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Abstract
In recent decades, biodegradable polymeric open-porous foams have been engaging increasing interests
owing to their biodegradability, porosity and biocompatibility. In this work, biodegradable poly (butylene
succinate) (PBS)/chitin nanocrystals (ChNCs) nanocomposite foams with open porous structure were
successful fabricated by a solid-state batch foaming method. ChNCs were obtained from chitin by using
sulfuric acid treatment and then introduced into PBS. The incorporation of ChNCs had a positive effect
on the crystallization behaviors, melt viscoelasticity and thermal stability of diverse PBS specimens.
Compared with the change of foaming temperature, the addition of ChNCs would cause a prominent
in�uence on the open porous structure of diverse PBS foams. The probable explanation was that during
the foaming process, the spherulites and/or ChNCs as the hard region in PBS could be served as pore
wall and the amorphous area as the soft region was acted as pore, leading to open porous PBS foams.
The reported strategy in this work could provide the guidelines to regulate and control open porous foams
in other semi-crystalline polymer matrices.

Introduction
Microplastics as an emerging pollutant have posed serious threats to natural environment and human
health in the past several decades [1, 2]. Speci�cally, microplastics may translocate into human tissues
and then trigger human immune response, giving rise to obstruction and in�ammation of human organs
[3]. They will exist in natural environment for several hundred years, causing profound in�uence on
terrestrial and freshwater environments [4]. As a result, biodegradable polymers have attracted widely
increasing attention ranging from academic to industry research owing to their unique biodegradation
and compatibility as well as environmental friendliness, which diffusely recognized as potential and
effective solution to alleviate the environmental pollution problems of microplastics [5]. In recent years,
biodegradable polymers containing poly (lactic acid) (PLA), poly (butylene adipate-co-terephthalate) and
poly (butylene succinate) (PBS) displayed great prospects in numerous applications including food
packaging and tissue engineering �elds.

Among these biodegradable polymers, PBS, synthesized by the polycondensation of succinic acid and
1,4-butanediol, was considered as one of the most promising candidates to substitute traditional
petroleum-based polymers because of its controlled biodegradability and outstanding processability [6,
7]. Additionally, PBS displayed high chemical resistance, suitable �exibility and excellent mechanical,
which made it widely used in plastic utensils, biomedical industry, mulch �lms and other related �elds [8].
Owing to the outstanding lightweight, thermal insulation and excellent toughness, PBS foam was used
extensively in diverse �elds including tissue engineering and packaging, which had become a hot-spot
research [9].

Special pore structure could endow polymer foams with special functional properties. As one of the most
representative pore structures, open porous structure could supply polymer foam with a greater
connectivity space and a larger speci�c surface, which made it applied in solar desalination [10], oil-water
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separation [11, 12], heavy metal ions sorption [13] and tissue engineering [14]. Plenty of techniques have
been utilized to prepare open porous polymer foams, including tensile method, phase separation, cross-
linking and particle leaching [11–14]. From the perspective of sustainable development, supercritical CO2

(sc-CO2) foaming was considered as a good way to fabricate PBS foams with open porous structure [15].

In recent years, several approaches have been utilized to prepare PBS foams with open porous structure
via sc-CO2 foaming [8, 16]. Yu [8] manufactured an open-pore structured foam by using biodegradable
PBS and PLA. It demonstrated that the PLA/PBS interfaces could serve as pore nucleation sites, PBS melt
with relative low melt strength contributed to the formation of open cavity. Ju [16] fabricated open porous
PBS/cellulose nanocrystal (CNCs) nanocomposite foams using sc-CO2 as physical foaming agent. It was
found that the addition of CNCs into PBS matrix was bene�cial to form open pore structure in PBS foams
and signi�cantly improve their in vitro degradation rate.

One of the typical and natural polysaccharides, chitin is known as the second most abundant biomass
polymer after cellulose. It is consisted of β (1–4)-linked N-acetyl-2-amido-2-deoxy-D-glucose units, which
could be extracted from diverse living systems such as insect cuticles, crustacean shells, and pore walls
of green algae, yeast and fungi [17]. With good biodegradability, biocompatibility, chemical stability and
antibacterial activity, chitin as well as its derivatives have been widely utilized in extensive applications
including medicine, food, cosmetic and environmental �elds [18]. Chitin nanocrystals (ChNCs), obtained
from chitin via chemical or physical treatments, are cumulatively considered as a kind of ideal nano�llers
to fabricate functional and environment friendly nanocomposite materials, thanks to their unique rod-like
morphology and nanosized dimensions [18]. Nevertheless, to the best of our knowledge, there is no
research about preparation of open porous PBS foams with addition of ChNCs by using speci�c
crystalline/amorphous structure as the hard/soft regions.

The purpose of this work was the fabrication of biodegradable PBS/ChNCs foams with good controlled
open-pore structure using solid-state batch foaming methods. By control of ChNCs content and foam
temperature, this work offered straightforward, effective and environmentally friendly approaches to
prepare and tailor gradients of pore size and open porous structure within the porous structure of
PBS/ChNCs foams. The modulation of the crystallization and viscoelastic performances of diverse
PBS/ChNCs specimens and �ne control of foaming temperature allowed the fabrication of open porous
PBS/ChNCs foams in a wide range of processing conditions, and different pore size, pore density and
pore wall (strut) thickness were characterized. This study provided hopeful strategies for developing
polymer foams with open porous structure to gain some unique functional properties.

2. Experimental
2.1. Materials

PBS (HT803S) was provided by Xinjiang Blueridge Tunhe Polyester Co. Ltd. Chitin was obtained by
Zhejiang Aoxing Biotechnology Co., Ltd. (China). All other chemicals employed in this research were of
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analytical grade.

2.2. Preparation of ChNCs

The ChNCs were prepared using the existing method [19] with some alteration. Brie�y, chitin and H2SO4

aqueous solution (3 mol/L) mixed into a �ask at the weight ratio of 1:30, using simple magnetic stirring
at 95 °C for 12 h. Whereafter, the suspension was diluted with deionized water and centrifuged, and then
the supernatant was decanted. Several times were needed in this process to reach a neutral pH. Finally,
the slurry of chitin whisker was lyophilized to acquire ChNCs.

2.3. Fabrication of various PBS specimens

Table 1. Experimental formula of different PBS specimens.

Specimen Name neat PBS PBS-ChNCs 0.1 PBS-ChNCs 0.5 PBS-ChNCs 1 PBS-ChNCs 3

PBS (wt.%) 100 99.9 99.5 99 97

ChNCs (wt.%) 0 0.1 0.5 1 3

Prior to melt compounding, PBS was dried under 60 °C for 6 h in a vacuum to remove any moisture.
Diverse PBS-ChNCs specimens at different ratios displayed in Table 1 were prepared via a Haake internal
mixer. After, these different blended melts were placed into the required rectangular plate and forced to
�ow by applying pressure of 10 MPa to prepare cuboid specimens with a thickness of 2 mm under a
certain temperature of 140 °C and keeping for 5 min.

2.4. Preparation of diverse PBS foams

Diverse PBS specimens were foamed in a batch foaming experiments by using sc-CO2 as physical agent.
The specimens were placed into a high-pressure autoclave and were saturated with CO2 at 20 MPa for 6 h
to reach entire saturation. Different foaming temperatures (105, 107, 109 and 111 °C) were selected to
obtain different foams. After saturated of 6 h, the high-pressure autoclave was quickly depressurized to
ordinary pressure at the foaming temperatures aforementioned.

2.5. Characterizations

2.5.1. Fourier transformation infrared spectra (FTIR)

FTIR spectra of ChNCs were taken on FTIR (IZ10, Thermo, USA) recording within in a spectrometer at
stated range resolution (4 cm-1) and wavenumber scope (500-4000 cm-1).

2.5.2.X-ray diffraction (XRD)

XRD study was performed with an X-ray diffractometer machine (D/max-2500, Rigaku, Japan) by using
Cu Kα1 (λ=0.154056 nm) radiation at a scanning rate of 0.2° s-1 and scattering range of 5-40°.
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2.5.3. Differential scanning calorimetry (DSC)

The crystallization capacities of diverse PBS specimens were analyzed with a DSC instrument (Q20, TA,
USA). Diverse PBS specimens were �rst quickly heated to 140 °C at a heating rate of 10 °C/min and kept
isothermal for 5 min, then cooled to 40 °C at a cooling rate of 10 °C/min and scanned to 140 °C again at
10 °C/min. The crystallinity (χc) of different PBS specimens was determined by Eq. (1): see formula 1 in
the supplementary �les.

2.5.4. Transmission electron microscope (TEM)

The micromorphology of ChNCs was saw by TEM (Talos F200, FEI, USA) at an accelerating voltage of
200 kV.

2.5.5. Polarized Optical Microscope (POM)

POM (BX51, Olympus, Japan) with a magni�cation ratio of 400× was utilized to observe the spherulite
morphologies of different PBS specimens. Different PBS specimens were heated rapid to 140 °C, and
held for 5 min to remove heat history, whereafter cooled down to 105 °C at a heating rate of 30 °C/min,
and subsequently maintained for 40 min to see the change of spherulite morphology.

2.5.6. Dynamic rheological performances

The rheology properties of diverse PBS specimens were tested at 140 °C by using rotational rheometer
(ARES, TA, USA) on a parallel plate (gap of 1 mm and diameter of 20 mm). The angular frequency (ω)
sweep went from 0.1 to 100 rad s-1 within the linear viscoelastic range.

2.5.7. Thermogravimetric Analysis (TGA)

The thermal stability of diverse PBS specimens was measured via a TGA apparatus (Q50, TA, USA).
Specimens of approximately 6 mg were heated to 700 °C under nitrogen atmosphere at a rate of 10
°C/min.

2.5.8. Scanning electron microscopy (SEM)

The porous structure of diverse PBS foams was observed by SEM (Quanta FEG, FEI, USA). Diverse PBS
foams were freeze-fractured in the condition of liquid nitrogen to gain the fractured surface and then
coated with Au prior to observation.

2.5.9. Foaming properties

The volume expansion ratio (VER) of different PBS foams was measured by equation (2): see formulas 2
and 3 in the supplementary �les.

3. Results And Discussion
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3.1. Structure and performances of ChNCs

The FTIR and XRD analysis of ChNCs were shown in Figs. 1a and 1b. Some characteristic peaks of
ChNCs could be found in the FTIR of ChNCs. To be speci�c, adsorption peaks were detected at 1660 and
1558 cm-1 (corresponding to amide I and II of chitin), which con�rmed that acid treatment did not change
chemical construction of chitin [21]. Two major diffraction peaks of ChNCs at 2θ=9.5º and 19.5º could be
found in Fig. 1(b), which were in accordance with previous research [19]. The broad signal centered at
2θ=9.5º could be associated with glucosamine sequences and the signal 2θ=19.5º occurred owing to N-
acetyl-D-glucosamine monomers. In addition, the χc of chitin was calculated to be approximately 89.9%.
Compared with chitin, the χc of ChNCs increased from 89.9% to 95.8% (in Fig. 1b) after acid treatment.
The results indicated that sulfuric acid treatment degraded the amorphous region of the chitin and thus
improved the χc of ChNCs [19]. The SEM and TEM images of ChNCs in Figs. 1c and 1d showed that
ChNCs exhibited a rod-like shape, and their lengths and widths were 200-1000 and 10-30 nm, respectively.
These results stated above demonstrated the successful sulfuric acid treatment of Chitin.

3.2. Crystallization and melting properties of PBS nanocomposites

Crystallization and melting behaviors play a vital role in in�uencing the processing and foaming
performances of semi-crystallization polymers. Spherulites of polymers could not only enhance melt
strength as physical entanglements, but also facilitate pore nucleation as heterogeneous nucleation
points [22]. The crystallization and melting behaviors of neat PBS and diverse PBS-ChNCs specimens
were researched using DSC, and the corresponding data were illustrated in Fig. 2 and Table 2.

Table 2. Thermal performances of different PBS specimens

Specimen Name Tc (°C) ΔHc (J/g) Tm1 (°C) Tm2 (°C) ΔHm (J/g) χc (%)

neat PBS 85.7 60.5 104.2 112.8 57.2 30.3

PBS-ChNCs 0.1 85.7 62.2 103.7 112.8 58.2 31.1

PBS-ChNCs 0.5 85.7 60.4 103.9 112.7 56.7 30.2

PBS-ChNCs 1 85.5 60.3 103.9 112.9 56.8 30.1

PBS-ChNCs 3 84.6 58.1 103.4 112.9 54.9 29.0

As could be seen from DSC data (Fig. 2 and Table 2), neat PBS exhibited the crystallization temperature
(Tc) of 85.7 °C and the χc of 30.3%. With the increase of ChNCs content, the Tc of diverse PBS-ChNCs
specimens slightly shifted to lower values (from 85.7 to 84.6 °C) and the χc increased �rstly after
declining. Furthermore, the crystallization and melting enthalpy of diverse PBS-ChNCs specimens was
slightly reduced by incorporation of ChNCs (as revealed in Table 2). The results could be made clear by
the following two reasons. The �rst reason was that ChNCs dispersed in PBS matrix could restrict the
mobility and arrangement of PBS molecules chains owing to the speci�c rod-like structure of ChNCs [23,
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24]. The second reason was that the hydrogen bonding interaction formed by ChNCs could also hinder
the slippage of PBS molecular chains [25, 26]. As a result, the crystallization ability of diverse PBS-ChNCs
specimens reduced.

As displayed in Fig. 2b, it was clear to observe the double melting peaks containing a low melting
temperature (Tm1) and a relative high melting temperature (Tm2) in DSC curves of different PBS-ChNCs
specimens (Fig. 2b), because of the melt-recrystallization process [20]. To be speci�c, lots of imperfect
lamellae were produced resulting from the heterogeneous nucleation effect of ChNCs addition, which
melted at a relative low temperature. Meanwhile, thin lamellae were tended to thicken in the
crystallization process, which would melt at a high temperature [20]. The Tm1 decreased slightly with the
increase of ChNCs content, showing that the incorporation of ChNCs led to the formation of imperfect
crystals in PBS.

3.3. POM observations of PBS nanocomposites

To further study the crystallization behaviors of diverse PBS specimens, the changes in their spherulite
morphology and spherulite growth during the isothermal crystallization were investigated by POM. Fig. 3
presented the POM images of different PBS specimens with the same isothermal time (10 min) at 105 °C.
For neat PBS, the spherulite size was relatively large and their number was small owing to that there was
adequate space for PBS spherulites to grow before bumping into each other (Fig. 3a) [27]. Nevertheless,
with the incorporation of just 0.1% ChNCs, the number of PBS spherulites improved and accordingly their
size was reduced (Fig. 3b). In addition, more and smaller spherulites were obtained in diverse PBS-ChNCs
specimens with ChNCs content further increasing. It was owing to that more spherulites formed at higher
temperatures and earlier times owing to the existence of heterogeneous surfaces [27, 28]. The spherulites
collided with each other at smaller size and hinder each other growth [29]. It was quite evident that neat
PBS crystallized with a representative homogeneous nucleation, while the crystallization of diverse PBS-
ChNCs specimens happened through not only the homogeneous nucleation but also heterogeneous
nucleation contributed by nano�llers, lessening the crystallization induction period and increasing the
nucleation density of PBS. It could be found clearly in Fig. 3 that PBS displayed a soft area in the
amorphous region and a hard area in the spherulite region. To fabricate open porous PBS foams, the
hard/soft inhomogeneity strategy was expected to extend to crystalline/amorphous structure.

3.4. Rheological properties of PBS nanocomposites

The foamability of polymers relatively depended on their viscoelastic properties [30], which could be
investigated by the storage modulus (G′) (elastic contribution), the complex viscosity (η*) (viscous
contribution), tan δ and Cole-Cole plots during rheology measurements. Fig. 4 displayed the dependence
of G′, η*, tan δ and Cole-Cole plots for different PBS specimens at 140 °C.

The G′ of diverse PBS specimens as a function of ω was shown in Fig. 4a. It was apparent in Fig. 4a that
the G' of different PBS specimens increased in the range of ω, due to the representative melt elastic
performances of polymers [30]. Besides that, the G′ of PBS-ChNCs 0.1 were higher than that of neat PBS,



Page 8/22

and ChNCs loading rising caused a gradual increase in G′ of different PBS specimens. This behavior
could be attributed to the hydrogen bonding interaction and the stiffness imparted by ChNCs that allowed
e�cient stress transfer, which enhanced the G′ of PBS [25, 26, 31].

Fig. 4b displayed the η* of diverse PBS specimens in the rheological tests. As displayed in Fig. 4b, the η*
of all PBS specimens decreased with increasing ω, indicating the shear thinning performance of
polymers, which may be ascribed to the orientation of the molecular chains that applied a shearing force
[20]. Distinctly, the η* of different PBS specimens improved by increasing ChNCs content into PBS matrix,
probably originating from the structure of ChNCs. The presence of ChNCs perturbed the �ow of PBS
melts and hindered the mobility of PBS chain segments [31, 32]. Therefore, the higher the amount of
ChNCs, the worse was the dispersion of the minor phase in PBS melt and the higher was the viscosity of
diverse PBS-ChNCs specimens.

Tan δ, equivalent to loss modulus (G′′)/G′, considered as an important analysis criterion to re�ect the melt
viscoelastic properties of polymer [28]. According to the viscoelastic theory of polymer, it exhibited a
liquid-like behavior when G′′ was higher than G′, over the left, it displayed a solid-like performance [33, 34].
The effect of ChNCs on the rheological property of diverse PBS-ChNCs specimens could be seen by their
tan δ results, which was displayed in Fig. 4c. For all PBS specimens, the decrease trend of tan δ could be
seen with increasing CNTs content and their tan δ values were higher than 1, displaying liquid-like
behaviors. It indicated that diverse PBS specimens exhibited fast elastic response and ameliorated
foamability with the incorporation of ChNCs [20].

Cole-Cole plots consisting of a real and an imaginary part of the complex viscosity was utilized to re�ect
the viscoelastic performances of diverse PBS specimens [35]. The Cole-Cole plots should be a perfect
semicircle if the relaxation behavior of diverse PBS specimens could be described by a single relaxation
time [36]. It was observed in Fig. 4d that diverse PBS specimens displayed perfect semicircle curves with
similar characteristic shapes, implying the similar relaxation mechanisms of diverse PBS specimens.
With the increasing of ChNCs contents, the arc of the semicircle curve became wider and larger, indicating
that the incorporation of ChNCs improved the viscoelasticity and melt strength of different PBS
specimens [36, 37].

3.5. TGA Analyses of PBS nanocomposites

TGA could record the decrease of specimen weight according to increase temperature in the form of
programmed heating [9]. Therefore, the thermal decomposition and thermal stability of different PBS
specimens were investigated via TGA. Fig. 5 exhibited the TGA curves of diverse PBS specimens and their
thermal data were listed in Table 3.

It could be found in Table 3 that the initial degradation temperature (T-5) of neat PBS was 344.2 ºC. The
T-5 of different PBS-ChNCs specimens was improved after the addition of ChNCs. With the content of
ChNCs increased from 0.1 to 3 wt.%, the T-5 of diverse PBS-ChNCs specimens increased slightly from
345.7 to 353.8 ºC and the temperature rising tendency of the T-50 was unaffected in diverse PBS-ChNCs
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specimens. This was probably owing to the generation of hydrogen bonds between ChNCs and PBS
matrix [25]. The existence of hydrogen bonds caused a restriction in the movement of PBS chains and led
to the formation of a more compact structure in diverse PBS-ChNCs specimens, which would contribute
to the suppression of the decomposition of PBS [25, 26]. In addition, char residue of diverse PBS-ChNCs
specimens increased from 1.86% to 3.26% with ChNCs content increased from 0.1 to 3 wt.%, probably
because ChNCs acted as an additional carbon source for char formation.

Table 3. TGA thermogram of diverse PBS specimens under nitrogen atmosphere.

Specimen Name T-5 (ºC) T-10 (ºC) T-50 (ºC) Char residue (%) at 630 ºC

neat PBS 344.2 354.9 387.7 1.86

PBS-ChNCs 0.1 345.7 356.0 388.6 2.28

PBS-ChNCs 0.5 347.9 358.3 392.5 2.39

PBS-ChNCs 1 349.3 360.9 393.8 2.45

PBS-ChNCs 3 353.8 365.3 394.9 2.72

3.6. Foaming behaviors of PBS nanocomposites

Figs. 6 and 7 exhibited the porous morphologies and pore size distribution of different PBS foams, and
the foaming parameters containing pore size, pore density, VER and pore wall (strut) thickness were listed
in Table 4.

For neat PBS, linear PBS molecular chains and relatively low molecular weight decided its poor melt
strength [20, 38]. Hence, pores coalesced and ruptured in its foaming process, producing unsatisfactory
porous morphology in Fig. 6a, such as oval and coalescent porous structures as well as thin pore strut.
Owing to the enhanced melt strength and viscoelasticity of different PBS specimens by adding ChNCs,
ameliorative porous morphologies of different PBS-ChNCs foams could be found in the SEM
micrographs (Fig. 6) and the pore size of diverse PBS-ChNCs foams decreased gradually, as listed in
Table 4. It was because that the ChNCs in PBS resulted in an increment in the number of tiny spherulites
in different PBS-ChNCs specimens (as shown in Fig. 3), which enhanced the η* and raised the number of
pore nucleation points by heterogeneous pore nucleation [9, 28]. As a result, the pore size of diverse PBS-
ChNCs foams decreased from 17.1 to 7.3 μm. It could also be found in Table 4 that the increment of
ChNCs addition in PBS matrix brought about a gradual increase in pore density (from 0.61×109 to
1.1×109 pores cm-3), attributing to the addition of ChNCs and their heterogeneous pore nucleation effects
[20, 39]. In addition, the pore size distribution of different PBS foams became narrow with the increase of
ChNCs content, which implied the pore size became uniform in diverse PBS-ChNCs specimens.

It was interesting to notice that the pore wall (strut) thickness of diverse PBS-ChNCs foams decreased
with the increase of ChNCs content, which could be interpreted as the increment of tiny spherulites in



Page 10/22

PBS. The hard region in the spherulites could be saved as pore wall (strut) and the soft region in the
amorphous area was acted as pore, and the soft region contributed to the formation of pore connection
channels. With the ChNCs content in PBS matrix increased from 0 to 0.5 wt.%, the pore strut thickens
gradually (from 3.1 to 5.8 μm). When the content of ChNCs further increased (1 or 3 wt.%), the
morphology of pore strut in diverse PBS foams occurred a qualitative difference, that was, pore strut
changed into pore wall (displayed in Fig. 6).

Table 4. Foaming parameters of different PBS foams at 111 °C.

Specimen Name neat
PBS

PBS-ChNCs
0.1

PBS-ChNCs
0.5

PBS-ChNCs
1

PBS-ChNCs
3

Pore size (μm) 17.1 13.7 11.9 8.3 7.3

Pore density (109 pores
cm-3)

0.61 0.68 0.71 0.80 1.10

VER 7.14 5.77 3.46 3.40 3.22

Pore wall (strut) thickness
(μm)

3.1 5.2 5.8 7.6 9.1

Table 5. Foaming parameters of PBS-ChNCs 0.5 foams at diverse foaming temperatures.

Foaming temperature (°C) 105 107 109 111

Pore size (μm) 9.8 10.4 11.6 11.9

Pore density (109 pores cm-3) 1.18 0.98 0.77 0.71

VER 4.85 4.60 3.86 3.46

Pore wall (strut) thickness (μm) 7.6 6.9 5.1 4.6

Foaming temperatures, a crucial element in polymer foaming processes, could signi�cantly in�uence the
viscoelasticity and melt strength of polymers as well as pore structure of their foams [40]. Hence,
different foaming temperatures were selected to research the open porous foaming behavior of PBS-
ChNCs 0.5 specimen. The porous morphologies and pore size distribution of different PBS foams were
presented in Figs. 8 and 9, and the foaming parameters were listed in Table 5. Moreover, the change of
foaming temperature had no signi�cant effects on the pore size distribution of diverse PBS foams (as
presented in Fig. 9).

It could be observed in Table 5 that the increase in foaming temperature would bring about slight
increment in the pore size of PBS foams, decrement of their pore density and a downward trend of their
VER. When the foaming temperature went up from 105 to 111 °C, melt strength and melt viscoelasticity
decreased and some spherulites liquated, which generated the pore coalescence of PBS foams [9]. The
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change of pore density and pore size indicated that both melt strength and melt viscoelasticity could
affect the foaming process of PBS. Particularly, the pore wall of PBS foams became gradual thin with the
increase of foaming temperature, and �nally changed into pore strut. The decreased pore wall (strut)
thickness implied that the speci�c crystalline/amorphous structure caused a prominent effect on the
open pore structure of diverse PBS-ChNCs foams.

3.7. Foaming mechanism

Fig. 10 displayed the schematic diagram for the open porous morphology evolution of diverse PBS
foams. It could be found in Fig. 10 that both ChNCs addition and foaming temperature changing would
in�uence the porous morphology of diverse PBS foams, especially the pore wall (strut) thickness and
open porous structure. During the foaming process, the spherulites and/or ChNCs as the hard region
formed pore wall (strut) and the amorphous area as the soft region developed pore, which were called as
the speci�c crystalline/amorphous structure. Open porous structure was formed in PBS due to that the
soft region contributed to the formation of pore connection channels. The incorporation of ChNCs in PBS
could facilitate the heterogeneous nucleation effects and increase the number of tiny spherulites in PBS.
As a result, the area of hard region increased, leading to the pore wall (strut) thickening. When the
foaming temperature increased, some spherulites in PBS liquated and the melt viscoelasticity of PBS
decreased, leading to the decline of hard region and thus thinned the pore wall of diverse PBS foams.

Conclusions
In this paper, straightforward, effective and environmentally friendly strategies were presented to prepare
biodegradable PBS foams with open porous structure by introducing ChNCs as bionano�llers based on
solid-state sc-CO2 foaming methods. FTIR, XRD and TEM results demonstrated the successful sulfuric
acid treatment of Chitin to produce ChNCs. The consequences of DSC and POM manifested that ChNCs
could be served as heterogeneous nucleating agent to improve crystallization behaviors of PBS. At the
same time, the introduction of ChNCs facilitated the melt strength and melt viscoelasticity of diverse PBS
specimens, which could also ameliorate the porous structure of diverse PBS foams. ChNCs content and
foaming temperature had signi�cant in�uences on the porous morphology of diverse PBS foams.
Speci�cally, with ChNCs content increased from 0 to 3 wt.%, pore strut changed from thin to thick, and
�nally changed into pore wall. However, this variation exhibited a contrary rule when increase the foaming
temperature in the foaming process. The likely formation mechanism for the open porous PBS/ChNCs
nanocomposite foams was that the spherulites and/or ChNCs as hard region in PBS could be saved as
pore wall and the amorphous area as soft region was acted as pore, and open porous structure was
formed because the soft region contributed to the formation of pore connection channels. This study
states the guidelines to regulate and control open porous polymer foams via introducing nano�llers and
changing foaming temperatures.
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Figures

Figure 1
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(a) FTIR spectra, (b) XRD patterns, (c) SEM images and (d) TEM images of ChNCs.

Figure 2

DSC curves ((a) cooling curves; (b) heating curves) of different PBS specimens.

Figure 3

POM photographs of different PBS specimens isothermally crystallized at 105 °C for 10 min): (a) neat
PBS; (b) PBS-ChNCs 0.1; (c) PBS-ChNCs 0.5; (d) PBS-ChNCs 1; (e) PBS-ChNCs 3;



Page 17/22

Figure 4

Rheology performances of diverse PBS specimens: (a) G′; (b) η*; (c) tan δ; (d) Cole-Cole plots.
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Figure 5

TGA curves of different PBS specimens.

Figure 6

Porous morphologies of diverse PBS foams: (a) neat PBS foam; (b) PBS/ChNCs 0.1 foam; (c)
PBS/ChNCs 0.5 foam; (d) PBS/ChNCs 1 foam; (e) PBS/ChNCs 3 foam;
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Figure 7

Pore size distribution of diverse PBS foams: (a) neat PBS foam; (b) PBS/ChNCs 0.1 foam; (c)
PBS/ChNCs 0.5 foam; (d) PBS/ChNCs 1 foam; (e) PBS/ChNCs 3 foam;
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Figure 8

Porous morphologies of PBS-ChNCs 0.5 foams at different foaming temperatures: (a) 105 °C; (b) 107 °C;
(c) 109 °C; (d) 111 °C;
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Figure 9

Pore size distribution of PBS-ChNCs 0.5 foams at diverse foaming temperatures: (a) 105 °C; (b) 107 °C;
(c) 109 °C; (d) 111 °C;
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Figure 10

Schematic diagram for the open porous morphology evolution of diverse PBS foams.
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