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Bacterial cellulose (BC)/poly(3-hydroxybutyrate) (PHB) composite membranes were prepared from
chloroform-swollen BC membranes and PHB chloroform solutions. Relative contents were varied from 25
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to 90 wt.% of PHB. Macroscopically homogeneous composite membranes were characterized by scanning
electron microscopy, Fourier-transformed infrared spectroscopy, X rays diffraction, thermal analysis and
stress–strain measurements. Depending on the relative compositions membranes coating of BC microfib-
rils by PHB and PHB precipitation inside the BC 3D network of cellulose fibers could be observed. Improved
mechanical properties were observed for the composites compared to the individual components sug-
gesting potential applications for the new biodegradable materials.
oly(3-hydroxybutyrate) (PHB)

reen polymers

. Introduction

Composite materials based on fibers-reinforced polymeric
atrix are important for structural applications where a combi-

ation of high strength and stiffness, durability and relatively low
eight are key requirements (Marck, 1999). Research efforts are

eing harnessed in developing fully biodegradable “green” compos-
tes prepared in a sustainable way (Yang, Wang, & Wang, 2007) and
ellulose and polyhydroxyalkanoates (PHA) based composites will
e certainly important in this field due to their intrinsic biodegrad-
bility and biocompatibility properties.

Cellulose is the most abundant natural biopolymer on Earth,
eing synthesized by plants and also by some bacteria species. The
not so green” implications involved in cellulose extraction from
lants and trees can be overcome with the employment of bac-
erial cellulose (BC) (Barud et al., 2007; Gardner, Oporto, Mills, &
amir, 2008; Klemm et al., 2006).

In particular Gluconacetobacter xylinus bacteria produces cel-
ulose markedly different from plant cellulose. From the culture

edium, a pure-cellulose network free of lignin and hemicellu-
ose is obtained as highly hydrated pellicles, composed of a random
ssembly of ribbon-shaped fibers less than 100 nm wide (Klemm,
eublein, Fink, & Bohn, 2005). The resulting particular supramolec-

lar structure of hydrated BC displays high mechanical strength
nd a high surface area formed by porous structures that have
een an attractive template for inorganic particle stabilization
Barud, de Assunção, et al., 2008; Barud, Barrios, et al., 2008). It
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is being also considered in the preparation of “green” polysaccha-
rides composites (Grande et al., 2009), thermoplastic biofibers (Gao,
Zhang, & Wan, 2010), and different types of synthetic polymers
by cross linking reaction with organic monomers (Kramer et al.,
2006).

Polyhydroxyalkanoates (PHA), on the other side, are a family
of intracellular biopolymers synthesized by bacteria as intracellu-
lar carbon and energy storage granules. Among the PHA polymers
family, poly-3-hydroxybutyrate (PHB) is produced by Ralstonia
eutropha. PHB is a biocompatible, biodegradable and thermoplastic
polymer, with the plastic-like properties offering the possibility for
potential replacement of non-degradable polymers currently used
as polyethylene and polypropylene. PHB has a high melting temper-
ature (∼175 ◦C) and thermal instability and brittleness have been
the main disadvantages in potential applications (Chandra & Rutsgi,
1998; Dawes & Senior, 1973; Gomez & BuenoNetto, 1997; Knowles,
Hastingsh, & Niwan, 1992; Luengo, García, Sandoval, Naharo, &
Olivera, 2003; Nonato, Mantelatto, & Rossell, 2001).

In order to improve these properties it is possible to prepare
PHB based composites and blends with environmentally degrad-
able polymers (Marck, 1999; Koller & Owen, 1996; Souza, Santos,
Crespi, and Ribeiro 2007). PHB/PLA (poly-lactic acid) blends have
been studied by DSC, wide-angle X ray diffraction (WAXD) and
IR microspectroscopy techniques. These blends are observed to
be composed of two immiscible components and the crystalline
structures of the individual parts are kept in the final materials

(Furukawa et al., 2007). Rheo-optical FTIR spectroscopy technique
was applied in order to study the orientation of both polymers
chains under stress (Vogel, Hoffmann, & Siesler, 2009). PLA chains
were observed to orient parallel to the elongation direction while
PHB chains align perpendicularly to the drawing direction. This

dx.doi.org/10.1016/j.carbpol.2010.09.049
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henomenon has been interpreted with a continuum mechanical
rientation model of lamellar PHB domains within the positively
riented PLA matrix (Vogel et al., 2009).

Poly(3-hydroxybutyrate/hydroxyapatite) composites have
een used for bone tissue repair (Liu & Wang, 2007).
HB/maize starch blends are applied for package (Reis
t al., 2008; Vinhas, Almeida, & Lima, 2007) and Poly(3-
ydroxybutyrate)/chitosan/ketoprofen composites microparticles
ave been used in controlled drug release in Bazzo, Lemos-Senna,
nd Pires (2009).

PHB/cellulose esters blends have been studied in Scandola,
eccorulli, and Pizzoli (1992). Totally miscible amorphous blends
ere obtained for PHB content up to 50%. PHB was observed to

rystallize for higher contents.
Biocomposite double-layer films using PHB and cellulose paper

ere prepared in Jiang, Morelius, Zhang, and Wolcott (2008).
iminutions in moisture and water absorption and also in the

urface roughness were observed in comparison with cellulose
aper. The possibility of obtaining a biodegradable material with

mproved barrier and mechanical properties was clearly demon-
trated.

The copolymer poly(3-hydroxybutyrate-co-hydroxyvalerate)
PHBV) is also being used, showing better mechanical prop-
rties than PHB (Satyanarayana, Arizaga, & Wypych, 2009).
HBV-cellulose nanowhiskers composites were studied in Cyras,
ommisso, Mauri, and Vaizquez (2007). Homogeneous dispersion
f the whiskers was achieved with composites displaying improved
ensile strength and modulus and increase glass transition temper-
ture.

In this paper we are interested in the preparation and charac-
erization of “green” composites based on bacterial cellulose (BC)
nd polyhydrohybutyrate (PHB). Composites have been character-
zed by SEM-FEG microscopy, XRD analysis and FTIR spectroscopy.
he thermal behavior and mechanical properties of the BC/PHB
omposites were also considered.

. Experimental

Bacterial cellulose membranes and PHB granules were supplied
y the Brazilian companies Fibrocel Produtos Biotécnlógicos Ltda
nd PHB Industrial S/A respectively.

Hydrated (99% water) BC membranes (4 mm thick) were pre-
iously submitted to a solvent exchange process by 48 h soaking
equentially in ethanol, acetone and finally chloroform. The result-
ng chloroform-swollen BC membranes were utilized for the
omposite preparation.

PHB homopolymer pellets were dissolved in boiling chloroform
n closed vials and stirring for 20 h. Solutions were then transferred
o Petri Plate’s containing the chloroform-swollen BC membranes
nd the composite membranes were left to dry at room temper-
ture for 12 h. Composite membranes were prepared with the
ollowing compositions (PHB wt.%): 25, 50, 70, and 90.

.1. SEM characterization

Scanning electron microscopy (SEM) images were obtained in a
eld emission scanning electron microscopy FEI Quanta 200 model.
amples were covered with a 10 nm thick gold layer.
.2. XRD analysis

XRD patterns were obtained in a Siemens Kristalloflex diffrac-
ometer using nickel filtered Cu K� radiation, with s0.02◦ step,
ntegration time of 3 s, from 4◦ to 70◦ (2� angle).
ymers 83 (2011) 1279–1284

2.3. Thermal behavior

DSC curves were obtained from 10 mg of the samples in a
2910-TA Instruments from 40 to 600 ◦C under nitrogen atmosphere
(50 mL min−1) in sealed aluminum pans.

Thermal degradation was followed using a TA 2960 SDT, TA
Instruments in the 40–450 ◦C temperature range in open alumina
reference and sample pans under dynamic nitrogen atmosphere
(flow rate: 50 mL min−1) and at heating rate of 20 ◦C min−1.

2.4. Stress–strain

The mechanical measurements were performed at 27 ◦C with
a Dynamic Mechanical Analyzer (DMA) 2980 (TA Instruments)
equipped with a film tension clamp. Specimens dimensions were
30.50 mm × 6.20 mm × 0.15 mm (length × width × thickness). A
preload force of 0.01 N and force ramp of 8 N m−1 were applied
until the rupture of sample. The device was previous calibrated
and a total of 10 measurements were performed for each sample.

2.5. FTIR spectra

Infrared absorption spectra were obtained from 4.000 to
400 cm−1, with 4 cm−1 spectral resolution and 64 scans. KBr pellets
were analyzed in a FTIR Spectrum 2000 Perkin-Elmer spectrometer.

3. Results and discussion

Macroscopically homogenous membranes (∼150 �m thick)
were obtained for all BC/PHB composites. Pure BC and composite
membranes appear transparent-milky and white respectively.

3.1. SEM characterization

Fig. 1 shows representatives SEM images of a PHB film obtained
by casting from the chloroform solution, a freeze-dried BC mem-
brane, and the 50% PHB composite.

Fig. 1(a) presents the surface image of the pure PHB film.
Microparticles are observed on a compact, smooth and uniform
structure. Images obtained for pure BC membrane (Fig. 1(b)),
reveals the ultrafine network structure composed of a random
assembly of ribbon-shaped cellulose fibers less than 100 nm wide
(Barud, de Araujo, et al., 2008).

Fig. 1(c) and (d) shows images obtained for the 50% PHB sample.
BC microfibrils appear well recovered by PHB. The cross-section
image for this same sample, Fig. 1(e) and (f), shows BC microfibrils
domains and PHB micro-pellets wrapped by BC microfibrils.

The images allow suggesting that PHB solutions filled BC pores
leading to PHB pellets precipitation inside the BC microfibrils net-
work.

3.2. XRD analysis

Fig. 2 shows XRD patterns. Broad diffraction peaks are observed
at 15◦ and 22.5◦ for the pure BC membrane (Fig. 2(a)). These peaks
are assigned to the characteristic interplane distances of cellulose
1� and 1� phases (1 0 01�, 1 1 01� and 0 1 01� planes at 15◦ and
1 1 01� and 2 0 01� at 22.5◦) (Antonniete, 1997; Wadda & Okano,
2001). Fig. 2(b) shows the diffraction pattern obtained for the PHB.
Main peaks are observed at 2� = 13.5◦ and 16.9◦. Broader peaks can

be observed at 19.9◦, 21.5◦, 22.5◦, 25.5◦ and 27.15◦. These diffrac-
tion lines can be attributed to the orthorhombic PHB lattice (Thiré,
Ribeiro, & Andrade, 2006).

Diffraction patterns obtained for the composite membranes
show only the cellulose peaks with a decrease intensity for the peak
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Fig. 1. SEM images of: (a) PHB film; (b) freeze dried BC membrane; (c) and (d

t 15◦ for compositions up to 50% PHB (Fig. 2(c) and (d)). For sam-
les 70% and 90% PHB the PHB peaks are clearly observed. Cellulose
eaks are hardly observed, specially the 15◦ one. The 22.5◦ cellu-

ose peak at 22.5◦ appears convoluted with the contribution from
HB peaks. Therefore the PHB composite counterpart appears well
rystallized for samples 75% and 90%. A similar behavior has been
bserved for PHB–cellulose esters studied in Scandola et al. (1992)
here amorphous PHB is observed for relative contents below 50%

n weight. Cellulose crystallinity seems well affected by the PHB
resence due to the dramatic change in relative intensity between
he 15◦ and 22.5◦.

.3. FTIR spectroscopy
Fig. 3(I) and (II) shows relevant regions of FTIR spectra.
he mains bands observed for pure bacterial cellulose (Fig. 3(I-
) and (II-a)) can be assigned to OH stretching (3454 cm−1),
-bonds (3237 cm−1), CH stretching of CH2 and CH3 groups

2902–2717 cm−1), water OH bending (1650 cm−1), CH2 symmetric
ace image of BC/PHB 50%; (e) and (f) cross-section image of 50% PHB sample.

bending (1432 cm−1), CH bending (1368 cm−1), antisymmet-
ric bridge C–O–C stretching (1162 cm−1), skeletal vibrations
involving C–O stretching (1114–1058 cm−1), antisymmetric out-
of-phase stretching (896 cm−1) and OH out-of-phase bending
(666–619 cm−1) (Barud, de Assunção, et al., 2008).

The main bands observed in the PHB spectrum (Fig. 3(I-b) and
(II-b)) are assigned to C O stretching (1282 cm−1) and C O stretch-
ing (1730 cm−1), peaks at 2853 cm−1, 2926 cm−1 and 2972 refer to
C H stretching and the peak at 3437 cm−1 refers to hydroxyl end
groups (Zhang, Deng, Zhao, & Huang, 1997).

Spectra obtained for composites display basically the bands
observed for the two individual components weighted by the rel-
ative contents. OH region between 3000 and 3500 cm−1 appears
affected by the relative content of the two components that could

be related to the change in cellulose crystallinity observed in
XRD measurements. However further measurements with a higher
number of samples and including different spectroscopic tech-
niques (Raman scattering for example) would be necessary to
clarify that question.
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Fig. 2. XRD analyses of: (a) BC; (b) PHB; (c) 25% PHB; (d) 50% PHB; (e) 70% PHB; (f)
90% PHB.
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Fig. 3. FTIR spectra of: (a) BC; (b) PHB; (c) 25% PHB; (d) 50% PHB; (e) 70% PHB; (f)
90% PHB.
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Table 1
DSC results, melting point (Tm), enthalpy (�H), crystallinity index (% cryst) to the PHB
curves.

Sample PHB melting

Tm (◦C) �H (kJ/g) % cryst

BC
PHB 159/173 83.1 57.8
BC/PHB 25% 167 – –
BC/PHB 50% 167 1.2 0.7
BC/PHB 70% 159/171 28.3 20.1
BC/PHB 90% 159/173 63.8 43.0
Temperature/°C

Fig. 4. TG curves for: (a) BC, (b) PHB, (c) 25% PHB, (d) 50% PHB, (e) 70% PHB 70% and
(f) 90% PHB.

3.4. Thermal behavior

Fig. 4 shows TG results. The curve obtained for the pure BC mem-
brane (Fig. 4(a)) shows two significant events of weight loss. The
first gradual one involving 5% mass loss occurs from room tempera-
ture up to 200 ◦C and can be associated with loss of surface residual
solvent; the second one, observed around 330 ◦C, is attributed to BC
pyrolysis. A residue of 20% of carbonaceous materials is observed.

TG curve observed for PHB (Fig. 4(b)) shows only one weight
loss starting at around 280 ◦C up to 320 ◦C due the thermal decom-
position of PHB. Almost no residue is observed (Shahosseini, 2004).

TG curves obtained for BC/PHB composites containing 25 and
50% of PHB (Fig. 4(c) and (d)) display a composition of the events
observed for the pure composite components. A continuous mass
loss of around 5% is observed from room temperature up to around
250 ◦C. After that a second important event is observed starting
at around 260 ◦C up to 360 ◦C which is a temperature higher than
the temperature observed for pure PHB. The residue mass was
observed to depend on the PHB relative content. 30% mass residue is
observed for the sample containing 25% PHB and 35% mass residue
is observed for the sample containing 50% PHB.

TG curves obtained for BC/PHB composites containing 70 and
90% of PHB (Fig. 4(e) and (f)) show behavior approaching the one
obtained for pure PHB with the main mass loss occurring at lower
temperature from around 240 ◦C to 300 ◦C. The residue approaches
zero with increasing PHB content. Table 1 shows results obtained
from TG and DSC curves.

DSC results are shown in Fig. 5. BC shows an endothermic

peak starting at low temperature and extending up to 150 ◦C. As
stated in the analysis of TG results this event is related to sol-
vent and bonded water loss. The broad exothermic peak around
350 ◦C (Tonset = 293 ◦C) is attributed to the partial pyrolysis with
fragmentation of carbonyl and carboxylic bonds from anhydrous

melting peak, and initial decomposition; mass loss temperature (%) data from TG

Decomposition Mass loss (%)/temperature (◦C)

Tonset (◦C)

293(exo) 4.1/200 –/– 73.5/400
285(endo) 0.3/200 98.3/325 –/–
307(exo) 4.2/200 –/– 61.7/400
304(exo) 4.8/200 –/– 58.2/400
253(endo) 0.8/200 73.5/310 19.0/400
268(endo) 0.9/200 88.6/315 9.6/400
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ig. 5. DSC curves of: (a) BC membrane; (b) PHB film; (c) 25% PHB; (d) 50% PHB; (e)
0% PHB and (f) 90% PHB.

lucose units producing carbon and/or carbon monoxide (Gomez
BuenoNetto, 1997).
The curve obtained for pure PHB shows sharp endothermic

vents peaking at 170 and 279 ◦C, related to PHB melting and
ecomposition respectively.

The BC/PHB composites (Fig. 5(c) and (d)) with 25 and 50% PHB
how the same endothermic event related to water-solvent loss
bserved for pure BC, starting at room temperature and extended
p to 150–200 ◦C. The small endothermic peak around 167 ◦C refers
o melting of the low content of crystalline PHB (Luengo et al., 2003;
candola et al., 1992). This event is more evident for the compos-

tes with higher PHB contents (70 and 90%). As suggested from
RD measurements not only the PHB increasing relative content

s responsible for the DSC behavior. Also the low crystallinity of the
HB counterpart observed for samples up to 50% PHB should be
onsidered.
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Fig. 6. PHB crystalline content (%) for pure PHB and BC/PHB composites.
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Fig. 7. (A) Tensile strength, (B) elongation at break and (C) Young’s modulus of: (a)
BC; (b) BC/PHB 25%; (c) BC/PHB 50%; (d) BC/PHB 70%; (e) BC/PHB 90%; (f) PHB film.

Events related to BC are hardly observed for the curves obtained
for the composites containing 70% and 90% PHB. Curves closely
resemble the one obtained for pure PHB. The endothermic events
between 250 and 300 ◦C refer to the thermal decomposition of PHB.
The exothermic one between 300 and 400 ◦C refer to BC decompo-

sition. The presence of PHB causes change in the thermal stability
of BC, leading to a shift of around 10 ◦C for composite membranes
when compared to the pure BC one.
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The relative content of crystalline PHB in the composites can
e determined using the known fusion heat value (�H0) for a
00% crystalline sample, 146 J/kg (Rosa, Filho, Chui, Calil, & Guedes,
002). Fig. 6 shows the results. The crystalline PHB content is almost
% for composites containing up to 50% PHB. Increasing crystallinity

f observed with increasing PHB content, confirming that PHB crys-
allize inside of BC microfibrils for samples above 50% PHB.

.5. Mechanical tests

The tensile strength, elongation at break and Young modulus of
he BC membrane, PHB film, and BC/PHB composites are shown in
ig. 7.

Comparing with the values observed for pure BC, the tensile
trength and the Young’s Modulus experiment a small increase
ith the addition of 25% PHB. Pure BC membrane presents a tensile

trength of 129 MPa and Young’s modulus of 12.5 GPa. The values
bserved for BC/PHB 25% are 142 MPa for the tensile strength and
5.5 GPa for the Young’s modulus. This behavior can be due the
ood dispersion of PHB into the BC network. The combination of
HB pellets with cellulose networks can result in a denser fiber
tructure with improved mechanical strength due the good inter-
acial adhesion and the formation of strong interactions between
C and PHB chains (Fernandes et al., 2009).

The BC/PHB 50% and BC/PHB 70% composites show tensile
trength values of 55 MPa and 24 MPa, respectively. These values
re lower than the ones observed for pure BC and the composite
ontaining 25% PHB. However these values must be compared with
ure PHB that presents tensile strength of 20 MPa. Some reports
ave in fact shown the efficiency of the three-dimensional net-
ork of BC microfibril as good reinforcement for polymers and

esins (Fernandes et al., 2009; Kim, Jung, Kim, & Jin, 2009; Yano
t al., 2005). Considering that an important drawback concerning
ractical applications of PHB are the poor mechanical properties,
he reinforcement provided by the addition of BC seems to be of
otential interest (Marck, 1999).

The BC/PHB 90% composite shows the lowest values of tensile
trength for all BC/PHB composites. From XRD analysis and DSC
urves, well crystallized PHB phase is observed and this behavior
an be related to the observed decrease in tensile strength.

Concerning the elongation at break, values are observed to
ncrease with the addition of PHB up to 70%. Further addition leads
o a relative decrease of the elongation.

The lowest value of elongation was observed for pure PHB
0.95%). The largest one was observed for the 70% PHB sample
9.5%).

. Conclusions

New bacterial cellulose (BC)/poly(3-hydroxybutyrate) (PHB)
omposites were prepared from chloroform swollen BC mem-
ranes obtained from Gluconacetobacter xylinum cultures and PHB
hloroform solution’s. SEM analyses revealed homogeneous coat-
ng of BC surface by PHB deposition, and cross-section images
howed BC microfibril involving PHB pellets that precipitate inside
he BC 3-D network. FTIR and DRX results show that the iden-
ity of each counterpart is preserved in the composites. PHB was
bserved to display lower crystallinity for samples containing up
o 50% PHB. Above 50% PHB crsytallinity was observed to increase.

he new composites could find important applications since better
echanical properties were observed than for the isolated poly-
ers. Tensile strength as high as 144 MPa, elongation at break of

.5% and Young’s modulus as high as 15.5 GPa were observed by
laying with the relative BC and PHB contents.
ymers 83 (2011) 1279–1284
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