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ABSTRACT: This work reports on the characterization of nanocomposites fully synthesized by bacteria, consisting of

polyhydroxybutyrate-co-hydroxyvalerate (PHBV) matrices reinforced with bacterial cellulose nanowhiskers (BCNW). Two PHBV grades,

with 9% HV (PHBV9) and 16% HV (PHBV16), were synthesized using food industry waste feedstocks and compared with a 3% HV

commercial grade (PHBV3). Whereas PHBV3 presented a high barrier performance but excessive brittleness, PHBV9 and PHBV16

showed a more ductile behavior and reduced barrier properties. Subsequently, BCNW were incorporated into the PHBVs by a high-

throughput electrospinning technique to produce master-batch formulations with relatively high nanofiller concentrations. The hybrid

ultrathin fibers showed homogeneous morphologies and greater thermal stability than the pure PHBV fibers. Nanocomposites were then

produced by melt mixing PHBVs with the hybrid fibers. Despite the low compatibility between the extremely hydrophilic BCNW and

the hydrophobic PHBVs, the nanofiller was highly dispersed and provided a reduction in oxygen permeability of the PHBV3 matrix

without relevant modifications in mechanical performance. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42486.
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INTRODUCTION

Polyhydroxyalkanoates (PHAs) are a family of biopolyesters

produced by a wide variety of bacteria as carbon storage materi-

als.1 These materials present a relatively wide range of properties

depending on the hydroxyvalerate (HV)-to-hydroxybutyrate

(HB) ratio. The highly crystalline homopolymer poly(3-hydrox-

ybutyrate) (PHB)2 possesses high barrier and mechanical per-

formance, but its excessive brittleness and low thermal stability

have limited its applicability within the food packaging sector.

This issue may be limited by increasing the HV content up to

40–50 mol %, due to the decreased crystallinity of the so-

obtained copolymers.3–7 While this is beneficial from a manu-

facturing perspective, the increased amorphous character of cer-

tain PHBV grades gives rise to reduced barrier performance,

limiting the potential of these materials to replace the bench-

mark polyethylene terephthalate polymer.8

The high operational costs associated to the production of

PHAs9 are one of the main constraints with regards to extend-

ing their use as food packaging materials. In this context, the

use of mixed microbial cultures presents an interesting alterna-

tive versus the traditional synthesis route using pure microbial

cultures, since it allows increasing the production volumes while

using cheaper feedstocks. This alternative approach involves the

selection of microorganisms based on their capacity for PHA

storage through the application of alternate carbon substrate

availability conditions.10 As a result, large-scale fermentations

may be produced without the need for sterile conditions. Fur-

thermore, the adaptation ability of the selected microorganisms

enables the use of cheap mixed substrates based on agro-food

industry wastes or by-products. In addition, it has been recently

demonstrated that PHAs with variable compositions and prop-

erties can be synthesized by using feedstocks with different com-

positions or by mixing several fermented substrates.11

In this work, two different PHBV grades were synthesized by

mixed microbial cultures using cheese whey and olive oil mill

wastewaters as substrates. These materials were characterized

and compared to a commercial PHBV. To tune the properties of

PHBVs, with special focus on their barrier performance,

VC 2015 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4248642486 (1 of 14)

http://www.materialsviews.com/


bacterial cellulose nanowhiskers (BCNW) were incorporated as

nanofillers, thus producing bionanocomposites fully synthesized

by bacteria. The incorporation of plant-derived CNW has been

reported in literature12–14 and the mechanical properties of the

base PHBV matrices have been seen to improve with the nano-

filler addition.12,15 However, their effect on the barrier proper-

ties was not investigated. In a recent work, we reported that the

incorporation of low loadings of BCNW into PHBV matrices

resulted in decreased oxygen permeability, especially at low rela-

tive humidity conditions.16 Nevertheless, the solution casting

method utilized to produce the nanocomposite films is not fea-

sible from an industrial perspective. Attempts to prepare PHBV

nanocomposites loaded with CNW by more industrially mean-

ingful melt compounding techniques have resulted in high levels

of nanofiller agglomeration15 due to the inherent dispersion dif-

ficulties associated with this approach together with the low

compatibility between the highly hydrophilic CNW and the

hydrophobic PHBV. A recent work described a new method

consisting of the production of master-batches by freeze-drying

aqueous dispersions of PHBV and nanofibrillated cellulose

(NFC).17 Although the addition of NFC increased the tensile

modulus of PHBV, thermal degradation of PHBV was seen to

occur during processing and the effect on the barrier properties

was not reported.

Based on our preliminary results indicating the potential of

BCNW to improve the barrier of PHBV matrices,16 the aim of

this work was to improve the dispersion of BCNW in PHBV

matrices by applying an innovative methodology based on the

pre-incorporation of the nanofiller by electrospinning into a

solid master-batch followed by the melt compounding step,

which we term as electrospinning enabling melt compounding

route. This procedure has been successfully used to incorporate

highly dispersed BCNW into polymeric matrices such as

EVOH18,19 and PLA20; however, its efficiency with PHA materi-

als has not been assessed before. The optimization of the elec-

trospun hybrid fibers as well as the characterization of the melt

processed PHBV–BCNW nanocomposites are first reported on

this study.

MATERIALS AND METHODS

Materials

Three different bacterial poly(3-hydroxybutyrate-co-3-hydroxy-

valerate) copolymer (PHBV) grades, with different hydroxyval-

erate (HV) contents, were used throughout this study. A

commercial grade with 3 mol % hydroxyvalerate (PHBV3),

ENMAT Y1000P, was purchased from TianAn Biologic Materials

Co. (China). PHBV grades with 16 mol % hydroxyvalerate

(PHBV16) and 9 mol % hydroxyvalerate (PHBV9) were pro-

duced by mixed microbial cultures using cheese whey feedstock

and olive oil mill wastewater after phenolic extraction, respec-

tively. Bacterial cellulose (BC) mats were obtained as described

in a previous work21 and BCNW were subsequently extracted

by applying the optimized method reported elsewhere.22

Sulphuric acid 96%, methanol, and chloroform were purchased

from Panreac (Barcelona, Spain). 2,2,2-Trifluoroethanol (TFE)

and polyethylene glycol 900 (PEG) were purchased from Fluka

(Germany).

Synthesis of PHBVs

For the production of PHBV16, one fed-batch test was carried

out in a 5 L reactor (BioStat
VR

B plus, Sartorius) in order to

produce a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) copol-

ymer using a mixed microbial culture enriched in PHA-

accumulating microorganisms fed with fermented cheese whey.

Due to the impossibility of producing large amounts of real fer-

mented cheese whey, the mixed microbial culture was selected

with a synthetic VFA mixture, mimicking the fermented cheese

whey (% Cmol basis: 65 acetate, 15 propionate, 15 butyrate,

and 5 valerate) in a 20 L sequencing batch reactor (SBR) sup-

plemented with nutrients (NH4Cl and KH2PO4, at a ratio C/N/

P of 100/10/1), an organic loading rate (OLR) of 60 Cmmol

L21 d21, hydraulic retention time (HRT) of 1 d, sludge reten-

tion time (SRT) of 4 d, and operated at 12 h cycles with four

discrete phases: influent filling (5 min); aeration (675 min); set-

tling (30 min); and withdrawal of the exhausted effluent (10

min). The PHA production fed-batch reactor was inoculated

with 2.5 L concentrated SBR mixed liquor (12.1 g VSS L21)

and pulse fed with real fermented cheese whey (360 Cmmol

L21), obtained from a 10 L anaerobic membrane bioreactor fed

with real cheese whey. Fermented cheese whey pH was adjusted

to 7.5 with the addition of 5 M NaOH, and no nutrients were

supplied in order to maximize the PHA storage response. The

PHA accumulation experiments were carried by feeding the fer-

mented cheese whey pulse wise (50 Cmmol L21), controlled by

dissolved oxygen response. A PHA cell content of 40 wt % was

attained after ca 11 h. In order to recover the polymer, a

quenching step (by adding 2 M HCl) was performed directly on

the mixed liquor, followed by a 3 h reaction with NaClO (1%

Cl2) in order to degrade the cellular material, then the poly-

meric material was recovered by centrifugation (20 min 3

6500 rpm), washed once with distilled water, and lyophilized

for 72 h.

The PHBV9 was produced through a continuous lab-scale pro-

cess consisting of an SBR and a PHA-accumulating reactor,

both fed with olive oil mill wastewaters (OMWs). Prior to being

used for PHA production, the OMWs were dephenolized and

fermented into VFAs, as described elsewhere.22 The SBR (1 L

working volume) was inoculated with an activated sludge from

the “Roma Nord” (Italy) full-scale municipal treatment plant

and was operated under “feast and famine” conditions to select

mixed microbial cultures with high storage ability. Based on a

previous research employing a synthetic mixture of VFAs as the

feedstock,23 the length of the SBR cycle was set at 6 h, with

each cycle consisting of an initial feed phase (10 min), a reac-

tion phase (338 min), a withdrawal phase of the mixed liquor

(2 min), and a regeneration phase (10 min). No settling phase

was performed and, consequently, the SRT was the same as the

HRT (1 day). The pH was controlled at approximately 7.5 by

carbon dioxide bubbling through a compressed gas cylinder.

The reactor was operated at OLR ranging from 4.74 to 8.42 g

COD L21 d21, obtained by diluting the fermented OMW with

mineral medium containing all the nutrients needed for micro-

bial growth. The sludge withdrawn from the SBR was directly

sent to the accumulation reactor (0.35 L working volume),

which was operated under nitrogen limiting conditions
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(i.e., with no additional N to that contained in the OMW) and

a pulse feeding strategy, consisting of four or five feeding pulses

of undiluted OMW over a 6 h period. After 6 h of accumula-

tion, the PHA-rich biomass (with a polymer content up to

around 36 wt %) was recovered by means of a centrifugation

step (8000 rpm, 20 min) followed by a continuous mixing with

sodium hypochlorite (5% Cl2) for several hours. The mixture

was then centrifuged, washed with distilled water, and lyophi-

lized for 96 h.

While the commercial PHBV3 grade presented a high degree of

purity (>90%), the synthesized PHBV16 and PHBV9 presented

a purity of ca 70 and 68%, respectively. To remove the impur-

ities and avoid thermal degradation during melt processing,

both PHBV grades were subjected to a purification process.

Briefly, the material was dissolved in chloroform (3% w/v) at

608C. After that, the solution was precipitated by adding it drop

by drop to 10-fold excess ice-cold methanol under stirring. The

precipitated fraction was separated by vacuum filtration using a

Whatman filter grade 6. The solid fraction was then dried at

608C overnight. After this purification, the materials did not

seem to undergo thermal degradation, as assessed by FTIR of

the polymers after being heated up to their melting tempera-

tures for 5 min.

Characterization of the Different PHBV Grades

The concentration and composition of the synthesized PHBV

grades were determined by gas chromatography (GC) after

extraction, hydrolysis, and esterification to the corresponding 3-

hydroxyacyl methyl esters, as described elsewhere.24,25 Hydroxy-

butyrate (HB) and hydroxyvalerate (HV) concentrations were

determined through the use of two calibration curves, one for

HB and the other for HV, using standards (0.1–10 g L21) of a

commercial PHBV (88% HB/12% HV) (Sigma), and corrected

using heptadecane or benzoic acid as internal standards (con-

centration of approximately 1 g L21).

To determine the molecular weight of PHBV3 and PHBV16, the

polymer powder was dissolved in chloroform (2 wt % concen-

tration) at 378C for at least 2 days. The solution was then fil-

tered to remove all nondissolved material, and the filtrate was

used to fill glass Petri dishes. Finally, chloroform was evapo-

rated, allowing polymer recovery in the form of a thin film.

These PHBV films were then characterized. Average molecular

weights were determined using gel permeation chromatography

as described elsewhere.4,24

Electrospinning

Electrospun fibers were generated from pure PHBV and PHBV–

BCNW solutions in TFE. Those solutions contained a total sol-

ids content of 6 wt % and in the case of hybrid fibers, the

BCNW concentration was 15% (w/w) BCNW, regarding the

PHBV weight. BCNW, in the form of a partially hydrated pre-

cipitate, were dispersed in the solvent by applying intense

homogenization (Ultra-turrax) for 2 min and were then stirred

with the PHBV at 608C.

A high-throughput electrospinning apparatus, the Fluidnatek
VR

LE-500 tool of BioInicia S.L., Valencia (Spain) was used. A 40

kV voltage differential was set between the multinozzle injector

and the collector and the distance between the injector and the

plate was set at 10 cm. The experiments were carried out at

ambient conditions.

Film Preparation

Nanocomposite PHBV films were prepared using two different

methods. The traditional method of melt mixing the matrix

directly with the freeze-dried nanofiller, and by melt com-

pounding of PHBV with master-batches consisting of electro-

spun hybrid fibers containing 15 wt % BCNW.

For the PHBV3 matrix, both electrospun PHBV3–BCNW fibers

(ES) and freeze-dried BCNW (FD) were melt mixed with the

required amount of pure PHBV3 pellets to obtain blends having

a final concentration of 1 and 3 wt % BCNW (sample codes:

PHBV3 1 1% BCNW ES, PHBV3 1 3% BCNW ES,

PHBV3 1 1% BCNW FD and PHBV3 1 3% BCNW FD). Addi-

tionally, PHBV3 was plasticized by incorporating 5 wt % PEG

and samples with 1 and 3 wt % BCNW were produced by melt

blending with electrospun PHBV3–BCNW fibers (sample

codes: PHBV3–PEG 1 1% BCNW ES and PHBV3–PEG 1 3%

BCNW ES).

In the case of PHBV9 and PHBV16, films containing 1 wt %

BCNW, which was the optimum nanofiller loading in terms of

barrier properties according to a previous study,15 were pre-

pared by melt mixing PHBV9–BCNW or PHBV16–BCNW

fibers with the required amount of pure PHBV9 and PHBV16,

respectively (sample codes: PHBV9 1 1% BCNW ES and

PHBV16 1 1% BCNW ES).

PHBV blends were prepared in a Brabender Plastograph mixer

for 4 min at 60 rpm and 1808C for PHBV3, 1758C for PHBV3–

PEG, 1558C for PHBV9, and 1408C for PHBV16. The batches

were then subjected to a rapid cooling down and they were sub-

sequently compression molded into films using a hot-plate

hydraulic press (180–1408C and 2 MPa for 2 min). The so-

obtained films had a thickness between 60 and 115 mm as meas-

ured with a Mitutoyo micrometer by averaging four measure-

ments on each sample.

Scanning Electron Microscopy (SEM)

SEM was conducted on a Hitachi microscope (Hitachi S-4100)

at an accelerating voltage of 10 KV and a working distance of

12–16 mm. PHBV and PHBV–BCNW films cryofractured after

immersion in liquid nitrogen were sputtered with a gold–palla-

dium mixture under vacuum before their morphology was

examined using SEM.

Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) of PHBV nanocompo-

sites was performed on a Perkin-Elmer DSC 7 thermal analysis

system using N2 as the purging gas. The sample treatment con-

sisted of a first heating step from 230 to 2008C, a subsequent

cooling down to 2308C and a second heating step up to 2008C.

The heating and cooling rates for the runs were 108C/min and

the typical sample weight was 4 mg. The first and second melt-

ing endotherms, after controlled crystallization at 108C/min

from the melt, were analyzed. Before evaluation, similar runs of

an empty pan were subtracted from the DSC curves. The DSC

equipment was calibrated using indium as a standard.
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Thermogravimetric Analysis (TGA)

Thermogravimetric (TG) curves were recorded with a TA

Instruments model Q500 TGA. The samples (ca 20 mg) were

heated from 30 to 6008C with a heating rate of 108C/min under

nitrogen atmosphere. Derivative TG curves (DTG) express the

weight loss rate as a function of temperature.

Water Vapor Permeability (WVP)

Direct permeability to water was determined following a proce-

dure similar to that described in a previous work.16 To create a

relative humidity gradient of 0–85% RH, the permeability cells

were filled in with silica gel and placed inside a cabinet at 248C

and 85% RH. The solvent weight gain through a film area of

0.001 m2 was monitored and plotted as a function of time and

the permeability values were determined from the steady-state

slopes obtained by doing the regression analysis of the weight

gain versus time plots. The tests were done, at least, in

duplicate.

Oxygen Permeability

The oxygen permeability coefficient was derived from oxygen

transmission rate (OTR) measurements recorded using an

Oxtran 100 equipment (Modern Control Inc., Minneapolis,

MN, US), as described elsewhere.16 Experiments were carried

out at 248C and 80% RH. Relative humidity of 80% was gener-

ated by a built-in gas bubbler and was checked with a hygrome-

ter placed at the exit of the detector.

Mechanical Properties

Tensile tests were carried out at ambient conditions typically at

248C and 50% RH on an Instron 4400 Universal Tester. Precon-

ditioned dumb-bell-shaped specimens with initial gauge length

of 25 mm and width of 5 mm were die-stamped from the films

in the machine direction according to the ASTM D638. A fixed

crosshead rate of 10 mm/min was utilized in all cases and

results were taken as the average of, at least, four tests.

Statistical Analysis

One-way analysis of the variance (ANOVA) was performed

using Statgraphics 5.1 software package. Comparisons between

samples were evaluated using the Turkey test.

RESULTS AND DISCUSSION

Characterization of Different PHBV Grades

The main objective of this work was to produce bionanocom-

posite materials fully synthesized by bacteria based on PHBV

matrices and using BCNW as nanofillers. Three different PHBVs

were used, i.e., two grades synthesized by microbial mixed cul-

tures using food industry waste as feedstock (PHBV9 and

PHBV16) and a commercial grade (PHBV3). The degree of

purity and molecular weight of these materials are gathered in

Table I. As observed, the PHBV9 possessed significantly higher

molecular weight and narrower polydispersity index than the

other two grades. The molecular weight was not related to the

valerate content, but it seemed to be conditioned by the differ-

ent synthesis procedures carried out for each material. Molecu-

lar weights reported for PHBVs with similar hydroxyvalerate

ratios also differ significantly depending on the culture condi-

tions. For PHBV10 and PHBV17 produced by using pure

microbial cultures of Azotobacter chroococcum, molecular

weights of 1.5 3 106 and 1.2 3 106 g/mol, respectively, have

been reported,26 while PHBV10 and PHBV18 synthesized from

microbial cultures of Ralstonia eutropha presented molecular

weights of 6.7 3 105 and 5.6 3 105 g/mol, respectively.27 Thus,

it is clear that the culture conditions are critical in determining

the molecular weight of the synthesized PHBVs. It should be

noted that the synthesized grades presented lower purity than

the commercial one and, therefore, an additional purification

step was required in order to avoid thermal degradation during

melt processing caused by the impurities remaining in the

material. Previous experiments suggested that the molecular

weight of PHBVs increased after the purification process, hence

the purified PHBV9 and PHBV16 may present higher molecular

weights than those reported in Table I.

Characterization of PHBV–BCNW Electrospun Fibers

The nanofiller incorporated into these matrices consisted of

high aspect ratio (ca 30), highly crystalline (ca 95% crystallinity

index), thermally stable (degradation temperature of ca 3178C)

BCNW produced by sulphuric acid hydrolysis of bacterial cellu-

lose pellicles.22 To incorporate BCNW into the PHBV matrices

ensuring a high dispersion, a procedure consisting on the pre-

incorporation of BCNW into electrospun PHBV fibers, followed

by the melt-mixing step, was applied and compared to the con-

ventional method of melt mixing the polymeric matrix with

freeze-dried BCNW. Regarding the preincorporation step, no

previous works have reported on the production of PHBV elec-

trospun fibers containing BCNW. Thus, in the first stage, the

production of hybrid fibers by electrospinning was optimized in

terms of BCNW dispersion and loading.

Although chloroform is usually chosen as solvent for the produc-

tion of PHBV electrospun fibers,28,29 it was not suitable in this

case due to its incompatibility with BCNW. TFE was chosen

instead, as it was expected to be compatible with both the matrix

and the filler. Smooth PHBV fibers were attained for the three

PHBV matrices (cf. Figure 1), in contrast with the highly porous

surface characteristic from the fibers produced by using chloro-

form.30 A total solids concentration of 6 wt % was selected as

optimum in terms of uniform fibers morphology for the different

PHBV grades. Keeping constant the solids content, BCNW were

incorporated into the fibers, achieving a maximum loading of 15

wt % BCNW. As observed in Figure 1, homogeneous fibers with-

out beads were obtained for all the systems and markedly reduced

fiber diameters were attained with the addition of BCNW.

The size distributions of fibers’ diameters are displayed in Fig-

ure 2. As it can be observed, PHBV9 fibers presented thicker

Table I. PHBVs Degree of Purity, Hydroxyvalerate (HV) Content, Weight-

Average Molecular Weight (Mw), and Polydispersity Index (PD)

PHBV
purity
(wt %)

HV
(mol %) Mw (g/mol) PD

PHBV3 >90 3 3.8 3 105 1.6

PHBV9 68 9 1.9 3 106 1.1

PHBV16 70 16 3.6 3 105 1.7
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diameters than PHBV3 and PHBV16, which was probably

related to the higher molecular weight and presumably higher

solution viscosity of the PHBV9. Interestingly, besides reducing

the average fiber diameter, the incorporation of BCNW resulted

in narrower and more homogeneous size distributions. This

observation has been previously reported for EVOH and PLA

fibers21,31 and it was related to the increased conductivity of sol-

utions induced by the incorporation of BCNW. Indeed, charac-

terization of PHBV3 solutions revealed that the viscosity

increased from 482 cP to more than 2000 cP and the conductiv-

ity increased from 17 to 113 mS when incorporating 15 wt %

BCNW. Although an increased viscosity usually favors the pro-

duction of thicker fibers, it seems that in this case, the effect of

the increased conductivity prevailed, being responsible for the

diameter reduction.

The dispersion of BCNW within the fibers was assessed by

TEM and Figure 3 shows a representative picture of the PHBV3

fibers containing 15 wt % BCNW. It was confirmed that BCNW

were in general highly dispersed and distributed within the

fibers and they were mostly stretched and aligned along the

fibers longitudinal axis due to the extensional forces generated

Figure 1. SEM micrographs of electrospun fibers produced from 6 wt % solutions in TFE: (a) PHBV3; (b) PHBV3 1 15% BCNW; (c) PHBV9; (d)

PHBV9 1 15% BCNW; (e) PHBV16; and (f) PHBV16 1 15% BCNW. Scale markers correspond to 5 lm.
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during the electrospinning process, although a few areas where

BCNW were entangled could also be observed.

Thermal properties of the electrospun fibers were evaluated by

DSC and TGA analyses. From the DSC results listed in Table II,

it can be observed that when increasing the hydroxyvalerate

content, the PHBV fibers presented lower melting temperature

(Tm) and enthalpy (DHm). Although the crystallinity of the

samples could not be estimated since the enthalpies of the per-

fect PHBV crystals were not available for these particular

Figure 2. Histograms (taken from at least 200 measurements) representing the size distribution of electrospun PHBV and PHBV–BCNW fibers obtained

from solutions containing (a) PHBV3; (b) PHBV3 1 15% BCNW; (c) PHBV9; (d) PHBV9 1 15% BCNW; (e) PHBV16; and (f) PHBV16 1 15% BCNW.
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valerate contents, it is known that increasing the valerate ratio

up to a certain point inhibits the crystallization process.16,32,33

In general, the incorporation of BCNW into the fibers led to

lower melting temperatures, without significantly affecting the

melting enthalpy and glass transition temperature. The effect of

BCNW on the thermal properties of electrospun hybrid fibers

has been shown to be different depending on the characteristics

of the base polymer.21,31,34,35 Thus, for high-molecular-weight

PLA (Mw 5 1.5 3 105 g/mol), the incorporation of BCNW

reduced the crystallinity of the fibers,31 while the opposite effect

was observed for EVOH and low-molecular-weight PLA

(Mw 5 6.6 3 104 g/mol).21,34 It seems that for the high-

molecular-weight PHBVs used in this work, BCNW hindered

the crystallization process to a certain extent, promoting the

formation of smaller or more defective crystals, as suggested by

the lower melting temperatures.

TGA analyses were carried out to evaluate the thermal stability

of the electrospun fibers and to guarantee their processing at

the target melt compounding temperatures without thermal

degradation. The main parameters estimated from TGA curves

are summarized in Table III. Increasing the hydroxyvalerate con-

tent led to slightly higher thermal stability of the PHBV fibers,

as suggested by the higher onset and degradation temperatures.

Furthermore, the incorporation of BCNW into the fibers gave

rise to more thermally stable fibers. This effect has been previ-

ously attributed to the development of a strong intramolecular

network held by PHBV–CNW hydrogen bonds.14 It is also

worth noting that while the degradation profile of the pure

PHBV fibers consisted of one degradation step, the hybrid fibers

showed a degradation profile composed of one major degrada-

tion peak corresponding to the PHBV followed by a second

peak which accounted for approximately 15% of the total

weight loss. According to the degradation temperatures reported

for BCNW, i.e., 315–3258C,22 this second peak may be assigned

to the degradation of the nanofiller.

Characterization of PHBV–BCNW Nanocomposites

Master-batches consisting of the hybrid PHBV–BCNW fibers

were subsequently melt mixed with PHBV and nanocomposite

films were prepared by compression molding. This strategy was

also compared to the conventional process of melt mixing the

polymer with the freeze-dried BCNW. The electrospinning pre-

incorporation procedure has been proven to be an efficient

strategy to enhance the dispersion of BCNW into several matri-

ces such as EVOH18 and PLA.20 In this case, the more hydro-

phobic character of the PHBVs used in this work was expected

to further complicate the dispersion of the highly hydrophilic

BCNW.

Morphological Characterization. Figure 4 shows the contact

transparency images of the different PHBV grades films and of

their nanocomposites containing BCNW. As observed, all the

materials presented a relatively good contact transparency,

Figure 3. TEM micrograph of electrospun fibers produced from 6 wt %

solutions in TFE: PHBV3 1 15% BCNW. Scale marker corresponds to

500 nm.

Table II. DSC Maximum of Melting (Tm) and Melting Enthalpy (DHm),

Obtained from the First Heating Run and Glass Transition Temperature

(Tg2), Obtained from the Second Heating Run for Pure and Hybrid

PHBV Electrospun Fibers

Tm (8C) DHm (J/g) Tg2 (8C)

PHBV3 179.4 6 0.2 92.5 6 7.2 –

PHBV3 1 15%
BCNW

176.2 6 1.4 89.0 6 6.7 –

PHBV9 156.5 6 2.2 50.1 6 1.4 0.6 6 1.9

PHBV9 1 15%
BCNW

152.6 6 0.1 52.9 6 4.5 21.2 6 0.7

PHBV16 156.1 6 2.0 43.5 6 7.8 1.5 6 0.6

PHBV16 1 15%
BCNW

153.6 6 0.8 43.4 6 14.1 1.5 6 0.6

Table III. TGA Maximum of the Weight Loss First Derivate (TD) and the Corresponding Peak Onset Values and the Residue at 400 and 6008C for Pure

and Hybrid PHBV Electrospun Fibers

Onset T (8C) TD1 (8C) TD2 (8C)
Residue at
4008C (%)

Residue at
6008C (%)

PHBV3 222.9 270.4 – 9.4 8.3

PHBV3 1 15% BCNW 227.8 269.4 345.6 1.3 0.0

PHBV9 223.5 276.9 – 11.5 0.0

PHBV9 1 15% BCNW 225.0 294.1 306.2 5.5 4.3

PHBV16 242.9 287.9 – 7.6 4.7

PHBV16 1 15% BCNW 250.4 290.1 334.7 8.1 5.8
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which was not compromised by the addition of BCNW. How-

ever, some agglomerates could be visually identified for the

PHBV3 films incorporating freeze-dried BCNW, indicating a

high level of nanofiller aggregation. It is worth noting that

when increasing the hydroxyvalerate content, the materials pre-

sented slightly higher contact transparency. This fact was also

reported for cast PHBV films and it was explained by the pre-

sumably lower crystallinity of the higher hydroxyvalerate

PHBVs.16 On the other hand, the higher the hydroxyvalerate

content, the more intense the yellowish color of the films. This

coloration may be indicative of a certain degree of thermal deg-

radation. This is not consistent with the TGA profiles of the

electrospun fibers (cf. Table III) and with the thermal stability

reported for various PHBV grades,16,33 which showed no rela-

tionship between the hydroxyvalerate content and the thermo-

stability. However, these TGA analyses did not simulate the

actual melt processing conditions as they were developed under

N2 atmosphere. In fact, another work pointed out the fact that

higher hydroxyvalerate content PHBVs underwent hydrolytic

degradation to a higher extent.36 It was hypothesized that water

molecules entered the amorphous hydroxyvalerate regions to

cleave the ester bonds and lead to chain scission of polyester

units. Thus, it would be reasonable to hypothesize that the

higher hydroxyvalerate PHBVs suffered thermal degradation to

a certain extent due to the presence of moisture while they were

processed.

To examine the morphology of the neat matrices and of the

nanocomposite PHBV films as well as the BCNW dispersion,

the cryofractured surfaces of the produced films were examined

by SEM and representative images are displayed in Figure 5.

When comparing the different polymeric matrices, it was

observed that PHBV9, PHBV16, and PHBV3 plasticized with

PEG presented a rough surface, whereas the PHBV3 film

showed a smoother surface with some cavities which

were indicative of the higher brittleness of this material (cf.

Table IV).

It is clearly observed that a great level of agglomeration was

attained by mixing the freeze-dried BCNW with the PHBV3 [cf.

Figure 5(d,e)]. The appearance of these large aggregates is indic-

ative of the particularly low compatibility between the extremely

hydrophilic BCNW and the hydrophobic PHBV. The pre-incor-

poration through electrospinning significantly improved the dis-

persion of the nanofiller, especially for a low loading such as 1

wt % BCNW. On the other hand, for the plasticized PHBV3, a

certain phase separation between the hydrophilic PEG–BCNW

domains and the hydrophobic polymer took place, leading to

the creation of large voids along the cryofractured surface.

In conclusion, the electrospinning pre-incorporation method

allowed loading highly dispersed BCNW into several PHBV

grades, although this level of dispersion was slightly lower than

that previously achieved for a PLA matrix20 probably due to

higher hydrophobicity of PHBV.

Thermal Properties. Thermal properties of the different PHBV

grades and their nanocomposite films were investigated by DSC

analyses and the main estimated parameters are gathered in

Table V. The pure PHBVs presented a two-step melting behav-

ior, consisting of a sharp melting peak followed by a melting

shoulder. The appearance of two melting peaks has been

reported for several PHBV grades and it has been attributed to

several factors. While some studies hypothesized that more

defective or smaller crystals are able to re-crystallize after melt-

ing, forming more perfect crystals which subsequently melt at

higher temperatures,13 other works pointed out to the existence

of different crystalline phases (HB-rich and HV-rich domains

associated to the high- and low-temperature melting processes,

respectively).37 In this work, the ratios of the melting enthalpies

corresponding to each peak were clearly not related to the HV

content of the samples. Thus, the first hypothesis, implying that

a small amount of crystals were able to re-crystallize into a

more perfect phase, seemed more feasible. Increasing the HV

content from 3 to 9–16 mol % gave rise to lower melting and

glass transition temperatures, as well as reduced overall melting

enthalpy. The reduced enthalpy might be related to a crystallin-

ity reduction caused by the higher hydroxyvalerate content, but

it might also be a consequence of the slight hydrolytic degrada-

tion suffered by the higher valerate PHBVs. On the other hand,

the incorporation of PEG into the PHBV3 did not reduce the

overall crystallinity of the material, but prevented the creation

of more perfect crystals after the first melting process, thus

showing only one melting peak.

The incorporation of BCNW led to a drop in the melting tem-

perature of both the first and second melting peaks. Additionally,

the overall melting enthalpy was reduced only for those samples

in which the nanofiller dispersion was very high, i.e., the samples

incorporating 1 wt % BCNW through electrospinning. This

Figure 4. Contact transparency pictures of melt compounded PHBV films:

(a) PHBV3; (b) PHBV3 1 1% BCNW ES, (c) PHBV3 1 3% BCNW ES;

(d) PHBV3 1 1% BCNW FD; (e) PHBV3 1 3% BCNW FD; (f) PHBV3–

PEG; (g) PHBV3–PEG 1 1% BCNW ES; (h) PHBV3–PEG 1 3% BCNW

ES; (i) PHBV9; (j) PHBV9 1 1% BCNW ES; (k) PHBV16; and (l)

PHBV16 1 1% BCNW ES. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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behavior was also reported for PHBV8 composites incorporat-

ing bamboo pulp fibers by melt compounding38 and is likely

due to the cellulose nanofillers acting as obstacles for the crys-

tallization of PHBV under the rapid cooling conditions applied

after melt compounding. Additionally, the glass transition tem-

perature (Tg) of PHBV3 increased with the incorporation of

BCNW. This effect has been previously related to a reduced

mobility of the PHBV molecular chains in the presence of dis-

persed cellulose nanocrystals.12,15 Conversely, the addition of

BCNW did not seem to have a significant effect on the Tg val-

ues of the PHBV9 and PHBV16 matrices, which may be indica-

tive of weaker matrix–filler interactions, despite the relatively

homogeneous dispersion of BCNW observed by SEM. This dis-

tinct behavior is likely to be related to the presence of a certain

amount of hydrophilic impurities in these two latter PHBV

grades. Although the materials were subjected to a purification

step which prevented thermal degradation during melt process-

ing, they presented a marked decrease in the Tg as compared

Figure 5. SEM micrographs of cryofractured sections of melt compounded PHBV films: (a) PHBV3; (b) PHBV3 1 1% BCNW ES; (c) PHBV3 1 3%

BCNW ES; (d) PHBV3 1 1% BCNW FD; (e) PHBV3 1 3% BCNW FD; (f) PHBV3–PEG; (g) PHBV3–PEG 1 1% BCNW ES; (h) PHBV3–PEG 1 3%

BCNW ES; (i) PHBV9; (j) PHBV9 1 1% BCNW ES; (k) PHBV16; and (l) PHBV16 1 1% BCNW ES.
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with the commercial PHBV3. In fact, Tg values typically

reported for non-purified PHBV grades are even lower (22.4

and 24.98C for PHBV1911 and 22.78C for PHBV716), hence

confirming that the amount of impurities remaining in the

material has a strong impact in the corresponding Tg. If some

impurities remain in the material, the BCNW are expected to

interact preferentially with these due to their strong hydrophilic

behavior, creating separate domains and thus, hindering the

interaction between the nanofiller and the hydrophobic PHBV

matrix. This hypothesis of weaker BCNW–PHBV interactions

for the PHBV9 and PHBV16 is further supported by the barrier

and mechanical properties described in the following sections.

Mechanical Properties. Table IV summarizes the mechanical

properties of the neat PHBV matrices and of their nanocompo-

sites. From these results, it may be deduced that the mechanical

properties were affected by both the hydroxyvalerate content of

the PHBV and the presence of plasticizer, whereas the incorpo-

ration of low loadings of BCNW did not lead to significant

changes.

Considering the data corresponding to the different PHBV

grades, the greater ductility of the high hydroxyvalerate PHBVs

was evidenced by their significantly reduced Young’s modulus

and increased elongation at break. This observation is in

Figure 5. (Continued)
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agreement with previous works16,26,33 and it suggests that some-

how the presence of hydroxyvalerate groups increased the

mobility of the molecular PHBV chains.

PHBV3 presented an excellent rigidity and strength but and

excessive brittleness. To enhance its mechanical performance, 5

wt % of PEG was incorporated into PHBV3, giving rise to a

significantly increased elongation at break and tensile strength,

without affecting the Young’s modulus. The same ductility

increase was observed for PHB films plasticized with PEG pre-

pared by casting, although in that case, the tensile strength was

diminished, probably as a result of the high amount of plasti-

cizer (15 wt % PEG).39

The mechanical performance of PHBVs was not altered by the

incorporation of BCNW. Only the plasticized PHBV3 showed

reduced Young’s modulus, tensile strength, and elongation at

break with the addition of BCNW. This behavior may be indica-

tive of a certain phase separation between the hydrophilic PEG–

BCNW domains and the hydrophobic PHBV, as commented on

above.

A recent work in which nanofibrillated cellulose was incorpo-

rated into PHBV by melt compounding, reported a significant

embrittlement effect caused by agglomeration of the nanofiller

and by the nanocomposite degradation, favored by the presence

of cellulose.17 This effect was not evident for the materials

developed in this work, as no significant nanofiller agglomera-

tion was observed with the electrospinning pre-incorporation

method and no thermal degradation seemed to be triggered by

the presence of the filler. On the other hand, the lack of

mechanical improvement in the nanocomposites differs from

several studies in which highly dispersed BCNW presented a

significant stiffening effect on PLA and EVOH melt com-

pounded nanocomposites.19,20 Also in contrast with these stud-

ies, no differences in the mechanical properties were found

Table V. DSC Maximum of Melting (Tm1 and Tm2) and Melting Enthalpy (DHm1 and DHm2), Obtained from the First Heating Run and Glass Transition

Temperature (Tg2), Obtained from the Second Heating Run

Tm1 (8C) DHm1 (J/g) Tm2 (8C) DHm2 (J/g) Tg2 (8C)

PHBV3 171.0 6 0.6 75.9 6 0.4 184.7 6 0.9 4.6 6 0.3 3.0 6 1.0

PHBV3 1 1% BCNW ES 162.5 6 0.0 25.2 6 2.9 171.4 6 0.5 26.4 6 0.4 5.7 6 0.7

PHBV3 1 3% BCNW ES 169.2 6 0.7 78.3 6 4.3 184.3 6 0.8 3.1 6 0.8 5.2 6 0.5

PHBV3 1 1% BCNW FD 169.5 6 0.0 78.5 6 0.4 – – 5.1 6 0.0

PHBV3 1 3% BCNW FD 169.2 6 1.2 74.1 6 8.6 – – 5.2 6 0.3

PHBV3–PEG 171.0 6 1.1 89.4 6 6.5 – – –

PHBV3–PEG 1 1% BCNW ES 170.4 6 0.0 90.0 6 1.1 – – 24.4 6 0.8

PHBV3–PEG 1 3% BCNW ES 169.2 6 0.0 86.7 6 1.0 – – 25.8 6 1.7

PHBV9 143.5 6 0.4 27.6 6 7.0 164.6 6 0.2 7.7 6 1.0 20.1 6 0.1

PHBV9 1 1% BCNW ES 139.6 6 1.1 5.1 6 0.2 155.3 6 0.4 14.5 6 1.1 1.1 6 0.7

PHBV16 149.0 6 0.5 29.3 6 0.5 170.4 6 0.0 5.5 6 0.1 0.5 6 0.2

PHBV16 1 1% BCNW ES 145.0 6 0.7 22.3 6 0.7 167.0 6 0.0 10.1 6 1.3 20.1 6 0.1

Table IV. Young’s Modulus, Tensile Strength, and Elongation at Break of Melt Compounded PHBV Films and Their Nanocomposites with BCNW

E (GPa) Tensile strength (MPa) eb (%)

PHBV3 2.32 6 0.12c 30.67 6 1.24cd 1.90 6 0.10a

PHBV3 1 1% BCNW ES 2.00 6 0.18c 22.69 6 4.18ab 2.20 6 0.22abc

PHBV3 1 3% BCNW ES 2.30 6 0.26c 28.90 6 4.22bcd 1.88 6 0.14a

PHBV3 1 1% BCNW FD 2.30 6 0.27c 32.17 6 4.20de 2.15 6 0.30abc

PHBV3 1 3% BCNW FD 2.11 6 0.20c 28.90 6 3.35bcd 2.00 6 0.48ab

PHBV3–PEG 2.21 6 0.24c 38.80 6 6.13e 3.10 6 0.57de

PHBV3–PEG 1 1% BCNW ES 1.51 6 0.15b 23.94 6 3.46abc 2.89 6 0.18cde

PHBV3–PEG 1 3% BCNW ES 1.41 6 0.20ab 18.40 6 3.57a 2.38 6 0.29abcd

PHBV9 1.13 6 0.02ab 26.71 6 1.97bcd 3.35 6 0.42e

PHBV9 1 1% BCNW ES 1.09 6 0.06a 22.89 6 2.47ab 2.71 6 0.57bcde

PHBV16 1.38 6 0.05ab 30.19 6 3.03bcd 3.11 6 0.44de

PHBV16 1 1% BCNW ES 1.47 6 0.12ab 29.36 6 2.49bcd 2.78 6 0.13bcde

The a, b, c, d, and e letters correspond to the ANOVA statistical analysis and Turkey test of the data that indicate that with a 95% confidence level,
the values are significantly different.
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when comparing the direct melt mixing of freeze-dried BCNW

(which resulted in large agglomerates) and the electrospinning

pre-incorporation. This may indicate that in the case of PHBV,

it was the weak matrix–filler interactions that were mostly influ-

encing the mechanical performance rather than the level of

BCNW dispersion.

Water and Oxygen Barrier Properties. The barrier properties

of the PHBVs and their nanocomposites were evaluated by

measuring the water and oxygen permeability at high relative

humidity, to approach the conditions found in real food pack-

aging systems. The results gathered in Table VI evidence that

the hydroxyvalerate content, the presence of plasticizer, and the

addition of BCNW considerably affected the barrier perform-

ance of PHBVs.

In general, there was a trend of increased water and oxygen per-

meability when increasing the hydroxyvalerate content in the

PHBV matrix, which may be related to the crystallinity decrease

observed for the high hydroxyvalerate PHBVs.16,33,40

The incorporation of PEG as plasticizer led to a significant bar-

rier decrease, being this effect more evident for the water bar-

rier. This behavior was also observed for melt compounded

PLA plasticized with PEG and it was mainly attributed to an

increased free volume as a consequence of the higher mobility

of PHBV chains.41 PEG is also known to contain OH groups,

which may increase the solubility of water molecules into the

films, having a negative impact on the water barrier

performance.

Regarding the incorporation of BCNW, some improvements in

the barrier performance of PHBVs were observed. Due to their

highly hydrophilic character of the filler, the water permeability

was expected to increase with the addition of BCNW. This was

certainly the case when freeze-dried BCNW were melt mixed

with PHBV3, promoting water diffusion through preferential

paths created as a result of the nanofiller agglomeration. How-

ever, this negative effect was limited by the good dispersion and

distribution achieved with the electrospinning pre-incorporation

method. It was even possible to reduce the water permeability

of the PHBV3–PEG sample by incorporating 1 wt % BCNW

(ca 39% water permeability drop). Even though phase separa-

tion probably took place in the PEG plasticized samples, the

reduction of OH groups available for water sorption as a result

of the interactions established between PEG and BCNW could

be responsible for the reduced permeability at low nanofiller

loadings.

Regarding the oxygen permeability, the trend was similar to that

observed for the water barrier. Whereas the oxygen barrier was

significantly reduced with the agglomeration of freeze-dried

BCNW, improvements were detected with the addition of highly

dispersed BCNW (with ca 40% oxygen permeability drop for

the PHBV3 loaded with 1 wt % BCNW). This again highlights

the efficiency of the electrospinning pre-incorporation method,

providing high nanofiller dispersion despite the low PHBV–

BCNW compatibility.

It should also be considered that the blocking capacity of

BCNW was strongly limited by the high relative humidity con-

ditions used to perform the measurements. The barrier per-

formance of BCNW has been shown to be especially sensitive to

moisture and previous studies on PLA and PHBV matrices

showed that BCNW were able to greatly reduce the oxygen per-

meability at low relative humidity, the addition of BCNW

should be restricted to low loadings to preserve or slightly

improve the barrier properties of the matrices with the presence

of moisture.16,20

Although several works reported on the production of PHBV

nanocomposites loaded with CNW,13–15,17 no attention has been

drawn to their effect on mass transport properties. We have for-

merly evaluated the barrier properties of PHBV films containing

BCNW developed by solution casting.16 As compared with the

previous work, this study represents a considerable advance as it

Table VI. Water Permeability Measured at 85% Relative Humidity and Oxygen Permeability Measured at 80% Relative Humidity of Melt Compounded

PHBV Films and Their Nanocomposites with BCNW

PH2O 85% RH (Kg�m/s�m2�Pa) PO2 80% RH(m3�m/ m2�s�Pa)

PHBV3 0.59 6 0.06 e215a 1.56 6 0.27 e219bc

PHBV3 1 1% BCNW ES 1.03 6 0.03 e215a 0.93 6 0.01 e219a

PHBV3 1 3% BCNW ES 1.02 6 0.02 e215a 1.12 6 0.07 e219b

PHBV3 1 1% BCNW FD 1.13 6 0.04 e215ab 1.64 6 0.22 e219bc

PHBV3 1 3% BCNW FD 3.49 6 1.34 e215cd 3.09 6 0.10 e219de

PHBV3–PEG 4.62 6 0.16 e215d 2.55 6 0.22 e219cd

PHBV3–PEG 1 1% BCNW ES 2.82 6 0.03 e215bc 3.42 6 0.73 e219de

PHBV3–PEG 1 3% BCNW ES 4.69 6 0.71 e215d 4.26 6 0.31 e219de

PHBV9 0.85 6 0.10 e215a 3.13 6 0.10 e219de

PHBV9 1 1% BCNW ES 0.73 6 0.04 e215a 3.61 6 0.03 e219de

PHBV16 2.22 6 0.14 e215abc 4.13 6 0.42 e219e

PHBV16 1 1% BCNW ES 3.84 6 0.24 e215cd 5.40 6 0.23 e219f

The a, b, c, d, e, and f letters correspond to the ANOVA statistical analysis and Turkey test of the data that indicate that with a 95% confidence level,
the values are significantly different.
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provides an efficient and industrially applicable method for the

production of PHBV–BCNW nanocomposites, with permeabil-

ity reductions even higher than those reported for the cast

films.

CONCLUSIONS

Bacterial nanocomposites with improved barrier properties were

produced by melt compounding using PHBVs as polymeric

matrices and BCNW as nanofillers. Two PHBV grades (PHBV9

and PHBV16) were synthesized by microbial mixed cultures

using food industry waste feedstocks and compared to a com-

mercial grade (PHBV3). Both the plasticization with PEG and

increasing the hydroxyvalerate content were favorable in terms

of mechanical performance as the ductility was increased but,

on the other hand, they gave rise to a decrease in the barrier

properties.

The incorporation of BCNW was investigated in order to

improve the properties of the PHBV matrices. Due to the

extremely low compatibility between the hydrophobic PHBV

and the highly hydrophilic BCNW, the conventional process of

melt mixing the polymer with the freeze-dried BCNW resulted

in large agglomerates and phase separation. This negative effect

was completely avoided by using a method based on the pre-

incorporation of BCNW by electrospinning to form a master-

batch that can be later melt blended with virgin resin.

The relatively weak matrix–filler interactions most likely

impeded the reinforcing effect of BCNW even when highly dis-

persed and, thus, the mechanical properties of PHBVs were not

significantly affected by the presence of the nanofiller. On the

other hand, a high dispersion was seen to be critical in order to

preserve or slightly improve the barrier properties. Thus,

whereas the addition of freeze-dried BCNW was detrimental

due to the creation of preferential diffusion paths, this was not

the case when BCNW were incorporated through electrospin-

ning. Even though the extremely high moisture sensitivity of

BCNW most likely impaired their blocking effect at high relative

humidity conditions, i.e., in the application conditions, it was

possible to significantly reduce the oxygen permeability of

PHBV3 with a 1 wt % BCNW loading.

This work has demonstrated that the electrospinning pre-incor-

poration method, in here termed as the electrospinning ena-

bling melt compounding route, is an efficient strategy to

guarantee a high dispersion of BCNW even in highly hydropho-

bic matrices such as PHBVs by melt compounding, providing

materials suitable for high barrier food packaging applications.

In addition, more economically viable route such as the synthe-

sis by microbial mixed cultures with no-cost waste feedstocks

can be used to produce PHBVs, although in the future, lower

hydroxyvalerate PHBVs should be targeted as they will provide

for a start enhanced barrier performance.
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