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Abstract

This study examines the influence of cellulose nanocrystal (CN) particles on the morphological, thermal, and
thermo-mechanical properties of polylactide (PLA)/poly [(butylene succinate)-co-adipate] (PBSA) blend foams
prepared by casting and particulate leaching method using fructose as porogen particles. The morphological
analysis showed an interconnected open-cell structure, with porosity above 80%. The crystallinity of the prepared
foams was disrupted by the inclusion of CN particles as observed from XRD analyses, which showed a decrease in
PLA crystal peak intensity. With regards to neat blend foam, the onset thermal degradation increased with the
addition of CN particles, which also increased the thermal stability at 50% weight loss. Furthermore, CN acted as a
reinforcing agent in improving the stiffness of the prepared blend foam. Overall, completely environmentally
friendly foams were successfully prepared, as a potential material that can replace the current existing foam
materials that pose many environmental concerns. However, there is a need to develop an environmentally friendly
processing technique.
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Introduction
Since their discovery in the 1930s, polymer foams became
important for various applications including packaging be-
cause of their light-weight, low density, and low material
usage during their preparation compared to unfoamed
polymers. To date, polystyrene (PS), polyurethane (PU),
and poly (vinyl chloride) (PVC) remain the most widely
used polymer foam materials. The most common chal-
lenge with these materials is their non-biodegradability in
natural environments, as they pose environmental
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concerns such as pollution, which ends up affecting vari-
ous forms of life [1–4]. As a result, this necessitates the
development of polymer foam materials which would at
least be able to degrade in natural environments to allevi-
ate the environmental concerns regarding polymers in
general. Polylactide (PLA) has received vast attention as a
potential biodegradable polymer material that, to some ex-
tent, can substitute non-biodegradable polymer foams for
a specific type of application such as packaging. Although
PLA is desired, it has disadvantages which impede its
widespread application. They include slow crystallization
and biodegradation rate, poor thermal stability, and
brittleness, which results in poor mechanical properties; in
particular, low impact- and melt-strength and toughness.
The standard strategy to mitigate these shortcomings is
is licensed under a Creative Commons Attribution 4.0 International License,
tion and reproduction in any medium or format, as long as you give
the source, provide a link to the Creative Commons licence, and indicate if
party material in this article are included in the article's Creative Commons

ine to the material. If material is not included in the article's Creative Commons
by statutory regulation or exceeds the permitted use, you will need to obtain

To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

http://crossmark.crossref.org/dialog/?doi=10.1186/s42252-020-00011-z&domain=pdf
http://orcid.org/0000-0002-0007-2595
http://creativecommons.org/licenses/by/4.0/
mailto:rsuprakas@csir.co.za
mailto:ssinharay@uj.ac.za


Motloung et al. Functional Composite Materials             (2020) 1:8 Page 2 of 10
the inclusion of flexible and ductile polymers such as
poly[(butylene-succinate)-co-adipate] (PBSA).
PBSA is a biodegradable polymer, which has outstand-

ing properties, including high thermal stability and high
impact strength compared to PLA. Moreover, PBSA is
susceptible to biodegradation in various environments
such as in soil, sludge, and others. Due to its short bio-
degradation time, it can also enhance the biodegradation
rate of PLA, which is very slow [5–10]. Therefore, a
blend of PLA with PBSA can result in improved proper-
ties of PLA, though this blend is considered immiscible
[5]. Addition of filler materials at specific concentrations
can result in improved compatibility of the blend matri-
ces. For instance, Ojijo et al. [11] observed improve-
ments in crystallinity and mechanical properties of PLA/
PBSA at 2 wt.% of clay nanoparticles, which was the
optimum amount to obtain compatibility and enhanced
properties. The foamability of PLA/PBSA blend and
nanocomposites has also been investigated, although to
a limited extent. Nofar et al. [6] investigated the foam-
ability of this blend through extrusion foaming. In their
case, PBSA was added into PLA to enhance its melt
strength, which is also a limiting factor in continuous
foaming processes. Most biodegradable polymers, in-
cluding PLA, suffer low melt strength, which usually re-
sults in a cell rupture and cell coalescing during foaming
[12, 13]. Pradeep et al. [14] also prepared PLA/PBSA-
based foams containing talc using supercritical fluid-
assisted (SCF) injection molding.
Generally, the addition of fillers into blend systems

leads to the improvement of certain properties which
blend exhibits. Natural fillers such as cellulose nanopar-
ticles (CNs) have received considerable interest as re-
inforcing materials and nucleating agents in improving
the crystallinity of most polymers because of their envir-
onmental friendliness and biodegradability, compared to
most inorganic fillers [15, 16]. In previous reports [17,
18], it was demonstrated that the addition of cellulose is
able to improve the soil burial degradation kinetics of
PBSA- [17] and PCL-based [18] composites. Conse-
quently, design and developments of biodegradable
polymer-based foams containing cellulose particles are
of interest. For instance, PLA/CNs foams with porosity
greater than 80% were successfully developed using cast-
ing and particulate leaching (CPL) method [19].
CPL is the easiest foaming strategy, which is mostly

used to prepare scaffolds in tissue engineering. The ad-
vantage of this strategy is that the melt strength of a
polymer is not a key issue since the cell morphology is
dependent on porogen particles. In this method, a poly-
mer is dissolved in a volatile solvent until a homoge-
neous mixture is obtained. The porogen particles, which
are insoluble in a solvent, are added into a solution, and
then cast into a mold whereby a solvent is allowed to
evaporate leaving polymer-porogen blend in a mold. The
porogen particles are then leached out, leaving porous
polymer foam [19, 20]. In a continuous foam process
such as extrusion, the foam morphology is controlled by
the second component such as fillers in biphasic sys-
tems. Contrarily, in CPL, the foam morphology is dic-
tated by porogen size and concentration [1, 19–22]. As a
result, the incorporation of fillers in CPL is expected to
reinforce and improve certain foam properties and not
influence the cell morphology. Interestingly, Borkotoky
et al. [19] observed dependence of pore size on filler
(CNs) concentrations in PLA/CNs foams prepared using
CPL method and attributed this to nucleating capacity
of CN particles in controlling cell size and density. How-
ever, with this strategy, the morphology is expected to
be dictated by porogen particles and not filler material.
In the current study, PBSA was incorporated into PLA

with the intention of developing blend foams with en-
hanced properties. One of the advantages of polymer
blending is to develop systems with improved properties,
which the individual polymers do not exhibit. CPL
method was employed to generate foams. CN particles
were also added to reinforce the PLA/PBSA blend. CN
is rigid nanofiller material that is environmentally
friendly and abundant as it can be obtained from various
sources [23]. The effect of both CN and PBSA on the
properties of PLA foam was investigated.

Experimental
Materials
PLA (Ingeo™ 4032D grade from NatureWorks LLC,
Minnetonka, USA) and poly [(butylene succinate)-co-
adipate) (PBSA, Bionolle, 3001 from Showa High Poly-
mer, Japan) were used. PLA and PBSA have densities of
1.23 ± 0.02 and 1.22 ± 0.1 g/cm3, respectively, as deter-
mined using the immersion method in RADWAG
AS60/220-R2 instrument, according to ISO standard
1183. Spray-dried cellulose nanocrystals (CN) (particle
size: 100–230 nm, according to the supplier) was sup-
plied by InnoTech Alberta, Canada. D-Fructose and
chloroform (99%) were purchased from Sigma Aldrich,
South Africa.

Foam processing
The film foams were prepared using CPL method and
the compositions are summarized in Table 1. Briefly,
PLA and PBSA (ratio, PBSA:PLA 70:30 were dissolved in
chloroform (150 ml) for approximately 2 h under vigor-
ous stirring until a homogeneous mixture is obtained.
The porogen substance (fructose with particle size <
100 μm) was added to the polymer solution and mixed
further for 1 h under stirring before casting. For nano-
composites, the CN particles were added to the blend
solution and mixed for 1 h before addition of porogen



Table 1 Compositions of the prepared foams

Sample Composition Blend ratio (PLA:PBSA) Blend: Fructose CN-wt.%

PLA PLA 100:0 1:5 –

B PLA/PBSA 70:30 1:5 –

B-CN3 PLA/PBSA/CN 70:30 1:5 3

B-CN6 PLA/PBSA/CN 70:30 1:5 6

PBSA PBSA 0:100 1:5 –
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particles. The solutions were cast into a mold pan (di-
mensions: 18 cm × 18 cm) and placed in fume-cupboard
to allow the solvent to evaporate for overnight. The
porogen leaching was achieved by initially adding water
inside the molds for 8 h, which allowed the samples to
be removed easily from the molds without any damage.
After the removal, the samples were then immersed in-
side water for further 48 h, replacing water at least twice
in a day. The prepared film foams were air-dried in
fume-cupboard for 24 h.

Characterization and property measurements
Characterization
The chemical structures of the samples were determined
using an attenuated total reflectance (ATR) Fourier
transform infrared (FTIR) spectroscopy (Perkin-Elmer
Spectrum 100 spectrometer). The wavelength ranging
from 600 to 4000 cm− 1 was used at a resolution of 4
cm− 1.
The morphologies of the samples (sputter-coated with

carbon) were analyzed using scanning electron micros-
copy (SEM) (JSM-7500, JEOL, Japan) at an accelerating
voltage of 3.0 kV.
The crystallinity of the prepared foams and the foam

morphological analysis using small-angle-X-ray scatter-
ing were evaluated using Anton Paar SAXSess (Anton
Paar, Graz, Austria) instrument operated at 40 kV and
50mA in line collimation. The radiation used was CuKα

radiation of wavelength 0.154 nm (PAN Analytical X-ray
source, Eindhoven, The Netherlands). The sample ex-
posure time used was 10 min. The radius of curvature of
the imaging plate detector and distance sample detector
and were and 260 mm and 260.2 mm, respectively. The
samples with dimensions: 2.5 mm × 5mm were used for
the analysis. The theory behind the SAXS analysis for
determination of foam properties; in particular, surface-
per-volume can be found elsewhere [24].
Thermal degradation of the foams was performed

using TGA (TGA 5500, USA). Samples weighing ap-
proximately 7 mg were heated from 30 to 700 °C at a
heating rate of 10 °C/min under nitrogen environment
(flow rate = 25 ml/min). Thermomechanical properties of
the foamed samples were conducted using PerkinElmer
DMA 800 analyzer (USA) under dual-cantilever bending
mode in the temperature range of − 80 °C to 100 °C at a
heating rate of 2 °C/min. The analysis was performed at
a frequency of 1 Hz, with a strain amplitude of 0.02%.

Foam morphological properties
Density (ρ)
The densities of the prepared foams were determined
from the ratio of measured mass to volume of the foam
sample. The dimensions (length×breadth = 20 × 20mm)
and height (~ 1.8 mm) were used to calculate the volume
of the foams. For each foam material, five specimens
were used, and the average was determined.

Void fraction (φ)
The void fraction/porosity and expansion ratio (β) of the
materials were determined according to Eqs. 1 and 2, re-
spectively [19, 24].

φ ¼ ρunfoamed - ρfoamed

� �
= ρunfoamed - ρp
� �

ð1Þ

Where ρp is the density of pore space, which is approxi-
mately 0

β ¼ ρunfoamed=ρfoamed ð2Þ

Results and discussion
Leaching test
The leaching of fructose in all samples was confirmed
with Barfoed test experiment (Figure S1, Supporting In-
formation). This is a qualitative test used to determine
the presence of monosaccharides in solutions [25]. In
this test, a Barfoed reagent (a mixture of copper (II)
acetate and acetic acid) is mixed with a solution contain-
ing monosaccharides (e.g. fructose), which forms a red-
dish/brownish copper (I) oxide (Cu2O) precipitate.
Copper (II) acetate is reduced to Cu2O according to
chemical Eq. 3:

RCHOþ 2Cu2þ þ 2H2O→RCOOH
þ Cu2O↓ red=brownð Þ þ 4Hþ ð3Þ

Briefly, five sample specimen (dimensions: 5 mm × 10
mm) were cut from different spots and immersed in de-
ionized water (20 ml) for 24 h under stirring. A solution
of fructose in water and neat water were used as con-
trols. The sample solutions (1 mL) were taken for the
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analysis. The Barfoed reagent used was prepared by mix-
ing 0.33M of copper (II) acetate solution with 4 drops
of glacial acetic acid. About 0.2 mL of the prepared Bar-
foed reagent was added into sample solutions and then
heated in boiling water for 5 min. The formation of the
reddish/brownish precipitate in a control sample con-
taining fructose indicates the presence of monosacchar-
ide in a solution, whereas the distilled water did not
form a reddish precipitate. However, in the sample solu-
tions, the reddish/brownish precipitate was also not ob-
served, indicating the absence of fructose in water.
However, it is worth noting that a certain fraction of
porogen particles might be trapped within the polymer;
therefore, other techniques, including FTIR were also
exercised to confirm successful leaching of fructose.

Chemical structure
The chemical structures of the prepared foams are
shown in Fig. 1. The influence of chloroform on the
structure of neat matrices was also examined, and the
results indicated no effect on their chemical structures
(Figure S2, Supporting Information). Neat PLA foam is
characterized by pronounced carbonyl (−C=O) peak at
1755 cm− 1 [5]. In the blend and nanocomposite foams,
only overlapping of (−C=O) groups from both PLA and
PBSA was noticed. The characteristic peaks associated
with CN were also not noticed in the nanocomposite
foams because of the encapsulation of CN within poly-
mer matrices. Moreover, neither chemical groups associ-
ated with fructose on the surfaces of the foams were
Fig. 1 Chemical structures of the prepared foams, CN, and fructose
noticed; that is, the characteristic peaks at 3522, and
3388 cm− 1 associated with stretching vibrations of hy-
droxyl groups (−OH) groups [26]. The chemical groups
associated with fructose particles were not observed,
suggesting successful leaching of porogen particles.

Foam morphologies
A solid cellular material consists of an interconnected
network of solid struts, whereby a cell is an unoccupied
space delimited by solid boundaries [27]. The surface
morphologies of the prepared foams are shown in Fig. 2
(low-magnification SEM images are reported in Figure
S3, Supporting Information), and the morphological
characteristics are summarized in Table 2. It can be no-
ticed that all foams exhibited irregular, interconnected
open cell structure with high porosity (> 80%) (Table 2).
Generally, nanoparticles act as nucleating agents and

contribute to the formation of well-controlled morph-
ology of the foams [28]. However, in this case, the cell
morphology is dictated by the porogen particles. There-
fore, ideally, the foam morphological properties should
not differ due to the same amount of porogen. The por-
osity of the prepared foams is in the same range, thanks
to the same amount of porogen particles added. Further-
more, it is also discernible from the images that the cell
size of the prepared foams is not uniform throughout
the foams. However, the expectation was that the cell
size would be the same because of the same size of poro-
gen particles. The variation in the cell size can be due to
interconnected network of porogens, which generate dif-
ferent sizes during leaching; that is, a pore can be
formed by two or more porogens in contact with each
other, while others can only be formed by a single poro-
gen particle.
The morphology of the foams was further examined

using SAXS. Combination of SAXS and small-angle neu-
tron scattering (SANS) has been used to investigate the
morphological characteristics of a filtration membrane
made of mixed cellulose ester [24]. In this study, the
porosity of the material was determined based on the
surface-per-volume (SpV) of the materials, which was
extracted from the unified Porod fit in Porod region, as
shown in Fig. 3a and a′. From the summarised results in
Table 3, the SpV decreased in order PLA˃B˃B-CN3˃B-
CN6, indicating a reduction in porosity of the materials,
and this corroborates a slight decrease in foam density.
The pore chord length (lp) which gives average pore size
and solid chord length (ls) which provides an average
skeletal size were also extracted from Porod analysis ac-
cording to Eqs. 4 and 5, respectively [24]. The solid
chord length (ls) showed an increasing trend due to a
decrease in porosity (SEM analysis), with respect to neat
PLA foam. The lp values in Table 3 were compared with
the average pore size from the SEM images. The cell size



Fig. 2 Surface morphologies of the prepared foams (a) neat PLA, (b) B, (c) B-CN3, and (d) B-CN6
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determined from SAXS and SEM were extremely differ-
ent, and the reason can be that the analysis from SAXS
is indirect as compared to direct analysis from SEM [29].
However, the observed trend of ls is in agreement with
the SEM results, which showed a slight decrease in the
porosity of the foams. The Porod length (l), which is the
harmonic mean of both strut and solid chords (Eq. 6)
was compared with Porod length from Guinier (lG) using
the radius of gyration Rg (Eq. 7) determined from uni-
fied Guinier fit in Guinier region at low scattering vector
as shown in Fig. 3a″ [24, 30]. The Debye-Anderson-
Brumberger model was used to determine a Porod
length from Guinier analysis. For all the samples, the l
and lG were more or less the same (~ 0.0040 μm), imply-
ing that Debye-Anderson-Brumberger model was a good
approximation for the prepared foams.

lp
� � ¼ 4φp=SpV ð4Þ
lsh i ¼ 4φs=SpV ð5Þ
Table 2 The morphological properties of the prepared foams

Sample ρfoam (g/cm3) Expansion ratio (β) Void Fraction (φ) (%)

PLA 0.18 ± 0.0 6.69 ± 0.12 85.05

B 0.19 ± 0.01 6.53 ± 0.30 84.66

B-CN3 0.19 ± 0.01 6.44 ± 0.35 84.43

B-CN6 0.21 ± 0.01 5.81 ± 0.27 82.75
lh i ¼ 4φsφp=SpV ð6Þ

lGh i ¼ RG=
ffiffiffi
6

p
ð7Þ

Where SpV is surface-per-volume; Rg is the radius of
gyration; ‹ls› is solid chord length; ‹lp› is pore chord
length; ‹lG› is Porod length determined from Guinier. φs

and φp are strut volume fraction and pore volume frac-
tion, respectively.

Crystalline structure
The crystalline structures of the prepared foams were
evaluated from wide-angle scattering of SAXS experi-
ment, and the results are shown in Fig. 4. PBSA crystal-
line structure was not affected by the solvent as it
remained unchanged, while the only noticeable change
was observed in PLA after solvent processing (Figure S4,
Supporting Information). The crystalline structure of the
CN is shown in Figure S5 of Supporting Information.
Generally, PLA crystallizes in α, β, and γ forms, and its
crystallization is influenced by the type of processing it
undergoes. In this case, PLA and chloroform have stron-
ger interactions, which induce crystallization of PLA
after solvent vaporization [31]. Hence, three distinct
crystalline peaks were observed at 15.05°, 16.85°, and
19.25° in a solvent-processed PLA, which are attributed
to (110), (110)/(200), and (203) planes of PLA α form,



Fig. 3 Normalized scattering intensity plotted against the scattering vector. (a′) Zoomed Porod region and Porod fits and (a′′) Zoomed Guinier
region and Guinier fits
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respectively [32, 33]. The other less intense peak, which
is attributed to (105) plane, is noticed at 22.5° [32]. In
the blend and nanocomposites foam, only the crystalline
peaks associated with individual polymers were ob-
served. The CN diffraction peaks were not observed
probably due to low concentrations of CN. The diffrac-
tion peaks which could have resulted from fructose en-
trapped within the 3-dimensional structure of foams
were also not observed, and this might also confirm suc-
cessful leaching of the porogens. The inclusion of CN
particles hampered the crystallization of PLA in the
Table 3 Morphological properties based on surface area analysis fro

Sample SpV (m2/cm3) Q-invariant Rg# (nm)
Radius of gyra

PLA 129.4 ± 48.91 0.11 ± 0.02 9.83 ± 0.16

B 120.7 ± 41.34 0.26 ± 0.03 11.88 ± 0.15

B-CN3 110.1 ± 42.38 0.18 ± 0.02 11.05 ± 0.08

B-CN6 101.9 ± 8.09 0.28 ± 0.01 11.02 ± 0.09
blend, as the intensity of main diffraction peaks at
15.05°, 16.8° and 19.25° decreased, with respect to PLA
and neat blend foam. CN act as a nucleating agent and
thus promote the crystallinity of the polymer. Even so,
in this case the CN particles restricted the crystallization
of PLA.
Thermal stabilities
Figure 5 indicates the thermal stabilities of the prepared
foams and CN. CN material is less thermally stable and
m X-ray scattering

tion
‹ls› (μm) ‹lp› (μm) ‹l› (μm) ‹lG› (μm)

0.0046 0.026 0.0039 0.0040

0.0050 0.028 0.0043 0.0048

0.0057 0.031 0.0048 0.0045

0.0068 0.032 0.0056 0.0046



Fig. 4 Crystalline structures of the prepared foams
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degrades at lower temperatures (317.4 °C) than both
matrices. The thermal degradation behaviour of the pre-
pared foams is discussed at different temperatures; that
is, T10% which is taken arbitrarily as onset degradation
where 10% of material degradation has occurred, T25%,
where 25% of material degradation has occurred and
T50% where 50% of material degradation has occurred,
and lastly, Tmax which is the maximum degradation.
PLA shows single degradation step with maximum deg-
radation at 370 °C, while the blend and nanocomposite
foams indicate two degradation steps corresponding to
Fig. 5 a Thermal degradation curve of the prepared foams and CN and b
individual polymers. Generally, foam materials possess
lower properties than unfoamed polymers due to cells,
which act as defects in deteriorating the material proper-
ties; hence, the thermal degradation, in this case, is ex-
plained with reference to both foamed and unfoamed
PLA to also examine the effect of cell structure on over-
all thermal degradation. The Tonset of neat PLA foam
was lower with respect to unfoamed PLA (T10% =
342.71 ± 0.3), as expected. The inclusion of both PBSA
and CN showed significant influence on the thermal sta-
bility of PLA. The Tonset has decreased (~ 4 °C) in the
blend foam; however, with CN addition, the Tonset in-
creased to higher temperatures, as shown in Fig. 5b.
Ojijo et al. [5] observed lower thermal stability of PLA/
PBSA blend, compared to neat polymers. The reduction
in Tonset of PLA in the blend can be attributed to the
immiscibility of both matrices. Usually, the thermal sta-
bility of foam materials is affected by nanofillers and the
cell structure, which mostly affects the onset degradation
temperature of the material [34]. The voids in the
foamed material act as thermal insulators, restraining
heat transfer, and thus increase the Tonset [35, 36]. In the
current case, an increase in Tonset of nanocomposite
foams is associated with CN particles, which acted as
heat barriers by inhibiting overall heat transfer, which
delayed the onset degradation. At 25% weight loss, ther-
mal stabilities of the nanocomposites also increased with
CN concentration as shown in Fig. 5b. A delay of about
4 °C was also noticed in the blend, at 50% weight loss,
which can be due to PBSA, which enhanced thermal sta-
bility at high temperatures. In the nanocomposites, CN
was still effective in increasing the thermal stability to
even higher temperatures than in both PLA and blend
trend showing temperatures at different weight loss
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foam. The maximum degradation temperature (Tmax) of
both PLA remained almost the same in all prepared
foams. Overall, CN was effective in delaying the thermal
degradation process and enhancing the thermal stability
of PLA/PBSA foams at an early degradation stages.

Thermomechanical properties
The dependence of storage modulus on temperature
was used to evaluate the reinforcing effect of CN, as
depicted in Fig. 6. PLA is rigid and exhibits high storage
modulus compared to its blend counterparts. In this
case, the storage modulus is affected by the presence of
cells, which reduce the overall stiffness of the material;
hence, the storage modulus of PLA has plummeted, es-
pecially at low temperatures because of a high number
of cells in comparison with other foam materials. Des-
pite its rigidity, the induced crystallinity by solvent-
processing has also contributed to high storage modu-
lus, as compared to other foam systems at low tempera-
tures. A rapid decrease in storage modulus was noticed
at a temperature range of − 52 to − 32 °C. A broad fea-
ture observed in this temperature region can be attrib-
uted to the β-relaxation of PLA, which occurs below
glass transition temperature (Tg), where free volume is
minimal [37]. The increased intensity of this relaxation
can be attributed to solvent plasticization effect on
short-chain segments of PLA such as methyl groups,
which are more sensitive to vibrational and/or rota-
tional movements. Further, the addition of ductile
PBSA resulted in a rapid decrease in storage modulus
as compared to neat PLA foam due to the plasticization
effect of PBSA in weakening the PLA chains. Rigid CN
particles were effective in increasing the storage
Fig. 6 Storage Modulus curve of the prepared foams
modulus in nanocomposite foams even at low tempera-
tures, though the modulus was still lower than neat
PLA foam. At higher temperatures (e.g. above 10 °C)
the modulus of composite foams was much higher as
compared to PLA foam. At this stage, irrespective of its
rigidness, PLA chains were highly mobile, whereas
BCN3 and BCN6 chains were less mobile because of
CN particles, which restricted their mobility at high
temperatures. Further, high modulus of nanocomposite
foams at high temperatures can also be attributed to
the increase in the strut chord, as shown from SAXS
analysis. Increase in strut chord results into enhanced
stiffness of the material as number of cells decrease and
consequently increase the storage modulus, unlike neat
PLA foam with high number of cells, which reduces
overall stiffness of the material as temperature in-
creases. Table 4 shows a trend in storage modulus at
various temperatures, which shows increased modulus
with CN incorporation, whereas blend foam exhibited a
very low modulus compared to other foam systems pre-
pared. The increase of the modulus is very relevant in
this work. For instance, for poly (vinyl alcohol) (PVA)
foams containing microfibrillated cellulose (MFC), at
25 °C at 3 wt.% MFC loading the increase of the modu-
lus is only about 20% with respect to the modulus of
neat PVA [38, 39]. In the case of the current investi-
gated systems, by addition of CN, the increase of the
storage modulu is much higher. Indeed at 50 °C the
storage modulus containing 3 wt.% and 6 wt.% CN are
about 2 and 3 times the storage modulus of the PLA/
PBSA foam. This suggests that CN is possibly more ef-
fective reinforcing agent than MFC in polymer foams.

Conclusion
Completely bio-based polymer foams with high porosity
(˃80%) were successfully prepared through CPL method.
The morphological analysis indicated an interconnected
open-cell structures in all foams prepared. PBSA was ef-
fective in improving the thermal stability of PLA at
higher temperatures. Moreover, the blend foam showed
a reduction in storage modulus of PLA, suggesting a re-
duction in brittleness in the presence of PBSA. The CN
particles were effective in enhancing the onset degrad-
ation of foams. Further, the reinforcing effect of CN was
Table 4 The storage modulus of the prepared foams at
different temperatures

Sample Modulus at − 60 °C
(× 107)

Modulus at 0 °C
(× 107)

Modulus at 50 °C
(× 107)

PLA 3.16 1.16 0.56

B 1.20 0.53 0.31

BCN3 2.02 1.00 0.73

BCN6 2.69 1.36 0.99
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also noticed in bringing the balance in the storage
modulus of the prepared foams. However, it will be in-
teresting to also examine the influence of PBSA into the
biodegradability of these foams, since it is known to have
shorter biodegradation time. Overall, completely bio-
based polymer foams containing CN particles were de-
veloped. These foams can also be applied in tissue en-
gineering due to their biocompatibility.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s42252-020-00011-z.
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