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Abstract: Through a common solution and casting method, low contents of cellulose nanocrystals
(CNC) reinforced biodegradable poly(hexamethylene succinate) based composites were successfully
prepared for the first time. CNC homogeneously dispersed in PHS matrix at low loadings, showing
no obvious aggregation. PHS/CNC composites showed high thermal stability as PHS. As a heteroge-
neous nucleating agent, CNC promoted the crystallization of PHS under both nonisothermal and
isothermal crystallization conditions. In addition, the higher the CNC content, the faster the crys-
tallization of PHS/CNC composites. The heterogeneous nucleating agent role of CNC was directly
confirmed by the crystalline morphology study; moreover, the crystal structure of PHS remained
unmodified despite the presence of CNC. As a reinforcing nanofiller, CNC also improved the me-
chanical property of PHS, especially the Young’s modulus and yield strength. In brief, low contents
of CNC may improve both the crystallization and mechanical property of PHS, providing an easy
method to tune the physical property and promote the wider application of biodegradable polymers.

Keywords: cellulose nanocrystals; poly(hexamethylene succinate); crystallization

1. Introduction

Biodegradable polymers are of great importance from a sustainability viewpoint [1,2].
Some aliphatic polyesters, such as poly(butylene succinate) (PBS) and poly(ethylene succi-
nate) (PES) are typical biodegradable polymers and have recently become an important
focus in both academic and industrial fields [3-10]. Similar to other biodegradable poly-
mers, such as poly(butylene adipate-co-terephthalate) (PBAT) and poly(L-lactide) (PLLA),
the two most-known, commercially available ones, PBS has also been industrialized in
Japan, China, and Thailand since in the last three decades [11]. Similar to PBS and PES,
poly(hexamethylene succinate) (PHS) is also a biodegradable polyester with a chemical
structure of (-OCH,CH,CH,CH,CH,CH,0,CCH,CH,CO-),.

PHS is a semicrystalline polyester with a low glass transition temperature of about
—40 °C and an equilibrium melting point (T,°) of 77 °C [12]. Franco and Puiggail found
the fastest crystallization rate of PHS occurred at —3 °C; moreover, a crystallization tran-
sition from regime II to III took place at 27 °C. PHS showed negative spherulites when
it crystallized from the melt [12]. Puiggail et al. also determined the crystal structure
of PHS as a monoclinic unit cell with 2 = 1.612 nm, b = 1.464 nm, ¢ = 1.440nm, and
B =38.6° [13]. To adjust the physical property and extend the practical application, some
PHS based copolymers and nanocomposites have recently been studied [14-18]. For in-
stance, Wei et al. synthesized several phosphorus-containing PHS based copolyesters with
bulky pendent group. The noncrystallizable bulky comonomer units, which mainly resided
outside the crystal lattice of PHS, seriously retarded the crystallization of PHS [14]. In
previous research, we studied the effect of molecular weight on the crystallization behavior
of poly(hexamethylene succinate-co-3 mol% ethylene succinate) (PHES). PHES with high
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molecular weight crystallized more slowly than that with low molecular weight at the same
crystallization temperature [16]. In addition, we further synthesized poly(hexamethylene
succinate-co-6 mol% butylene succinate) (PHBS), a novel PHS based copolyester. The Try,°
of PHBS was slightly lower than that of PHS; furthermore, the copolymer crystallized more
slowly than the homopolymer although they crystallized through the same crystallization
mechanism [17]. In the literature, Puiggail et al. described how they prepared two types
of PHS/clay nanocomposites with intercalated structure through a solution and casting
method. Both types of clay (C30B and C20A) enhanced the thermal stability and promoted
the crystallization of PHS; moreover, the increase in the crystallization rate was greater for
the PHS/C20A nanocomposite [18].

Biodegradable, biobased, highly crystalline, and rod-like cellulose nanocrystals (CNC),
derived from a renewable resource, may reinforce and improve the mechanical property of
polymer matrix; moreover, CNC can also promote the crystallization of semicrystalline poly-
mers, especially biodegradable polymers, as an efficient nucleating agent [19-23]. In the
literature, some fully biodegradable polymer/CNC composites have been extensively stud-
ied, including PLLA, PBAT, PBS, PES, poly(-hydroxybutyrate) (PHB), poly(e-caprolactone)
(PCL), poly(ethylene adipate) (PEA), and poly(butylene succinate-co-butylene adipate)
(PBSA) [24-35].

To the best of our knowledge, PHS/CNC composites have not been reported so
far. The reasons to perform this research are as follows. On the one hand, unlike other
biodegradable polymers, such as PLLA, PBAT, PBS, and PES, PHS has received less research
attention in both academic and industrial fields. As there are so many methylene groups
in the chemical repeating unit, PHS may show good flexibility and toughness, similar
to those of PCL. However, its other mechanical property, such as Young’s modulus and
tensile strength need to be improved from a viewpoint of practical application. On the
other hand, the slow crystallization rate of PHS also affects the physical property and
polymer processing efficiency. Therefore, in order to improve the mechanical property and
accelerate the crystallization of PHS, PHS/CNC composites with low contents of CNC
were prepared in this work through a solution and casting method. The dispersion of CNC
in PHS matrix was investigated first; furthermore, the influence of CNC on the thermal
stability, crystallization behavior, and mechanical property of PHS/CNC composites was
studied in detail. The results revealed that CNC promoted the crystallization and improved
the mechanical property of PHS, providing a convenient method to improve the physical
property and promote the practical application of fully biodegradable polymer/CNC
composites. The novelty of this research is outlined as follows. First, fully biodegradable
PHS/CNC composites were prepared and reported for the first time. Second, even low
contents of CNC (not higher than 1 wt%) could remarkably accelerate the crystallization
of PHS as an efficient nucleating agent. Third, a balanced mechanical property could be
achieved for the PHS/CNC composite when CNC content was 0.5 wt%, which may find
many potential applications as a packaging material.

2. Experimental Section
2.1. Materials

PHS (My, = 3.42 x 10* g/mol, M, = 5.83 x 10* g/mol) was synthesized by our
laboratory. CNC (520 nm in diameter and 50-200 nm in length) was bought from Shanghai
ScienceK Nanotechnology Co., Ltd.

PHS/CNC composites were prepared through a solution and casting process. N,
N-dimethylformamide was chosen as a cosolvent. The detailed preparation process was
similar to that described in previous work [34]. The composites were abbreviated as
PHS/CNCO0.25, PHS/CNCO0.5, and PHS/CNC1, respectively, with the number indicating
CNC content in wt%.

Scheme 1 shows the chemical structures of PHS and CNC.
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Scheme 1. The chemical structures of PHS and CNC.

2.2. Characterization

The dispersion of CNC in the composites were observed with a scanning electron
microscope (SEM) (JEOL, JSM-7800) (Tokyo, Japan). After the hot-pressed films were
fractured in liquid nitrogen with a tweezer, the newly acquired fractured surfaces of PHS
and PHS/CNC composites were coated with gold for observation.

The thermal stability study of PHS and PHS/CNC composites was monitored by
thermogravimetric analysis (TGA) (TA Instruments Q50) (New Castle, DE, USA).

The crystallization behavior of PHS and PHS/CNC composites was investigated
under nitrogen atmosphere with differential scanning calorimetry (DSC) (TA Instruments
Q100) (New Castle, DE, USA). The mass was about 4 to 5 mg.

The crystalline morphology of PHS and PHS/CNC composites was investigated with
polarized optical microscopy (POM) (Olympus BX51) (Tokyo, Japan) equipped with a hot
stage (Linkam THMS 600) (Surrey, UK).

The wide angle X-ray diffraction (WAXD) profiles of PHS and PHS/CNC composites
were acquired on an X-ray diffractometer (Rigaku Ultima IV) (Tokyo, Japan) from 5° to 45°
at a rate of 5°/min.

The tensile mechanical property of PHS and PHS/CNC composites was measured
with a universal tensile testing machine (UTM5205XHD) at 20 mm/min at room tempera-
ture. At least, three specimens were used to obtain the average data.

3. Results and Discussion
3.1. Dispersion of CNC in PHS Matrix and Thermal Stability Study

It is well-known that the homogeneous dispersion of CNC in polymer matrix is
essential to enhance the physical properties of polymer/CNC composites [19-23]. In this
research, the dispersion of CNC was first observed with SEM in PHS matrix. Parts a and
b of Figure 1 show the SEM images of the fractured surfaces of PHS and PHS/CNCl,
respectively. The unmodified PHS demonstrated a rough fractured surface, indicative
of its good toughness. As clearly shown in Figure 1b, CNC rods randomly dispersed
in PHS matrix, showing no obvious aggregation, even CNC content was 1 wt%. As a
result, a homogeneous dispersion of CNC in PHS matrix was verified for PHS/CNCI. In
brief, when CNC content was 1 wt% and below, CNC may homogeneously disperse in
PHS matrix.

The thermal stability study is important from both polymer processing and practical
application viewpoints. TGA was used in this research to measure the thermal stability
of PHS and PHS/CNC composites, which were heated at 20 °C/min under nitrogen
atmosphere. Figure 2 displays the TGA results. All samples showed the similar thermal
degradation process, i.e., one-step decomposition process, suggesting that CNC did not
affect the thermal degradation mechanism. From Figure 2, the degradation temperature at
5 wt% weight loss (T4) was directly measured to be 360.8 °C for PHS. In the composites,
the T4 values varied slightly between 359.7 and 363.1 °C, demonstrating that PHS/CNC
composites had the similar high thermal stability as PHS.
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Figure 1. SEM images of (a) PHS and (b) PHS/CNC1.
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Figure 2. TGA traces of PHS and PHS/CNC composites.

3.2. Crystallization Behavior Study

The crystallization behavior of PHS/CNC composites was further studied and com-
pared with that of PHS. Figure 3 displays the DSC cooling traces of PHS and PHS/CNC
composites at 5 °C/min after the previous thermal history of each sample was first erased.
Under such a nonisothermal crystallization condition, both PHS and the composites
showed the well-defined crystallization exothermic peaks. The melt crystallization tem-
perature (T¢.) appeared at 33.2 °C for PHS and slightly increased to 34.1, 34.3, and 34.5 °C
for the composites, with the increase in CNC content. Such a result indicated that the melt
crystallization of PHS was promoted to some extent by the nucleation effect of CNC. In
addition, the melt crystallization enthalpy varied slightly between 60.0 and 64.2 J/g for
PHS and its composites; consequently, CNC only slightly affected the crystallinity of PHS.
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Figure 3. DSC cooling traces of PHS and PHS/CNC composites at 5 °C/min.

The isothermal crystallization kinetics of PHS and PHS/CNC composites was also
investigated in a crystallization temperature (T.) range of 41 to 47 °C after eliminating
previous thermal history. Under such an isothermal crystallization condition, the evolution
of heat flow with time was recorded and analyzed for both PHS and its composites.
Figure 4 illustrates the development of relative crystallinity, calculated from the ratio of the
integrated area from onset crystallization time to crystallization time ¢ to that of the whole
crystallization exotherm from onset crystallization time to end crystallization time with the
DSC software, versus crystallization time for all samples at indicated T.s. Conversely, with
the increase in T, crystallization time gradually prolonged for each sample, regardless
of CNC content, indicative of a slow crystallization rate. From a polymer crystallization
viewpoint, such a result is reasonable, as the driving force gradually decreases due to the
increased T, thereby making the nucleation and crystal growth more difficult at a small
degree of supercooling. On the other hand, at the same T, crystallization time remarkably
was shorter in the composites than in PHS, indicating again that CNC accelerated the
crystallization of PHS as a heterogeneous nucleating agent.

The isothermal crystallization kinetics of PHS and PHS/CNC composites was further
analyzed by the classical Avrami method as follows:

1 — X; = exp(—kt") 1)

where X is relative crystallinity formed at crystallization time (¢), n is the Avrami exponent,
and k is the crystallization rate constant [36-39]. Figure 5 depicts the Avrami plots for all
samples, from which the experimental X; data were well fitted by the Avrami equation
with different Avrami parameters.
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Figure 4. Plots of relative crystallinity versus crystallization time of (a) PHS, (b) PHS/CNCO0.25,
(c) PHS/CNCO0.5, and (d) PHS/CNC1.
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Figure 5. Avrami plots of (a) PHS, (b) PHS/CNCO0.25, (¢) PHS/CNCO0.5, and (d) PHS/CNCI1.

Table 1 lists the summary of Avrami parameters for PHS and PHS/CNC composites.
Regardless of T and CNC content, n slightly varied between 2.5 and 3.3. The average n
(2.85) was close to 3, indicating that PHS/CNC composites and PHS crystallized through
the same crystallization mechanism within the investigated T, range, i.e., an athermal
nucleation and three-dimensional truncated sphere growth mechanism [40].

For each sample, the k values gradually increased with the decrease in T, indicating a
shorter period of time required to complete crystallization. At the same T, the k values
increased with CNC content, suggesting that CNC promoted the crystallization of PHS.
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Table 1. Summary of Avrami parameters of PHS and PHS/CNC composites.
Samples T. (°O) n k (min—")
41 2.9 3.58 x 1072
43 2.8 3.75 x 1073
PHS 45 3.1 1.88 x 104
47 3.1 1.22 x 1073
11 2.8 7.61 x 1072
43 3.3 3.82 x 1073
PHS/CNC0.25 45 3.0 8.19 x 1074
47 2.9 1.05 x 10~4
41 2.7 1.07 x 1071
43 2.7 1.39 x 102
PHS/CNCO.5 45 3.1 8.58 x 1074
47 2.7 3.01 x 1074
41 2.6 1.38 x 1071
43 25 341 x 1072
PHS/CNC1 45 2.8 253 x 1073
47 2.6 1.04 x 1073

To accurately explore the influence of T. and CNC content, crystallization half-time
(t0.5), the time to reach 50% of the final crystallinity, was used in this research. On the
basis of the following equation, which is derived from the above Avrami equation, fy5 was
calculated.

tos = (In 2/k)"" @)

Figure 6 illustrates the plots of ty5 versus T for PHS and PHS/CNC composites. On
the one hand, ¢y 5 gradually decreased with the decrease in T, for each sample, indicating a
faster crystallization rate. For instance, ty5 of PHS/CNC0.25 remarkably decreased from
20.7 to 2.2 min with decreasing T, only from 47 to 41 °C. On the other hand, ty 5 was smaller
in the composites than in PHS; moreover, at the same T, fp5 gradually decreased with
increasing CNC content. For example, at the same T, of 47 °C, ¢ 5 remarkably decreased
from 34.2 min for PHS to 12.2 min for PHS/CNC1. Such a result clearly indicated that
CNC promoted the crystallization of PHS as a nucleating agent.
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Figure 6. Plots of ty5 versus T, for PHS and PHS/CNC composites.

The above studies indicated that CNC promoted the crystallization of PHS in the
composites as a nucleating agent. In this section, the crystalline morphology study was per-
formed with POM. Figure 7 shows the POM images of PHS and PHS/CNC composites after
crystallizing at 45 °C for sufficient time. Regardless of CNC content, spherulitic morphology
was observed for each sample. From Figure 7, the number of PHS spherulites significantly
increased with increasing CNC content; consequently, the size of PHS spherulites gradually
decreased. The crystalline morphology variation in PHS spherulites confirms the nucleat-
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ing agent effect of CNC, as the nucleation density of PHS spherulites remarkably increased
due to the presence of CNC. In brief, the crystalline morphology directly provided the
evidence of the nucleating agent effect of CNC.

50;11{1,

* 50pnr’ Ty R D L Shum'

Figure 7. POM images of (a) PHS, (b) PHS/CNC0.25, (c) PHS/CNCQ0.5, and (d) PHS/CNC1 at 45 °C.

Figure 8 depicts the WAXD profiles of PHS and PHS/CNC composites after they
finished crystallization at 45 °C for 5 h. Three relatively strong diffraction peaks at 26
of 21.5°, 24.4°, and 30.3°, corresponding to the (220), (040), and (240) planes of PHS,
respectively, were observed for PHS and PHS/CNC composites [13]. For both PHS and
its composites, they displayed the similar WAXD profiles, suggesting that CNC did not
modify the crystal structure of PHS. In addition, from Figure 8, the crystallinity values
were estimated to be about 55% for PHS, PHS/CNCO0.5, and PHS/CNCl1, respectively. In
the case of PHS/CNCO0.25, the crystallinity was slightly increased to about 60%. In sum,
CNC did not obviously affect the crystallinity of PHS, especially at CNC content of 0.5 wt%

and above.
(220)
|
s O em
—_ |
: |
< | PHSONCO2S o
=1 |
g PHS/CNCO0.5 ||,
ﬁ
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5 15 25 35 45
20(°)

Figure 8. WAXD patterns of PHS and PHS/CNC composites.
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3.3. Tensile Mechanical Property Study

The effect of CNC on the tensile mechanical property of PHS was further studied
in this section. Parts a and b of Figure 9 illustrates the whole and initial stress-strain
curves of PHS and PHS/CNC composites, respectively. As illustrated in Figure 9, CNC
obviously influenced the tensile mechanical property of PHS. The detailed mechanical
property data are summarized in Table 2. With the increase in CNC content, the Young’s
modulus (Et) gradually increased from 360.2 £ 10.6 MPa for PHS to 460.8 &+ 14.5 MPa
for PHS/CNC1, indicative of the reinforcing role of CNC. As also shown in Figure 9, the
yielding behavior was found for both PHS and PHS/CNC composites at low strains, i.e.,
yield strain (gy) of below 10%; moreover, the yield strength (oy) obviously increased from
16.39 £ 0.01 MPa for PHS to 18.35 £ 0.51 MPa for PHS/CNC1, indicating again the the
reinforcing role of CNC. Accordingly, the elongation at break (e) gradually decreased.
CNC did not apparently affect the tensile strength at break (¢) of PHS. From Table 2,
when CNC content was 0.5 wt%, the composite showed a E; of 430.9 & 11.8 MPa, a ¢ of
16.87 £ 0.43 MPa, and a ¢ of 398.2 £ 32.4%. In the literature, poly(e-caprolactone) (PCL)
showed a E; of 340 MPa, a 0 of 20 MPa, and a ¢ of 300-1000%, while poly(butylene adipate)
(PBA) showed a E; of 170 MPa, a ¢ of 11-16 MPa, and a ¢ of 380-560% [41]. In addition,
PBS showed a E; of 300-500 MPa, a ¢ of 34 MPa, and a ¢ of 560% [41]. From the above
data, the mechanical properties of PHS/CNCO0.5 composite were comparable to those of
PCL. The mechanical properties of PHS/CNC0.5 composite were superior to those of PBA,
because the E; of the former (430.9 £ 11.8 MPa) was significantly greater than that of the
latter (170 MPa), while they had the comparable ¢ and ¢ values. In addition, the mechanical
properties of PHS/CNCO0.5 composite were inferior to those of PBS, because the o of the
former (16.87 £ 0.43 MPa) was obviously smaller than that of the latter (34 MPa) while they
had the comparable E; and ¢ values. Similar to PCL, PBA, and PBS, PHS/CNC composite
may find potential applications in many fields, such as shopping bags, waste bags, mulch
film, express packaging, take-out tableware, and some disposable items, since they have
comparable mechanical properties.

20{ —PHS @ 204 @) ®)
—— PHS/CNC0.25
—— PHS/CNC0.5

PHS/CNCI1

Stress (MPa)
Stress (MPa)

——PHS

—— PHS/CNC0.25

— PHS/CNCO0.5
PHS/CNC1

0 100 200 300 400 500 600 700 0 2 4 6 8§ 10 12 14 16 18
Strain (%) Strain (%)

Figure 9. (a) whole and (b) initial stress-strain curves of PHS and PHS/CNC composites.

Table 2. Tensile mechanical property data of PHS and PHS/CNC composites.

Young's Yield Yield Strain Tensile Elongation

Samples Modulus Strength (%) Strength at Break (%)
(MPa) (MPa) ° (MPa) °

PHS 360.2 £ 10.6 16.39 + 0.01 9.16 £ 0.06 18.84 £+ 0.46 560.0 £35.5

PHS/CNC0.25 386.8 = 10.6 17.18 £ 0.36 9.18 £ 0.34 16.48 + 0.28 406.1 £15.2
PHS/CNC0.5 4309 £11.8 17.30 £ 0.15 9.67 £ 0.56 16.87 £ 0.43 398.2 +32.4
PHS/CNC1 460.8 £ 14.5 18.35 £ 0.51 9.48 £+ 0.46 18.53 £ 0.31 88.6 £ 6.5

In addition, it is interesting to compare the PHS/CNC composites with other biodegrad-
able polymer/CNC composites. Han et al. recently studied PCL/CNC composites with
CNC content from 1 to 10 wt% and also found increasing CNC content could increase the
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crystallization rate and improve the strength [32]. But in the present work, we found that
even a low content of CNC could remarkably increase the crystallization and obtain a better
balanced mechanical property between strength and toughness.

4. Conclusions

Biodegradable PHS/CNC composites containing low contents of CNC from 0.25 to
1 wt% were prepared through a solution and casting method. The dispersion of CNC
in PHS matrix and the effect of CNC on the thermal stability, crystallization behavior,
and mechanical property of PHS were extensively studied with SEM, TGA, DSC, POM,
WAXD, and tensile tests. Through the SEM observation, CNC was found to homogeneously
disperse in PHS matrix, showing no obvious aggregation. Both PHS/CNC composites
and PHS showed a similar good thermal stability, with the decomposition temperature of
about 360 °C. Under different crystallization conditions, CNC enhanced the crystallization
of PHS. On the one hand, CNC slightly increased the melt crystallization temperature
during a cooling process at 5 °C/min. On the other hand, CNC increased the isothermal
crystallization rate of PHS in a temperature range of 41 to 47 °C. Increasing crystallization
temperature gradually decreased the crystallization rates of both PHS/CNC composites
and PHS; moreover, the higher the CNC content, the faster the crystallization rate of
PHS/CNC composites. For instance, 1 wt% of CNC remarkably reduced the crystallization
half-time of PHS from 34.2 to 12.2 min. The Avrami method well described the isothermal
crystallization kinetics of PHS/CNC composites and PHS. Regardless of CNC content and
crystallization temperature, the crystallization mechanism did not change. The spherulitic
morphology revealed an obvious decrease in the size of PHS spherulites, providing di-
rect evidence of the nucleating agent effect of CNC. In addition, CNC did not modify
the crystal structure of PHS. As a reinforcing nanofiller, CNC improved the mechanical
property of PHS, especially the Young’s modulus and yield strength. PHS/CNC composite
with 0.5 wt% of CNC exhibited the comparable mechanical properties to those of other
biodegradable polymers such as PCL, PBA, and PBS, showing a E; of 430.9 & 11.8 MPa,
a o of 16.87 £ 0.43 MPa, and a ¢ of 398.2 £ 32.4%. In sum, the crystallization and me-
chanical property of PHS may be improved by low contents of CNC, providing a suitable
method to adjust the physical property and extend the wider practical application of
biodegradable polymers.

Author Contributions: S.P. investigation; writing—original draft preparation; Z.Q. supervision;
writing—review and editing; funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: National Natural Science Foundation, China (51573016, 51521062 and 52173019).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Thanks are due to the National Natural Science Foundation, China (51573016,
51521062 and 52173019) for the financial support of this research.

Conflicts of Interest: The authors declare no conflict of interest.

1. Zhu, Y; Romain, C.; Williams, C. Sustainable polymers from renewable resources. Nature 2016, 540, 354-362. [CrossRef]

2. Reddy, M.; Vivekanandhan, S.; Misra, M.; Bhatia, S.; Mohanty, A. Biobased plastics and bionanocomposites: Current status and
future opportunities. Prog. Polym. Sci. 2013, 38, 1653-1689. [CrossRef]

3. Qiu, Z; Komura, M.; Ikehara, T.; Nishi, T. DSC and TMDSC study of melting behaviour of poly(butylene succinate) and
poly(ethylene succinate). Polymer 2003, 44, 7781-7785. [CrossRef]

4. Qiu, Z.; Fujinami, S.; Komura, M.; Nakajima, K.; Ikehara, T.; Nishi, T. Nonisothermal crystallization kinetics of poly(butylene
succinate) and poly(ethylene succinate). Polym. . 2004, 36, 642-646. [CrossRef]


http://doi.org/10.1038/nature21001
http://doi.org/10.1016/j.progpolymsci.2013.05.006
http://doi.org/10.1016/j.polymer.2003.10.045
http://doi.org/10.1295/polymj.36.642

Polymers 2021, 13, 3667 11 of 12

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Papageorgiou, G.; Bikiaris, D. Crystallization and melting behavior of three biodegradable poly(alkylene succinates). A compara-
tive study. Polymer 2005, 46, 12081-12092. [CrossRef]

Chrissafis, K.; Paraskevopoulos, K.; Bikiaris, D. Thermal degradation mechanism of poly(ethylene succinate) and poly(butylene
succinate): Comparative study. Thermochim. Acta 2005, 435, 142-150. [CrossRef]

Teng, S.; Jiang, Z.; Qiu, Z. Effect of different POSS structures on the crystallization behavior and dynamic mechanical properties
of biodegradable poly(ethylene succinate). Polymer 2019, 163, 68-73. [CrossRef]

Zhou, S.; Wei, Z.; Sun, Y.; Zhu, Z.; Xie, Z.; Ma, H.; Yin, ].; Wang, J.; Yang, J. Biocompatible linear diamides derivative-nucleated
biodegradable poly(ethylene succinate): Tailored crystallization kinetics, aggregated structure and thermal degradation. Polym.
Degrad. Stab. 2021, 183, 109428. [CrossRef]

Sun, Z,; Jiang, Z.; Qiu, Z. Thermal, crystallization and mechanical properties of branched poly(butylene succinate) copolymers
with 1, 2-decanediol being the comonomer. Polymer 2021, 213, 123197. [CrossRef]

Shang, Y.; Jiang, Z.; Qiu, Z. Synthesis, thermal and mechanical properties of novel biobased, biodegradable and double crystalline
poly(butylene succinate)-b-poly(butylene sebacate) multiblock copolymers. Polymer 2021, 214, 123248. [CrossRef]

Xu, J.; Guo, B. Poly(butylene succinate) and its copolymers: Research, development and industrialization. Biotechnol. |. 2010, 5,
1149-1163. [CrossRef]

Franco, L.; Puiggali, J. Crystallization kinetics of poly(hexamethylene succinate). Eur. Polym. J. 2003, 39, 1575-1583. [CrossRef]
Gesti, S.; Casas, M.; Puiggali, J. Crystalline structure of poly(hexamethylene succinate) and single crystal degradation studies.
Polymer 2007, 48, 5088-5097. [CrossRef]

Wei, Z.; Zhou, C.; Yu, Y.; Li, Y. Poly(hexamethylene succinate) copolyesters containing phosphorus pendent group: Retarded
crystallization and solid-state microstructure. Polymer 2015, 71, 31-42. [CrossRef]

Li, X.; Hong, Z.; Sun, J.; Geng, Y.; Huang, Y. Identifying the phase behavior of biodegradable poly(hexamethylene succinate-co-
hexamethylene adipate) copolymers with FTIR. J. Phys. Chem. B 2009, 113, 2695-2704. [CrossRef]

Yang, H.; Qiu, Z. Crystallization kinetics and morphology of novel biodegradable poly(hexamethylene succinate-co-3 mol%
ethylene succinate) with low and high molecular weights. Ind. Eng. Chem. Res. 2013, 52, 3537-3542. [CrossRef]

Zhang, K.; Yang, H.; Qiu, Z. Thermal properties and crystallization behavior of novel biodegradable poly(hexamethylene
succinate-co-6 mol% butylene succinate) and poly(hexamethylene succinate). J. Polym. Environ. 2018, 26, 1320-1327. [CrossRef]
Gesti, S.; Zanetti, M.; Lazzari, M.; Franco, L.; Puiggali, ]. Study of clay nanocomposites of the biodegradable polyhexamethylene
succinate. Application of isoconversional analysis to nonisothermal crystallization. J. Polym. Sci. Polym. Phys. 2008, 46, 2234-2248.
[CrossRef]

Habibi, Y.; Lucia, L.A.; Rojas, O.]. Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications. Chem. Rev. 2010, 110,
3479-3500. [CrossRef]

Miao, C.; Hamad, W.Y. Cellulose reinforced polymer composites and nanocomposites: A critical review. Cellulose 2013, 20,
2221-2262. [CrossRef]

Ferreira, F.; Dufresne, A.; Pinheiro, I.; Souza, D.; Gouveia, R.; Mei, L.; Lona, L. How do cellulose nanocrystals affect the overall
properties of biodegradable polymer nanocomposites: A comprehensive review. Eur. Polym. ]. 2018, 108, 274-285. [CrossRef]
Younas, M.; Noreen, A.; Sharif, A.; Majeed, A.; Hassan, A.; Tabasum, S.; Mohammadi, A.; Zia, K. A review on versatile applications
of blends and composites of CNC with natural and synthetic polymers with mathematical modeling. Int. ]. Biol. Macromol. 2019,
124,591-626. [CrossRef] [PubMed]

Calvino, C.; Macke, N.; Kato, R.; Rowan, S. Development, processing and applications of bio-sourced cellulose nanocrystal
composites. Prog. Polym. Sci. 2020, 103, 101221. [CrossRef]

Kamal, M.; Khoshkava, V. Effect of cellulose nanocrystals (CNC) on rheological and mechanical properties and crystallization
behavior of PLA/CNC nanocomposites. Carbohydr. Polym. 2015, 123, 105-114. [CrossRef]

Xu, C; Lv, Q.; Wu, D.; Wang, Z. Polylactide/cellulose nanocrystal composites: A comparative study on cold and melt crystalliza-
tion. Cellulose 2017, 24, 2163-2175. [CrossRef]

Li, J.; Qiu, Z. Significantly enhanced crystallization of poly(L-lactide) by the synergistic effect of poly(diethylene glycol adipate)
and cellulose nanocrystals in their fully biodegradable ternary composite. Ind. Eng. Chem. Res. 2019, 58, 15526-15532. [CrossRef]
Pinheiro, I; Ferreira, F; Souza, D.; Gouveia, R.; Lona, L.; Morales, A.; Mei, L. Mechanical, rheological and degradation properties
of PBAT nanocomposites reinforced by functionalized cellulose nanocrystals. Eur. Polym. . 2017, 97, 356-365. [CrossRef]

Li, Y,; Fu, Q.; Wang, M.; Zeng, ]. Morphology, crystallization and rheological behavior in poly (butylene succinate)/cellulose
nanocrystal nanocomposites fabricated by solution coagulation. Carbohydr. Polym. 2017, 164, 75-82. [CrossRef]

Clarke, A.; Vasileiou, A.; Kontopoulou, M. Crystalline nanocellulose / thermoplastic polyester composites prepared by in situ
polymerization. Polym. Eng. Sci. 2019, 59, 989-995. [CrossRef]

Li, J.; Jiang, Z.; Qiu, Z. Thermal and rheological properties of fully biodegradable poly(ethylene succinate)/cellulose nanocrystals
composites. Compos. Commun. 2021, 23, 100571. [CrossRef]

Li, J.; Jiang, Z.; Qiu, Z. Isothermal melt crystallization kinetics study of cellulose nanocrystals nucleated biodegradable
poly(ethylene succinate). Polymer 2021, 227, 123869. [CrossRef]

Li, Y.; Han, C; Yu, Y.; Xiao, L. Effect of loadings of nanocellulose on the significantly improved crystallization and mechanical
properties of biodegradable poly (e-caprolactone). Int. J. Biol. Macromol. 2020, 147, 34-45. [CrossRef] [PubMed]


http://doi.org/10.1016/j.polymer.2005.10.073
http://doi.org/10.1016/j.tca.2005.05.011
http://doi.org/10.1016/j.polymer.2018.12.061
http://doi.org/10.1016/j.polymdegradstab.2020.109428
http://doi.org/10.1016/j.polymer.2020.123197
http://doi.org/10.1016/j.polymer.2020.123248
http://doi.org/10.1002/biot.201000136
http://doi.org/10.1016/S0014-3057(03)00066-1
http://doi.org/10.1016/j.polymer.2007.06.057
http://doi.org/10.1016/j.polymer.2015.06.051
http://doi.org/10.1021/jp8061866
http://doi.org/10.1021/ie400107k
http://doi.org/10.1007/s10924-017-1045-y
http://doi.org/10.1002/polb.21555
http://doi.org/10.1021/cr900339w
http://doi.org/10.1007/s10570-013-0007-3
http://doi.org/10.1016/j.eurpolymj.2018.08.045
http://doi.org/10.1016/j.ijbiomac.2018.11.064
http://www.ncbi.nlm.nih.gov/pubmed/30447361
http://doi.org/10.1016/j.progpolymsci.2020.101221
http://doi.org/10.1016/j.carbpol.2015.01.012
http://doi.org/10.1007/s10570-017-1233-x
http://doi.org/10.1021/acs.iecr.9b03136
http://doi.org/10.1016/j.eurpolymj.2017.10.026
http://doi.org/10.1016/j.carbpol.2017.01.089
http://doi.org/10.1002/pen.25052
http://doi.org/10.1016/j.coco.2020.100571
http://doi.org/10.1016/j.polymer.2021.123869
http://doi.org/10.1016/j.ijbiomac.2020.01.054
http://www.ncbi.nlm.nih.gov/pubmed/31923509

Polymers 2021, 13, 3667 12 of 12

33.

34.

35.

36.

37.

38.

39.

40.
41.

Chen, J.; Wu, D.; Tam, K.C.; Pan, K.; Zheng, Z. Effect of surface modification of cellulose nanocrystal on nonisothermal
crystallization of poly(p-hydroxybutyrate) composites. Carbohydr. Polym. 2017, 157, 1821-1829. [CrossRef] [PubMed]

Li, J.; Qiu, Z. Effect of low loadings of cellulose nanocrystals on the significantly enhanced crystallization of biodegradable poly
(butylene succinate-co-butylene adipate). Carbohydr. Polym. 2019, 205, 211-216. [CrossRef] [PubMed]

Li, J.; Qiu, Z. Influence of two different nanofillers on the crystallization behavior and dynamic mechanical properties of
biodegradable poly(ethylene adipate). J. Polym. Environ. 2019, 27, 2674-2681. [CrossRef]

Avrami, M. Kinetics of phase change. II Transformation-time relations for random distribution of nuclei. J. Chem. Phys. 1940, 8,
212-224. [CrossRef]

Avrami, M. Granulation, phase change, and microstructure kinetics of phase change. III. . Chem. Phys. 1941, 9, 177-184.
[CrossRef]

Teng, S.; Jiang, Z.; Qiu, Z. Crystallization behavior and dynamic mechanical properties of poly(e-caprolactone)/octaisobutyl-
polyhedral oligomeric silsesquioxanes composites prepared via different methods. Chin. . Polym. Sci. 2020, 38, 158-163.
[CrossRef]

Zhang, K.; Qiu, Z. Effect of cyanuric acid as an efficient nucleating agent on the crystallization of novel biodegradable branched
poly(ethylene succinate). Macromol 2021, 1, 112-120. [CrossRef]

Wunderlich, B. Macromolecular Physics; Academic Press: New York, NY, USA, 1976.

Larrafiaga, A.; Lizundia, E. A review on the thermomechanical properties and biodegradation behaviour of polyesters. Eur.
Polym. ]. 2019, 121, 109296. [CrossRef]


http://doi.org/10.1016/j.carbpol.2016.11.071
http://www.ncbi.nlm.nih.gov/pubmed/27987900
http://doi.org/10.1016/j.carbpol.2018.10.035
http://www.ncbi.nlm.nih.gov/pubmed/30446097
http://doi.org/10.1007/s10924-019-01556-2
http://doi.org/10.1063/1.1750631
http://doi.org/10.1063/1.1750872
http://doi.org/10.1007/s10118-020-2338-5
http://doi.org/10.3390/macromol1020009
http://doi.org/10.1016/j.eurpolymj.2019.109296

	Introduction 
	Experimental Section 
	Materials 
	Characterization 

	Results and Discussion 
	Dispersion of CNC in PHS Matrix and Thermal Stability Study 
	Crystallization Behavior Study 
	Tensile Mechanical Property Study 

	Conclusions 
	References

