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In this study, magnesium hydroxide (MH) flame-retarded starch/plant fiber composites containing various
MH contents (0%, 5%, 15%, 15%) were prepared and named as TF-MHO, TF-MH5, TF-MH10, TF-MH15.
Thermal degradation, flame retardancy, mechanical and microscopic characteristics were discussed. The
reduction in the maximum thermal degradation rate revealed that the addition of MH provided
improvement in the thermal stability of the composite. The horizontal burning test and the limiting
oxygen index analysis suggested enhancement in flame retardancy with increasing MH content.
Moreover, the density of composites initially decreased and then increased as the MH content increased.
The tensile strength was positively correlated with the density, whereas the cushioning performance was
negatively correlated with the density. Microscopic analysis showed that there was an interfacial

interaction between MH and thermoplastic starch, which not only improves the thermal stability, but also
Received 15th March 2019

Accepted 28th May 2019 promotes bubble nucleation as a nucleating agent. The cells of TF-MH10 were uniform and dense, thus

TF-MH10 had the best buffering performance. Furthermore, the cell structure of TF-MH15 was short in

DOI: 10.1039/c9ra01992h diameter, small in number, and large in skeleton thickness; therefore, TF-MH15 had the highest tensile
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1. Introduction

With the rapid development of the logistics industry, the use of
petroleum-based cushioning packaging materials has gradually
increased. However, the use of conventional petroleum based
matrix can lead to environmental pollution and resource
consumption.” Considering the requirements of green envi-
ronmental protection and sustainable development, replace-
ment of petroleum derived polymers with bio-based ones has
been one of the most important trends in the polymer field.>*
Many biodegradable polymers, such as polylactic acid, poly-
caprolactone and other synthetic polymers, are available in the
market, but with low cost-effectiveness. Meanwhile, starch,
plant fiber, and other renewable natural polymer materials are
widely found in nature. For example, sisal fiber is a hard fiber
with the largest amount and the widest range in the world. It
has the characteristics of toughness, wear resistance, salt and
alkali resistance and corrosion resistance that has been widely
used in various industries such as automobiles. Previous
studies have found that sisal fibers can improve better the
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mechanical properties of composite compared to pulp fibers,
straw fibers and wood fibers.” Because they have excellent
mechanical properties, are inexpensive and environmentally
friendly, starch/plant fiber composites with foam structures
have been widely investigated.*” The current research focused
on the modification of starch and plant fibers to improve the
compatibility and mechanical properties of composites. For
example, native starch (NS) was added with a small molecule
plasticizer, such as a polyol (glycerin and ethylene glycol) or an
amide (formamide and acetamide), to destroy the hydrogen
bond between the starch molecules to achieve plasticization,
thereby improving the processing performance. The compati-
bility of plant fiber with starch can be improved by alkali
treatment and silane coupling agent treatment.®* Starch/plant
fiber composites are flammable materials; thus, their applica-
tions are limited. However, the thermal stability and flame
retardancy of starch/plant fiber composites have not received
considerable attention from researchers.*

In recent years, the flame retardancy of composites has
become more increasingly important, and flame retardants
have been developed. According to different components,
a flame retardant is divided into inorganic salt flame retardants,
organic flame retardants, and mixed flame retardants. Haloge-
nated flame retardants in organic flame retardants were the
most effective and widely used flame retardants. However, their
combustion releases toxic gases; therefore, the use of halogen-
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based flame retardants has been restricted. Conversely, inor-
ganic flame retardant, a halogen-free flame retardant, is safe,
nontoxic, and low-cost. For example, magnesium hydroxide
(MH) is an additive flame retardant in a halogen-free flame
retardant. The decomposition of MH is an endothermic reac-
tion to slow down the heating rate; the water vapor generated by
the decomposition reduces the surface oxygen concentration
and increases the difficulty of combustion; the magnesium
oxide produced from the decomposition forms a carbonized
layer on the surface of the material to prevent the material from
burning.™*"” In previous studies, the thermal stability and flame
retardancy of basalt fiber reinforced starch-based/polyvinyl
alcohol composites were effectively improved with the addi-
tion of MH.'®" Stark et al. studied the flame retardancy of wood
4/polyethylene composites with different non-halogen flame
retardants and found that MH and ammonium polyphosphate
improved the fire resistance of the composite.>® Sain and Sup-
pakarn et al. applied MH and zinc borate to improve the natural
fiber/PP composite, which resulted in improved flame retard-
ancy of the composite without sacrificing its mechanical prop-
erties.?"?> Moreover, the addition of MH has a certain effect on
the mechanical properties of the composite. The flame retard-
ancy of PA6/PP composites increased as the MH content
increased, and the stiffness was also improved.”® MH is
currently widely used in polymers as a flame retardant.

Starch/plant fiber composites with foam structure are mainly
used in packaging; thus, the research on thermal stability,
flame retardancy, and mechanical properties has certain
guiding significance for its popularization and application. In
the present study, we investigated the effects of different MH
contents on the thermal stability, flame retardancy, and
mechanical properties of starch/plant fiber composites with
foam structure and thermoplastic starch (TPS), alkalized fiber
and MH were selected as the main raw materials, and talc was
used as the filler. For the composite preparation, the molding
foaming technology was used under the action of a certain
temperature and pressure. Thermogravimetric analysis (TGA),
horizontal burning and limited oxygen index (LOI) test were
performed. And the influence of MH addition on the thermal
stability and combustion performance of the composite was
investigated. Moreover, the relationship among tensile
strength, cushioning performance, and density of composites
was determined by mechanical tests.

2. Materials and methods
2.1 Materials

Core starch, the matrix and binder of composite materials, was
purchased from Hebei Xingtai Jinsha River Face Industry Co.,
Ltd. Sisal fiber was purchased from Guangxi Longzhou Power
Industry Co., Ltd., and used as reinforcement in the composite
material; its treated average diameter and length were approx-
imately 60 um and 5 mm, respectively. Talc powder (400 mesh)
was purchased from Tianjin Fuyu Fine Chemical Co., Ltd., and
used as a filler to improve the mechanical properties of the
composite materials. The foaming agent azodicarbonamide
(AC) was purchased from Jinan Xinweiye Co., Ltd. MH (2000
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mesh) was purchased from Wuxi Yatai United Chemical Co.,
Ltd., and used as a flame retardant for composites. Other
reagents used were NaOH, ethylene glycol, glycerin, and
distilled water.

2.2 Preparation of starch/plant fiber composites

The original major distribution of starch/plant fiber composites
is shown in Table 1. The preparation process could be divided
into four stages: preparation of TPS, fiber alkalizing treatment,
slurry preparation, and hot pressing and foaming. The specific
process is shown in Fig. 1.

(1) Preparation of TPS: NS and distilled water were mixed at
a mass ratio of 1 : 3, and heated in an 85 °C water bath. During
churning, the mixture of the plasticizer glycerin and ethylene
glycol was added to the gelatinized starch at a mass ratio of
10 : 2 : 1 starch/glycerin/ethylene glycol.

(2) Fiber alkalizing treatment: The sisal fiber was immersed
in a 5% NaOH solution for 5 h; then repeatedly washed with
distilled water to a pH of 7, and dried at 80 °C for 4 h.

(3) Slurry preparation: The prepared TPS and alkalized fiber
were added into a blender, and different contents of flame-
retardant MH (0%, 5%, 10%, and 15%) were added to obtain
different mixtures of TPS and MH (TPS-MHO0, TPS-MH5, TPS-
MH10, and TPS-MH15, respectively). At the same time, the
filler talc powder and the foaming agent AC were added, and the
mixture was sufficiently stirred to uniformly distribute the
slurry.

(4) Hot pressing and foaming: The temperature of the
molding machine was set to 180-200 °C, and the pressure was
3 MPa. The four groups of slurry were weighed separately and
placed into the mold. Then, the mold was closed for 10 min to
obtain biomass composite materials, namely, TF-MHO, TF-
MH5, TF-MH10, and TF-MH15.

2.3 Property tests of composites

2.3.1 TGA. To investigate the effect of different MH
contents on the thermal stability of starch/plant fiber compos-
ites, the composites prepared in Section 2.2 were analyzed by
using a synchronous thermal analyzer (TGA/DSC1/1100LF) in
a nitrogen atmosphere. The heating rate was set at 10 °C min ™,
and the temperature range was 30-600 °C.

2.3.2 Flammability and fire testing. (1) Horizontal burning
test: According to the Chinese national standards (UL-94), the
composites prepared in Section 2.2 were divided into strip
samples with a length and width of 125 + 5 and 13.0 & 0.5 mm,
respectively.”*** Two lines were marked at a distance of 25 £+ 1
and 100 £ 1 mm from the ignition point. The longitudinal axis
of the sample was maintained horizontally, and a flame was
applied for 30 s (if the flame reached the 25 mm mark before
30 s, the flame was stopped). When the flame reached the

Table 1 Original biomass packing composite components

Materials TPS Sisal fiber Talc powder Foaming agent

Mass (g) 100 30 10 1

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Flowchart of the technological process of starch/plant fiber composites.

25 mm mark, time recording was started until the flame
stopped or reached the 100 mm mark. If the 100 mm mark did
not pass, the elapsed time ¢ and the length L of the damage were
recorded (the distance between the 25 mm mark and the mark
before the flame stopped); if the 100 mm mark was passed, the
length L (75 mm) and the linear burning rate v were recorded.

v = 60—L (1)

t

where v is the linear burning rate, mm s '; L is the damage
length, mm; and ¢ is the recorded time, s.

(2) LOI test: The LOI test was carried out to characterize the
flame retardancy of the composite. The LOI value was measured
at room temperature using an oxygen index instrument
(M606B). The LOI value was defined as the minimum oxygen
concentration in the oxygen/nitrogen mixture, which keeps the
flame of the material burning for 3 minutes or consumes
a sample length of 50 mm, with the sample placed in a vertical

position.”* The LOI is expressed as:

LOI = x 100

wi + wy (2)
where w; is the concentration of oxygen, %; w, is the concen-
tration of nitrogen, %; LOI is the minimum oxygen concentra-
tion, %.

2.3.3 Mechanical performance testing. (1) Apparent
density analysis: To investigate the effect of different MH
contents on the apparent density of the composite, the
measurement was calculated according to the standard GB/T
6343-2009/1SO 845:2006.

Apparent density calculation formula:

p:%XIO(’ 3)

where p is the apparent density, kg m™>; m is the sample
quality, g; and V is the volume of sample, mm”.

(2) Tensile strength test: On the basis of the standard GB/T
9641-1988, the test specimen was placed on the universal
testing machine (WDW-50E03050301) and stretched at a speed
of 5 mm min~" to obtain the maximum stress before fracture,
that is, tensile strength.

This journal is © The Royal Society of Chemistry 2019

(3) Experiments of cushioning property tests: The test spec-
imen (100 mm x 100 mm x 25 mm, length x width x height)
was placed on a universal testing machine (WDW-50E03050301)
with reference to the standard GB/T 8168-2008. The pressure
was compressed in the thickness direction of the sample at
a speed of 12 mm min " until the sample was crushed, and the
computer automatically recorded the displacement (X) and load

(F) curves.
Compressive stress calculation formula:
F
= —x10° 4
7= X (4)

where ¢ is the compressive stress, Pa; F is the compressive
force, N; and A is the bearing area of the test sample, mm?.
Compression strain formula:

(5)

where ¢ is the compression strain, %; X is the displacement of
the press plate, mm; and T is the original thickness of the test
sample, mm.

Energy absorption efficiency formula:

&e= ; x 100%

B fos a(e)de
E= a(e)

where E is the energy absorption efficiency corresponding to
strain ¢ and o(e) is the stress corresponding to strain e.

2.3.4 Microcharacterization of composites. (1) Fourier
transform infrared (FT-IR) spectroscopy: To investigate the
effect of the plasticizer on the starch functional group, 1 g of
dried NS and TPS was taken and mixed with 150 g of KBr
powder. Then, the mixture thoroughly ground to a particle
diameter of less than 2.5 um. The mixture was pressed into
a transparent or translucent sheet by a tableting mold, and an
infrared spectrometer (ALPHA-T03040404) was set at
a sampling frequency of 400-4000 cm ™.

(2) X-ray diffraction (XRD) analysis: To investigate the effect
of plasticizer and MH on the crystallization type of starch,
a mixture of TPS and different proportions of MH were
uniformly mixed, dried and ground into a powder, and left for
30 days. Meanwhile, NS was selected as a comparative sample.

(6)

RSC Adv., 2019, 9, 17405-17413 | 17407
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The sample was screened with a 200 pm sieve, and 1 g of the
sample was placed in a sample tank and compacted. Then, the
surface of the sample was placed on the same level as the
surface of the glass holder. The scanning rate of the X-ray
diffractometer (Miniflex 600) was set to 5° min~".

(3) Scanning electron microscopy (SEM) analysis: To inves-
tigate the effect of alkalization on the surface morphology of the
fiber and the influence of different MH contents on the
microstructure of the composite, the sample was observed by
SEM (Phenom Pro). To improve conductivity, all samples were
subjected to gold spray treatment.

3. Results and discussion
3.1 Thermal analysis

To investigate the temperature range of the safe use of starch/
plant fiber composites and the effect of adding different MH
contents on the thermal stability of the composite, TGA was
performed in a nitrogen atmosphere. Fig. 2 shows the TG and
DTG curves for the composites TF-MHO0/5/10/15, and the related
data are listed in Table 2.

— TF-MHO
—— TF-MH5
—— TF-MH10

e —— TF-MH15

70 -

60 |-

Weight (%)

50

40 -

20 1 1 1 1
0 100 200 300 400 500 600

Temperature (°C)

0.0 -

0.2 |62
064
0.3 [-0se
-0.68
-0.70
[072
-0.74

0.5 o7
280 200 300 310 320 330

ey N

0.7

0.4

Der.weight (%/°C)

0.8 1 1 1 1 1
0 100 200 300 400 500 600

Temperature (°C)

Fig.2 TG (a) and DTG (b) curves.
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Table 2 TGA of composites

Composites  Tso0 (°C)  Wiooec (%) Weooec (%) Vinax (% °C™1)
TF-MHO 331.0 35.3 29.3 0.74
TF-MH5 331.0 35.5 29.3 0.74
TF-MH10 335.5 36.8 30.1 0.72
TF-MH15 337.0 37.2 28.7 0.65

Fig. 2 shows that the thermal decomposition curves of
composites with different MH contents were basically the same,
and could be roughly divided into three stages. The mass loss in
stage 1 (30-270 °C) was mainly the volatilization of water in the
composite and the decomposition stage of the starch plasti-
cizer.”® Stage 2 (270-400 °C) was the main stage of mass loss
caused by the decomposition of starch and fiber, producing
volatile substances, such as levoglucosan, furan, and furan
derivatives.?* Finally, stage 3 (400-600 °C) was the carbonization
stage. For TF-MH5/10/15 composites, stage 3 also included the
MH decomposition stage. Therefore, the DTG curve of TF-MH5/
10/15 had three distinct mass-change peaks, namely, starch
decomposition peak (I), fiber decomposition peak (II), and MH
decomposition peak (III). However, composite TF-MHO con-
tained only peaks I and II.

The temperature at which 50% mass loss occurred is called
T500- Waooec and Wegeec indicate the thermal decomposition
residual quality of the composite when the temperature was
400 °C and 600 °C, respectively, and Vy.x is the maximum
degradation rate of the composite. As the MH content in the
composite increased, Tsoq, and Wygeec increased slightly, and
Vmax and Weooec decreased gradually, indicating that MH
affected the thermal stability of the composites.

The endothermic decomposition of MH decreased the
temperature in the vicinity of the MH by releasing the structure
water molecules and retarding the decomposition of the
composites. Therefore, Tsg0, and Wyoooc increased slightly, and
Vmax gradually decreased.”” As the temperature increased, MH
gradually decomposed. From decomposition peak III, the
degradation rate of MH was proportional to its content; thus,
Weoo-c was slightly reduced. Moreover, other mechanisms could
also lead to a decrease in Vi, (€., the interfacial interaction
between MH and starch inhibited the molecular motion of the
composites), thereby improving the thermal stability of the
composites.”®

3.2 Flammability and fire properties

To evaluate the effect of different MH contents on the flame
retardancy of composites, a horizontal burning test and LOI was
carried out. The horizontal burning test is mainly used to
evaluate the combustion range or the flame propagation rate.
Table 3 shows the results of the burning time, rate, etc. of the
samples, in which the calculation of the burning rate was not
performed without passing the 100 mm mark, and on the
contrary, the burning time and the burning length were not
calculated. Fig. 3 shows the samples after the horizontal
burning test.

This journal is © The Royal Society of Chemistry 2019
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Table 3 Horizontal flammability and LOI analysis data of composites

Composites Burning time (s) Burning length (mm) Burning rate (mm min ") Rating LOI (%)
TF-MHO — — 29 HB40 21.2
TF-MH5 — — 27 HB40 21.2
TF-MH10 68 16 — HB 22.0
TF-MH15 38 4 — HB 23.8

TF-MHO

TF-MH5 TF-MH10 TF-MH15

Fig. 3 Post-combustion sample.

According to the combustion results, the flame-retardant
order of the composites was as follows: TF-MH15 > TF-MH10
> TF-MH5 > TF-MHO. All samples passed the 25 mm mark,
but only the TF-MHO and TF-MHS5 composites passed the
100 mm mark. The burning rate, burning time, and burning
length of the sample decreased as the MH content increased;
hence, the flame retardancy of the composite was improved.
The flame retardancy mechanism was mainly because the high-
temperature endothermic reaction of MH released a large
amount of water vapor, and diluted the combustible concen-
tration in the gas-phase combustion zone and the generated
high temperature resistant magnesium oxide covered the
surface of the composite to form a protective film to prevent
combustion.*®

To further evaluate the flame retardancy of the composite, an
LOI test was performed and the results were shown in Table 3. A
high LOI value means that the material is not easily combusted,
and a low oxygen index means that it is easy to burn. It is
generally believed that an oxygen index of less than 22%
belongs to an easily combustible material, 22% to 27% is
a combustible material, and more than 27% is a non-
combustible material. According to Table 3, as the MH
content increased, the oxygen index of the composite material
gradually increased, and changed from an easily flammable
material to a combustible material. There was no doubt that the
addition of MH increased the flame retardancy of the
composite.

3.3 Mechanical property analysis of the composites

Fig. 4 shows the test results of the composite density and tensile
strength. With the increase of MH addition, the apparent
density of composites initially decreased and then increased,

This journal is © The Royal Society of Chemistry 2019

counting for 405.3 kg m 3, 401.1 kg m >, 395.9 kg m* and
436.6 kg m>. The lowest was added with 10% MH, and the
highest was added with 15% MH. The tensile strength was
positively correlated with density; the highest was 2.012 MPa,
and the lowest was 1.719 MPa.”

Cushioning performance is one of the primary consider-
ations for packaging materials. It is generally expressed by the
energy absorption efficiency of the material. The higher the
energy absorption efficiency value, the better the material
cushioning performance. Therefore, the effect of adding
different MH contents on the buffering properties of starch/
plant fiber composites should be investigated.*® According to
the mechanical properties, cushioning materials can be divided
into linear materials, piecewise linear materials, tangential
elastic materials, and cubic functional elastic materials et al
Fig. 5 shows the stress-strain curve of different composite
materials. The initial stage increased with strain, and the stress
slightly changed. This stage was the yielding platform and the
main stage of energy absorption. As the compression
continued, the strain increased, and the stress rose rapidly. This
stage was the compaction zone, so the starch/plant fiber
composite was a tangential elastic material.

Fig. 5 and 6 present the stress-strain curve and stress-energy
absorption efficiency curve obtained by static compression test.
In the initial stage, as the stress increased, the energy absorp-
tion efficiency increased rapidly and then gradually stabilized.
Under different stress conditions, the order of energy absorp-
tion efficiency changed slightly, but the energy absorption effi-
ciency of TF-MH10 was constantly the highest and the
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Fig. 4 Results of the density and tensile strength of composites.
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Fig. 6 Stress-energy absorption efficiency curve of composites.

maximum energy absorption efficiency was increased by 12%.
Therefore, when 10% MH was added, the starch/plant fiber
composite had the best cushioning property.

3.4 Mechanism analysis of property changes in composites

NS is a semi-crystalline material composed of amylose and
amylopectin, and 70% of starch granules are in an amorphous
state. Most of the amylose is a linear molecule linked by o-1,4-
glycosidic bonds. The amylopectin has an a-1,4-glycosidic bond
as the main chain linkage and an a-1,6-glycosidic bond as
a linkage to link the branch and the backbone.** Fig. 7 shows
the chemical structure of amylose and amylopectin linkages. A
large number of hydroxyl groups are present in the molecule,
and the interaction between starch molecules is inhibited by
hydrogen bond interaction, resulting in poor processability of
NS.*

Fig. 8 depicts the FT-IR spectra of NS and TPS, and the
spectrum was basically consistent in the range of 1500-

17410 | RSC Adv., 2019, 9, 17405-17413
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4000 cm ™. The absorption peak of the hydroxyl group (O-H)
was mainly located near 3300-3500 cm ™~ '. However, after plastic
modification, the peak of the hydroxyl group (O-H) was reduced
from 3447.53 ecm ™ to 3420.13 cm ™%, and the band was wider.
According to Finch et al, the stronger and more stable the
hydrogen bond, the more the hydroxyl (O-H) stretching vibra-
tion peak moves toward the low frequency; thus, the hydroxyl
group (O-H) in the plasticizers, namely, glycerin and ethylene
glycol, formed a more stable hydrogen bond with starch.’*** FT-
IR analysis revealed that plasticizing modification reduced the
strong interaction between starch molecules, improved the
plasticity of starch, and made TPS more tightly combined with
MH and sisal fiber, thereby improving the mechanical perfor-
mance and thermal stability of starch/plant fiber
composites.?>¢
Fig. 9 illustrates the XRD pattern of NS, TPS, and TPS with
different amounts of MH mixture, and Table 4 shows the results
of analysis using MDI Jade software. During the modification of
starch plasticization, the plasticizer entered the interior of the
starch molecule, destroying the intramolecular and intermo-
lecular hydrogen bonds and crystal structure of starch, and
increasing the amount of free amylose. After a certain storage
time, the water/polyol TPS recrystallized to form a single-helical
v-type crystal.>’*° The recrystallization process of starch was
also called retrogradation, which seriously affected the
mechanical properties and service life of the final product.*®
As show in Fig. 9, NS had a typical a-type crystal peak (26 =
15°, 18°, 23°), and the o-type crystal was a double-helical
structure with tight molecular.** The XRD pattern of TPS-MHO
showed a distinct v-type crystallization peak (26 = 20°), indi-
cating that the addition of plasticizer destroyed the internal
structure of the starch and verified the correctness of the
infrared spectrum analysis.*> The dihydroxy inorganic
compound MH was added, and a distinct MH diffraction peak
appeared in the diffraction pattern (26 = 19°, 38°, 51°, 58°). As
the MH content increased, the diffraction peak shape did not
change, but the crystallinity (Type 1) caused by starch diffrac-
tion decreased. The crystallinity (Type 2) caused by MH
diffraction was positively correlated with the MH content.
Hence, MH was uniformly dispersed in TPS and had good
interfacial compatibility with TPS, thereby inhibiting molecular
chain motion and improving the thermal stability of the
composite. This finding was consistent with the TGA results.>”*
Fig. 10(a) and (b) illustrate the microstructure of untreated
sisal fibers and alkalized fibers. The untreated plant fiber was
covered with a layer of pectin and hemicellulose, the surface
was smooth, and the fiber diameter was large. The main
disadvantage of the composite reinforcement was that the fiber
had poor compatibility with the matrix. Alkalinization removed
surface impurities from plant fibers while increasing the
amount of free hydroxyl groups (O-H) in the fiber and hydrogen
bonding with the free hydroxyl group (O-H) in TPS.** Eqn (6)
and (7) show a reaction between the aqueous solution of NaOH
and the fiber to promote the ionization of the cellulose hydroxyl
group into an alkoxide, and the negatively charged Fiber -O™
had a strong attraction to the free hydroxyl group in TPS starch,
thereby forming strong hydrogen bond.*>*® As show in

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Structure of amylose (a) and amylopectin (b).

Fig. 10(b), the surface of the alkalized fiber was rough, and
many small bundle branches were present. The fiber diameter
was significantly reduced, and the aspect ratio was increased,
thereby increasing the bonding area between the fiber and the
matrix and finally improving the mechanical properties of the
composite.*”*®

Fiber-OH + NaOH — fiber-O-Na + H,O (7)
Fiber — O — Na 22 fiber — O~ + Na* (8)

Fig. 10(c)—(f) show the microscopic cell structure of the
composites when different MH contents were added. Clearly,
the addition of 5% MH had no significant effect on the structure
of the microscopic cells of the composite. When 10% MH was

S
Py
o
j=
s
E
(2]
j=
= 3447.53
NS
—TPS
3420.13
4000 3500 3000 2500 2000 1500

Wavenumbers (cm™)

Fig. 8 FT-IR spectra of NS and TPS.

This journal is © The Royal Society of Chemistry 2019

added, the cell structure was more uniform and dense because
MH acted as a nucleation point in the initial stage of foaming.
However, when 15% MH was added, the cell structure was short
in diameter, small in number, and large in skeleton thickness,
mainly because the increase of MH content increased the

19 —— NS

| a8 —— TPS-MHO
—— TPS-MH5
—— TPS-MH10
—— TPS-MH15

51
58

10 20 30 40 50 60
2 Theta(degree)

Fig. 9 XRD pattern of NS, TPS-MHO, TPS-MH5, TPS-MH10 and TPS-
MH15.

Table 4 Changes in the crystallinity of NS, TPS, and TPS-MHO0/5/10/15

NS TPS-0  TPS5  TPS-10  TPS-15
Crystallinity (%)  26.41  23.33  24.84  25.97 27.39
Type 1 (%) 26.41 2333 19.80  11.19 4.69
Type 2 (%) 0 0 5.04 1478 22.7

RSC Adv., 2019, 9, 17405-17413 | 17411
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Fig. 10 SEM images of (a) untreated fiber, (b) alkali-treated fiber, (c) TPS-MHO, (d) TPS-MHS5, (e) TPS-MH10, and (f) TPS-MH15.

viscosity of the composite slurry and forming a cell structure
was difficult. Therefore, TH-MH15 had the highest tensile
strength, and TF-MH10 had the best buffering performance,
which was consistent with the mechanical property test results.

4. Conclusions

The starch/plant fiber composites with foam structure were
prepared by using the molding foaming technology under the
action of a certain temperature and pressure; TPS, alkalized
fiber and MH were used as the main raw materials. The main
conclusions of the study were as follows.

(1) The thermal stability of the composites improved as the
MH content increased. When 15% MH was added, the
maximum thermal decomposition rate was reduced by 12%. On
the one hand, the endothermic reaction of MH reduced the
surrounding temperature and delayed the decomposition of the
composite; on the other hand, the plasticization modification of
starch destroyed the crystal structure of starch and improved
the interfacial interaction with MH, thereby inhibiting the
molecular motion of the composite to a certain extent and
improving the thermal stability.

17412 | RSC Adv., 2019, 9, 17405-17413

(2) The flame retardancy of the composites increased as the
MH content increased. The high-temperature endothermic
reaction of MH released a large amount of water vapor and
diluted the combustible concentration in the gas-phase
combustion zone. Moreover, the generated high-temperature-
resistant magnesium oxide covered the surface of the compos-
ites to form a protective film, thereby preventing the transfer of
heat and flame gas. Therefore, the addition of MH increased the
horizontal burning rating and LOI value of the composite.

(3) The density of the composite initially decreased and then
increased as the MH content increased. It followed the order:
TF-MH15 > TF-MHO > TF-MH5 > TF-MH10. The minimum
density was 395.9 kg m*, and the maximum density was 436.6
kg m~>. The free energy that foaming need to overcome was
reduced by the anisotropy of MH and matrix, while MH acted as
a nucleating agent to promote the formation of bubble nuclei;
but when the content of MH passed 10%, the viscosity of the
slurry increased, which hindered the growth of the cells and
thus the density increased. The tensile strength was positively
correlated with density, the highest was 2.012 MPa, and the
lowest was 1.719 MPa. Meanwhile, the cushioning performance
was negatively correlated with the density; when 10% MH was

This journal is © The Royal Society of Chemistry 2019
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added, the maximum energy absorption efficiency was
increased by 12%.
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