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Abstract

This article contributes to the understanding of biobased and biodegradable polyhydroxybutyrate (PHB) bionanocompos-
ites melt processed by pre-industrial methods such as extrusion and injection molding and reinforced by weight contents of
1 and 3 wt% of cellulose nanocrystals (CNC) derived from waste streams of the paper industry. Ultrasonic treatment was
used for dispersion of the CNC, which was followed by transmission electron microscopy. The thermal properties and the
crystallization behavior of bionanocomposites were studied by thermogravimetric analysis, differential scanning analysis,
X-ray diffraction and polarized optical microscopy. Investigations on the bending properties were carried out in conjunc-
tion with the analysis of their dynamic mechanical behavior. Scanning electron microscopy was used to characterize the
fracture surface. All these analyses give a deep insight into their structure-property relationship. The moisture absorption
measurements and gas barrier properties analysis made to the processed bionanocomposites have provided an insight into
their behavior under environmental conditions. The PHB bionanocomposites with a low content of 1 wt% CNC were found
to have the best dispersion quality, which had a positive effect on almost all mechanical and thermal properties. The increase
in crystallinity with the incorporation of CNC also contributed to an improvement in mechanical properties. In addition,
the bionanocomposites show a slightly lower tendency to absorb moisture and better barrier properties to oxygen and water
vapor. These findings showed that these bionanocomposites are suitable for use in the packaging industry.
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Introduction

Biobased polymers and their composites are one of the
answers to the depletion of mineral oil. As a consequence
of their increased demand for these alternatives, this mar-
ket has been growing strongly in recent years [1]. The con-
stantly widening areas of application range extends from the
automotive and construction sectors to electronic devices,
sports and leisure, as well as packaging materials [2, 3].
Biocomposites, which are at the same time biodegradable,
can in addition contribute to the reduction of greenhouse gas
emissions [4]. Complementary to these features, the increas-
ing customer demand for environmentally friendly products
is further supporting the growth of the biopolymer market
segment.

However, many biopolymers still suffer from drawbacks,
such as high prices and moderate mechanical and thermal
properties, which limit their range of applications. Blend-
ing of two or more polymers can be a solution to adjust the
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bioplastics’ property profile [5]. Another approach is the
reinforcement of biopolymers by particles or fibers [6, 7].
The combination of blending and particle reinforcement for
dispersion and property adjustment was also investigated [8].

Polyhydroxybutyrate (PHB) belongs to the group of pol-
yhydroxyalkanoates (PHAs), which comprises a family of
linear biopolyesters. PHAs can be extracted from the cyto-
plasm of various bacteria and are biodegradable under both
aerobic and anaerobic conditions [9]. PHB is the simplest
structure belonging to the PHA family. It is non-toxic and
biocompatible, but its obtaining has high costs. Great efforts
are being made to reduce these costs and getting a competi-
tive PHA production [10]. So, in recent years Hempel et al.
[11] showed that PHAs, i.e. PHB, can also be extracted from
microalgae with a great potential of higher yield.

The properties showed by PHB such as crystallinity
degree, melting and glass transition temperatures, strength
and modulus, are comparable to those of polypropylene,
and the material can be processed by conventional melt
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processing techniques, such as extrusion, injection molding,
thermomolding, 3D printing [12]. Moreover, PHB shows
a good resistance to moisture and a higher oxygen barrier
performance than polyolefins. All these characteristics
make PHB an attractive material as substitute for synthetic
polymers. However, PHB in its native form exhibits some
shortcomings such as brittleness and limited processability
window [13].

Nanocellulose is a structural polysaccharide, which can
be extracted from various sources such as e.g., wood pulps,
sawdust waste, cotton, corn, flax or jute fibers as well as
used paper. Although this environmental benign material has
plenty of potential applications, among them in the energy
and in the food sector, few developments have yet found
their way into commercial use [14, 15]. Cellulose nanocrys-
tals with a rod-like morphology and a high aspect ratio are
obtained by acid hydrolysis of amorphous regions of cellu-
lose fibers. Dimensions and aspect ratio depend on the veg-
etal source used to get the cellulose and the acid hydrolysis
conditions [16]. Cellulose nanocrystals have been studied
as nanofiller in different polymeric matrices to improve the
thermal and mechanical properties as well as to improve
moisture resistance and to reduce swelling [6]. Yu et al. [17]
found a direct relation between the enhancement in mechani-
cal properties of bionanocomposites and both, the aspect
ratio of cellulose nanocrystals and their distribution within
the matrix. The improvement of mechanical properties due
to the nanoscale dimensioning of fillers and the high reac-
tivity of cellulose molecules has already been described in
other publications for use in composites [18]. Terms as the
nanoscale dimension of the filler and the high reactivity of
cellulose molecules were considered as factors improving
mechanical properties in the bibliography as well. In fact,
Panaitescu et al. [19] obtained higher Young’s modules as
well as improved thermal properties by the addition of wood
waste fibers (CF) to PHB matrices. Arrieta et al. [20] found
that a better dispersion of cellulose nanocrystals in PLA-
PHB blends increased the elongation at break, enhanced
the crystallization effect and improved the oxygen barrier.
Moreover, the use of cellulose nanoparticles as nucleating
agent was demonstrated to improve the crystallinity and to
have an influence on thermal and mechanical composite
properties [6].

For this study PHB was chosen as matrix material
and nanocellulose as reinforcing filler with the objective
of obtaining fully biobased and biodegradable compos-
ites. Recent studies on biotechnological strategies for the
improvement of PHB’s production process bear good pros-
pects of leading to manufacturing price reductions for these
biopolymers, thus, increasing their potential applications
[21]. Moreover, the combination of CNC and PHA's in poly-
mer composites showed promising improvement of mechan-
ical and thermal properties as well as moisture resistance,

heat distortion temperatures and biocompatibility [22, 23].
However, to take advantage of these benefits, it is important
to ensure good dispersion of the particles. Therefore, dur-
ing the production of the bionanocomposites, an efficient
functionalization of the CNC is required to avoid the forma-
tion of agglomerates. To this end, the use of dispersants and
compatibilizers, among others, is being tested, but these may
have a negative impact on final costs and on biocompatibil-
ity as well as biodegradability. However, most studies used
solution casting for sample manufacturing, which involves
toxic solvents for PHA s and are limited to laboratory scale
[24].

The aim of this study was the manufacturing of PHB
based bionanocomposites with two different weight contents
of crystalline nanocellulose by scalable melt mixing proce-
dures, such as extrusion and injection molding, without the
need for using toxic solvents. The analysis of the morphol-
ogy and crystallization behavior of these bionanocompos-
ites was made. To complete this study, the investigation of
their thermal and mechanical properties together with their
behavior under environmental conditions, through the study
of their moisture absorption and their water vapor and oxy-
gen barrier properties, was analyzed. A better understanding
of the structure-property relationship of these materials can
foster their application as alternative for petroleum based
and non-degradable materials in packaging as well as tech-
nical applications.

Materials and Methods
Materials

Polyhydroxybutyrate (PHB) powder was purchased from the
company Biomer (Germany) under the trade name P338.
The polymer has a purity of 98% and a melting temperature
of 180 °C according to the supplier. Cellulose nanocrystal
(CNC) water suspension with 3 wt% CNC is kindly pro-
vided by Melodea Ltd. (Israel). The CNC is derived from
the sludge of the pulp and paper industry and is provided
in aqueous suspension with a sulfur content of around 114
mmol kg~!. The CNC particles show a rod-like morphol-
ogy. According to the supplier, the particles’ diameter lies
between 5 and 20 nm while their length ranges between 100
and 500 nm. The CNC'’s relative density ranges between 1.0
and 1.1 gcm™.

Bionanocomposite Manufacturing
First of all, the stability of the CNC water suspension
was ensured by ultrasonification and this ultrasonic stabi-

lized CNC water suspension was further diluted with 200
mL of distilled water Thereby, the used ultrasonic treated
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nanocellulose suspension should ensure good dispersion at
small contents in the matrix avoiding the CNC agglomera-
tion. Prior to processing, corresponding amounts of PHB
powder and diluted CNC water suspension to get materi-
als with CNC proportions of 1 and 3 wt% were mixed by
a laboratory mechanic stirrer during 20 min. This mixture
was dried in the oven at 60 °C for 48 h in order to evaporate
the water previously to the processing. The samples were
monitored using a moisture balance. The resulting powders
were further processed by melt mixing.

Bionanocomposites, with 1 wt% (PHB1CNC) and 3 wt%
(PHB3CNC) CNC filler contents, considered low enough
for preventing the CNC agglomeration, were prepared
by melt mixing by means of a Haake MiniLablI extruder
from Thermo Fisher Scientific Inc. (USA). Extrusion were
performed at 178 °C for 5 min at a speed of 80 rpm. Sub-
sequently, extruded materials were injection molded by a
Cronoplast S.L. Babyplast 6/10PT machine from the com-
pany Christmann Kunststofftechnik GmbH (Germany). The
samples were injected at a temperature of 180 °C, a mold
temperature of 50 °C, a 12 mm piston with 1800 bar and
an injection time of 2 s and cooling time of 20 s. Bending
test samples according to DIN EN ISO 178 with a height
of 4 mm, width of 10 mm and length of 80 mm were pro-
cessed. To precondition the samples, they were stored for
three weeks prior to testing. Reference material, without
CNC nanofiller added (PHB), was also manufactured in the
same conditions.

In this study melt processing was chosen due to the poten-
tial industrial up-scaling of this manufacturing method.
Some of the processed samples were compression-molded
using a hot press (IQAP LAP PL-15, Spain) at a pressure
of 60 bar for 7 min and temperatures of 180 °C to perform
the barrier tests.

Characterization
Transmission Electron Microscopy (TEM)

In order to understand the dispersion of crystalline nano-
cellulose in the PHB matrix, TEM images were taken.
The transmission electron microscope is JEOL JEM 2010
(JEOL Inc., USA), which was operated at an accelerating
voltage of 100 keV. A staining treatment with uranyl acetate
2% solution was made to obtain the images of CNC water
suspension.

Thermogravimetric Analysis (TGA)
The CNC and the bionanocomposite materials were
explored by means of thermogravimetric analysis (TGA)

on a DTG-60 device from Shimadzu (Japan). Samples of
about 30 mg were heated from 30 to 400 °C at a heating
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rate of 10 °C min~! under inert nitrogen atmosphere. The
evolution of sample mass in dependence on the temperature
was registered.

Differential Scanning Calorimetry (DSC)

The thermal properties of the bionanocomposite materials
were investigated using a DSC 3 from Mettler Toledo (Ger-
many). Samples of around 18 mg under a Nitrogen flow
of 30 mL min~! were subjected to two heating scans and
an intermediate cooling scan. During the first heating scan
starting at — 10 °C and ending at 200 °C with a heating rate
of 10 °C min~", the thermal history of the samples and any
residual stresses are erased. The cooling scan from 200 to
— 10 °C with a cooling rate of 30 °C min~' serves to analyze
the crystallization behavior of the bionanocomposites. The
melting behavior can be observed during the second heating
scan in which the sample is heated from — 10 to 200 °C with
a heating rate of 10 °C min~".

The samples’ degree of crystallinity x . was calculated
using Eq. (1) and taking into account the heat of fusion of
100% crystalline PHB AH,=146J g~' [25]:

AH,
- AH, - ¢

Xe - 100 (1
AH; is the heat of fusion of the sample measured by DSC
and @ is the weight fraction of PHB.

X-ray Diffraction (XRD)

The crystalline structure of the bionanocomposites was
performed using wide angle X-ray diffraction (XRD) with
a Siemens D5000 diffractometer (Germany). The analysis
was realized at a current of 30 mA at a voltage of 40 kV. A
copper anode K-alpha (Cu K ) with an average wavelength
of A (K,)=1.5418 A was used in the instrument. The scans
were made in 20 range from 5° to 40°, at scanning step rate
of 0.75°/min.

The crystallinity fraction was determined by the ratio of
the crystalline area of the diffraction peaks to the complete
area of the diffractogram according to the Ruland Vonk
method [26] Eq. (2):

1.
X, %] = -

c a

x 100 )

Where I is the sum of the areas under the crystalline peaks
and I, is the area under the amorphous halo obtained by the
Gaussian approach to all the diffractograms. The XRD data
were processed through Fityk® 0.9.3 software.

Scherrer’s equation was used to calculate the crystal size.
The crystal size of the (0 2 0) lattice plane was calculated
using Scherrer’s Eq. (3):
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_ ka
Dy = 7 cos(@) 3

Where Dy, is the crystal size in normal direction to the
hkl lattice plane, k is Scherrer’s constant (here given with
k=0.9), A is the Cu Ka radiation wavelength (1.5418 A),
and f is the full width at half maximum of the Peak in radi-
ans [27]. The analysis was performed using Origin Pro 2018.

Polarized Optical Microscopy (POM)

The crystal growth of all materials was analyzed by a DM
2500 M optical polarized microscope from Leica (Ger-
many). Prior to analysis, the samples were cut into slides of
20 pm thickness by means of a HM 350 S Microtome from
Microm (Germany). Samples were heated from room tem-
perature to 210 °C with a heating rate of 30 °C min~' using a
THMS 600 temperature-controlled stage from Linkam (UK).
After holding the temperature for 2 min at 210 °C in order
to melt all remaining polymer crystals, the samples were
cooled down to room temperature at a cooling rate of 20 °C
min~!. During this cooling step, photos were taken every 5 s
to record the materials’ crystallization behavior.

Three-Point Bending Test

Three-point bending tests of the biopolymer and the biona-
nocomposites were performed according to testing standard
DIN EN ISO 178 using a Zwick 1474 testing machine from
the company Zwick (Germany). The rectangular specimens
of the dimensions 4 mm X 10 mm X 80 mm were subjected
to a preload of 0.1 MPa. Subsequently, they were tested at a
velocity of 2 mm min~'. Five samples of each material were
tested and the mean values and standard deviations for their
bending parameters were calculated.

Scanning Electron Microscopy (SEM)

Cellulose nanocrystals’ as well as bionanocomposites’ mor-
phology were investigated by scanning electron microscopy
(SEM). In case of bionanocomposites, the samples were
fractured after being cooling in liquid nitrogen to get the
morphology of the fractured surfaces. To prevent charging
of the samples, gold sputtering was applied prior to analysis.
A Supra 40VP Gemini SEM from Carl Zeiss Microscopy
GmbH (Germany) was used to obtain images at an accelera-
tion voltage of 5 keV.

Dynamic Mechanical Analysis (DMA)
The dynamo mechanical tests were made using a dynamic

mechanical analyzer from Perkin Elmer, DMA 7 (Massa-
chusetts, USA). Specimens of 1 mm X 15 mm X 4 mm were

tested in the three-point bending mode. The dynamic storage
modulus (E') and the loss factor (Tan ) were measured as a
function of temperature from —20 °C to 120 °C at a heating
rate of 5 °C min~! and a frequency of 1 Hz under a helium
atmosphere. Six replicates of each sample were tested.

Moisture Absorption Test

Moisture absorption of the samples was measured according
to DIN EN ISO 62. Prior to the analysis the specimens of
the dimensions of 10 mm X 4 mm X 40 mm were dried in
an oven at 60 °C for 24 h. Subsequently, the materials were
stored in a dark recipient with distilled water. At defined
times the specimens were removed from the water, dried
with a soft paper, and weighed. The sample’s moisture
absorption M(t) was determined by means of Eq. (4):

m, —m

M@ = % - 100 @)

o

m, being the dry sample’s mass at the beginning of the
experiment and m, the mass at time t. Five samples of each
material were analyzed by this method.

Barrier Properties

Using a hot press, films of (100 + 10) um were produced
and tested for the measurement of their barrier properties.
The film surface was reduced to a test area of 5 cm? that was
defined by a metal mask sealed by epoxy glue. The tests
were recorded in continuous mode.

The oxygen vapor transmission rate (OTR) measurements
were performed according to ASTM DIN-3985 using a
Mocon OX-TRAN® model1/50G apparatus (Mocon, USA).
The films were measured at 23 °C with 3% relative humidity
(RH) under 15 psig (77.6 cm Hg) of pressure.

The water vapor transmission rate (WVTR) was measured
with a Permatran-W®, model 1/50 G, Mocon equipment,
(Mocon Inc., USA) complying the ASTM E-398 standard.
The films were measured at a cell temperature of 37.8 °C.
Relative humidity of 10% and 100% were applied in two
sides of the films as driving force of the test.

Results and Discussion
Transmission Electron Microscopy (TEM)

To investigate the dispersion of the nanofiller into the PHB
matrix, pure CNC, neat PHB and the bionanocomposites
were examined by TEM and representative images are
shown in Fig. 1. The image of pure CNC (Fig. 1a) shows
a cluster of rod-like particles of CNC with lengths about
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Fig.1 TEM image of pure CNC
(a) neat PHB (b), PHB with 1
wt% CNC (c¢) and PHB with 3
wt% CNC (d)

200 nm, which is in good agree with the data given by the
supplier. In neat PHB (Fig. 1b), there are impurities. It is
assumed that these impurities are residues from bacteria
cell walls as was explained by Bittmann et al. [28]. The
addition of 1 wt% CNC (Fig. 1c) reveals the presence of
rod-like cellulose particles of different sizes, a bigger one
can be seen in the size range defined by the CNC supplier
(100-500 nm) and according to the seen in the images
obtained from CNC dispersion in Fig. 1a accompanied by
other smaller ones, with lengths less than 200 nm, which
maintain the rod-like shape. In PHB with 3 wt% CNC
(Fig. 1d) CNC agglomerates are appreciated in the upper
side of the image. This indicates a better dispersion of
the nanocellulose in bionanocomposites with 1 wt% CNC.

The reduction in particle size could have been brought
about by high shear rates during manufacture due to melt
processing. When the CNC content is increased, a signifi-
cant increase in the agglomerate fraction is detected. These
observations support the assumption of good dispersion at
very small contents of nanocellulose.

@ Springer

Thermogravimetric Analysis (TGA)

The neat PHB injection molded samples as well as the bio-
nanocomposites with 1 and 3 wt% nanocellulose are ana-
lyzed by means of TGA. The TGA curves of the samples in
dependence on the heating temperature as well as the corre-
sponding derivative curves (DTG) are shown in Fig. 2. Neat
PHB shows a degradation onset at 281 °C, which is a similar
value to the reported by the bibliography [29]. The higher
thermal stability of CNC has already been demonstrated in
other sources with thermal degradation above 320 °C [30,
31]. As can be seen in Fig. 2a, the addition of crystalline
nanocellulose to PHB matrix does not decrease the onset
temperature with increasing amounts of CNC as occurs in
Srithep et al. [32], who have reported an onset degradation
temperature decrease when nanofibrillated cellulose (NFC)
is added to PHBV matrix and they are processed by melt
compounding. They attributed this phenomenon to residual
moisture. Similarly, Panaitescu et al. [29] reported a dimi-
nution of onset and maximum degradation temperatures in
biocomposites prepared by the addition of bacterial cellulose



Journal of Polymers and the Environment (2023) 31:4801-4816

4807

100 e
80+
S
= 60+
<
2
2 404
| ---PHB
20 = PHB+1%CNC
==+ PHB+3%CNC
O_ AAAAAAAAA CNC

50 100 150 200 250 300 350 400
Temperature (°C)

0
§ 2‘: o?
< 3
=)
2
i 'a l
g ----- PHB i
—— PHB1CNC
64—~ PHB3CNC u _
........... CNC
100 200 300 400

Temperature [°C]

Fig.2 Thermal analysis of pure CNC, neat PHB and its bionanocomposites: a TGA and b DTG curve

(BC) nanofibers to PHB/PHHO blends using solution cast-
ing methodology. They attributed this to the presence of
bonded water in BC nanofibers, which is released at higher
temperatures and may also favors the degradation of PHB. In
view of the results obtained, the previous drying step of the
materials seems to prevent the loss of thermal resistance of
the bionanocomposites prepared in this work. Seoane et al.
[31] have found a positive effect of nanocellulose reinforce-
ment in the thermal degradation of PHB based on nanocom-
posite films prepared by solution casting with a previous
sonication step. They have seen an slightly increase in the
onset temperature values in PHB matrix with the addition
of CNC. They manifest that this increase is in accordance
to the greater stability of CNC as regards to PHB. In the
present work, the same phenomenon is observed as can be
seen in Fig. 2a.

In DTG curves (Fig. 2b) are observed that the maximum
degradation temperatures were shifted to higher values with
increasing CNC contents. Martinez-Sanz et al. [33] reported
that the degradation onset and maximum degradation tem-
perature were shifted to higher temperatures for a low load-
ing of 1 wt% bacterial cellulose nanowhiskers (BCNW) in
PHBYV matrix when the composites are prepared by solu-
tion casting. However, further increases in nanofiller loading
resulted in decreased thermal resistance, which is attributed
to the poor dispersion and agglomeration of cellulose nano-
whiskers with increasing particle content in the matrix. They
attribute this to the reduction of hydroxyl groups available
in the nanocrystals surface to form hydrogen bonds with the
polymeric matrix and thus, the thermal stability provided by
the addition of BCNW can be restricted for higher contents.
Yu et al. [17] reported a gradually increase on maximum
degradation temperatures with increasing contents of cel-
lulose nanocrystalline (CNC) in PHBV matrix, prepared
by solution casting, when a previous step of exposition to

ultrasonic irradiation is included in the procedure. They
attribute this to the intermolecular hydrogen bonding inter-
actions between CNC and PHBV on the one hand and the
homogeneous dispersion of nanofiller. In this work, the pre-
vious step of ultrasonic stabilization of CNC water suspen-
sion to the melting processing seems avoid the agglomera-
tion and favors the good dispersion of the lower contents
of CNC in PHB matrix, which can lead to think about the
existence of CNC-matrix interactions, avoiding the dimi-
nution of thermal stability of bionanocomposites prepared.

Differential Scanning Calorimetry (DSC)

The differential scanning calorimetry of the bionanocom-
posites provides information on their thermal properties and
crystallization behavior. In Fig. 3 the heat flow in depend-
ence on the temperature of PHB and its bionanocomposites
with 1 and 3 wt% nanocellulose is presented for a cooling
rate of 30 °C min~!. A relatively high cooling rate is chosen
in order to better understand the behavior of the polymer
melt during common industrial processing techniques such
as injection molding. It can be observed that the crystalliza-
tion temperature of PHB (T,), reported in Table 1, increases
by the addition of CNC, which is ascribed to a nucleating
effect of these nanofillers. This assumption is supported by
the findings of several authors. Ten et al. [34] and Yu et al.
[17] described a nucleating effect of cellulose nanowhisk-
ers and CNC, respectively, on PHBV prepared by solution
casting, which reduce the energy barrier to form PHBV
nuclei. Seoane et al. [31] related the displacement of PHB
crystallization peak to higher temperatures with the incor-
poration of CNC, observed in PHB films made by solution
casting, to a nucleating agent effect of nanofiller in the PHB
matrix. Scalioni et al. [7] related also this increase of T,
values with a heterogeneous nucleation mechanism of PHB
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Table 1 Results from DSC cooling and subsequent heating scan:
crystallization temperature Tc, |Tc(onset) — Tc|, melting temperature
Tm and degree of crystallinity x c, as well as the crystallinity fraction,

by using Ruland Vonk method, and average crystallite size, by using
Scherrer’s equitation, in main planes (020) and (110) of PHB and the
bionanocomposites calculated by using XRD

Material T, [°C] | Teonseny — Tel [°CI T, [°C] X [%] DSC X [%] XRD D7) [nm] D¢ gy [nm]
PHB 74.0 19.7 174.1 56.6 43.9 22.1 20.9
PHB1CNC 78.0 15.1 174.5 59.8 46.9 18.1 19.1
PHB3CNC 76.0 17.1 174.1 58.3 47.0 19.8 18.9

based biocomposites melting processed by using a plasti-
cizer agent, where the fibers act as a nucleating agent. This
phenomenon is related to an enhancement in the chain diffu-
sion by the presence of the fibers which increases the crys-
tallization rate. In the present study, this nucleating effect
of CNC on PHB matrix as well as a higher crystallization
rate were also observed in these melting processed biona-
nocomposites with a previous sonication step, to ensure the
good dispersion of CNC in PHB matrix, but in absence of
plasticizer agents. These findings were also observed and
corroborated by POM analysis as will be described in the
section “Polarized Optical Microscopy (POM)”. Moreover,
the parameter T, ) — T, Was determined and reported in
Table 1, being a measure for the overall crystallization rate:
the smaller this parameter, the higher the crystallization rate
[17]. For CNC containing bionanocomposites the param-
eter Ty (ypser) — T decreases compared to neat PHB, with the
highest acceleration of the crystallization process for 1 wt%
CNC content. This finding further supports the hypothesis
of increased nucleation caused by CNC.

The melting temperature of neat PHB derived from
Fig. 3 is reported in Table 1 and it is in the same range
as published by Scalioni et al. [7] who reported a melt-
ing temperature of 177 °C. The analysis of the melting
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behavior for the bionanocomposite materials reveals no
influence of the addition of crystalline nanocellulose on
the melting temperature of PHB. This matter was further
investigated by polarized optical microscopy analysis and
their results will be described in the below section “Polar-
ized Optical Microscopy (POM)”

Table 1 summarizes the data characterizing the crystal-
lization behavior of the biopolymer and bionanocomposites.
The calculated degrees of crystallinity show that the addition
of CNC leads to an increased crystallinity, with a maximum
for 1 wt% of nanocellulose contents. This corresponds with
the crystallization behavior observed during cooling, dis-
playing the highest crystallization peak temperature for bio-
nanocomposites with 1 wt% CNC. A possible explanation
could be a better dispersion of the smaller weight fraction
of 1 wt% CNC in PHB, leading to a larger interface between
CNC and PHB and, thus, favoring the CNC’s nucleating
effect [33]. Often, higher weight fractions of nanoparticles
are more difficult to disperse, which could reduce their effect
on the polymer matrix. This issue was investigated and cor-
roborated by the transmission electron microscopy analysis,
which results were presented the section “Transmission elec-
tron microscopy (TEM)” of this article.
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Fig.4 X-ray diffraction pattern of the pure CNC, neat PHB and PHB
with 1 and 3 wt% CNC

X-ray Diffraction

The physical properties of the bionanocomposites depend
on the crystallinity behavior of PHB, so, the influence of
the incorporation of cellulose particles on this behavior
was investigated using XRD. In the Fig. 4 are shown the
obtained diffractograms for the neat PHB and the biona-
nocomposites performed at room temperature. All of them
showed a diffraction pattern corresponding to an orthorhom-
bic unit cell typical of a-form of PHB, which is constituted
by two left-handed helical molecules packed together in an
antiparallel orientation, with two main peaks at 20 values
of 14.3°, 17.7° assigned to (020) and (110) planes, respec-
tively; three weaker and broader peaks at 21.1° (021), 22.2°
(101) and 23.2° (111), two well-defined and intense peaks at
26.3° (121) and 28.0° (040) and, finally, some weaker peaks
observed at 31.3° (002), 32.2° (200), 35.8° (201) and 38.5°
(122) [7, 29].

The diffractogram of cellulose nanocrystalline is well
known and consists of two weak peaks appearing at 20
values of 14.5°, 16.8° and the main peak at 22.6° of con-
siderably higher intensity [30]. As occurs to other authors,
the peaks at lower angles cannot be observed in the bio-
nanocomposite diffractograms and the 22.6° peak appears
convoluted with the contribution of PHB peaks, leading to
a widening and an intensification of the peaks in this region
[17]. Since the location of the peaks for the PHB matrix
remains the same for the most part, no change in this crys-
tal structure is assumed, a-crystals are predominant in the
bionanocomposites.

Furthermore, it is found that the intensities of main peaks
at 20 values of 14.3° and 17.7° diminish when CNC is incor-
porated into neat PHB. This fits with the assumption that

the CNC acts as an efficient nucleation agent, promoting the
crystallization rate.

The calculations of the crystallinity of the spectra and
the crystallite size of the two principal planes, (020) and the
(110) are shown in Table 1. An increase in crystallinity by
the addition of CNC from 43% to about 47% is consistent
with the DSC observations. Furthermore, a broadening of
the peaks is observed by incorporating CNC, corresponding
to a reduction of the crystal size calculated by Scherrer’s
equations [36, 37]. These results support the DSC assump-
tion that CNCs act as nucleating agents in PHB [24, 38].

Polarized Optical Microscopy (POM)

Further qualitative investigations of the crystallization
behavior of the bionanocomposites are performed by polar-
ized optical microscopy. Figure 5 shows images of PHB
and its bionanocomposites at different temperatures when
cooling down the materials from the melt state at 210 °C
to room temperature. The CNC can be observed dispersed
in the molten state of the bionanocomposites in the image
at 210 °C. PHB spherulites with characteristic banding and
Maltese cross could be clearly seen along the cooling pro-
cess. Moreover, the neat PHB and its bionanocomposites
show similar morphological evolution with temperature. As
already concluded from the heating scan of DSC analysis
and XRD analysis, there is no hint in the POM images of a
change of crystal morphology due to CNC.

By comparing the images at different temperatures along
the cooling process, the addition of nanocellulose causes that
the crystallization starts at higher temperatures, more crys-
tals are formed compared to neat PHB and crystallization is
completed at lower temperatures. Furthermore, a reduction
of the crystal diameters is noted. This acceleration of the
crystallization can be attributed to the nucleating effect of
CNC and is consistent with the results from the DSC cooling
scan and Table 1.

Finally, at room temperature, the number of PHB spheru-
lites in neat PHB was small and their size was relatively
big because the spherulites had large space to grow before
impinging on each other. With the addition of CNC, the
number of PHB spherulites increased and consequently
their size was in general reduced as occurred to Yu et al.
[39], who observed smaller spherulites after the addition of
CNC to PHBYV due to the radial growth of numerous spheru-
lites based on CNCs nuclei would cease once the surfaces
of PHBV spherulites contacted each other. Ten et al. [40]
observed that the addition of cellulose nanowhiskers (CNW)
to PHBYV lead to an increment in the number of spherulites
and a reduction of their size, which was attributed to the
nucleation effect of CNW. The evaluation of the polarized
light microscope images therefore completely confirms the
DSC and XRD measurements.
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Fig.6 Stress-strain diagrams of PHB and its bionanocomposites con-
taining 1 and 3 wt% of nanocellulose

Three-Point Bending Test

The injection molded samples were tested in three-point
bending configuration in order to determine their modulus,
bending strength and bending elongation. Figure 6 shows
representative stress-strain diagrams of the neat PHB and
its bionanocomposites with 1 and 3 wt% CNC. Table 2
summarizes the mean values and standard deviations of
the three-point bending test.

@ Springer

Table2 Mean values and standard deviation of bending modulus E,
bending strength ¢ and bending elongation €

Material E [MPa] c,, [MPa] e [%]
PHB 3080+78 55+2 25+02
PHB1CNC 3214 +68 57+1 24+0.1
PHB3CNC 3263+61 54+1 2.1+0.1

The results of the three-point bending test reveal that the
addition of nanocellulose to poly(hydroxybutyrate) leads to
an increase of the material’s stiffness (modulus), the increase
being higher for higher weight contents of CNC, which indi-
cates the reinforcing effect of CNC in PHB bionanocompos-
ites. Probably, the previous step of CNC dispersion made
before the processing of the bionanocomposites leaded to
a better dispersion of CNC in the PHB matrix, favoring the
good interfacial adhesion and the reinforcing effect. For the
bending strength, there is only a slight increase after addi-
tion of 1 wt% CNC. No effect on the bending strength can
be observed for the higher CNC content, probably ascribing
to nanocellulose agglomeration observed by TEM imaging.
These created regions of stress concentration that can initi-
ate or propagate more cracks, which can generate images
as the obtained by SEM imaging for bionanocomposites
with 3 wt% CNC in the section “Scanning electron micros-
copy (SEM)” below. Concerning the maximum elongation,
a detrimental effect is observed with increasing amount of
nanocellulose, maybe due to an increase in the rigidity of
the interphase CNC-PHB, as will be corroborated by DMA



Journal of Polymers and the Environment (2023) 31:4801-4816

(a) 5000 —— . . ‘ v .
R PHB
g:? " ——PHB1CNC
S 4000{~. \ 0 e PHB3CNC 1
S :
3
3 3000
o]
=
o
& 2000+
9
)
1000 -

20 0 20 40 60 80
Temperature [°C]

4811
(b) 0.13 : : : : : .
----- PHB 4
0.12 ——PHB1CNC| 7
N PHB3CNC|
0.1 ey v/
)
o |
o
ol
© .
'_

100

Temperature [°C]

Fig. 7 Evolution (at a frequency of 1 Hz) of storage modulus and loss factor (Tan Delta) with temperature for neat PHB and its bionanocompos-

ites

in the next section. Moreover, it is believed that all three
effects, the improvement of stiffness and strength as well
as the decrease of the elongation can be ascribed to the
increase in crystallinity caused by the cellulose, which was
previously observed by DSC and XRD analysis. While the
higher crystallinity has a reinforcing effect on the modulus
and strength, it simultaneously leads to a higher brittleness,
which affects the elongation.

Comparing all bending properties, it can be concluded
that the optimum material behavior is achieved for the biona-
nocomposites with 1 wt% CNC, as occurred to other authors
as Dasan et al. [41], who reported a similar tendency for the
reinforcing effect of nanocrystalline cellulose in a blend of
PLA and PHBV. They obtained better bending properties for
smaller amount of CNC with a maximum of the mechani-
cal properties at even lower fractions of 0.25 wt% of CNC.
Jun et al. [6] also reported the reinforcing effect of CNC in
PHBYV matrix and they declared that the bionanocomposite
with the 1 wt% of CNC showed the optimum tensile elonga-
tion at break of all the bionanocomposites analyzed.

Dynamic Mechanical Analysis (DMA)

The effects of CNC in the dynamic mechanical properties
of the bionanocomposites was examined by DMA. Storage
modulus (E’) and Tan 6 values vs temperature curves were
represented in Fig. 7.

The reinforcing action of CNC in the PHB matrix
observed during the bending test of the bionanocomposites
is corroborated by DMA analysis as the storage modulus
increased during the whole temperature range with the addi-
tion of CNC, as occurred in the bending test of bionanocom-
posites performed at room temperature.

With respect to the Tan § curves, the addition of CNC to
the PHB matrix hardly affects to the glass transition values

of bionanocomposites with lower CNC content and there-
fore, to the polymer chains mobility in this case. The Tg
value obtained for bionanocomposite with 3 wt% CNC is
slightly higher, indicating a slight restriction of the mobility
of the amorphous chains close to the crystals due to the addi-
tion of CNC to the matrix. This limitation of chain mobility
into the matrix can be due to the restraint of CNC in PHB
spherulites, whose size decreased after the addition of CNC
as was reported from the results of POM images described
above. The aggregates seen by SEM and TEM imaging
could be responsible for this restriction. Several authors have
reported this increment in the glass transition temperature
values when cellulosic derivates are added to PHA matrixes
[32, 34]. In this case, this phenomenon was avoided with the
processing method used and, as was concluded in the previ-
ous analysis of the results from the bending test made, the
optimum mechanical behavior was achieved for the bionano-
composites with 1 wt% CNC, which show a higher storage
modulus without increasing the glass transition temperature.

Scanning Electron Microscopy (SEM)

Cryo-fractured surfaces of neat PHB and its bionanocom-
posites after being made the bending test were analyzed by
SEM at 2000 times magnification (see Fig. 8).

For the neat PHB (Fig. 8a), there can be observed a
relatively smooth fracture surface containing some impuri-
ties, which, as described above, suggest bacterial residues
(marked with a white circle in (a)). The bionanocomposite
containing 1 wt% CNC (Fig. 8b) showed an even dispersion
and distribution of the nanocellulose over the whole mate-
rial. By contrast, the roughness of the cryo-fractured images
increased with the nanofiller loading. The fracture surface of
bionanocomposites containing 3 wt% CNC (Fig. 8c) displays
some nanoparticle agglomerates, marked with a black circle,
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Fig.8 SEM images of the fracture surface of neat PHB (a), PHB
with 1 wt% CNC (b) and PHB with 3 wt% CNC. In (a) neat PHB,
impurities are marked with white circles. In ¢ PHB with 3 wt% CNC,
agglomerates of CNC are marked with black circles

and a much rougher surface with higher voids than the other
materials as occurs to other authors. Martinez-Sanz et al.
[33] have also described a better dispersion of lower bacte-
rial cellulose nanowhiskers (BCNW) contents in a PHBV
matrix, where some BCNW agglomerates are observed for
3 wt% BCNW content. The inferior dispersion of nanocel-
lulose in these samples could explain the lower benefit of
3 wt% CNC on the crystallization, nucleation, and tensile
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Table 3 Moisture absorption

" £1056 Sample Moisture

a.te.r exposure of 1056 h to absorption after

distilled water 1056 h
PHB 0.40 + 0.04%
PHBICNC  0.10 + 0.02%
PHB3CNC  0.60 + 0.02%

strength of PHB compared to 1 wt% CNC, as described
above. With respect to the higher amount of voids observed
in the bionanocomposite with 3 wt% CNC, Angelini et al.
[13] have attributed this phenomenon to the inhibited dif-
fusion of the polymer melt within the aggregate lignin par-
ticles lumps in PHB matrix. The presence of agglomerates
leads to the appearance of debonding zones between the
filler and the polymer matrix, which favors the generation
of flaws affecting to the mechanical response of the bio-
nanocomposite as was described in sections “Three-point
bending test” and “Dynamic mechanical analysis (DMA)”
and probably to their moisture absorption as well as to the
barrier properties, as will be described in sections “Moisture
absorption test” and “Barrier properties”, respectively.

Moisture Absorption Test

The moisture absorption is an important property for food
packaging systems, that the materials should avoid or, at
least, minimizing the water absorption to achieve the desired
food protection. In order to study this issue, the moisture
absorption rate was obtained for the neat PHB and the bio-
nanocomposites. Dried samples of neat PHB polymer and
its bionanocomposites were stored for 1056 h in distilled
water. The samples were weighed at the start of the analysis
as well as at different times in order to calculate the mois-
ture absorption values from Eq. (4). The moisture absorption
curves were obtained by representing these values against
the time. A quick increment of moisture absorption values
was observed during the early hours of exposure until reach-
ing an approximately stable value. The moisture absorption
values corresponding to the end of the exposition were pre-
sented in Table 3. For all the materials relatively low mois-
ture absorption of less than 1 wt% was measured. By con-
trast, the addition of nanofillers in general is reported to lead
to an increase in moisture absorption up to several percent of
the weight [20, 28, 43]. Montanheiro et al. [43] and Valente
et al. [44] also describe lower moisture absorption for the
neat PHA than for the prepared composites. However, this
high weight gains due to moisture absorption, which may
limit the material’s applications, was not observed in the
nanocellulose-reinforced bionanocomposites investigated in
the present study.
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Fig. 9 Oxygen transmission rate (OTR) and water vapor transmission rate (WVTR) for neat PHB and its bionanocomposites

The decrease in moisture absorption capacity for biona-
nocomposites with lower CNC contents can be attributed
to the homogeneous dispersion, which could be favored by
the use of sonification during the processing step, leading
to a good interaction of the filler with the matrix. However,
when the filler content in the matrix increases, the formation
of aggregates generates voids, as can be seen in the SEM
images, which allows water molecules to pass through the
matrix. This added to the higher hydrophilicity of CNC ver-
sus PHB, may explain why a higher CNC content generates
an increase in moisture absorption capacity. As occurs with
the mechanical properties, the bionanocomposite with an
amount of 1 wt% of CNC shows the more desirable behav-
ior in relation to the moisture absorption capacity. Thus,
compared with pure PHB and PHB with 3 wt% CNC, this
bionanocomposite has more suitable mechanical properties
and higher moisture absorption resistance, which is essential
for use in the packaging industry.

Barrier Properties

For the application as packaging material, gas barrier
properties are crucial in addition to sufficient mechanical
properties and moisture absorption. The oxygen and water
vapor transmission rate of both, PHB and bionanocomposite
films, were collected. The initial transmission rate values
increased progressively in the first hours of the test until
reaching a constant value after approximately 5 h in all
cases. The analysis were prolonged until the 25 h to ensure
the steady state was reached. In the Fig. 9 are represented
the average of the transmission rate values obtained in this
steady state of the transmission rate curves. Both nanocel-
lulose reinforced bionanocomposites showed a reduction in
oxygen transmission rate as well as water vapor transmission
rate, however the incorporation of 1 wt% CNC had a greater
effect on barrier properties than in the bionanocomposites

reinforced with 3 wt%. The values decreased in oxygen
transmission and water vapor transmission from 87.8 cm?®
m~2 day~! and 43.8 g m~2 day~! to 65.3 cm® m~2 day~! and
33.5 g m~2 day~! for PHB with 1 wt% CNC, respectively.
Increasing the cellulose content to 3 wt% increased the val-
ues again to 68.3 cm® m~2 day~! and 40.0 g m~2 day™'. The
OTR and WVTR values were lower to those determined by
Malmir et al. [45] for PHB with CNC produced by solvent
casting, so, the processing method used in this work lead
to materials with better permeability characteristics, which
is very interesting as this procedure is clearly closer to the
industrial scale processing than the solving casting. Qasim
et al. [46] also studied PHB reinforced with cellulose and
also determined higher WVTR and OTR values, but they
found similar trends for small contents of the filler.
Permeability depends on several steps: First, adsorption
of the permeant to the film surface occurs, followed by entry
and diffusion towards the side with lower concentration, and
then release into the environment, desorption. Due to the
many times higher free volume in the amorphous phase,
the permeation is mainly determined by the ratio between
amorphous and crystalline fractions. Furthermore, the per-
meability is influenced by the size and polarity of the per-
meant, which lead to the varying degrees of improvement
in gas barrier properties to water vapor molecules compared
to oxygen molecules [47]. The improve in gas barrier prop-
erties was accompanied by the previously observed higher
crystallinity as well as the nanocellulose content of the bio-
nanocomposites. Consequently, the nucleating effect of the
CNC leads to an increased crystallinity which is similar to a
larger non-permeable area [46]. Furthermore, the incorpora-
tion of the non-permeable CNC into the matrix leads to a
tortuous pathway of the molecules [48]. Some studies [49,
50] additionally assume the formation of networks between
the CNC crystals (transient percolation network) as well as
the PHB in the CNC (intercalation network) via hydrogen
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bonds, which enhance this effect. However, the TEM images
given no indication of a network in this composite. In con-
trast, the formation of agglomerates and defects, like voids
due to the different polarity of the polar PHB matrix and the
non-polar CNC, had an increasing influence on the perme-
ability and counteracts the above-mentioned effects. These
impacts increased with increasing particle fraction and in
turn leaded to a slightly lower OTR and WVTR at 3 wt%
CNC [49].

Conclusion

In this study, the properties and the behavior under environ-
mental conditions of polyhydroxybutyrate bionanocompos-
ites melt processed by preindustrial methods and reinforced
with 1 wt% and 3 wt% of biobased crystalline nanocellulose
were analyzed in order to determinate their applicability on
the packaging industry. A previous step of ultrasonication
during the processing allowed to obtain materials with a
good dispersion of the lower cellulose contents however,
at higher CNC contents, the formation of aggregates was
observed, which prevented the improvement of the tested
properties. In all cases, the degree of crystallinity was higher
with the addition of CNC particles, which acted as nucleat-
ing agent, inducing heterogeneous crystallization, leading
to an acceleration of PHB crystallization from the polymer
melt and resulting in more and smaller PHB crystals, as
was confirmed by POM image analysis over the entire tem-
perature range of the crystallization process. A reinforcing
effect of CNC was related to the enhancement of stiffness
and strength observed in the bionanocomposites and to the
increase in the storage modulus throughout the temperature
range. However, the 7, value increased for this material,
indicating a limitation in the chain mobility into the matrix
due to the presence of CNC agglomerates, especially for
higher CNC contents. The same tendency as for the other
analyses was shown related to the moisture absorption
capacity and the gas barrier properties, bionanocomposites
with 1 wt% CNC exhibit a decreased moisture absorption
and also better barrier properties compared to neat PHB,
while the positive impact diminished somewhat for materi-
als with 3 wt% CNC. Therefore, it can be concluded that the
completely green bionanocomposites with a 1 wt% CNC
could be a good alternative for different applications in the
packaging industry in which it is necessary moisture absorp-
tion resistance and good gas barrier properties.
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