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bionanocomposites based on
poly(3-hydroxybutyrate) and cellulose
nanocrystals for packaging applications
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Abstract

Poly(3-hydroxybutyrate) (PHB)-based bionanocomposites were prepared using various percentages of cellulose nanocrystals
(CNCs) by a solution casting method. CNCs were prepared from microcrystalline cellulose using sulfuric acid hydrolysis. The
influence of CNCs on PHB properties was evaluated using differential scanning calorimetry, Fourier transform infrared spec-
troscopy, X-ray diffraction, thermogravimetry and tensile testing. Vapor permeation and light transmission of the materials were
also measured. Differential scanning calorimetric tests demonstrated that CNCs were effective PHB nucleation agents. Tensile
strength and Young’s modulus of PHB increased with increasing CNC concentration. Moreover, the PHB/CNC bionanocomposites
exhibited reduced water vapor permeation compared to neat PHB and had better UV barrier properties than commodity poly-
mers such as polypropylene. It was found that nanocomposites with 6 wt% of CNCs had the optimum balance among thermal,

mechanical and barrier properties.
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INTRODUCTION

Biopolymers derived from renewable resources have attracted
widespread attention due to the disposal problems at the end of
life for synthetic and petroleum-based polymers. Polyhydroxyalka-
noates (PHAs), biopolyesters biosynthesized by microorganisms,
are a promising alternative to petroleum-based plastics due to
their wide range of potential applications.” Polyhydroxybutyrate
(PHB) is the most common PHA and widely studied due to its good
biodegradability and biocompatibility, but its high cost and brit-
tleness limits its applications. Another advantage is that it can be
extruded or molded using conventional processing equipment,
so it appears as a good candidate for producing biodegradable
packaging applicable to food, agricultural and medical fields.?
Additionally, nowadays there is emerging a great quantity of work
dealing with the development of methods to produce PHB from
various waste sources,>* which surely will be useful for improving
industrial-scale production and lowering costs in a short time.
Because of this, it is important to develop new materials based
on PHB, maintaining its excellent properties, but improving those
that are not as good such as fragility and short processing win-
dow. Diverse approaches have been studied with the purpose of
improving the mechanical and thermal properties as well as the
processing of PHB, including the use of copolymers,® the addition
of a different polymer to obtain blends®~8 or the preparation
of nanocomposites with nanofillers.>'® In general, blending or
preparation of composites is easier and faster than copolymer-
ization methods. Blend or nanocomposite properties depend

on composition, chemical or physical interaction of the compo-
nents, processing conditions, final morphology and crystallization
behavior of PHB. Thus, the preparation of nanocomposites could
be promising to achieve improvement in the properties of PHB. In
this context, cellulose derivatives are optimal reinforcing materials
for the bioplastic industry since they are bio-based, biodegradable,
stiff, lightweight, non-abrasive to the processing equipment and
highly abundant in nature at low cost."’ ~'* Nanocellulose shows
a great variety of advantages such as extraordinary mechanical
properties, reinforcing capabilities, low density, abundance and
biodegradability.’

Several biodegradable polymers such as poly(lactic acid)
(PLA),">~17 polycaprolactone,’® PHAs'® and PLA/PHB blends?%?!
have been used as matrices for nanocellulose reinforce-
ment. Particularly, several works were aimed at studying
the effect of nanocellulose addition on the properties of
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poly[(3-hydroxybutyrate)-co-(3-hydroxyvalerate)] (PHBV), which is
the most widely studied PHB copolymer.22~2 |t was reported that
the nanoparticles increased the tensile strength, Young’s modulus
and storage modulus of PHBV, and also acted as nucleating agent.
Additionally, to the best of our knowledge, there have been few
works concerning PHB and nanocellulose composites.?6~28 Dhar
et al.?%% focused their study on the thermal degradation kinetics
as well as on the migration and barrier properties of PHB/cellulose
nanocrystal (CNC) nanobiocomposites. They concluded that PHB
thermal stability was improved up to 3 wt% of CNC loading but
with no significant change in activation energies nor in degra-
dation mechanism. On the other hand, migration studies on
PHB/CNC films in two food simulants provided values within
standard limits, and the oxygen transmission rate decreases sig-
nificantly even at low CNC (ca 2 wt%) loadings. Meanwhile Patricio
et al.?® obtained nanocomposites by dispersing the nanocellulose
in poly(ethylene glycol) plasticizer prior to incorporation in PHB.
They found an enlargement in the processing window of the
nanocomposites in comparison to the neat PHB and a marked
increase in the strain level without a significant loss of the tensile
strength with the incorporation up to 0.45 wt% of nanocellulose.
Thus, the aim of the research presented here was to study the
overall impact of CNCs on PHB properties, without plasticizer, eval-
uating the improvement of the poor properties (such as mechan-
ical properties) as well being non-detrimental to its good ones
(such as barrier and transparency). In this context, special empha-
sis was placed on the permeation of water, protection from light
and mechanical properties considering a potential application of
this material as food packaging. Moreover, combining bio-based
polymers with renewable reinforcements could address the goal of
obtaining sustainable green composites with notable properties.

EXPERIMENTAL

Materials

PHB (M,, =324900g mol~") was kindly supplied by Biocycle®.
Microcrystalline cellulose (dimensions of 10-15 pm) was supplied
by Sigma-Aldrich (St Louis, MO, USA). N,N-Dimethylformamide
(DMF) and sulfuric acid were from Cicarelli.

Extraction of cellulose nanocrystals

CNCs were extracted by hydrolysis from microcrystalline cellulose
in a sulfuric acid solution (64 wt%) at 45 °C with vigorous stir-
ring for 30 min. The resultant CNC aqueous suspension, obtained
after centrifugation, dialysis and ultrasonic treatment, was approx-
imately 0.5 wt% and the yield was ca 20%.% Then, an ion exchange
resin (Dowex Marathon MR-3 hydrogen and hydroxide form) was
added to the cellulose suspension for 24 h in order to remove
all the ionic materials, except H*. After removing the exchange
resin by filtration and to ensure the thermal stability of the CNCs,
the pH of the suspension was raised to approximately 9 with a
0.25 wt% NaOH solution. The CNC suspension obtained after the
acid hydrolysis was directly cast on to silicon and observed using
a field emission SEM instrument (Supra 25-Zeiss) after gold sput-
tering. Moreover, CNCs were also examined using a transmission
electron microscopy (TEM) instrument (Philips Tecnai 10) operated
atan acceleration voltage of 80 kV. A droplet of dilute CNC suspen-
sion (0.1 wt%) was deposited on a bacitracin-pretreated surface of
a carbon-coated grid. Finally, for the preparation of PHB-based bio-
nanocomposites, the obtained CNC solution was freeze-dried in
order to obtain cellulose powder.

Preparation of PHB bionanocomposites

Homogeneous solutions of PHB in DMF were prepared by stirring
at 116 °C, allowing the complete dissolution of PHB but avoiding
its degradation. Various percentages of CNCs (2, 4 and 6 wt%) in a
DMF solution previously sonicated for 10 min in an ice-bath were
added to the PHB solution and then again sonicated for 10 min.
Finally, the mix was poured into Petri dishes and kept in an oven at
80 °C for 12 h to eliminate solvent by evaporation. The films were
stored at room temperature for 15 days to allow complete PHB
crystallization.

Bionanocomposite characterization

Fourier transform infrared (FTIR) spectra were acquired with
a Mattson Genesis Il spectrometer, with a spectral width of
400-4000cm™", 32 accumulations and a resolution of 4cm™".
For comparison purposes, the spectra were normalized with the
intensity of the band near 2933 cm~', which corresponds to the
CH, group that is present in all samples.

XRD patterns were obtained with Cu Ka (A= 1.54 A) radiation
using a Philips PW 1710 system. The X-ray tube was operated at
45kV and 30 mA, at 2° min~" in the 20 range from 5° to 60°. The
percentage of crystallinity (X.) of the materials was calculated by
means of the following equation:

(total area) — (amorphous area)
total area

X (%) = M
Calorimetric analysis was carried out using a PerkinElmer DSC
instrument under nitrogen atmosphere. The first heating run was
made from ambient temperature to 195 °C, atarate of 10 °C min~".
Then, the samples were cooled to —50°C at a rate of 80 °Cmin~’,
and a second heating run was carried out at a rate of 10 °Cmin~'
from =50 to 195 °C.

Dynamic thermal degradation measurements were performed
with a TA Instruments Auto-MTGA Q500 Hi-Res thermogravimet-
ric analyzer. Temperature was raised from room temperature to
700°C at a heating rate of 10°Cmin~". All runs were carried out
under nitrogen atmosphere (30 mL min~') in order to prevent any
thermo-oxidative reaction. The sample weight in all tests was
approximately 10 mg.

The mechanical properties of the composites were determined
with an Instron 4467 mechanical testing machine. Tensile testing
of bone-shaped composite specimens was carried out using a
crosshead rate of Tmmmin=' (ASTM D 1708-93). SEM of the
fractured surfaces, previously coated with a 300 A gold layer, was
performed with a JEOL JSM-6460LV instrument.

Nanoindentation experiments were carried out on films using
a Hysitron triboindenter equipped with a scanning probe micro-
scope module. The tests were performed under load control condi-
tions using a diamond Berkovich tip with a maximum load of 9 mN.
A holding period of 30 s was applied at maximum load between
loading and unloading stages to minimize the creep effect on the
unloading curve 2 Five indentations were made for each sample.
Using the approach outlined by Oliver and Pharr, reduced elastic
modulus (£,) and indentation hardness (H) were calculated for each
sample.®!

Water vapor permeability (WVP) tests were conducted according
to ASTM E 96-00e1. Each film sample was sealed over a circular
opening of 0.00177 m? in a permeation cell and was conditioned
at 20°C in desiccators before being analyzed. Test cells were
placed in a conditioned chamber at 20 °C and 64.5% of relative
humidity (RH). Anhydrous CaCl, (0% RH) was placed inside the cell
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Figure 1. Field emission SEM image of CNCs.

to maintain a humidity gradient across the film. The RH inside the
cell was always lower than that outside, and water vapor transport
was determined from the weight gain of the permeation cell.
When steady-state conditions were reached (about a day), weight
measurements were made over 10 days. Changes in the weight of
the cell were recorded as a function of time for all the samples.
Water vapor transmission rate (WVTR) is a weight gain and was
calculated as the relation between the slope of each curve of
weight versus time (g s~'), determined by linear regression, and the
cell area (m?2). WVP (g s~' m~" Pa~") was then calculated according
to the following equation:

WVP = ——— xd ()

where S is vapor pressure of water at saturation (Pa) at test
temperature (20 °C), R, is RH inside the permeation cell (R, =0), R,
is RH in the chamber (R, =64.5%) and d is film thickness (m). Each
WVP reported was the mean value of at least six samples.

The absorption spectra of nanocomposites, obtained in the
250-700nm region, were obtained using an Agilent 8453
UV-visible spectrophotometer.

RESULTS AND DISCUSSION

The resulting CNC aqueous suspension from microcrystalline cel-
lulose was of approximately 0.5 wt%, while the hydrolysis yield was
ca 20%. Field emission SEM (Fig. 1) and TEM (Fig. 2) observations of
CNCs showed well individualized crystals with dimensions ranging
from 100 to 200 nm in length and 5-10 nm in width, in agreement
with previous work.3?

FTIR spectra of the CNCs, PHB and nanocomposites were
acquired in order to characterize the bionanocomposites (Fig. 3).
The characteristic bands of CNC appear in the 800-1400 and
3000-3500cm~! regions. The peaks at 1061 and 897 cm™' cor-
respond to C—O stretching and C—H rocking vibrations of
cellulose, the small band at 895 cm~' is due to glycosidic —C1—H
deformation, with a ring vibration contribution and —OH bend-
ing, and the band at 1428 cm™" is assigned to —CH,— bending.
The broad peak at 3342 cm™' is characteristic of the stretching
vibration of 0—H.33 Additionally, the signals at 1428, 1163, 1113,
and 897 cm™! indicate that the CNCs are predominantly in the
form of cellulose 134

The PHB characteristic bands correspond to the C—O—C
bond (1279, 1228 and 1185 cm™') and the C=0 bond (1722 and
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Figure 2. TEM image of CNCs.
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Figure 3. FTIR spectra of CNCs, PHB and nanocomposites.

1740 cm~"). The signals at 1279 and 1722 cm™' are more intense
in the crystalline state, while in the amorphous state those at 1185
and 1740 cm~! become predominant.3®

It is observed that the typical bands of PHB in the FTIR spectra
are not modified by the addition of nanocellulose crystals. Fur-
thermore, the range 1650-1700 cm~" due to the stretching vibra-
tion of carbonyl is broader with CNC content. This is consistent
with the appearance of another band at 1709 cm™ related to the
hydrogen interactions between the C=0 groups in PHB and —OH
groups in CNC, as reported by Patricio et al.?® Moreover, the pres-
ence of CNCs in the bionanocomposites could also be observed in
the 3000-3500 cm™' region due to the presence of a broad band
which became stronger with the increase of cellulose content in
the films.

The percentage crystallinity of the PHB and bionanocomposite
films was calculated from the XRD analysis (Fig. 4) according to
Egn (1) and the results are summarized in Table 1. It is observed
that X, of the PHB films is equal to 66.1% and it slightly increases
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Figure 4. XRD spectra of PHB, CNCs and nanocomposites with 2, 4 and
6 wt% of CNCs.

Table 1. Percentage crystallinity (X.) of PHB-based
bionanocomposites
X (%)

Material XRD DSC (first heating) DSC (cooling)
PHB 66.1 55.0 255
PHB + 2 wt% CNCs 69.7 554 43.1

PHB + 4 wt% CNCs 69.3 553 42.8
PHB + 6 wt% CNCs 68.5 558 441

with CNC addition, because of the crystalline nature of CNCs.
Moreover, the CNC addition does not significantly modify the crys-
talline structure of PHB.3¢ Typical PHB peaks corresponding to the
planes (02 0), (1 1 0) and (1 1 1) appear at 20 =13.5°, 16.8° and
22.3°, respectively.3” On the other hand, CNCs exhibit four main
reflection peaks at 20 = 15.0°, 16.3°, 22.7° and 34.4° (less defined)
relative to the cellulose | crystalline structure.” The appearance of
the CNC peaks and little changes in the form of the characteristic
peaks of crystalline planes of PHB are observed in the nanocom-
posite spectra (Fig. 4). Particularly, a slight displacement to lower
angles of the peak at 13.5° with CNC content is observed, probably
due to CNC intercalation through hydrogen bonding interaction
with the ester groups of PHB.26 Besides, the peak at 22.7° shows a
broadening in the nanocomposite spectra compared to PHB due
to the presence of CNCs, because it is the strongest peak charac-
teristic of cellulose I.

The great importance of the knowledge of the crystallization
and melting behavior of polymeric materials is because it could
affect not only their morphology and crystalline structure but also
their final properties. Figure 5(a) shows the thermograms corre-
sponding to the first heating on DSC of PHB and nanocomposites.
Observed are two characteristic melting peaks of PHB in all of the
samples demonstrating a melting-recrystallization-remelting
process. The lower temperature melting peak (T,,,) is attributed
to the melting of original crystals formed during the casting
process, before the DSC scan, and the higher one (T,,,) is asso-
ciated with the melting of the recrystallized crystals during the
heating scan.3® A slight displacement of the first peak of the
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Figure 5. DSC scans of PHB and its composites with CNCs: (a) first heating;
(b) cooling; (c) second heating.

bionanocomposites to higher temperatures is observed, inde-
pendent of the percentage of CNCs added. This indicates that
the cellulose nanostructures facilitate PHB crystal growth lead-
ing to larger lamellar thickness of the spherulites during the
casting process, which consequently leads to increased melting
points, but without significantly modifying the PHB crystallinity
(Table 1).
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Figure 7. Stress—strain curves of materials from the tensile tests.

The DSC scans of the cooling process at 10 °Cmin~" (Fig. 5(b))
reveal that CNCs act as effective nucleation agents reducing the
energy barrier to form PHB nuclei. Clearly seen is an exothermic
peak at approximately 83 °C, which is similar for all the nanocom-
posites and shifts to lower temperature for pristine PHB. The per-
centage crystallinity of PHB calculated in the pristine film and in
the nanocomposites from the DSC curves (Table 1) is similar for
all the materials. Then, the CNCs favor the crystallization of PHB
but without significantly changing the percentage crystallinity.
A similar nucleation behavior of CNCs was previously found for
nanocomposite formulations based on biodegradable polymers
such as PLA3 or PHBV.2*

The crystallization peak of PHB is not observable during the
second heating scan of the materials (Fig. 5(c)) because it already
crystallized during cooling. Moreover, the magnitude of T, inarea
relative to that of T ,; becomes larger in the second heating scan
thanin the first one. It seems that the crystals formed from the melt
are more imperfect than those formed during casting, so they will
recrystallize and reorganize into more perfect and stable crystals
during the subsequent heating scans.*

Thermal analyses were conducted in order to study the effect of
CNC addition on the thermal stability of the polymer matrix. The
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Figure 8. Effect of nanocellulose content on mechanical properties of
PHB/CNC nanocomposites: (a) Young’s modulus; (b) tensile strength; (c)
elongation at break.

first derivative of the weightloss curve with respect to temperature
(DTG) from TGA tests of the materials is shown in Fig. 6. The
peak of the first derivative indicates the point of greatest rate
of change on the weight loss curve. It can be observed that
the PHB degrades in a single step showing the maximum of the
peak of the DTG curve at 295 °C. On the other hand, CNCs start
to degrade at lower temperature than PHB, showing two main
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Figure 9. SEM images of fractured surfaces of (a) PHB, and nanocomposites with (b) 2 wt%, (c) 4 wt% and (d) 6 wt% of CNCs.

peaks: the first one is attributed to the introduction of sulfate
groups via microcellulose sulfuric acid hydrolysis.*' In detail, DTG
thermograms show that all materials are thermally stable up
to 200 °C; however, the bionanocomposites show a 20 °C lower
thermal resistance than PHB, which is slightly improved with
the percentage of CNCs added. This shows that CNCs have a
synergistic effect on degradation of PHB, due to the presence
of pendant sulfate and hydroxyl groups on CNC surface which
act as nucleation sites for the chain scission of PHB at higher
temperature.?'26

The mechanical response of PHB-based formulations reinforced
with various contents of CNCs was investigated by tensile test-
ing and typical curves are shown in Fig. 7. It is observed that a
low fraction of CNCs has an appreciable effect on PHB mechanical
properties. The tensile modulus and strength of PHB are enhanced
with an increase in CNC content (Figs 8(a) and (b)). Those prop-
erties are improved with an increase of 50 and 35%, respectively,
with the addition of 6 wt% of CNCs. On the other hand, the elon-
gation at break is slightly reduced (Fig. 8(c)). This behavior could
be attributed to the restrained chain movement during the defor-
mation due to the presence of the nanocellulose. Similar results
were reported for nanocellulose-based nanocomposites with PHB
and PHBV matrices.*? The fractured surfaces of the films after the
tensile test were investigated by means of SEM in order to investi-
gate the dispersion of CNCs in the polymeric matrix. Figure 9 shows
micrographs of neat PHB and the nanocomposites, where a certain

rougher surface is observed in all the samples. Nanocellulose can
be detected as white dots in the nanocomposites, which are clearly
seen in the samples with 4 and 6 wt% of CNCs (Figs 9(c) and (d)),
showing a homogeneous dispersion.

The reduced elastic modulus (E,) was also obtained using the
nanoindentation technique. This technique obtains the elastic and
hardness features of small volumes of material of thin films by per-
forming indentations at very low loads.** E, and hardness values
obtained for each film are shown in Fig. 10. The highest modu-
lus is found for the PHB film containing 2 wt% of CNCs, indicating
that the reinforcement effect of the CNCs in PHB matrix plays an
important role in the tensile deformation even at low concentra-
tion; indeed the modulus leveled at the same value with increas-
ing CNC content. The decrease in E, upon addition of 4 and 6 wt%
CNCs suggests that the CNCs might be creating weak interfaces
between the nanocomposite domains. The nanoindentation hard-
ness results reveal similar average results with slightly or unappre-
ciable differences between samples, with values in the range of
155-165 MPa. H slightly increases upon addition of CNCs, suggest-
ing good CNC-matrix interactions at the surface.**

Figure 11 shows the effect of different amounts of CNCs on the
WVP of PHB. It is observed that the addition of CNCs reduces
the permeation of the PHB despite the hydrophilic character of
the nanoparticles.* In general, a comparable improvement in the
WVP for all the nanocomposite formulation is found compared
with PHB. This result is an effect of the tortuous pathway for the
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vapor induced by the nanofillers which act as physical barriers
forcing the water molecules to wiggle around them.*® Additionally,
it has been reported that the tortuosity depends on a number
of factors such as shape and aspect ratio of filler, filler loading
and orientation, degree of exfoliation or dispersion, adhesion to
the matrix, polymer chain immobilization and porosity, among
others.’
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Figure 12. UV-visible spectra of PHB, CNCs and nanocomposites, and
polypropylene (PP).

Light protection is a basic requirement for a packaging sys-
tem of food products and the development of a transparent
material with enhanced UV protection is especially useful. Film
transparency of the PHB-based bionanocomposites was deter-
mined using UV-visible spectroscopy and the spectra are shown in
Fig. 12. CNC-based films present the highest UV-visible transmis-
sion. Nanocomposite films show behavior intermediate between
that of PHB and CNC films. This could be attributed to the homoge-
neous dispersion of the nanoparticles and to the good interaction
between CNC and PHB, thus reducing the amount of light scat-
tering and favoring the transmittance of visible light through the
films. At high-energy range (220 to 400 nm) nanocomposites have
low transmission, up to 10%, in accordance with the reduced trans-
mittance of the components at this radiation range. This result
indicates that nanocomposites have better UV barrier properties
than commodity polymers such as polypropylene, which presents
40 to 60% transmittance at the same radiation range, as included
in Fig. 12.48

CONCLUSIONS

It was possible to obtain via solution casting homogeneous films
of PHB with various nanocellulose contents from 2 to 6 wt%. The
presence of CNCs in the bionanocomposites was corroborated
by FTIR and XRD analyses, due to the appearance of character-
istic peaks. From the DSC thermograms of the first heating scan
was observed the melting-recrystallization-remelting behavior
of PHB as well as evidences of a larger lamellar thickness of the
spherulites in the nanocomposites due to the displacement of the
first peak of fusion to higher temperatures. Additionally, a notice-
able nucleating effect of the nanocellulose was found reducing
the energy barrier to form PHB nuclei during the cooling DSC
scan. CNC addition slightly reduced the thermal degradation resis-
tance of PHB because of the lower degradation temperature of
the nanoparticles; however, all the materials were thermally sta-
ble up to 200 °C. The reinforcing effect of the nanocellulose was
confirmed by the mechanical properties and the WVP which were
appreciably enhanced with nanoparticle addition. With 6 wt% of
CNCs, the film showed 50% improvement in Young's modulus and
35% increase in tensile strength. The barrier property of PHB in
terms of WVP was found to be improved in the nanocomposites
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due to the tortuous pathway for the water vapor. It was found that
nanocomposites have better UV barrier properties than commod-
ity polymers such as polypropylene. Among the nanocomposites
studied, the optimum balance among thermal, mechanical and
barrier properties was obtained at a CNC concentration of 6 wt%.
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