 130 �C, valve temperature to 130 �C, and transmis-

sion line temperature to 130 �C. The volatiles were desorbed



Table 1 Optimization of hot-pressing process.

Samples Decayed wood (%) PBS (%) CaCO3 (%PBS) AHP (%PBS) APP (%PBS) CaHP (%PBS)

A1 30 70 5

A2 40 60 5

A3 50 50 5

A4 40 60 5 5

A5 40 60 5 10

A6 40 60 5 15

A7 40 60 5 5

A8 40 60 5 10

A9 40 60 5 15

A10 40 60 5 5

A11 40 60 5 10

A12 40 60 5 15

A13 40 60 5 5 5 5

A14 40 60

Table 2 Hot-pressing process optimization test results.

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

A1 137.0 32.58 1491 15.939

A2 152.0 36.15 1763 16.147

A3 148.0 35.20 2362 14.969

A4 153.5 36.50 1907 16.476

A5 151.0 35.91 1972 15.731

A6 140.0 33.29 2082 15.315

A7 165.0 39.24 2252 16.182

A8 163.0 38.76 2524 15.714

A9 143.0 34.01 2261 12.821

A10 166.0 39.48 2261 15.956

A11 155.0 36.86 2331 13.877

A12 129.5 30.80 2467 11.0

A13 120.0 28.54 2480 10.9

A14 148.0 35.20 2042 13.5
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for 15 min and analyzed by an online linked gas chro-
matograph/mass spectrometer (GC/MS), an Agilent

6890N15795C GCMSTM (Agilent Co., Ltd., USA) which
was linked to a mass selective detector. An elastic quartz cap-
illary column (DB-5MS; 30 m3 0.25 mm3 0.25 lm) coated with

a neutral phase (Hewlett- Packard-5 cross-linked 5.00% phe-
nyl methyl silicone) was used. The carrier gas was helium
and the injection port temperature was 280 �C. The GC tem-

perature program began at 45 �C for 3 min and increased at
8 �C/min until 120 �C, then 20 �C/min until 300 �C was
reached and held for 5 min, followed by a split injection at
ratio of 30:1. The MS program scanned over a range of 29–

500 AMU (m/z), at an ionizing voltage of 70 eV. The flow
velocity of the He carrier gas was 1.2 mL/min. Ion source tem-
perature: 230 �C, quadropole temperature 150 �C (Peng et al.,

2012).
3. Results and discussion

3.1. Analysis of mechanical properties

The mechanical properties of materials are a main parameter
for evaluating materials, and the tensile properties are the most
important criteria in mechanical properties. The mechanical
properties of the material generally provide a reliable basis

for material selection, structural strength calculation and stiff-
ness. The mechanical properties of the samples were signifi-
cantly changed after mixing with different proportions of

rotten wood flour, CaCO3, AHP, APP and CaHP. The test
results are shown in Table 2. Compared with the samples A2
and A14, with the addition of CaCO3, the MOR and tensile

strength of the composites were obviously improved. During
the test, the parallel samples of A2 showed brittle fracture,
and the composites showed the characteristics of brittle mate-
rials with high strength and low toughness. It can be clearly

seen that the addition of CaCO3 makes the material transition
from plastic deformation to brittle deformation. This is due to
CaCO3 can improve the rigidity of the material, limiting the

molecular motion, making it into a brittle deformation. In
the PBS matrix, CaCO3 particles play a rigid skeleton role.
Compared with the samples A1, A2 and A3, it can be seen that

the MOR, MOE and tensile strength of the composites have
different trends. Comprehensive considerations, with the
increase of wood flour, the composite materials have better
comprehensive mechanical properties when the wood powder

filling amount of 40 copies. Too much or too little wood will
affect the mechanical properties of the composites. This is



Fig. 2 The chemical structure of the PBS model.
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mainly due to the fact that wood powder is not easy to dis-
perse, the wood fiber has strong polarity, and it has poor com-
patibility with PBS resin. The increase of wood powder

increases the coagulation phenomenon, and the wood powder
particle is concentrated into the stress concentration. In addi-
tion, the wood powder as organic filler, low density, the vol-

ume fraction of wood powder in the system increases, the
relative content of PBS decreases, the load-bearing part
decreases, the tensile strength of the composites increases first

and then decreases. This is because, Wood powder acts as a
dispersing phase and acts as a stress concentration in the
matrix, which does not deform by force and does not stop
cracks or produce crazing absorption shock energy, thereby

increasing the brittleness of the filling system. Thus, the brittle-
ness of the filling system is increased.

Compared with samples A2, A4, A5 and A6, it is observed

that when a small amount of AHP is added to the composite,
MOR, MOE and tensile strength increased to 36.50 MPa,
1907 MPa and 16.476 MPa. This phenomenon is mainly due

to the role of AHP as a flame retardant with inorganic fillers
and reinforcing agents. However, adding too much AHP can
make the MOR and tensile strength decreased slightly, but

with the increase of AHP, the MOE increased continuously.
The above phenomenon is mainly caused by the inconsistency
between the PBS molecules and the limited compatibility
between the AHP particles with the polymer matrix.

Compared with samples A2, A7, A8 and A9, it is observed
that when a small amount of APP is added to the composite,
MOR, MOE and tensile strength increased to 39.24 MPa,

2252 MPa and 16.182 MPa. Why can appear this kind of phe-
nomenon? The main reason is the APP in the composite cool-
ing crystallization can act as the nucleus, resulting in the

formation of the final crystal ball smaller, so that the tough-
ness is improved, MOR, MOE and tensile strength of the com-
posite material will increased. However, The interface between

the small number of APP granules and the matrix PBS has a
good compatibility, but the mechanical properties of the com-
posites will be decreased with the increase of the amount of
APP. This is due to the poor compatibility and non-uniform

distribution, between the excessive APP and the polymer
matrix, which makes it easy to form stress concentration and
become the initiation point for stress destroy. That leads to a

decline in mechanical properties.
Compared with samples A2, A10, A11 and A12, it is

observed that when a small amount of CaHP is added to the

composite, MOR, MOE and tensile strength increased to
39.48 MPa, 2261 MPa and 15.956 MPa. This phenomenon is
mainly caused by the fact that CaHP, as a kind of inorganic
flame retardants and reinforcing agents can improve the

mechanical properties of materials, but the poor interfacial
compatibility between the excessive CaHP and PBS, and easy
to cause stress concentration, so when adding too much CaHP

can lead to the decreased of the mechanical properties.

3.2. Analysis of cone calorimeter

The cone calorimeter is a test method which can effectively
detect the combustion behavior of materials under real com-
bustion conditions (Cheng et al., 2012). Figs. 3 and 4, are

the heat release rate (HRR) curve and the total heat release
(THR) curve of the sample under the condition of the different
flame retardants were added, and the relevant data of the cone
calorimeter were summarized in Table 3.

The A14 values of A4, A7, A10, A13 and TTI materials are
36 s, 39 s, 44 s, 44 s, and 44 s, respectively, as indicated in
Table 3. The addition of AHP and APP makes the ignition

time advance, which is very common in many composites with
flame retardants. This is mainly due to the degradation of
acidic such as phosphine or small molecule products, which

is produced by AHP, and catalyze the degradation of PBS
molecular chain. The polymer phosphoric acid produced by
APP pyrolysis can catalyze the dehydration reaction of the

xylan in the wood fiber and the combustion reaction is easier
to be carried out. When adding CaHP, AHP, combination
of APP and CaHP three kinds of flame retardants, the ignition
time did not change, noted that adding CaHP has no effect on

the ignition time of the material. The three kinds of flame
retardants of AHP, APP and CaHP were inhibited during
decomposition, which leads to the ignition time neither delay

nor advance.
Heat release rate (HRR) is one of the important parameters

of flame retardant properties. It is well known that the lower

the heat release rate in the material combustion process, the
better the flame retardant effect of the flame retardants. As
shown in Fig. 3, and Table 3, the non-flame retardant compos-
ite A14 burns rapidly after 35 kw m�2 radiation is ignited, the

highest peak of heat release rate (pk-HRR) is 332.2 kW�m�2,
the total heat release of wood-plastic composites is 137.8 MJ
m�2. However, the pHRR of composite A4, A7, A10 and

A13 decreased obviously after adding flame retardants.
Among them, the A13 effect of three kinds of composite mate-
rials, such as AHP, APP and CaHP, is the most obvious, and

the effect of adding AHP, APP and CaHP separately is weak-
ened in turn. Fig. 3, curve shows that there are two peaks in
the composite material, which is mainly caused by the rupture

of the carbon layer, which leads to 2 peaks. With the addition
of AHP, APP and CaHP, the time of peak heat release rate has
been advanced in varying degrees, this is the result of flame
retardants promoting PBS thermal degradation, and the heat

release rate curve of combustion is further widened. For A4
and A10, there are two distinct peaks of heat release rate,
and AHP, CaHP thermal decomposition absorbs the surface

heat, reduces the heating temperature of composites, and
releases large amounts of water to dilute oxygen on the sur-
face, reducing the peak of the first heat release rate. The degra-

dation of pH3 produced by the AHP in the first stage, will
rapidly react with oxygen in the air to produce H3PO4, and



Fig. 3 Heat release rate (HRR) plots for A4, A7, A10, A13 and

A14, at a heat flux of 35 kW/m2.

Fig. 4 THR for A4, A7, A10, A13 and A14, at a heat flux of 35

kW/m2.

Fig. 5 SPR for A4, A7, A10, A13 and A14, at a heat flux of 35

kW/m2.

Preparation and properties of novel flame-retardant 849
in this process, a large amount of H3PO4 exists in coagulation.

H3PO4 at high temperature will be further condensed to pro-
duce poly-phosphoric acid with different degree of polymeriza-
tion, and also water generated. The H3PO4 produced by large

amounts of pH3 oxidation and hypophosphorous acid pro-
duced by dehydration can promote PBS to catalyze carbon,
to inhibit the complete combustion of PBS molecular chains.

The degradation of aluminum hypophosphite produces rela-
tively stable aluminum phosphate and aluminum pyrophos-
phate at the same. Principle of CaHP degradation of flame
Table 3 Cone calorimetric test results.

Samples TTI (S) pHRR (kW m�2) THR (MJ/

A4 36.00 261.55 120.02

A7 39.00 282.30 122.95

A10 44.00 297.96 132.53

A13 44.00 251.58 118.80

A14 44.00 332.19 137.83
retardant is consistent with AHP, and it is obvious that the
flame retardant efficiency of CaHP is slightly lower than

AHP. For the A7 system, the APP can produced poly-
phosphoric acid at high temperature and can catalyzed some
of the PBS and wood fiber into carbon, the carbon layer

formed on the surface can protect the following maldi, play
the role of insulation, inhibiting material combustion, reducing
the rate of heat release. For the A13 system, the pHRR and

THR are the smallest of the three kinds of flame retardants,
such as AHP, APP and CaHP, which shows that three kinds
of flame retardants have synergistic effect on reducing the
pHRR and THR.

In the actual fire, more than half of the number is not
burned to death, but because of smoke inhalation of toxic
smoke suffocated. Therefore, combustible materials in the

combustion process, the less the release of smoke, the higher
the safety, the greater the probability of escape. From Figs. 5
and 6, and Table 3, can be seen in the A4 system, AHP can

effectively reduce the smoke release rate and total smoke gen-
eration. However, APP and CaHP cannot effectively reduce
the release rate of smoke and the total amount of smoke in

A7 and A10 system, but the increase of smoke release rate
and total smoke production. In the A13 system, when AHP,
APP and CaHP were used in combination with three kinds
of flame retardants, the smoke release rate and total smoke

production is slightly lower than the A14 system but higher
than the A4 system. The main reason for this phenomenon is
that AHP has a high smoke suppression effect. The release rate

and total smoke generation of A13 system are lower than that
of A14 system. However, when AHP, APP and CaHP are used
m2) Mass (%) TSP (m2) Burning time (s)

20 2.02 823

21 5.65 780

18 9.66 736

27 3.91 840

12 4.26 682



Fig. 6 TSP for A4, A7, A10, A13 and A14, at a heat flux of 35

kW/m2.

Fig. 7 Mass for A4, A7, A10, A13 and A14, at a heat flux of 35

kW/m2.

Fig. 8 FT-IR spectra of composites.
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in combination, Kinds of flame retardants in the suppression
of smoke between the mutual inhibition, thereby reducing
the AHP smoke suppression effect. Therefore, the A13 system

smoke release rate and total smoke production and slightly
higher than the A4 system. In addition, in the A7 system,
the initial release rate of APP in the combustion of APP was

slightly higher than that of the composite without adding flame
retardant, and the release rate of smoke was slightly decreased.
Indicating that APP to promote the decomposition of wood

fiber dehydration process produced a large number of volatile
gases, the formation of carbon and inhibit the composite of the
smoke emissions. However, in the combustion process, due to
the decomposition of APP to produce ammonia. Not only off-

set the carbon layer on the inhibition of smoke, but also the
rapid increase in the rate of smoke release. The addition of
APP improved the total smoke release of the composites.

As can be seen from Fig. 7, and Table 3, the residual carbon
content of the sample is as follows: A13, A7, A4, A10, A14.
A13 > A7 > A4 > A10 > A14 indicates that the addition

of flame retardants to the PBS composite material is better
than the thermal stability of the formation of the carbon layer
by the combustion of the PBS composite. A7 > A4 > A10

shows that APP has a significant effect on the thermal stability
of the reinforced carbon layer, followed by AHP and CaHP.
At the same time, AHP, APP and CaHP three kinds of flame
retardant compound system used to form the maximum

amount of carbon residue.

3.3. Analysis of FT-IR

The broad and medium intensity peak at 955 cm�1 is attribu-
ted to ACAOH bending of carboxylic groups in PBS. The

stretching vibration of ester carbonyl (�C‚O) groups was
observed at 1718 cm�1 (Kim and Kim, 2008; Muthuraj et al.,
2015). The band at 1041 cm�1 corresponds to the AOACACA
stretching vibration PBS (Phua et al., 2011). Most of the satu-
rated hydrocarbons contain methyl groups. These methyl and
methylene CAH stretching bands at 2954 cm�1 and an asym-

metric stretching band 2855 at cm�1 (Cai et al., 2013). In
PBS, methyl and methylene CAH stretching bands occur at
2945 and 2855 cm�1, respectively (Liu et al., 2016; Zhang
et al., 2015; Song et al., 2008;). The characteristic functional

group of ester linkages is ACAOACA. A strong ACAOACA
stretching peak (1164 cm�1) was observed in PBS, which con-
firms that the PBS contains ester linkages (Song et al., 2008;

Bourbigot et al., 1993).
FT-IR spectra were used to study the structural groups of

wood flour and biocomposites. For comparison, the spectra

of the fourteen samples listed above are shown in Fig. 8. Peaks
at 955, 806 and 644 cm�1 were attributed to CAO stretching,
CH2 in OC(CH2)2CO in-plane bending, and ACOO bending

bands of the PBS (Cai et al., 2013). These peaks are clear evi-
dence to differentiate PBS from other polymers.

All spectra have similar spectral patterns in addition to dif-
ferent intensities of infrared absorption. The main components

of wood flour, including cellulose, hemicellulose, lignin, whose
infrared spectra is more complex, and the most obvious peak is
the stretching vibration absorption peak of 3414 cm�1. The

most typical bands (1600, 1510, and 1460 cm�1) are repre-
sented aromatic regions of lignin (Wen et al., 2014). The com-
posite has the characteristic peaks of PBS, In the A4, A5, A6



Fig. 9 TGA thermal curves of composites.
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and A13 systems, at 817 cm�1, corresponding to the oscillatory
vibration peak of pH2 and 484 cm�1 is the stretching vibration
peak of AlAO bond. And the absorption peak of PAOAP

appeared at 1100 cm�1, indicating the formation of Al4(P2O7)3
(Yang et al., 2011). In the A10, A11, A12, and A13 systems,
817 cm�1 corresponds to the rocking vibration peak of pH2,

and the characteristic peak in 467 cm�1 is the stretching vibra-
tion of CaAO bond. A significant PAOAP characteristic peak
appears at 1080 cm�1, indicating the formation of Ca3(PO4)2
and Ca2P2O7.

3.4. Analysis of TG

The thermal stability of polymer materials to a large extent
determine its excellent flame retardant properties, therefore,
the analysis of thermal stability is also an effective way to eval-
uate the flame retardancy of polymer materials. In order to

further study the effect of AHP, APP, CaHP and CaCO3 on
the thermal stability of PBS, we conducted a TGA test. As
shown in Figs. 9 and 10, the Fig. 9, is the TGA curve under

air condition, and the Fig. 10, is the DTG curve under air con-
dition. T5wt%, T50wt% and Tmax, respectively, for weight loss of
5 wt%, 50 wt% and maximum weight loss rate. The specific

test results are listed in Table 4. It can be seen from the chart,
for A1, A2, A3 system, each group TGA curve is very similar,
only one weight loss platform. The curves have a long period
of gentle period, and then decreased suddenly between 300

�C and 460 �C, showing a typical one-step degradation reac-
tion and a maximum heat loss temperature of 410 �C, 407
�C, and 405 �C, respectively. It is known that with the gradual

increase in temperature, the decomposition of the composite
material is sufficient, the final residual carbon quality is less.
According to previous studies on the degradation mechanism

of PBS (Chrissafis et al., 2005). PBS decomposition mainly
through the following two successive stages: (1) when the
decomposition temperature is low, PBS mainly through the

elimination of the completion of some segments of the random
fracture, during which the quality loss is not large; (2) when the
decomposition temperature is high, the fracture of the specific
chain segment causes PBS to decompose into smaller molecu-

lar units, resulting in a significant reduction in the quality of
the system. As shown in Figs. 9 and 10, and Table 4, with
the decrease of PBS ratio, T5wt%, T50wt% and Tmax2 decreased,

respectively. Indicating that the increase in the proportion of
wood powder will reduce the decomposition temperature of
composite materials. Compared with A2 and A14, it was

found that the degradation temperature of the composites
without adding CaCO3 was 247 �C, Tmax1 and Tmax2 were
216 �C and 410 �C, respectively. This is mainly due to the fact
that PBS is first in the process of heating the ester bond breaks

to release small molecules, followed by complete cleavage of
the PBS backbone. And because of the poor thermal conduc-
tivity of CaCO3 and the addition of a large number of pow-

ders, suppressed the heated after PBS chain segment motion,
thereby improving the thermal decomposition temperature of
composite materials (Min et al., 2008). And appear Tmax1,

may be due to the composite material without CaCO3 and
other additives, resulting in rapid degradation of wood flour
at 216 �C. The initial degradation temperature of the compos-

ite material A2 is 274 �C. With the increase of AHP content
from 5% to 15%, the initial degradation temperatures of com-
posite materials A4, A5 and A6 were 270 �C, 264 �C and 263
�C. It can be seen that the initial degradation temperature of
the composite material is reduced after AHP addition, which

is favorable for promoting the formation of wood powder.
Because of the composite type containing AHP component
of relatively poor stability; At the same time, AHP degradation
products can capture free radicals released from wood flour, so

that wood powder decomposition time ahead and speed up the
wood powder into charcoal. In addition, AHP degradation
products may cause degradation of the PBS component. Com-

pared with A1, A2, A3 system, the composite material has only
one maximum Tmax at 407 �C. With the increase of AHP, the
composites A4, A5 and A6 had a Tmax at 400 �C and 366 �C,
and there is a small degradation peak at 292 �C, 291 �C and
286 �C. This is mainly caused by AHP first degradation pro-
cess. With the addition of AHP, the content of residual carbon

increased from 5% to 14%, 20% and 27% respectively. The
degradation of the AHP under air conditions may be carried
out as follows:

APP thermal degradation process is divided into two steps,
its initial decomposition occurs near 248 �C, releasing H2O and
NH3, and the degradation product is highly cross-linked

polyphosphoric acid. The second step pyrolysis began in 540
�C, polyphosphoric acid dehydration is decomposed into phos-
phorus oxide (Fang et al., 2013). Compared with A2, thermal
decomposition of A8 and A9 is advanced. This is due to the

thermal decomposition products of APP for the cross-linked
polyphosphoric acid. It can be used as acid catalyst to promote
hemicellulose, cellulose and lignin dehydration. And T5wt%

and T50wt% of A7, increased from 274 �C and 400 �C to 303



Fig. 10 DTG thermal curves of composites.

Table 4 TGA test results.

Samples T5wt% (�C) T50wt% (�C) Tmax1 (�C) Tmax2 (�C)

A1 329 434 410

A2 274 401 407

A3 268 399 406

A4 276 408 292 411

A5 264 406 291 400

A6 268 374 286 366

A7 303 419 335 409

A8 262 404 344 408

A9 266 401 336 404

A10 273 402 347 412

A11 218 378 330 398

A12 221 413 337 412

A13 280 412 300 410

A14 247 396 216 410
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�C and 419 �C, respectively, while APP reduced the maximum
weight loss rate. This suggests that a small amount of APP can

promote the formation protection of carbon layer, the gas pro-
duced by the decomposition of APP can make the carbon layer
foam expansion, which play the role of heat insulation,

improve material thermal stability. The amount of residual
carbon increased to about 17%, shows that by adding flame
retardant can greatly improve the system of the residue

amount, reduced the amount of flammable gas. Contrast A2,
with the increase of CaHP, With the addition of CaHP, the
T5wt%, T50wt% and Tmax of the composites all decreased first
and then increased. This is mainly caused by the dual role of
CaHP, phosphine produced by CaHP decomposition, which
can promote the degradation of the chain by PBS. CaHP

degradation produces calcium phosphate and calcium
pyrophosphate, which can cover the surface of the composite
material, effectively prevent the combustion zone heat and

material exchange, thus delaying the degradation of PBS. It
can also lead to T5wt%, T50wt% and Tmax decline; In the oxygen
atmosphere, hypophosphorous acid produced by the rapid oxi-

dation of phosphoric acid and phosphoric acid, which can
effectively promote the decomposition of PBS into charcoal.
This effect can lead to T5wt% and T50wt%, Tmax values rise.
CaHP content is low, the former factors dominate, CaHP con-



Fig. 11 XRD test result spectrum.
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tent high, the latter dominated. With the increase of CaHP, the
carbon residue of composites is greatly improved. In addition
to the production of calcium phosphate and calcium pyrophos-

phate, the amount of carbon residue derived from PBS cat-
alyzed charcoal has been significantly improved, indicating
that the P from the gas phase to the solid phase and play a cat-

alytic role in the formation of charcoal. Contrast and A4, A7,
A10 and A13, there were no apparent different effects between
using flame retardants and using one flame retardant. This is

mainly due to the three kinds of flame retardants have mutual
inhibition in improving the thermal stability of composite
materials, which greatly reduces the use of three kinds of flame
retardant effect.

3.5. Analysis of XRD

X-ray diffraction can distinguish the crystallization of polymer

materials by interfering phenomena, but also distinguish
between different crystal forms and the addition of compo-
nents in the polymer material. The X-ray diffraction pattern

of the PBS composite is shown in Fig. 11.
Each sample diffraction pattern shows all three strong

diffraction peak, located in the 2h = 19.5�, near 21.9� and

22.6�, respectively, for a crystal of PBS (0 2 0), (0 2 1) and (1
1 0) crystal plane (Dong et al., 2005). The main diffraction
peaks of each group were consistent, indicating that the crystal
structure of PBS did not change with the increase of AHP,

APP and CaHP flame retardants and CaCO3. It is worth not-
ing that the intensities of (0 2 0), (0 2 1) and (1 1 0) diffraction
peaks decreased with the addition of additives and their con-

tents. This phenomenon can be attributed to AHP, APP,
CaHP three kinds of flame retardants and CaCO3 content of
the increase, the crystallization of PBS matrix gradually

reduced. This is mainly because with the increase of AHP,
APP and CaHP flame retardants and CaCO3 content, PBS
matrix crystallization is also gradually reduced. And AHP,

APP, CaHP and CaCO3 have a certain nucleation effect,
improving the nucleation density of PBS matrix. At the same
time, AHP, APP, CaHP and CaCO3 occupy a certain space,
ultimately make the spherical crystal growth space is limited

and prone to collision, resulting in reduced crystal perfection.

3.6. Analysis of TD-GC-MS

The total ion chromatograms of five kinds of extractives were
shown in Figs. 12–16, which were analyzed by GC-MS. And
the relative content of each component has been counted by

area normalization. The MS data is analyzed by using the
NIST standard MS map and publicly published books and
papers, and then identify each component.

According to the results of TD-GC-MS analysis, 16 chem-
ical constituents were identified in 37 peaks of A2 volatiles.
The results show that the components are: Acetic acid
(1.5%, 3.669 min), 1,2-Ethanediol (0.74%, 4.109 min), Fur-

fural (0.74%, 4.109 min), Ethanol, 1-(2-butoxyethoxy)-
(0.52%, 11.264 min), 2,2,4-Trimethyl-1,3-pentanediol diisobu-
tyrate (0.73%, 14.084 min), Ethanol, 2-(2-butoxyethoxy)-,

acetate (6.65%, 14.259 min), Propanoic acid, 2-methyl-, 3-
hydroxy-2,2,4-trimethylpentyl ester (1.79%, 14.427 min),
Vanillin (2.14%, 14.886 min), 1H-3a,7-Methanoazulene, 2,3,4

,7,8,8a-hexahydro-3,6,8,8-tetramethyl-, [3R-(3.alpha.,3a.beta.,
7.beta.,8a.alpha.)]- (1.19%, 15.132 min), Dimethyl phthalate

(1.3%, 15.74 min), 1,4-Benzenedicarboxylic acid, dimethyl
ester (0.55%, 16.413 min), Benzene, 1,2,3-trimethoxy-5-(2-
propenyl)- (1.35%, 17.228 min), 2,2,4-Trimethyl-1,3-

pentanediol diisobutyrate (2.9%, 17.862 min), 1,10-Biphenyl,
2,20,5,50-tetramethyl- (1.21%, 19.071 min), 1,10-Biphenyl, 3,4-
diethyl- (1.21%, 19.162 min), Phthalic acid, hex-3-yl isobutyl
ester (40.71%, 20.164 min).

According to the results of TD-GC-MS analysis, 32 chem-
ical constituents were identified in 75 peaks of A4 volatiles.
The results show that the components are: Acetic acid

(8.72%, 3.469 min), Dihydroxyacetone (1.05%, 3.896 min),
Formamide, N,N-dimethyl- (3.57%, 4.614 min), Furfural
(7.95%, 4.685 min), 2(5H)-Furanone (0.53%, 6.373 min), 2-

Furancarboxaldehyde, 5-methyl- (0.78%, 6.994 min), Phenol
(1.82%, 7.376 min), 1H-Pyrrole-2-carboxaldehyde (2.72%,
8.029 min), Dihydro-3-methylene-5-methyl-2-furanone

(0.86%, 9.161 min), Nonanal (0.52%, 9.608 min), Ethanol, 2-
(2-butoxyethoxy)- (2.22%, 11.218 min), 2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate (3.04%, 14.065 min), Ethanol, 2-(2-
butoxyethoxy)-, acetate (15.9%, 14.233 min), Propanoic acid,

2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl ester (5.4%,
14.414 min), Vanillin (6.66%, 14.847 min), Dimethyl phthalate
(3.14%, 15.708 min),1,4-Benzenedicarboxylic acid, dimethyl

ester (0.96%, 16.393 min), 2,4-Di-tert-butylphenol (1.44%,
16.536 min), Butylated Hydroxytoluene (0.58%, 16.594 min),
Benzene, 1,2,3-trimethoxy-5-(2-propenyl)- (3.46%, 17.208

min), 2,2,4-Trimethyl-1,3-pentanediol diisobutyrate (13.44%,
17.855 min), Cedrol (3.81%, 18.062 min), 1,10-Biphenyl, 2,20,
5,50-tetramethyl- (3.58%, 19.065 min), 1,10-Biphenyl, 3,4-
diethyl- (3.69%, 19.155 min), 1,2-Benzenedicarboxylic acid,

bis(2-methylpropyl) ester (100%, 21.614 min), Phthalic acid,
butyl isohexyl ester (4.86%, 22.112 min), Hexadecanoic acid,
methyl ester (12.66%, 22.183 min), 7,9-Di-tert-butyl-1-oxas

piro(4,5)deca-6,9-diene-2,8-dione (12.76%, 22.228 min),
Dibutyl phthalate (11.19%, 22.694 min), Phenol, 4-methyl-2-
[5-(2-thienyl)pyrazol-3-yl]- (98.6%, 25.592 min), 9-

Octadecenamide, (Z)- (11.14%, 27.112 min), 3,30,4,40-Tetrame
thoxystilbene (42.11%, 27.552 min).

According to the results of TD-GC-MS analysis, 30 chem-

ical constituents were identified in 62 peaks of A7 volatiles.



Fig. 12 Total ion chromatogram of A2 composites.

Fig. 13 Total ion chromatogram of A4 composites.

Fig. 14 Total ion chromatogram of A7 composites.

Fig. 15 Total ion chromatogram of A10 composites.

Fig. 16 Total ion chromatogram of A14 composites.
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The results show that the components are: Acetic acid (8.39%,

3.708 min), Furfural (8.15%, 4.679 min), Formamide, N,N-
dimethyl- (3.56%, 4.801 min), 2-Furancarboxaldehyde, 5-
methyl- (0.65%, 6.988 min), 2,7-Dioxatricyclo[4.4.0.0(3,8)]de

c-4-ene (0.89%, 7.486 min), 1H-Pyrrole-2-carboxaldehyde
(1.52%, 8.016 min), Dihydro-3-methylene-5-methyl-2-fura
none (1.66%, 9.161 min), Nonanal (0.7%, 9.608 min),
Ethanol, 2-(2-butoxyethoxy)- (1.32%, 11.199 min), 2,2,4-
Trimethyl-1,3-pentanediol diisobutyrate (1.81%, 14.058 min),

Ethanol, 2-(2-butoxyethoxy)-, acetate (7.39%, 14.207 min),
Propanoic acid, 2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl
ester (2.84%, 14.401 min), Vanillin (6.25%, 14.828 min),

Dimethyl phthalate (2.94%, 15.695 min), 2,4-Di-tert-
butylphenol (1.08%, 16.529 min), Benzene, 1,2,3-trimethoxy-
5-(2-propenyl)- (3.2%, 17.196 min), 2,2,4-Trimethyl-1,3-
pentanediol diisobutyrate (7.5%, 17.842 min), Cedrol

(2.17%, 18.049 min), 1,10-Biphenyl, 2,20,5,50-tetramethyl-
(2.41%, 19.059 min), 1,10-Biphenyl, 3,4-diethyl- (2.7%,
19.149 min), Tetradecane, 2,6,10-trimethyl- (0.57%, 19.291

min), 1,10-Biphenyl, 2,20,5,50-tetramethyl- (1.75%, 19.466
min), 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester
(100%, 21.607 min), Phthalic acid, butyl hex-3-yl ester

(5.47%, 22.105 min), Hexadecanoic acid, methyl ester
(11.3%, 22.17 min), 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-
diene-2,8-dione (14.87%, 22.228 min), 7,9-Di-tert-butyl-1-oxas

piro(4,5)deca-6,9-diene-2,8-dione (0.99%, 22.306 min), Dibu-
tyl phthalate (9.57%, 22.688 min), 1,2-Benzenedicarboxylic
acid, butyl octyl ester (1.3%, 22.759 min), 2-Methyl-E,E-
3,13-octadecadien-1-ol (1.42%, 24.052 min).

According to the results of TD-GC-MS analysis, 32 chem-
ical constituents were identified in 61 peaks of A10 volatiles.
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The results show that the components are: Acetic acid (3.98%,
3.275 min), Formamide, N,N-dimethyl- (1.9%, 4.51 min), Fur-
fural (6.1%, 4.672 min), Dihydro-3-methylene-5-methyl-2-fura

none (0.86%, 9.135 min), Nonanal (1.32%, 9.601 min), Etha-
nol, 2-(2-butoxyethoxy)- (1.52%, 11.199 min), 2-Hexene,
3,4,4-trimethyl- (0.76%, 11.943 min), 2,2,4-Trimethyl-1,3-

pentanediol diisobutyrate (2.92%, 14.058 min), Ethanol, 2-(2-
butoxyethoxy)-, acetate (27.5%, 14.239 min), ropanoic acid,
2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl ester (7.68%,

14.407 min), Vanillin (6.99%, 14.834 min), 1H-3a,7-
Methanoazulene, 2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-,
[3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- (2.41%, 15.125
min), Dimethyl phthalate (2.91%, 15.695 min), 1,4-

Benzenedicarboxylic acid, dimethyl ester(0.6%, 16.387 min),
2,4-Di-tert-butylphenol (1.37%, 16.529 min), Benzene, 1,2,3-
trimethoxy-5-(2-propenyl)- (3.62%, 17.202 min), 2,2,4-

Trimethyl-1,3-pentanediol diisobutyrate (10.77%, 17.849
min), Cedrol(2.38%, 18.049 min), 1,10-Biphenyl, 2,20,5,50-tetra
methyl- (1.8%, 19.058 min), 1,10-Biphenyl, 3,4-diethyl-

(1.96%, 19.149 min), Tetradecane, 2,6,10-trimethyl- (0.73%,
19.285 min), 1,10-Biphenyl, 2, 20,5,50-tetramethyl- (1.57%,
19.466 min), Methyl tetradecanoate (1.29%, 19.556 min), 1-

Heptatriacotanol (0.61%, 21.161 min), 1,2-
Benzenedicarboxylic acid, bis(2-methylpropyl) ester (100%,
21.614 min), Phthalic acid, butyl hex-3-yl ester (5.15%,
22.112 min), Hexadecanoic acid, methyl ester (17.62%,

22.183 min), 7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-6,9-diene-2
,8-dione (12.62%, 22.228 min), 7,9-Di-tert-butyl-1-oxaspiro(4,
5)deca-6,9-diene-2,8-dione (0.76%, 22.312 min), Dibutyl

phthalate (12.42%, 22.694 min), 2-Methyl-E,E-3,13-
octadecadien-1-ol (1.94%, 24.052 min), 1H-2,8a-Methanocy
clopenta[a]cyclopropa[e]cyclodecen-11-one, 1a,2,5,5

a,6,9,10,10a-octahydro-5,5a,6-trihydroxy-1,4-bis(hydroxyme
thyl)-1,7,9-trimethyl-,[1S-(1.alpha.,1a.alpha.,2.alpha.,5.beta.,5
a.beta.,6.beta.,8a.alpha.,9.alpha.,10a.alpha.)]- (0.64%, 24.117

min).
According to the results of TD-GC-MS analysis, 41 chem-

ical constituents were identified in 67 peaks of A14 volatiles.
The results show that the components are: Acetic acid

(3.97%, 3.197 min), Furfural (23.32%, 4.691 min), 2,4-
Hexadiene, 2,5-dimethyl- (0.69%, 5.248 min), 2-
Furancarboxaldehyde, 5-methyl- (2.19%, 6.975 min), Phenol

(2.46%, 7.318 min), Cyclotetrasiloxane, octamethyl- (0.56%,
7.576 min), 1H-Pyrrole-2-carboxaldehyde (1%, 7.952 min), 2-
Cyclopenten-1-one, 2-hydroxy-3-methyl- (1.4%, 7.997 min),

Dihydro-3-methylene-5-methyl-2-furanone (9.122%, 1.15
min), Nonanal (1.9%, 9.595 min), Ethanol, 2-(2-
butoxyethoxy)- (2.78%, 11.192 min), 3,4-
Dimethylcyclohexanol (9.3%, 11.904 min), Sulfurous acid,

cyclohexylmethyl nonyl ester (5.01%, 11.949 min), Cyclo-
propanemethanol, 2,2,3,3-tetramethyl- (0.61%, 12.344 min),
Benzeneacetaldehyde, .alpha.-ethyl- (0.52%, 12.693 min), For-

mamide, N,N-dibutyl- (0.82%, 13.204 min), Ethanol, 2-(2-
butoxyethoxy)-, acetate (44.53%, 14.246 min), Propanoic acid,
2-methyl-, 3-hydroxy-2,2,4-trimethylpentyl ester (1.67%,

14.394 min), Vanillin (8.7%, 14.834 min), 1H-3a,7-
Methanoazulene, 2,3,4,7,8,8a-hexahydro-3,6,8,8-tetramethyl-,
[3R-(3.alpha.,3a.beta.,7.beta.,8a.alpha.)]- (7.44%, 15.125

min), Dimethyl phthalate (3.85%, 15.695 min), 2,4-Di-tert-
butylphenol (2.43%, 16.536 min), Butylated Hydroxytoluene
(0.57%, 16.594 min), Benzene, 1,2,3-trimethoxy-5-(2-
propenyl)- (23.09%, 17.215 min), 40-Hydroxy-30-methoxyaceto
phenone, isopropyl ether (1.72%, 17.719 min), 2,2,4-
Trimethyl-1,3-pentanediol diisobutyrate (15.24%, 17.849
min), 1,3,5-Triazine-2,4,6(1H,3H,5H)-trione, 1,3,5-tri-2-

propenyl- (0.63%, 18.838 min), 1,10-Biphenyl, 3,4-diethyl-
(0.56%, 19.143 min), Tetradecane, 2,6,10-trimethyl- (0.86%,
19.201 min), Tetradecane, 2,6,10-trimethyl- (1.26%, 19.285

min), Methyl tetradecanoate (2.38%, 19.557 min), Tetrade-
cane, 2,6,10-trimethyl- (2.46%, 20.676 min), 1,2-
Benzenedicarboxylic acid, bis(2-methylpropyl) ester (100%,

21.594 min), Phthalic acid, butyl hex-3-yl ester 3.83%,
22.099 min), Hexadecanoic acid, methyl ester(21.42%,
22.176 min), Dibutyl phthalate (6.83%, 22.681 min), 1H-2,8a
-Methanocyclopenta[a]cyclopropa[e]cyclodecen-11-one, 1a,2,5

,5a,6,9,10,10a-octahydro-5,5a,6-trihydroxy-1,4-bis(hydroxyme
thyl)-1,7,9-trimethyl-, [1S-(1.alpha.,1a.alpha.,2.alpha.,5.beta.,
5a.beta.,6.beta.,8a.alpha.,9.alpha.,10a.alpha.)]- (0.62%,

23.988 min), Oleanitrile (3.64%, 24.052 min), 2-Methyl-E,E-
3,13-octadecadien-1-ol (1.34%, 24.098 min), Butyl citrate
(8.24%, 25.294 min), Butyl citrate (1.96%, 25.391 min).

It is suggested that the 120 �C volatiles of PBS composite
included acetic acid, phenol and its derivatives, and benzene
and its derivatives, which could inhibit fungal growth. But

phenol, benzene, and their derivatives are toxic. In
addition, there was vanillin (2.14%) in the A2 sample,
vanillin (6.66%) and cedrol (3.81%) in the A4 sample, vanil-
lin (6.25%) and cedrol (2.17%) in the A7 sample, vanillin

(6.99%) in the A10 sample, vanillin (8.7%) in the A14 sam-
ple. These contents resulted in the fragrant smell of the PBS
composite. The results of TD-GC-MS show that there are

many hydrocarbon compounds and lipid compounds in
PBS composites, and the toxic components are few. There-
fore, PBS composite material is a relatively new type of

green composite materials.
4. Conclusions

From the above studies, it can be seen that CaCO3 can
enhance the tensile strength of the composites, and the tough-
ness decreases. In this study, Too much or too little wood flour

will also affect the mechanical properties of the composites.
Comprehensive considerations, with the increase of wood
flour, the composite materials have better comprehensive
mechanical properties when the wood powder filling amount

of 40 copies. A small amount of AHP, APP and CaHP can
enhance the mechanical properties of the composites. It is well
known that the lower the heat release rate in the material com-

bustion process, the better the flame retardant effect of the
flame retardants. When the AHP, APP and CaHP are used,
the flame retardant effect of composite materials is the best,

the total heat release is the lowest, the smoke release is the
least, and the amount of residual carbon is the most. And
the addition of AHP, APP and CaHP can significantly
improve the crystallinity of the composites and improve the

crystallinity of the composites.
TG test showed that AHP could effectively form the acid

source of catalyzed charcoal under air condition. CaHP has

better thermal stability than AHP in air condition, and its
air conditions are more favorable for CaHP to catalyze the
flame retardancy. The addition of APP can effectively improve

the amount of the composite material at high temperature, and
improve the stability of the system at high temperature. There-



856 S. Jiang et al.
fore, the performance of PBS composite materials is excellent
and has a better use prospect.
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