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Biodegradable composites with an open-cell structure were developed to replace petroleum-based buffer
packaging materials. To overcome the problem of uneven and insufficient foam in the composites, CaCOs
was used as a nucleating agent to prepare porous composites. At 5 wt% CaCOs, more uniform and dense
composite cells with better cushioning performance were obtained. A further increase in the CaCOs
content caused the density of the cells and the cushioning properties of the composites to decrease.
The addition of CaCOs improved the thermal stability and water barrier properties. The moisture
absorption was reduced by 15%. X-ray diffraction analysis indicated that the addition of CaCO3 destroyed
the crystalline structure of the starch and produced a new crystalline peak, resulting in a significant
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DOI-10.1039/d0ra06477g reduction in the crystallinity. The decrease in the crystallinity of the starch resulted in the formation of
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1. Introduction

Petroleum-based materials are widely used as packaging mate-
rials due to their low cost, good mechanical properties, and
resistance to water. However, these materials are non-
biodegradable, and they cause huge environmental problems
due to their accumulation. Several researchers have investigated
natural renewable resources to replace petroleum-based mate-
rials.> The alternative materials include biodegradable compos-
ites based on plant fibers,? starch,* chitosan,’ and polylactic acid
(PLA).° Starch and plant fiber are the most researched because of
their low cost and complete biodegradability.>* For example, Li
et al. used plant fiber and starch as the skeleton and matrix,
respectively, to prepare a new class of biomass materials with
fully open-cell structures to replace package cushioning materials
through a foaming process.”” As a result of their open-cell
structure, acoustic absorption, insulation, and cushioning
property, cellular composites could be used in different appli-
cations, including transport, packaging, and in-door decora-
tions."® However, the mechanical properties, thermal stability,
and hygroscopic property requirements for buffer packaging
were difficult to meet by these composites.

Zhang proposed a new modification method of plant fiber, that
is, hydrogen peroxide-urea modified plant fiber at low
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a homogeneous slurry that produced a uniform foam in the composites.

temperature, to prepare hydrogen peroxide-urea modified plant
fiber (OUF), in order to improve the compatibility of plant fiber
and starch.* He also prepared thermoplastic oxidized starch
(TPOS) by composite modification method of oxidation and plas-
ticization to improve the mechanical properties of materials."
Wang et al. used formamide/urea as a plasticizer to improve the
mechanical properties of the composite materials. They found that
the mass ratio of starch/formamide/urea that achieved the best
mechanical properties was 10/2/1. They also studied the impact of
different fibers on the mechanical properties and found that sisal
fiber is the best plant fiber for reinforcing the composites.” Chen
subjected starch to single/compound modification using plastici-
zation, oxidation, and esterification to break its internal hydrogen
bond, the results showed that the oxidized esterified starch-based
composite (OESC) exhibited the best toughness compared with
a native starch-based composite.' M. F. Ashby's research showed
that the mechanical properties of porous materials mainly depend
on their cellular structure.”

Chemical foaming agents and their combined materials (FC)
have a huge impact on the formation of cells during the
foaming process.'” Therefore, the mechanical properties could
be improved by changing FC. CaCOj, which is a low-cost inor-
ganic compound abundantly found in nature, has been used as
a nucleating agent in polyethylene, polypropylene to prepare
foamed materials.”*** However, nucleating agents used as
petroleum-based materials were mostly, it is more used as filler
to improve the materials performance when biomass foam
materials were applied. Among the many natural polymer
materials, starch was proven to combine well with CaCO;.>* So it
is feasible to mix it with starch containing foaming agent.
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In addition, thermal stability was a significant concern for
biomass composites and was also an important index to eval-
uate the application environment of buffer packaging materials.
Cui et al. added magnesium hydroxide (MH) to the material to
improve the thermal stability, they found that the thermal
stability of the composite material increased with the MH
content, and the maximum reduction in thermal decomposi-
tion rate was obtained at 15% MH." Other researchers also
studied methods to improve the thermal stability of starch, e.g.,
Zhang, who added nano-crystalline cellulose,** and R. Lin, who
studied the crosslinking of tetraethylene glycol diacrylate with
starch under nitrogen atmosphere.*

A disadvantage of the starch-based composites is that the
strong moisture absorption of starch-based materials leads to
poor mechanical properties due to excessive water absorption.
Wilpiszewska, K. et al. reduced water absorption by adding
citric acid to starch-based biomass materials. And when the CA
content was 45%, the material had the lowest hygroscopicity.*
Another way to reduce water absorption is to improve the
surface water resistance of the material. The surface water
contact angle is an important index to evaluate the water
resistance of the material surface. In order to reduce moisture
absorption, scientists were modified using ZnO,* poly(vinyl
alcohol),”® and acylation/esterification®” to improve their water
barrier properties, but these modification methods reduced the
degradation rate of biomass materials. The mixing of CaCOj;
and starch has been confirmed to have no related problems.
Sun et al investigated the addition of poly-
methyltriethoxysilane (PTS) to these composites and found
that increasing PTS resulted in an increase followed by
a decrease in the water absorption of the composite material.
The lowest water absorption rate of the composite was that
obtained at a 15 g added amount of PTS (PTS-15).° Compared
with PTS, CaCOs; is less expensive and more promising.

If the mixture of calcium carbonate and foaming agent is used
as a binder, it can improve the performance of molded foaming
materials when used as cushioning packaging materials. The
effect of CaCO; content on various properties, such as mechan-
ical, thermal, and moisture absorption, was studied. These were
investigated through mechanical testing, thermogravimetric
analysis, constant temperature, and humidity test experiments.
The microstructure changes were characterized using Fourier-
transform infrared spectroscopy (FTIR), scanning electron
microscope (SEM), X-ray powder diffraction (XRD) microscope.

2. Materials and methods
2.1 Materials

The amylose content of cornstarch is about 26.2%, determined
using dual-wavelength spectrophotometry method, which was
purchased from Hebei Huachen Starch Sugar Co., Ltd. (Hebei,

Table 1 Components of the biomass packing composites
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China). Sisal fiber, with an average length of 5 mm and an
average diameter close to 60 pum, determined using optic
microscopy, was prepared in our laboratory. CaCO;, whose
average diameter was 70 microns, was purchased from Boke
International Trade Co. Ltd. (Jinan, China). Glycerol and
ethylene glycol (99% purity), which were used as plasticizing
agent, were purchased from Tianjin Fuyu Fine Chemical Co.,
Ltd. (Tianjin, China). 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 composites. The
foaming agent azodicarbonamide (AC) was purchased from
Jinan Xinweiye Co., Ltd. Other reagents used were NaOH and
distilled water was purchased from Yantai Shuangshuang
Chemical Co. Ltd. Absolute ethyl alcohol was purchased from
Boke International Trade Co. Ltd. (Jinan, China).

2.2 Preparation of biodegradable packing composites

Table 1 shows the components of the starch/plant fiber
composites. The preparation process was divided into four
stages: preparation of thermoplastic starch (TPS), fiber
pretreatment, slurry mixing, and hot pressing and foaming
(Fig. 1).

(1) Preparation of TPS containing CaCO; and foaming agent:
TPS was prepared by the procedure reported in the litrature.”
Cornstarch was proportionally mixed with water and gelatinized
in a water bath at 80 °C. Different contents of CaCO; (0%, 5%,
10%, and 15%) were added. During churning, the starch was
added with a plasticizer containing a glycerol-glycol mixture at
the optimal plasticizing mass ratio (starch/glycerol/glycol = 10/
2/1). Then add the foaming agent 2 g separately.

(2) Fiber pretreatment: the fibers were soaked in a sodium
hydroxide solution (5%) for 30 min. They were then removed
from the solution, washed 3 to 5 times in deionized water, and
left to dry naturally.

(3) Slurry mixing: the TPS and treated fibers were placed in
the churning machine and subjected to a 15 min churning. The
slurry and talcum powder were mixed until a homogeneous
phase was reached.

(4) Hot pressing and foaming: the mold temperature was set
to 200-210 °C, and the pressure was fixed at 3.5-5 MPa. The
composite slurry obtained at the homogeneous phase was
placed into the mold and baked for 10 min to obtain a biode-
gradable packing composite. These composites with 0, 5%, 10%
and 15% CaCOj; added are denoted as TF/TF + 5% CaCO;/TF +
10% CaCO,/TF + 15% CaCO;.

2.3 Compression and bending testing

2.3.1 Compression testing. Experiments of cushioning
efficiency: the test specimen (length x width x height =
100 mm x 100 mm x 25 mm) was placed on a universal testing
machine (WDW-50E03050301) based on the GB/T 8168-2008

Sisal fiber
20g

TPS
50 g

Composites component
Mass

2502 | RSC Adv, 2021, 11, 2501-251

Talcum powder AC
20 g 2g

CaCo,
0.5%, 10%, 15%
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Fig. 1 A flow chart of the biomass composite preparation.

standard. The pressure was applied in the direction of the
sample thickness at a rate of 0.6 mm min !, and the
compressive strain was set to 80%. The computer automatically
recorded the displacement (X) as well as the load (F) curves and
calculated the yield load and the corresponding yield
displacement.

The compressive stress was calculated as follows:

F
= —x10°
g A><

where ¢ is the compressive stress, Pa; F is the compressive
force, N; and 4 is the bearing area of the test sample, mm?. The
compression strain was estimated as follows:

&= §><100%

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. Finally, the energy absorption efficiency was
calculated as follows:

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

2.3.2 Bending testing. The test specimen (length x width
x height = 250 mm x 20 mm x 5 mm) was placed on
a universal testing machine (WDW-50E03050301) based on the
GB/T 14452-1993 standard. The pressure was applied in the
direction of the sample thickness at a rate of 0.5 mm min~"'. The
computer automatically recorded the displacement (X) as well
as the load (F) curves and calculated the elastic strength (R) and
the elasticity modulus (E).

2.4 Thermal properties (TGA)

To investigate the effect of different CaCO; contents on the
thermal stability of starch/plant fiber composites, the compos-
ites were analyzed using hermogravimetric analysis (TGA-Q500,
TA Instruments, New Castle, DE, USA). The heating rate was set
to 10 °C min " within a temperature range of 30-600 °C.

2.5 Hydrophilic testing

(1) Moisture absorption test:

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The moisture absorption was determined using the gravi-
metric method. The samples were dried and weighed to obtain
their initial mass (M,). Then they were placed in a humidity box
at constant temperature of 25 °C and humidity of 50% RH, 60%
RH, 70% RH, and 80% RH for 48 h. The final weight (M;) was
then obtained and the moisture absorption calculation (M,) was
calculated as follows:

M, — M,

0

/Wa = x 100%

(2) Water contact angle test:

The sample (length x width x height =20 mm x 20 mm X
5 mm) was horizontally placed on the experimental platform of
the contact angle meter.”® The horizontal height of the sample
was adjusted to the appropriate position, the knob of the
dropper was turned, distilled water (50 pm) was titrated for each
test, and the reading was recorded using the device software.
The water contact angle was recorded at the initial stages (i.e.,
after 2 min, 4 min, 6 min, and 8 min). The test was repeated
three times for each sample and the results were averaged.

2.6 SEM

The internal structure of the fracture surface of the TF/TF + 5%
CaCO;/TF + 10% CaCO3/TF + 15% CaCO; were investigated
using a scanning electron microscope (FEG250) with an accel-
erating voltage of 10 kV. Prior to the SEM observation, all
samples were mounted on aluminium stubs with ribbons and
sputter coated with gold to make them electrically conductive.

2.7 Porosity testing

The porosity of the fabricated bio-composites was analyzed as
per the reported procedure.” Initially, the bio-composites were
submerged in alcohol. The weight of the sponges before and
after submersion in calculated. The porosity was calculated by
the following formula,

% = (X2 — X)lpVy

Here, X; and X, was the weight of sponges before and after
submersion in alcohol correspondingly, V; is the quantity
before submerging in alcohol; p is a density of alcohol. All the
tests were done in triplicate for each sample.

RSC Adv, 2021, 11, 2501-2511 | 2503
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Fig. 2 Compression test (a) stress—strain curve, (b) energy buffer coefficient—strain curve of TF/TF + 5% CaCOs3/TF + 10% CaCOs/TF + 15%

CaCOs,.

2.8 Measurement of rheological properties with a digital
rotational viscometer

A digital rotational viscometer (type: DV-79 + pro) was used in
this test. F type rotor was chosen as test rotor. The speed was set
at 150 r/s. The digital rotational viscometer was equipped with
a hydraulic pump for controlling the temperature of the water
bath. The viscometer could be programmed for rheological
measurement. The viscometer was preheated to 45 °C and left
idle for 6 seconds to obtain stable data. Samples were placed
into the test tube and the rotor was turned on to reduce
experimental error. Each measurement was repeated 10 times
and the average value was taken as the final value. The time
interval of each data was 6 seconds and the program was
repeated five times. After data collection, the rheological char-
acteristic curve was drawn after deleting unreliable data points.

3. Results and discussion
3.1 Mechanical property analysis

Fig. 2(a) shows the stress-strain diagram based on the
compression test results of composites. Table 2 shows the
compression yield strength and the stress of composites at an
80% strain (¢(80%)). The point marked in Fig. 2 is that when the
composites start to yield. The results indicated that CaCO;

Table 2 Mechanical test data

improved the compression yield strength and of the compos-
ites. At a CaCO; of 5%, the compression yield strength of the
composites reached its maximum (3.2 MPa), which increased
indicates a 156% increase. However, further increasing the
CaCO; content caused a decrease in the compression yield
strength of the composites. ¢(80%) followed the same pattern.

The energy absorption efficiency-strain curve was drawn
based on E calculated during the compression of the compos-
ites (Fig. 2(b)). The buffering performance of the composites
was generally expressed by their E. The buffering performance
of the composites was found to improve with the increase in E.*°
The maximum value of E (Enay) is given in Table 2. Fig. 3
showed that adding CaCO; (5%) improved the cushioning
property of the composites as the energy absorption efficiency
was 22.8%, which reflects a 4.2% increase. However, a further
increase in the CaCOj; content results in a decrease in E and in
the cushioning property of the composites.

The test results of the bending experiment on the material
are shown in Table 2. The E was the largest when 5% CaCO; was
added, which was 2669 MPa. It was 31.2% higher than TPS.
When the CaCOj; content exceeds 5%, as the CaCO; content
increases, the elastic modulus of the material will gradually
decrease. The elastic strength of the material gradually
increases with the increase of CaCOj; content. It indicates that
TPS + 5% CaCOj; has the strongest resistance to deformation.

Composites TF

Yield strength (MPa) 1.25 3.21
Emax (%) 21.9 22.8
5(80%) (MPa) 6.19 16.15
Elasticity modulus (MPa) 2035 2669

R (MPa) 22.42 22.61
Viscosity (mPa s~ ) 7318 7350
Porosity (%) 62.35 77.63

2504 | RSC Adv, 2021, 1, 2501-251

TF + 5% CaCO;

TF + 10% CaCO; TF + 15% CaCO;

3.09 3.10
19.1 18.2
15.09 15.12

2623 1699
27.82 33.31

7377 7405
60.59 55.74

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06477g

Open Access Article. Published on 11 January 2021. Downloaded on 7/23/2025 10:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a I 1
(a) 100 |
1 \
I
I
|
—TF
—~ 80F TF+5%CaCO3 |
e TF+10%CaCO3| 1
:,’ TF+15%CaCO3 1
L I
K= 1
5] . .
g 60 : ] ] 1
stagel . : stage3
1
|
! [
! 1
40 1 '
1 stage2 1
5 - ’|
1 1 ! 1 ] 1
100 200 300 400 500 600

Temperature (C)

Fig. 3 (a) TG and (b) DTG of TF/TF + 5% CaCO3/TF + 10% CaCO3/TF +

3.2 Thermal analysis

To determine the effect of the CaCO; content on the thermal
stability of the composites, thermogravimetric analysis was
performed on the composite under nitrogen atmosphere. Fig. 3
showed TG and differential thermal analysis (DTG) curves of TF/
TF + 5% CaCOj3/TF + 10% CaCOj;/TF + 15% CaCO;. The relevant
data are shown in Table 3. The decomposition of the compos-
ites was divided into three stages. In stage 1 (30-270 °C), the
mass loss was caused by the volatilization of water in compos-
ites and the decomposition of starch plasticizer.** Stage 2 (270-
400 °C) was the main stage in which the mass loss occurred.
This was caused by the decomposition of starch and fibers and
the formation of levoglucan, furan and furan derivatives, as well
as other volatile substances.*” Stage 3 (400-600 °C) was the
carbonization stage."

Tso0 is the temperature at which 50% mass loss occurred;
Waoo °c and Weg ¢ represent the residual mass from the
thermal decomposition of the composites when the tempera-
ture was 400 °C and 600 °C, respectively; Vi,x is the maximum
decomposition rate of composites, and Ty,__ is the temperature
corresponding to the maximum decomposition rate of
composites. Their relevant data are shown in Table 3.
Increasing the CaCO; content in the composites caused
a gradual increase in Tso,, Waoo °c, and Weg -, Which indicated
that the addition of CaCOj; at the same temperature reduced the
mass loss. On the other hand, the increase in the CaCOj; content
caused a gradual decrease in Vp,,c and Ty, . This indicated that
the addition of CaCO; effectively reduced the rate of the

Table 3 Thermogravimetric analysis data of the composites

Ts0% Waoo Weoo Vimax Ty,..
TF 348 47.31 40.91 —5.36 269.82
TF + 5% CaCOg 351 47.57 41.16 —5.04 270.00
TF + 10% CaCO; 406 50.00 43.47 —4.99 272.71
TF + 15% CaCO; 432 51.41 44.87 —4.87 277.91

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reduction in composite mass and increased the temperature
corresponding to the maximum decomposition rate of the
composites. These results prove that the addition of CaCO;
increased the thermal stability of the composites. The thermal
stability of the composites gradually increased with the CaCOj;
content. The addition of magnesium hydroxide caused
a decrease in the composites Wy oc and Weggo -c by 5.38% and
2.7%;"* while the addition of 15% CaCOj; caused them to
decrease by 8.39% and 9.67%, respectively. Compared to
magnesium hydroxide, CaCO; was found to improve the
thermal stability of starch—plant fiber composites.

The viscosity test results are listed in Table 1. With the
increase of CaCO; content, the paste viscosity increased. But the
increase was small.

3.3 Water resistance test results

The hygroscopicity of composites in humid environment is also
an important factor to evaluate buffer packaging composites.

12
10 | 80%RH
£ 4l
=
(]
= L
g sl T 70%RH
(%] pe 3
Q
©
1
L 4L 60%RH
©
2
2F
0 1 1 1 1
0 5 10 15
CaCO3 content (%)

Fig.4 Moisture absorption test results of TF/TF + 5% CaCO=/TF + 10%
CaCOs/TF + 15% CaCOs.
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Fig. 6 XRD results of TF/TF + 5% CaCOs/TF + 10% CaCO=/TF + 15%
CaCOs.

Water absorption by the biomass composites reduces their
mechanical properties.* Fig. 4 shows the results of the moisture
absorption test at different CaCO; content under different
humidity conditions. The results indicated that the increase in

the CaCOj; content caused a gradual decrease in the hygroscopic
rate of the composites at all humidity conditions. This effect
was more pronounced ar higher the humidity conditions. This
proved the beneficial effect of CaCO; on the composites to be
used in buffer packaging.

Fig. 5 shows the results of the water contact angle test of the
composites. A larger water contact angle reflects a better
waterproof property of the composites.”® The results showed
that the addition of CaCO; increased the water contact angle of
the composites and slowed the water adsorption performance
of the composites surface. A gradual increase in the water
contact angle was observed with the increase in the CaCOj;
content. This proves that the addition of CaCO; could improve
the water resistance of the composites, which is also beneficial
in their application in buffer packaging.

3.4 X-ray diffraction analysis

Fig. 6 shows the XRD test results of the composites. The results
were analysed by JADE software attributed the peak near 22.5°
to TPS. The addition of CaCOj; resulted in a new peak at 23°. It
indicated that the addition of CaCO; destroyed the crystal
structure of TPS. The crystallization peak of CaCO; was
observed at 29.5°. The peak value gradually increased with the
CaCOj; content. This indicated that CaCO; was well combined
with the composites.

Table 4 Crystallinity test results of TF/TF + 5% CaCO3/TF + 10% CaCO3/TF + 15% CaCOs3

Composites TF

Crystallinity (%) 92.49 52.37

2506 | RSC Adv, 2021, 11, 2501-25T1

TF + 5% CaCOj;

TF + 10% CaCO;
60.50

TF + 15% CaCO;
69.37

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06477g

Open Access Article. Published on 11 January 2021. Downloaded on 7/23/2025 10:59:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Fig. 7 Optical profilometer test results of (a) TF, (b) TF + 5% CaCOs, (c) TF + 10% CaCOs3 and (d) TF + 15% CaCOs pore structure.

Table 4 shows the crystallinity of the composites. The addi-
tion of CaCO; reduced the crystallinity of the composites. The
crystallinity of the composites was found to increase with the
CaCOj; content. At 5% CaCOg, the crystallinity of the composites
decreased, because CaCOj; destroyed the lattice structure of
TPS. This caused the fluidity to increase as the free starch grains
in the composites increased because the starch was no longer

360um
600un

| SEL_ kv

WDIAmMm,; $85¢

attached to the surface of the fiber in large clumps. This also
enhanced its combination with the surrounding fibers and
other ingredients. This tight binding would offset a part of the
gas expansion stress generated in the process of gas foaming
during foam forming. The cellular structure became more
compact as the cells of the composites became smaller. This

%100 100pm - pr——

Fig. 8 SEM results of (a) TF, (b) TF + 5% CaCOs, (c) TF + 10% CaCOs, and (d) TF + 15% CaCOs pore structure.
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Fig. 9 SEM results of (a) TF, (b) TF + 5% CaCOs, (c) TF + 10% CaCOs, and (d) TF + 15% CaCOs fiber structure.

tight binding also increased the compression strength and
thermal stability of the composites.

3.5 Morphology of the cellular structure in the composites

Fig. 7 and 8 show the composites pore structure under white
light microscope and SEM, respectively. Fig. 9 shows the fiber
lap structure of the composites under SEM. As shown in Fig. 8,
TF had multiple broken cells, which could be attributed to the
weakness of the starch-fiber bond strength that was easily
broken as a result of the expansion that occurred during the
foaming process. Moreover, Fig. 9 showed that the diameter of
the cells of TF was relatively large (greater than 300 pm). Fig. 10
indicated that the TF fibers were attached to a large amount of

clumps of starch, which caused multiple fibers to connect
together. This resulted in small cell density and inadequate
cushioning property of composites. However, the cells gener-
ated by TF + 5% CaCOj; were relatively uniform, and the cells
rupture hardly occurred. The resulting pores were smaller in
diameter (mostly around 250 pm). Most fibers existed in a single
form, which prevented the fibers from coalescing. More fibers
were wrapped over more cells. This lead to the formation of
high-density cells and improved the cushioning performance of
the composites. However, the fewer cells in TF + 10% and TF +
15% resulted in a reduction in the foam holes in the composits
with the increase of CaCO; content because the free CaCO;
filled the cells, reducing their number. This reduced the

"’— TPS
( a ) ‘ CaCO3
[——TPS+CaCO3|

2
/

R 2

1 1 1 1 1 1
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Fig. 10 FTIR test results of (a) TPS/CaCO=/TPS + CaCOs, (b) TF/TF + 5% CaCOs/TF + 10% CaCOs3/TF + 15% CaCOs.
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starch

Fig. 11 Structure diagram of starch and COz*~
formation.

hydrogen bond

buffering performance of the composites, which agrees with the
XRD and mechanical properties test results.

The test results of porosity are shown in Table 1. The results
are the same as those shown in Fig. 7 and 8. The porosity of TPS +
5% CaCO; reached 77.63% at the highest, which was 24.5%
higher than that of TPS. When CaCO; content exceed 5%, the
porosity decreased gradually with the increase of CaCO; content.

3.6 The infrared spectrum analysis

Fig. 10(a) shows the FTIR test results of TPS/CaCO;/TPS +
CaCO;. The O-H stretching vibration absorption peak was
observed within 3300-3600 cm™'.** When two or more
substances were mixed, the formation of hydrogen bonds
changed the vibrational frequency of the hydroxyl groups.* The
low vibrational frequency of the hydroxyl groups indicated the
strong hydrogen bonds in the composites.** The O-H absorp-
tion peak of TPS was observed at 3422 cm ™" and that of TPS +
CaCO; was observed at 3389 cm ™. This indicated that TPS +
CaCO; had formed more hydrogen bonds. The addition of
CaCO; leads to the increase in the hydrogen bonds in TPS.
Because of the exposure of the composites to the CO5;>~, which
has a large number of oxygen atoms, more hydrogen bonds
were formed with the O-H in starch (Fig. 11). This allowed the
components of the composites to bond more closely and
improved their mechanical properties and thermal stability.
The reduction of O-H on the surface of composite material also
reduced the affinity for water molecules, making it less
hygroscopic.

The FTIR test results of TF/TF + 5% CaCO5/TF + 10% CaCO;/
TF + 15% CaCOj; are shown in Fig. 10(b). The O-H absorption
peak of TF was observed at 3372 cm ™' and that of TPS + 5%
CaCO,/TPS + 10% CaCOs/TPS + 15% CaCO; was 3348/3347/
3346 cm ', respectively. This indicated that the addition of
CaCO; was favorable for the formation of hydrogen bonds and
improved the compression strength of the composite materials.
However, further increase in the CaCO; content did not change
the hydrogen bond strength of the composites, because not

© 2021 The Author(s). Published by the Royal Society of Chemistry
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enough hydroxyl groups in the starch were available to form
additional hydrogen bonds. Thus, the compression strength of
the composites did not increase. This is in good agreement with
the results of XRD, TG, and mechanical tests.

4. Conclusion

In this paper, CaCO; was used to improve the performance of
the materials. It is to combine calcium carbonate and foaming
agent plasticized starch as a binder, rather than simply filling.
In this way, the cell uniformity and porosity of the materials was
improved. And it also improved the thermal stability of the
materials, reduced the moisture absorption, and improved the
mechanical properties of the cushioning packaging.

The addition of CaCO; significantly affected the cellular
structure of the composite. Adding 5% CaCO; resulted in more
uniform and dense cells of the composites with better cush-
ioning performance. When CaCO; content was further
increased, the excess CaCOj; clogged the cells of the composites.
With the increase in the CaCO; content, the density of cells
decreased and the buffering property of the composites
weakened.

CaCO; greatly improved the mechanical properties of the
composites. The compression yield strength of the composite
was increased by 156%. In addition, the addition of CaCOj;
improved the thermal stability of the composites. Increasing
the CaCOj; content resulted in a gradual increase in the thermal
stability of the composites. The addition of CaCO; reduced the
moisture absorption and surface water absorption of the
composites. The increase in the CaCO; content resulted in
a slight improvement in the water barrier property of the
composites.

The XRD test results showed that the addition of CaCO;
destroyed the original crystalline structure of the starch. It lead
to a significant reduction in the crystallinity of the composite
and improved the combination efficiency between the matrix
and reinforcement.
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