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ABSTRACT: Sustainable biocomposite materials based on the combination of polyhydroxyalkanoates with a keratin additive derived

from poultry feathers were successfully developed via melt compounding. Suitable dispersions for low loadings of the additive in the

biopolymeric matrix were achieved by the melt-mixing technique. A good physical interaction between the polymeric matrix and the

additive was observed by scanning electron microscopy (SEM). Reductions in water, limonene, and oxygen permeability of the pure

polymer to less than a half of its initial value for the composite containing 1 wt % of keratin additive were achieved. This composi-

tion was also found to exhibit optimum mechanical performance. As a result, these materials offer significant potential in fully renew-

able packaging applications based on polyhydroxyalkanoates with enhanced barrier performance. VC 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 39947.
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INTRODUCTION

Packaging has developed into an essential technology in the

handling and commercialization of foodstuffs to provide the

required levels of product quality and safety. In particular, plas-

tic packaging has gained significant importance because of its

balanced characteristics (transparency, flexibility, low cost, ease

of processing etc.) and the wide variety of formulations that

allow the development of packaging structures for specific prod-

uct requirements.1 The polymer global market has increased

from some 5 million tonnes in the 1950’s to more than 100 mil-

lion tonnes today, the 42% corresponding to the packaging

industry.2 Current research efforts in the area of polymers for

food packaging applications are focusing on solving two major

drawbacks of these materials. On one hand, the fact that, in

contrast to other traditional packaging materials, such as metals,

alloys or ceramics,3 they are not impermeable and, thus, they

allow the transport of low molecular weight molecules, such as

gases or vapors, which can compromise food quality and safety.

On the other hand, the non-renewable origin of most polymers

currently used generates strong environmental concerns.

Current strategies to solve these problems include the develop-

ment of biodegradable polymers obtained from renewable sour-

ces, the so-called biopolymers, and their combination with

additives to enhance or balance their properties. Amongst the

biopolymeric materials that are now attracting more commercial

interest, biopolyesters derived from renewable resources, such as

polyhydroxyalkanoates (PHAs) and polylactic acid (PLA), present

special interest due to their promising properties. These materials

can be processed by conventional melt compounding equipment

and they are currently being used in a number of applications,

particularly in the food packaging and biomedical fields.

PHAs are thermoplastic biopolyesters produced by a variety of

bacteria as storage materials in response to particular environ-

mental stresses. Within the PHAs family, the most widely used

material is the homopolymer polyhydroxybutyrate (PHB) and

its copolymers with hydroxyvalerate (PHBV). Nowadays, the

PHAs have become commercially available through many sour-

ces and are already being used in small disposable products and

in packaging materials.4 However, many of the commercial

products make use of genetically modified organisms (GMOs)

as a microbial source and this brings many applicability issues

in food packaging. Intense research efforts are currently being

dedicated to the production of PHAs based on microbial mixed

cultures that make use of by-products as feedstock.5

Despite the significant potential of biopolymers to substitute

petroleum-based materials helping to reduce environmental

impacts, these materials still present a number of property and

processing shortcomings that handicap their use in many
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applications, particularly in the food packaging field. Specifi-

cally, when compared with other traditionally used petroleum-

based plastics for food packaging, they present in general lower

barrier properties, greater water sensitivity, lower thermal resist-

ance and processing window, lower shelf-life stability due to

ageing, migration and a number of other processability issues.6

In this context, the development of composite materials through

the addition of fillers may be an efficient approach to counter-

act these drawbacks, since thermal, barrier and mechanical

properties may be improved without compromising the trans-

parency and toughness, provided that a high dispersion of the

filler is achieved. In particular, the use of sustainable additives

brings in significant opportunities to develop biobased compos-

ite materials with enhanced properties.

Naturally derived proteins from gelatin, soybean, wheat, sun-

flower, corn, fish, milk, wool, and poultry feathers have been

processed into films using a variety of techniques,7 and some of

them have also been used as reinforcement agents in polymeric

composites.8,9 Amongst them, keratin presents special interest

because it can be obtained from food by-products like chicken

feathers or wool, thus avoiding competence with food products.

Keratin is a unique protein because it contains a large amount

of the amino acid cysteine compared with other proteins. Cyste-

ine is a sulfur-containing amino acid which can form intra- or

intermolecular sulfur–sulfur (S–S) bonds with other cysteine

molecules. Intermolecular cysteine bonds, which are referred to

as “crosslinks,” plus other protein structural features, such as

crystallinity and hydrogen-bonding, give keratin high strength

and stiffness.7 In the form of fibers obtained mechanically from

poultry feathers, keratin has been added to different polymers

not only as a reinforcement10,11 but also to improve other fea-

tures such as electrical resistivity12 and acoustic properties.13

Despite of this, very few studies are based on the combination

of keratin with biopolymers, and no reference has been found

dealing with their capacity to modify the gas barrier properties

of these matrices. Thus, most of the existing works are focused

on developing materials for biomedical applications,14–16 leaving

a wide field of research for the development of biopolymer–

keratin composites for food packaging applications.

The main objective of this work was to improve the barrier

properties of PHBV matrices through the addition of keratin

fibers obtained through the mechanical treatment of poultry

feathers, thus developing completely renewable and biodegrad-

able materials and, moreover, making use of a by-product,

which has the advantages of being cost-effective and not com-

peting with products aimed for feeding purposes.

EXPERIMENTAL

Materials

The bacterial PHA grade was purchased from Goodfellow Cam-

bridge Limited, United Kingdom, in pellet form (density 1.25

g/cm3). The supplied material was a melt-processable semicrys-

talline thermoplastic PHBV12 (polyhydroxybutyrate with 12 mol

% of valerate and containing 10 wt % of the plasticizer citric

ester) copolymer made by biological fermentation from renew-

able carbohydrate feedstocks.

Poultry feathers were kindly supplied by Mayava. S.L. (Valencia,

Spain). Feathers were first sanitized with a bath in ethanol

(96%), 1:2 feathers to ethanol ratio in mass, followed with a

second bath in ethanol (70%) using the same ratio. Afterwards,

feathers were dried overnight at 50 C.

Keratin Additive Preparation

Keratin additive was obtained by grinding the poultry feathers

using a two-step procedure previously described in a patent

application.17 Feathers were first ground in a rotational-blade

comminuting machine Fitz Mill Model D equipped with a 3-

mm sieve. Blades rotated at a constant speed, cutting the feath-

ers and pushing them through the sieve. The passing product

was then collected in a container. Feathers were slowly added to

avoid overheating of the system.

The product obtained after this first step was then milled in a

Fritsch Pulverisette 9 vibrating cup mill, using a milling set of

100-mL cup, ring and cylinder of tungsten carbide-coated stain-

less steel. The cup containing the sample together with the ring

and the cylinder rotated at 1600 rpm in an eccentric trajectory

applying high impact and shear stress to the material. Loads of

4 g of ground feathers were treated for 1 min in intervals of 10

s separated by pauses of the same duration to avoid overheating

the sample. A loose powder with the particle size distribution

presented in Figure 1 was obtained.

Particle Size Analysis

Particle size distribution was determined by laser diffractometry

using a Malvern Mastersizer 2000 equipped with a low-volume

wet dispersion unit. Measurements were performed in aqueous

dispersion.

Figure 1. Particle size distribution (A) and SEM micrograph (B) of the

keratin additive. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Preparation of Composite Materials

Different weight percentages of keratin powder obtained as pre-

viously described were dispersed in PHBV12 by melt-mixing in

a Brabender Plastograph mixer (16 cm3) for 4 min at 160�C.

Keratin additions ranged from 0 to 50% by weight of PHBV12.

The mixing temperature was chosen low enough to avoid exces-

sive thermal exposure of the keratin but high enough to melt

PHBV12. Keratin was mixed with the polymer pellets and, then,

both components were added together to the mixer. After mix-

ing, the batches were left at room temperature to cool-down.

Film Conformation

Aliquots of ca. 0.3 g of the blends of PHBV with the mechani-

cally treated feathers were sandwiched between glass fiber rein-

forced PTFE foils using a 25 cm2 template of the same material.

A pressure of 58 MPa was applied for 4 min at 165�C using a

Carver hot-plate hydraulic press.

Optical Microscopy

Polarized light microscopy (PLM) examinations were performed

using a Nikon Eclipse 90i optical microscope (IZASA, Spain)

equipped with a 5-megapixels cooled digital color microphotog-

raphy camera Nikon Digital Sight DS-5Mc. Captured images

were analyzed and processed by using Nis-Elements BR

software.

Measurement of Transparency

The transparency of films was determined from their surface

reflectance spectra as described in a previous work.18 A spectro-

photometer KONICA MINOLTA CM-2600d was used to perform

measurements on a black and white background in triplicate for

each sample. Kubelka-Munk theory for multiple scattering19 was

applied to the reflection spectra for the determination of the

transparency. Internal transmittance Ti in the films was quantified

by applying Eq. (1)20 where R0 is the reflectance of the layer with

an ideal black background and Rg is the reflectance of the sample

layer backed by a known reflectance.

Ti5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2R0ð Þ22b2

q
(1)

a5
1

2
R1

R02R 1 Rg

R0 � Rg

� �
(2)

b5 a221
� �1 2=

(3)

Scanning Electron Microscopy (SEM)

For SEM observation, the samples were cryofractured after

immersion in liquid nitrogen, mounted on bevel sample holders

and sputtered with Au/Pd under vacuum. Micrographs of the

fracture surface were taken with a Hitachi S4800 scanning elec-

tron microscope, working with an accelerating voltage of 5 kV.

Gravimetric Measurements

Direct permeability to D(1)-limonene of 95% purity (Panreac

Qu�ımica, Spain) at 60%RH in the outer atmosphere and direct

permeability to water at 0%RH in the outer atmosphere were

determined from the slope of weight loss vs. time curves at

24�C. The films were sandwiched between the aluminum top

(open O-ring) and bottom (deposit for the permeant) parts of

aluminum permeability cells with the help of a Viton rubber O-

ring to enhance sealability. The deposit was filled with the per-

meant and the pinhole secured with three screws. Finally, the

cells were placed in the desired environment (0%RH desiccator

for water measurements and chamber conditioned at �60% RH

and 25�C for limonene testing) and the solvent weight loss

through a film area of 0.001 m2 was monitored and plotted as a

function of time. Cells with aluminum films (with thickness of

ca. 100 microns) were used as control samples to estimate sol-

vent loss through the sealing. Cells clamping polymer films but

with no solvent were used as blank samples to monitor water

uptake. Solvent permeation rates were estimated from the

steady-state permeation slopes, i.e., only the linear part of the

weight loss data was used. Water vapor weight loss was calcu-

lated as the total cell loss minus the loss through the sealing.

Organic vapor weight loss was calculated as the total cell loss

minus the loss through the sealing and plus the water weight

gain. The tests were done in triplicate for both permeants.

Oxygen Transmission Rate

The oxygen permeability coefficient (P) was derived from oxy-

gen transmission rate (OTR) measurements recorded using an

Oxtran 100 equipment (Modern Control, Minneapolis, MN).

The temperature was kept at 24�C, while experiments were per-

formed at 80% RH, generated by a built-in gas bubbler and

checked with a hygrometer placed at the exit of the detector.

Experiments were done in duplicate. Samples were purged with

nitrogen for a minimum of 20 h, prior to exposure to a 100%

oxygen flow of 10 mL/min, and a 5 cm2 sample area was meas-

ured by using an in-house developed mask.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) of PHBV and its com-

posites was performed on a Perkin-Elmer DSC 7 thermal analy-

sis system on typically 7 mg of material at a scanning speed of

10�C/min. Two heating scans were carried out from 240�C to

170�C separated with a cooling scan at the same rate. The base-

line of the thermograms was corrected with similar runs of an

empty pan and the DSC equipment was calibrated with an

indium standard.

Crystallinity was estimated using the ratio between the heat of

fusion of the studied material and the heat of fusion of a per-

fect crystal of same material, i.e.,

%Xc5
DHf

DH0
f

3 100 (4)

where DHf is the enthalpy of fusion of the studied specimen

and DHf
0 is the enthalpy of fusion of a totally crystalline mate-

rial (DHf
0 5 146 J/g for PHBV21).

Mechanical Properties

Tensile tests were carried out at 24�C and 50% RH on an Ins-

tron 4400 Universal Tester. Dumb-bell shaped specimens with

initial gauge length of 25 mm and 5 mm in width were die-

stamped from the sheets in the machine direction according to

ASTM standard method D88222). The thickness of all specimens

was approximately 100 lm. A fixed crosshead rate of 10 mm/

min was utilized in all cases, and results were taken as the aver-

age of four tests. The samples were preconditioned at 54% RH

before testing and were assayed within 2 weeks after preparation

of the films.
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Modeling of the mechanical properties using the Halpin-Tsai

equation [eq. (5)] was carried out to compare the experimental

results with the theoretical expectations.23

E5
Em 11nguð Þ

12gu
(5)

where

g5

Er

Em
21

Er

Em
2n

(6)

n5
2 3 length

thickness
(7)

Er and Em refer to the Young’s modulus of the matrix and the

reinforcement, respectively, and u is the volume fraction of the

additive. For the calculations, Em was experimentally determined

(EPHBV12 5 670.31 MPa) and Er was consulted in the existing

bibliography (Echicken feather fiber 5 3590 MPa24).

Statistical Analysis

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

using Statgraphics 5.1 software package. Comparisons between

samples were evaluated using the Tukey test.

RESULTS AND DISCUSSION

Morphology, Dispersion, and Optical Properties of PHBV-

Based Composite Films

In this work, a keratin additive was produced by mechanical

treatment of chicken feathers. The morphology of the produced

filler was studied by particle size analysis and SEM. Figure 1(A)

shows the cumulative and frequency curves of the particle size

distribution of the keratin additive. Although the total range of

the distribution was wide, 70% of the volume of the sample

was less than 100 lm. From the results, the estimated average

particle length was ca. 30 lm and the absolute maximum of fre-

quency corresponded to 80 lm. On the other hand, SEM obser-

vations confirmed that keratin particles presented fibrillar

morphology, in accordance with a previous work,25 with a

rather uniform diameter of 5 lm [cf. Figure 1(B)]. Considering

this, the average aspect ratio, i.e., length to diameter, of the

fibers was 6, with a main population of fibers with an aspect

ratio of 16.

This keratin additive was subsequently incorporated into

PHBV12 by melt compounding and composite films were pre-

pared by compression moulding. Figure 2 shows the contact

transparency images of the biocomposite films with different

keratin loadings. It can be observed that the transparency of the

pure PHBV12 was kept for the films containing up to 5 wt % of

keratin additive. A yellowish coloration caused by the keratin

was noticeable from 3 wt % of additive, increasing gradually

with its addition percentage. Films with percentages of additive

over 10 wt % presented a noticeable loss in transparency and

higher coloration effect. It is known that chicken feather fibers

present a thermal degradation profile which comprises a first

degradation step ranging from 265�C to 350�C corresponding to

the protein denaturation, followed by a second decomposition

step from 350�C onwards.26,27 Thus, suggesting that this yellow-

ish color was not caused by thermal degradation of the filler

during melt processing.

Film transparency was evaluated through the variation of the

internal transmittance (Ti) values and the results are shown in

Figure 3. A decrease in these values implies higher opacity of

the materials, while increasing values can be related to more

homogeneous and transparent films. The sample without kera-

tin additive showed the highest values of Ti, and a gradual

decrease of these parameters was observed as the amount of

additive increased. In agreement with the previous contact

transparency images, it can be concluded that the transparency

of the pure PHBV12 was preserved for samples with loadings

up to 3–5 wt %. In contrast, the sample with 50 wt % of kera-

tin additive showed the maximum drop in the transparency

with a reduction of 20% to 10% of Ti over the wavelength

range studied.

The morphology of the generated biocomposites was studied by

optical microscopy and SEM. Figure 4 shows representative

optical microscopy images corresponding to the samples loaded

Figure 2. Photographs of PHBV films containing 0 wt % (A), 0.5 wt %

(B), 1 wt % (C), 3 wt % (D), 5 wt % (E), 10 wt % (F), 25 wt % (G),

and 50 wt % (H) of keratin.

Figure 3. Spectral distribution of internal transmittance (Ti) of control

and films with different additive loadings.
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with 1, 5, 10, and 25 wt % of additive. The keratin additive was

identified as fibers of different sizes. Aggregation of fibers was

observed in the materials with additive loadings higher than 5 wt

%, which is also in agreement with the reduced transparency

observed for these samples. This poor dispersion departs from the

ideal scenario in which individual particles with good adhesion to

the polymeric matrix influence the free volume on the surround-

ing region and increase the tortuosity of the diffusion path that

the permeate needs to follow across the material, both effects

decreasing the permeability of the composite.28 Therefore, a bar-

rier decrease could be expected for loadings higher than 5 wt %.

Figure 5 presents representative SEM images of cryofractured sec-

tions of the biocomposite films. The elongated shape of the fibers

discussed above, with their relatively high aspect ratio, favored an

arrangement in which fibers were randomly distributed but ori-

ented with their length parallel to the film surfaces. Images 5A

and 5B, corresponding to films with 1 and 5 wt % additive

respectively, confirm that keratin fibers were homogeneously dis-

persed through the film thickness, showing a fairly good adhesion

to the polymer matrix [cf. Figure 5(C,D)]. Poor dispersion and

aggregation of fibers was observed for higher contents of additive,

supporting the previous optical microscopy observations. Con-

cerning the fracture process, there were some fiber pullouts, as

noticed by the exposed fibers. Nevertheless, the fiber fragments

were not very long, and some were fractured in the same fracture

plane as the polymer [cf. Figure 5(C), left side], indicating strong

fiber/polymer interactions. A similar morphology and matrix–fil-

ler adhesion was observed for PLA composites loaded with

chicken feather fibers prepared by extrusion,26 although in that

case most of the fibers were broken off together with the PLA

matrix, suggesting that the keratin fibers present improved adhe-

sion with a PLA matrix as compared with the PHBV used

through this work. In any case, it seems that the keratin fillers

present a relatively good compatibility with hydrophobic poly-

mers. This interaction was helped by the intrinsic surface rough-

ness of the fibers [cf. Figures 5(C,D)], which increases the surface

area by a factor of about 2.2 over a perfectly smooth fiber.25

Thermal Analysis

Thermal properties of the composite materials were evaluated

by means of DSC analyses. The melting temperature (Tm) and

heat of fusion (DHm) were determined from the first and sec-

ond heating runs. The degree of crystallinity (Xc) of the compo-

sites was determined from the first heating run curve, which

offers information related to the thermal characteristics of the

obtained material, just after its preparation. Crystallization tem-

perature (Tc) was also measured on the cooling run.

Multiple melting peak behavior of PHBV copolymers was inter-

preted previously29 as an effect of the melting-recrystallization

process occurring during subsequent heating. From the data

Figure 4. Optical microscopy images of PHBV films containing 1 wt % (A), 5 wt % (B), 10 wt % (C), and 25 wt % (D) of keratin additive. Scale bar

corresponds to 20 lm for A, C, and D and to 30 lm for B. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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gathered in Table I it can be observed that the melting point

was not affected or just showed slight variations along the

whole range of additions for both heating runs. This observa-

tion is in agreement with previous results on the production of

PLA composites containing keratin fibers26 and discards severe

filler-induced polymer degradation phenomena, which has been

reported for PHBV composites containing nanoclays.30 The

crystallization temperature also remained unmodified or with

no significant variations for all the studied addition percentages.

In contrast, for up to 3 wt % of keratin addition, crystallinity

was not modified or slightly increased, whereas greater additive

contents led to a drop in the crystallinity value, indicating that

the presence of greater keratin fiber contents hindered signifi-

cantly the crystallization process. This result is again related to

the fact that loadings higher than 3–5 wt % resulted in signifi-

cant agglomeration of the filler, therefore distorting the crystal-

line network of the pure PHBV12. Therefore, it is expected that

the agglomeration observed for composites with high contents

of keratin fibers may have an impact on the barrier properties

of the materials as a result of the reduced crystallinity, as crys-

tallites are considered to be impermeable to the passage of low

molecular weight molecules.

Mass Transport Properties

Table II summarizes the water, limonene and oxygen permeabil-

ity coefficients for the pristine melt mixed PHBV12 and its

composites with 0.5, 1, 3, 5, 10, 25, and 50 wt % of keratin.

Regarding water permeability, an optimum additive percentage

was observed at 1 wt % keratin addition, resulting in a perme-

ability reduction of 59%. The rest of the compositions showed

no significant effect on the water barrier, except for filler load-

ings higher than 5 wt %, where noticeable barrier losses were

seen, although due to the variability of data statistically signifi-

cant differences were only found for loadings higher than 25 wt

%. When limonene was considered as the permeant, a similar

behavior was observed. The composite material containing 1 wt

% of keratin presented a significant reduction of 55% in the

permeability, whereas, similarly to what was found with water, a

detrimental effect in the limonene barrier properties was

observed for composites containing more than 5 wt % of the

filler, but again statistically significant differences were found

only for the composite with 50 wt % of the keratin filler as a

result of the large data variability. Regarding the oxygen perme-

ability, the greatest reduction, of ca. 67% as compared with the

pure polymer, was also found for the 1 wt % keratin composite.

A slight improvement in the oxygen barrier properties, in com-

parison with the pure PHBV, was also observed for the samples

containing 3 wt % keratin but, as observed from Table II,

higher loadings did not lead to an improvement in the oxygen

barrier properties, with excessive OTRs for additions beyond 5

wt %. This result is in agreement with a previous work in which

low density polyethylene composites loaded with 5 wt % and 10

wt % chicken feathers were produced, observing a significant

increase in the oxygen permeability with the addition of the

Figure 5. SEM micrographs of the cryofractured section of PHBV films containing 1 wt % (A and C) and 5 wt % of keratin additive (B and D).
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filler,31 thus confirming that only low loadings may improve the

oxygen barrier properties. The existence of an optimum in the

dispersion of the additive, corresponding to low addition per-

centages, specifically to 1 wt %, could justify the reduction in

permeability of this specific composite material observed for the

three different permeant substances studied. An optimum dis-

persion, where particles are not aggregated but homogeneously

distributed within the polymeric matrix is thought to increase

the tortuosity in the diffusion path of the permeant, thus

reducing the permeability. Depending on the chemical nature

of the additive and the particle size and shape this optimum

percentage can vary. As an example, optimal barrier properties

have been reported previously in PHBV reinforced with 5 wt %

clay nanoparticles.30 Moreover, it is clear that keratin loadings

greater than 5 wt % are detrimental for the barrier properties

of the composite materials, as one the one hand, there is signif-

icant filler agglomeration and on the other hand, the crystallin-

ity of the material is decreased, just as pointed out by DSC

results.

It should also be mentioned that filler-induced polymer hydroly-

sis, which is commonly associated with the melt-mixing pro-

cess,32 seems to take place to a certain extent, as suggested by the

lower barrier performance of the pure polymer if compared with

the same material when processed by the solution casting tech-

nique.33 However, filler addition did not seem to further promote

polymer hydrolysis, as deduced from the thermal characteristics

of the composite biomaterials obtained in this work. In addition,

the permeability values can also be affected by the presence of

plasticizers, the mixing and conformation procedures and the

thermal history of the material, among other factors. As indicated

by the distributor, the PHBV used in this work contained a

10 wt % of citric ester as plasticizer. In a review on the main

physical properties of different commercial PHAs,34 an increase

in the oxygen permeability of some of the studied biopolyesters

due to the presence of plasticizers was reported. Therefore, the

values provided in Table II are comparable within the set of sam-

ples, but a comparison in absolute terms with determinations

made on other PHAs can be difficult to establish.

Table I. DSC Melting Point (Tm), Melting Enthalpy (DHm), Degree of Crystallinity (XC) and Crystallization Temperature (TC) of Melt Mixed PHBV12

and Its Composites with 0.5, 1, 3, 5, 10, 25, and 50 wt % of Keratin Fibers

Sample

1st heating
Tm

(�C)

1st heating
DHm

(J/g)

1st heating
% XC

2nd heating
Tm

(�C)

2nd heating
DHm

(J/g)
Tc

(�C)

0% Keratin 139.4–153.4 6 (0.3–0.1) 37.7 6 0.9 26.0 6 1.3 147.9–157.0 6 (0.1–0.4) 46.0 6 7.0 103.0 6 0.0

0.5% Keratin 138.9–152.7 6 (0.8–0.3) 38.0 6 5.0 26.0 6 4.0 147.6–156.7 6 (1.1–0.9) 49.0 6 12.0 102.4 6 1.4

1% Keratin 138.2–152.8 6 (0.1–0.0) 37.8 6 0.4 26.0 6 0.6 147.5–156.7 6 (0.2–0.5) 46.0 6 3.0 103.3 6 0.5

3% Keratin 139.8–153.0 6 (0.1–0.2) 39.0 6 2.0 26.8 6 0.0 147.1–156.4 6 (0.3–0.5) 45.0 6 4.0 102.1 6 0.1

5% Keratin 141.2–153.2 6 (0.2–0.7) 26.2 6 1.3 18.0 6 0.6 148.3–157.3 6 (1.8–1.8) 43.0 6 6.0 103.3 6 1.6

10% Keratin 136.2–152.5 6 (0.1–0.2) 31.0 6 2.0 21.0 6 0.6 147.1–156.5 6 (0.4–0.5) 44.0 6 10.0 101.9 6 0.3

25% Keratin 142.3–153.4 6 (0.7–0.1) 29.3 6 1.5 20.1 6 2.0 147.4–156.7 6 (0.3–0.2) 49.9 6 11.2 102.5 6 1.3

50% Keratin 139.6–153.0 6 (0.6–0.1) 24.2 6 1.1 16.6 6 1.5 147.3–156.3 6 (0.8–0.6) 35.0 6 11.0 102.0 6 0.9

Table II. Water, Limonene and Oxygen Permeability Coefficients for PHBV12 and Its Composites with 0.5, 1, 3, 5, 10, 25, and 50 wt % of Keratin

Fibers

Sample
Water permeability
(310215) (kg m/s m2 Pa)

Limonene permeability
(310215) (kg m/s m2 Pa)

80% RH Oxygen
permeability (310218)
(m3 m/(m2 s Pa))

0% Keratin 7.4 6 0.6ab 8.3 6 1.1a 3.0 6 0.1b

0.5% Keratin 7.8 6 0.3ab 9.0 6 2.6a 3.1 6 0.4b

1% Keratin 3.1 6 0.0a 3.7 6 0.3a 1.0 6 0.2a

3% Keratin 7.9 6 0.4ab 8.3 6 0.5a 2.6 6 0.1b

5% Keratin 7.4 6 0.6ab 8.4 6 0.6a 3.2 6 0.5b

10% Keratin 9.0 6 2.0ab 9.5 6 5.3a –

25% Keratin 20.0 6 2.0b 8.0 6 1.1a –

50% Keratin 62.0 6 16.0c 22.7 6 2.3b –

PHBV12 casting33 1.3 6 0.1* 1.3 6 0.1*; 1.4 6 0.0

The a, b and c letters correspond to the ANOVA statistical analysis and Tukey test of the data that indicate that with a 95% confidence level, the val-
ues are significantly different.
*Measured at 40% RH.
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It is also interesting to note that whereas for the pure PHBV

the permeability to the three different permeants was such that

Plimonene> PH2O> PO2, when increasing the filler content over

25 wt % the water permeability became higher than the limonene

permeability. This observation may suggest that, while the pure

polymer presented higher affinity for the less polar limonene,

when incorporating the keratin filler, with its amphiphilic nature,

the overall hydrophilic character of the material was increased

and as a result water permeability was affected to a higher extent

than limonene permeability by the addition of the filler.

An additional assessment of the barrier performance was carried

out by comparing the experimental data with the results obtained

when applying a theoretical model. Maxwell35 developed a model

to describe the conductivity of a two-phase system in which per-

meable spheres Pd are dispersed in a continuous permeable

matrix Pm. Fricke36 extended Maxwell’s model to consider the

conductivity of a system consisting in ellipsoids of permeability

Pd dispersed in a more permeable continuous matrix. Equation

(7) describes the permeability of the composite system37:

p5
pm1PdFð Þ

11Fð Þ (8)

where

F5
u2

11u2

� �
1

11 12Mð Þ Pd

Pm
21

	 

2
4

3
5 (9)

M5
Cosh
Sin3h

h2
1

2
sin 2h

� �
(10)

cos h5
W

L
(11)

u25
Wr=qr

Wr=qr1
12Wr

qm

(12)

Being W the dimension of the axis of the ellipsoid parallel to the

direction of transport and L the dimension of the axis perpendic-

ular to the direction of transport, with h in radians, and u2 the

volume fraction of the reinforcement, calculated from the weight

fraction of the reinforcement wr and the density of the reinforce-

ment and the matrix, qr and qm, respectively. This model

approaches the Maxwell model as the L/W ratio trends to unity.

Figure 6 shows the relative variation in permeability calculated

using Fricke’s model for L/W ratios of 6, 16, and 500, consider-

ing Pm 5 100 and Pd 5 138, qr 5 0.89 g/cm3,11 and qm5 1.25

g/cm3, together with the normalized variation in permeability

to water vapor, limonene, and oxygen of the samples. The varia-

tion in permeability measured for the samples oscillated over

and under the model plots, indicating that, due to the nature of

the additive, its behavior was not well described by these mod-

els. Keratin reinforcement presented a wide particle size distri-

bution as determined by laser diffractometry. This implies a

wide distribution of aspect ratios, a circumstance which was not

considered in the application of the Fricke’s model, with the

consequent mismatch between the measured values and the

modeling. For the samples with the higher percentages of addi-

tion, aggregation phenomena discussed above implied an

additional deviation from the assumptions of the model, result-

ing in a greater disagreement between the predicted and experi-

mental values. Considering the composition with the maximum

decrease of permeability for the three permeants, i.e., 1 wt % ker-

atin additive, it would correspond to an effective aspect ratio of

over 500 according to the theoretical model, which is much

greater than the experimental average aspect ratio of 6. This

underestimation of the filler blocking capacity has been previ-

ously detected for different systems, as for example PLA and

EVOH nanocomposites loaded with highly dispersed cellulose

nanowhiskers39,40 and it was explained by the fact that aside

from the diffusion reduction caused by the greater tortuosity

produced with low filler loadings, other phenomena such matrix

morphological alterations and reduced sorption of the permeant

were also taking place and contributing to the permeability drop.

Mechanical Properties

Figure 7(A) shows the dependence of the elastic modulus and

elongation at break with the keratin additive loading. For addi-

tions of 1 and 3 wt % a significant increase in elastic modulus

of ca. 30% and 20% respectively, over the pure PHBV was

observed. This increase has been also observed in LDPE at low

loadings of a similar keratin reinforcement.11 Under this finding

and supported by microscopy observations, the authors

reported an interaction between the reinforcement and the

polymer without the need for coupling agents or chemical treat-

ment of the fibers. On the other hand, it is clearly observed that

upon increasing the filler loading there was a drop on the elastic

modulus. This later fact may be related to the filler agglomera-

tion observed for higher keratin loadings. The elongation at

break [cf. Figure 7(B)] decreased with the keratin content of the

composites, evidencing a loss in ductility for the films. Thus,

low additive contents, up to 1 wt %, should be incorporated to

limit the brittleness increase of the composite materials. In par-

ticular, a composition of 1 wt % filler yielded the combination

of the lowest permeability and the highest elastic modulus, with

an acceptable ductility drop as compared with the pure

biopolymer.

Figure 6. Relative permeability (P/Pm) versus volume fraction of dispersed

phase modelled with different aspect ratios L/W and the normalized

experimental permeability values for water vapor, limonene, and oxygen.
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A previous study in which PLA composites loaded with chicken

feather fibers were developed,26 reported reductions in the ten-

sile strength for all the composite samples and increased elonga-

tion at break for filler loadings up to 5 wt %, while the elastic

modulus was not significantly affected. Thus, chicken feathers

showed a plasticizing effect in that case, in contrast with the

ductility drop observed in this work. This different effect may

be explained by an enhanced matrix–filler adhesion observed

for the PLA composites, as already pointed out by the morpho-

logical analyses.

As detailed in the materials and methods section, modeling of

the experimental mechanical properties using the Halpin-Tsai

equation, to compare them with the theoretical expectations, was

performed. As previously reported, a fiber thickness of 5 lm was

considered together with the mean length (D[3,2] 5 30.3 lm).

The value of the maximum of the frequency distribution of

lengths, 80 lm, was also considered in a second calculation.

Figure 8 shows the comparison between the theoretical results

for both lengths considered and the experimental values. As

previously observed with the permeability evolution, theoretical

models did not match the experimental results, underestimating

the increase in Young’s modulus found for composites with 1

wt % and 3 wt % additions. Once again, the wide particle size

distribution of the additive, generating a wide range of aspect

ratios which was not considered in the model, together with the

poor dispersion and aggregation of additive fibers in highly

loaded samples would be the main reasons of the observed dis-

crepancy between experimental and theoretical results.

Measurements of samples of the higher loaded compositions

performed with the methodology described were poorly repro-

ducible and were not considered for discussion.

CONCLUSIONS

Novel biodegradable and renewable composite materials based on

the combination of PHAs with a keratin additive prepared from

poultry feathers were successfully developed. Suitable dispersion

for low loadings of the additive in the biopolymeric matrix was

achieved by melt mixing. This good dispersion led to barely

unmodified optical properties for the obtained films. Although

chemical interaction between the keratin additive and the poly-

mer did not take place, a good physical adhesion was observed

by SEM. The combination of this adhesion and the adequate dis-

persion of the additive enhanced the barrier properties of the

pure polymer, reducing its water, limonene and oxygen perme-

ability to less than a half of its initial value for the composite

containing 1 wt % of keratin additive. This composition was

found to be the optimum not only in the improvement of barrier

properties but also when mechanical properties were considered.

An increase of ca. 30% over the pristine polymer in the elastic

modulus was found for this addition percentage. In contrast,

samples containing more than 10 wt % keratin fibers presented

poor optical properties and high permeability values.

The increased barrier properties of the 1 wt % addition bio-

composite to water, limonene, and oxygen, and its enhanced

elastic modulus, made this specific composite a suitable

Figure 7. Elastic modulus (A) and elongation at break (B) of the PHBV composite films for the different additive loadings.

Figure 8. Comparison between theoretical predictions by Halpin-Tsai

method and experimental values of Young’s modulus for the different

composites.
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candidate for the development of biodegradable non-petroleum

based food packaging material. On the other hand, considering

the upper end of the studied range of additions, biocomposites

with high percentages of additive can be of use in specific pack-

aging applications where the exchange of gases and/or water

vapor is needed, regardless of transparency.
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