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ABSTRACT: This study develops the enabling technology needed to transform the fibers of poultry feather (FPF), a waste product left

over after processing poultry in the food processing industry, as reinforcement filler material for manufacturing composite materials.

We successfully fabricated composite materials from biopolymers (polylactide, PLA) and FPF that were produced by the extruder sys-

tem. FPF-reinforced polypropylene (PP) composites were also compounded and molded and compared to PLA/FPF composite. The

composites were evaluated via thermal and mechanical analysis. To enhance the adhesion between the polymer matrix and the FPF,

the FPF have been treated with sodium hydroxide, 10% maleinized polybutadiene rubber, and a silane-coupling agent. X-ray photo-

electron spectroscopy was used to analyze the influence of modifications on the properties of fibers and found that the coupling agent

was localized at the surface of the fibers. Thermal behavior of pretreated fibers was also studied by thermogravimetric analysis. All

treatments clearly enhanced thermal performance of fibers. This enhancement of fiber properties, along with an improvement in

fiber/matrix adhesion, led to improvement in the mechanical properties of the composite materials. It was found that the surface-

treated fiber-reinforced materials offered superior mechanical properties compared to untreated fiber-reinforced composite materials.

Moreover, morphological studies by the scanning electron microscopy demonstrated that better adhesion between the fiber and the

matrix was achieved especially for the surface-treated fiber-reinforced composite materials. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym.
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INTRODUCTION

Recently, the use of bio/natural fibers has become the subject of

extensive research for the manufacture of the structural as well

as semistructural fiber-reinforced thermoplastics.1–4 Further-

more, the fiber-reinforced polymer composites have high per-

formance in terms of mechanical properties, significant process-

ing advantages, low density, and low cost.1,2 Research is being

generated mainly on the potential use of natural fibers as rein-

forcements for polymers, because natural fibers offer many

advantages,1,2 such as biodegradability, abundant renewable

source, flexibility during processing, low cost, desirable fiber as-

pect ratio, low density, and reduced wear of the processing ma-

chinery. However, materials scientists nowadays look for new

fiber sources, not only for environmental reasons, but for the

interesting properties that some natural products present. One

very interesting possibility is keratin fiber, an animal-based nat-

ural fiber, which is obtained from poultry feathers. Its intrinsic

properties have made it worthy topic to study.5–7 The main pur-

pose of this study is to develop the enabling technology that is

needed to transform fibers of poultry feather (FPF) into value-

added products for biocomposite manufacturing.

In spite of FPF have several distinctive features that include sur-

face toughness, flexibility, a highly organized morphology char-

acterized by its complex hierarchical structure, high length to

diameter ratio, and hydrophobicity, billions of pounds of waste

feathers are generated each year by poultry processing plants

creating a serious waste problem.5–9 Materials derived from FPF

could be used advantageously in biodegradable material applica-

tions, due to the mixed hydrophobic/hydrophilic surface chem-

istry makes poultry fibers at least partially compatible with all

polymers that are usually predominantly hydrophilic or hydro-

phobic,5,7 and keratin fibers are not only a renewable and
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self-sustainable material but also ecologic, that is, biodegradable,

due to their natural biopolymer origin.7,8 Such applications

could potentially consume the 5 billion pounds of feathers pro-

duced annually as a by-product of the U.S. poultry industry.

Biopolymers such as polylactide (PLA) can be obtained from

renewable resources by microbial fermentation.2 Although PLA

has mechanical properties suited for industrial plastic applica-

tions, it is considered too brittle for many commercial applica-

tions.2,3 This could be overcome by combining it with other fil-

ler materials. The properties of the interface between the fiber/

filler and matrix are critical to many properties of the compos-

ite material. Much attention has been given in the past to the

modification of the fibers by physical and chemical methods.1–3

The mixed hydrophobic/hydrophilic surface chemistry might

make FPF as attractive and suitable reinforcement filler material

for manufacturing PLA-based composite materials, where an

additional benefit of FPF as the filler is the reduction in the

overall cost of biocomposite.

In the present study, the FPF-reinforced composites were proc-

essed by the twin-screw extruder with a FPF content of 30 wt

%. Usually, matrix-fiber interaction can be improved by surface

or structural modification of the fibers by using the coupling

agent, and the coupling agent improves the degree of cross-link-

ing in the interface region and offers a suitable bonding result,

as well as the creation of high fiber surface area, which is

required for the optimization of fiber-resin reinforcement.3 In

this study, FPF had been treated with sodium hydroxide and 3-

aminopropyltriethoxysilane (APS)-coupling agent.10 As part of

our continuing interest in preparing PLA-based composite

materials showing high performance, the present work also

indicates the use of maleinized polybutadiene rubber as a cou-

pling agent in FPF-reinforced composites. In the recent years,

graft copolymers of maleic anhydride (MA) with synthetic and

natural polymers have been studied, and the graft copolymeriza-

tion of maleic hydride onto the natural rubber molecules was

carried out in molten11 or solution states.12 Hristov et al.13

investigated the effects of poly(butadiene styrene) rubber and

maleated polypropylene used as impact modifier and compati-

bilizer, respectively, in the case of polypropylene (PP)/wood

fiber composites. Carlson et al.14 investigated the production of

maleated PLA by reactive extrusion. These authors demon-

strated that improved interfacial adhesion could be obtained in

PLA/starch blends through modification of PLA with low levels

of MA. In this study, it was possible to prepare FPF-reinforced

PLA composites by extrusion in nearly the same way as PP. The

FPF-reinforced PP composite was also compounded and

molded with a fiber content of 30 wt % and compared to PLA/

FPF composite. Because the aim of this research was to improve

the interfacial properties between the PLA matrix and the rein-

forcing fibers, three surface treatment methods had been tested:

(i) FPF treated with an aqueous alkaline solution (FPFNA), (ii)

FPF treated with a silane-coupling agent (FPFSIL), and (iii) FPF

treated with maleinized polybutadiene rubber (FPFR). After

analyzing the influence of these modifications on the chemical,

physical, and thermal properties of FPF, the mechanical and

thermal properties of their biocomposite materials were studied.

This study could be an interesting step toward the development

of the biodegradable composite, which is acceptable for applica-

tions that do not require high-load-bearing capability.

EXPERIMENTAL

Materials

PLA, a corn-based polymer (product name PLA 3001D), was

purchased from NatureWorks LLC, Blair, NE. The density of the

PLA resin was 1.25 g/cm3. The weight–average molecular weight

was about 160,000–220,000 Da. It was dried at 65�C for a mini-

mum of 8 h before use in a desiccating dryer. PP (ProFax 6523)

was obtained from Basell Polyolefins, Elkton, MD.

FPF were purchased by Featherfiber Corporation, Nixa, MO.

Scanning electron microscopy (SEM) of feather material was

showing the fibrous structure: length: �3 – �9 mm and diame-

ter: 6–14 lm. The density of the FPF was measured to be 0.87

g/cm3. 3-APS was purchased from Gelest, Morrisville, PA. Poly-

butadiene functionalized with MA (Ricon 130MA13) was pur-

chased from Sartomer USA, LLC., Exton, PA.

Fiber Surface Modification

Processing of Alkali-Treated FPF. FPF were immersed in so-

dium hydroxide solution (5% w/v) for 2 h at room tempera-

ture. The fibers were then washed with distilled water contain-

ing a few drops of acetic acid followed by distilled water until

the NaOH was removed, that is until the rinse water no longer

indicated any alkalinity.15,16 After washing, the fiber was air

dried for 2 days. Next, the fiber was kept in an oven at 80�C
for 6 h.

Processing of Silane-Treated FPF. About 5 wt % silane (3-

APS; weight percentage regarding the feather fiber) was hydro-

lyzed in a mixture of water and ethanol (40 : 60 w/w). During

surface treatment, APS hydrolyzes and the resultant silanol

groups can bond with the fiber surface.10 Amine groups from

APS can form hydrogen bonds to COO sites on the hydrolyzed

PLA backbone. The pH of the solution was adjusted to four

with acetic acid and stirred continuously for 1 h. The fibers

were soaked in this solution and left for 3 h. The fibers were

then washed and air-dried for 3 days. Last, the fibers were dried

in an oven at 80�C for 12 h. The silane-coupling agents have

ethoxy groups that are hydrolyzed in the presence of water pro-

ducing silanol groups.15 APS has three ethoxy groups that yield

three hydroxyl groups after hydrolysis. The silanol can then

react with the OH groups on FPF, which forms stable covalent

bonds to the cell wall that are chemisorbed onto the fiber sur-

face.15,16 The silanols are also capable of linking with the matrix

polymer through the siloxane bonds.17 Thus, the silanes act as

connector molecules between the matrix and the fiber.

Processing of 10% Maleinized Polybutadiene Rubber-Treated

FPF. FPF were treated with 10% polybutadiene functionalized

with MA that was used as an impact modifier.18 The maleinized

polybutadiene rubber was dissolved in hexane by continuously

stirring using a magnetic stir bar. The solution was sprayed to

feather fibers. The treated feather fibers were dried under the

hood for 8 h. The fibers were then dried in a vacuum oven at

80�C for 12 h. They were then dried in an oven for 4 h at

80�C.
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Fabrication of Composites by Twin-Screw Extruder. Before

processing, the PLA was dried under vacuum at 80�C for 24 h.

The PP matrix, however, was not dried. The required amount

of the fibers and the polymer was mechanically mixed in a

kitchen mixer (Hamilton Beach, Model: 56200, Type: B17).

Then the samples were extruded at 100 rpm with a Micro 15 cc

compounding system (DSM Research, Geleen, the Netherlands)

at 177�C for 10 min. The extruder has a screw length of 150

mm, an L/D of 18, and a net capacity of 15 cm3. To obtain the

desired specimen samples of the PLA-based composite for vari-

ous measurements and analysis, the molten composite samples

were transferred after extrusion, through a preheated cylinder to

an injection molder, which was preset with the injection tem-

perature at 177�C and the mold temperature at 40�C. The den-

sity of the composite was measured to be 1.01 g/cm3, which

was less than the density of neat PLA. In the case of the PP-

based composite, compounding was carried out at a screw

speed of 100 rpm, and extruder temperatures were set at 173�C.
Injection-molded samples were placed in sealed polyethylene

bags in order to prevent moisture absorption.

Testing and Characterizations

X-Ray Photoelectron Spectroscopy. The X-ray photoelectron

spectroscopy (XPS) surface chemical characterization was car-

ried out by a Physical Electronics (PHI 5400 ESCA system) elec-

tron spectrometer using a polychromatic Mg anode. The X-ray

source operates at 5 kV and 300 W. The take-off angle is held at

45�. Atomic concentrations are determined by sensitivity factors

supplied by the manufacturer. The analysis of the spectra was

performed using commercial curve-fitting software.

Thermogravimetric Analysis. The thermogravimetric analysis

(TGA) was carried out in a TA 2950 TGA. The samples were

scanned from 25 to 500�C at 20�C per min in the presence of

nitrogen.

Mechanical Testing. A mechanical testing machine, United Cal-

ibration Corp SFM 20, was used to measure the flexural proper-

ties according to ASTM D 790 standard and the tensile proper-

ties according to ASTM D 638 standard. System control and

data analysis were preformed using Datum software. The

notched Izod impact strength was measured with a Monitor/

Impact machine of Testing Machines (TMI) 43-02-01 according

to ASTM D 256. All results presented are the average values of

five measurements.

Differential Scanning Calorimeter. The melting and crystalliza-

tion behavior of the matrix polymer and the composites were

studied using a TA Instruments 2920 Modulated Differential Scan-

ning Calorimeter (DSC) equipped with a cooling attachment

under nitrogen atmosphere. The data were collected by heating

the composite specimen from 25 to 200�C at a constant heating

rate of 5�C/min. A sample weight of �10 mg was used. The sam-

ples were sealed in aluminum pans, and the sealed samples were

placed on a heating surface in the furnace along with an empty

reference aluminum pan. The heat flow and energy changes in

and out of the samples in the sealed aluminum pans were

recorded with reference to an empty aluminum pan. Melting tem-

perature was obtained from the peak in the heating curve.

Scanning Electron Microscopy. The morphology of impact

fracture surfaces of the composites was observed by scanning

electron microscopy (SEM) at room temperature. A JEOL

(model JSM-6300F) SEM with field emission gun and accelerat-

ing voltage of 10 kV was used to collect SEM images for the

composite specimen. A gold coating of a few nanometers in

thickness was coated on impact fracture surfaces. The samples

were viewed perpendicular to the fractured surface.

RESULTS AND DISCUSSION

Elemental Composition of FPF

XPS spectra were taken of the FPF following each treatment is

given in Table I. These XPS scans revealed the presence of car-

bon, oxygen, nitrogen, calcium, and silicon on the untreated

and treated feather fiber surface. Changes in oxygen/carbon

atomic ratio as a function of each treatment are shown in

Table I. After silane treatment, there is a marked increase in sili-

con as well as oxygen contents and a decrease in carbon and

nitrogen contents. After NaOH treatment, the oxygen, nitrogen,

calcium, and silicon contents increase, while carbon content

decreases on the surface of feather fibers. The increased O/C

atomic ratio (or decreased concentration of unoxidized carbon)

reduced from the aliphatic hydrocarbon chains (ACH2A)n serve

to attach the functional groups to the silicon atom. The silane-

treated FPF has higher Si/O atomic ratios than the NaOH-

treated FPF. In addition, the increase in oxygen to carbon atom

ratio of fiber surface as shown in Table I is a relative scale for

increase in hydroxyl group content, which may help to increase

the interaction between FPF and polymer matrix.16 According

to Ullah et al.,4 the FPF is semicrystalline, and the crystalline

phase consists of a-helical protein braided into microfibrils

where the protein matrix is fixed by intermolecular interactions,

especially hydrogen bonds; and in this type of protein, hydrogen

bonds are many and strong.

Table I. Surface Characterization of FPF Using X-Ray Photon Spectroscopy

Samples

Elemental Compositions (%)

Si/O ratio O/C ratioC O N Ca Si

Untreated 86.01 10.11 2.67 0.53 0.69 0.068 0.118

FPF

FPFNA 82.48 11.95 3.52 0.78 1.27 0.106 0.139

FPFSIL 83.07 11.87 2.31 0.76 1.99 0.167 0.142

FPFR 86.15 9.68 2.44 – 1.74 0.179 0.112
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Thermogravimetric Properties

The thermal properties of the neat PLA resin and untreated-

and surface treated-FPF were investigated with TGA. TGA

curves as a function of temperature of neat PLA resin and

untreated- and surface treated-FPF are shown in Figure 1. In

Table II, the 5, 10, 25, and 50% weight-loss temperatures (T5,

T10, T25, and T50, respectively) are listed for all specimens

shown in Figure 1. As seen in Figure 1, there are three stages to

degrade the FPF: (a) the moisture absorbed during storage is

released from the FPF first, (b) between 235 and 360�C, a sec-

ond transition occurs, where FPF undergoes degradation, and

(c) FPF starts to decompose from 360�C onward. At 200�C, 6.1,
6.9, and 4.9% weight loss were observed for FPFSIL, FPFR, and

FPFNA, respectively. For the untreated FPF, 8.5% weight loss

was observed at 200�C. It was also observed that the weight loss

of untreated FPF sample is relatively high in comparison with

the surface-treated samples as seen in Table I. After the NaOH-

or silane treatments, the temperature at the maximum rate of

decomposition of FPF increased, indicating that this NaOH- or

silane treatment leads an improvement in thermal stability.

Mechanical Properties

Flexural Properties of the Composites. Figure 2 shows the

flexural strength and modulus of untreated and surface-treated

FPF-reinforced composites. All surface-untreated or -treated

FPF showed the tendency to significantly increase the flexural

modulus of reinforced composites in comparison with the neat

PLA. The chemical treatments have a lasting effect on the me-

chanical behavior of FPF, especially on fiber stiffness. As seen in

Figure 2, the modulus of both PLA- and PP-based composites

increases significantly with the addition of the surface-treated

FPF. In the case of 30 wt % FPF content in PP-based composite

samples, the flexural modulus is increased from 2.4 GPa for the

untreated fibers to 2.9 GPa for the alkali-treated fibers, that is, a

20% increase. The composite with NaOH-treated FPF showed

higher increase in modulus than that of silane-treated FPF-rein-

forced composite. It was also found that the flexural modulus

improved significantly (improved 12%) when silane-treated

feather fibers were used compared to untreated versions. Sree-

kala et al.17 suggested that the silane-treated cellulose fiber com-

posite was observed to show an increase in nucleation density

compared to the composite with the untreated fibers under the

same conditions. The increased nucleation provided smaller

crystals that result in a transcrystalline interphase region, with

improved bonding between the fiber and the matrix.18,19 A sig-

nificant increase in both flexural strength and flexural modulus

of PP-based composite was observed after rubber treatment of

FPF. As seen in Figure 2, the flexural modulus of every PLA/

FPF composite sample in the experiments is higher than that of

neat PLA sample. According to Shibata et al.20 though flexural

moduli increased for PLA composites, flexural strength did not

increase regardless of the fiber treatment. Tests with different

surface-untreated or -treated FPF-reinforced PLA composites

showed that the flexural properties of these biocomposites were

clearly influenced by the chemical modification of FPF that

effectively resulting in improved adhesion between fiber and

matrix. Lanzilotta et al.21 discovered that the mechanical

strength of injection-molded PLA was not improved when 20–

40 wt % flax was incorporated, and the authors attributed this

to poor adhesion between the flax and PLA, in which PLA had

been modified with MA by reactive extrusion.

Tensile Properties of the Composites. The tensile properties of

the thermoplastic matrix along with PLA- and PP-based compo-

sites are shown in Figure 3. Tensile modulus increased signifi-

cantly with the addition of the 30 wt % FPF, whereas tensile

strength decreased slightly in the cases of the PLA-based com-

posites. This reveals that the incorporation of the bio-/natural

Figure 1. Thermogravimetric curves for (a) neat PLA resin, (b) untreated

FPF, (c) FPFSIL, (d) FPFR, and (e) FPFNA. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Table II. TGA Characterization of the Neat PLA Resin and Untreated-

and Surface Treated-FPF

Samples (wt %) T5 (�C) T10 (�C) T25 (�C) T50 (�C)

Neat PLA resin 356 368 385 401

Untreated FPF 71 224 297 363

FPFSIL 89 265 319 378

FPFR 149 237 310 398

FPFNA 203 269 321 380

Figure 2. Flexural properties of the FPF-reinforced composites. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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fibers into the matrix provides effective reinforcement. Both

tensile strength and modulus of the PP-based composites were

also increased, which indicates improved adhesion between FPF

and the PP matrix. In context, according to Bullions et al.,22

feather fibers were reported to improve the stiffness but reduce

the breaking stress of polyethylene composites. It was reported

in Bullions et al.23 that feathers fibers provided inferior proper-

ties compared to cellulose fibers, and modulus of the compo-

sites was adversely affected by feather fibers, when feather fibers

were mixed with cellulose fiber and PP matrix in a wet lay pa-

per making process to develop composites. In the case of 30 wt

% FPF content in PLA-based composite samples, the decrease

in tensile strength with a high content of bio-/natural fiber is

probably due to either the filler effect or insufficient hydrogen

bonding between the thermoplastic matrix and the bio-/natural

fibers.24,25 The tensile strength is more sensitive to the matrix

properties, whereas the modulus is dependent on the fiber

properties. Plackett26 reported that the addition of PLA modi-

fied with MA (MAPLA) decreased the tensile strength of com-

pression-molded PLA/jute composite. Plackett26 suggested that

PLA mechanical properties are closely correlated with molecular

weight, and mechanical testing of PLA/jute composites showed

a reduction in mechanical strength resulting from addition of

maleated PLA to the fibers. Beckermann et al.27 suggested that

the incorporation of fibers into thermoplastics leads to poor

dispersion of fibers due to strong interfiber hydrogen bonding,

which holds the fibers together. Improper adhesion hinders the

considerable increment of tensile strength. Because of the pres-

ence of hydroxyl and other polar groups in various constituents

of FPF, the moisture uptake is high for dry fibers.8 All these

lead to poor wettability with matrix and weak interfacial bond-

ing between the FPF and hydrophobic matrix.

Figure 3 shows that the tensile modulus of every FPF-reinforced

PLA composite is higher than that of neat PLA sample, and a

maximum value of 4.6 GPa (increment of 48%) is reached for

the FPF-reinforced PLA composite sample with FPF content of

30 wt %, although the tensile strength of the untreated- and

NaOH treated- FPF-reinforced PLA composites was lower than

those of the PLA matrix itself. It can be observed that the rub-

ber-treated FPF-reinforced composite shows lower modulus and

higher tensile strength than other surface-treated composites.

Usually, the orientation of fibers in the composites influences

the tensile strength. The better fibers are aligned, the higher

strength values can be obtained.15 The FPF have high aspect

ratios and contribute to an increase in the moduli of the com-

posites and can also improve the strength of the composite

when suitable additives are used to improve stress transfer

between the matrix and the FPF.4,7

Notched Izod Impact Strength of the Composites. Figure 4

shows the impact strength of the surface-untreated or treated

FPF-reinforced composites. Compared to the untreated fiber

composite having 30% by weight fiber loading, the surface

treatments significantly enhanced the impact strength of the

composites. It is well known that the impact response of fiber

composites is highly influenced by the interfacial bond strength,

the matrix, and fiber properties. The impact properties of sur-

face-treated FPF composites present an evident increase com-

pared to untreated fiber composites. Dupraz et al.10 suggested

that APS has the ability to bond to PLA. During surface treat-

ment, APS hydrolyzes, and the resultant silanol groups can

bond with the FPF surface. Amine groups from APS can form

hydrogen bonds to COO-sites on the hydrolyzed PLA back-

bone.10 In the case of hydroxyapatite (HAP)/PLA composites,

Zhang et al.28 used silane derivatives as modification molecules

to shield degradation of the hydroxyl groups of HAP surfaces to

the polymer main chain that was carried out via direct reactions

of AOR groups of the silane derivatives with AOH groups on

HAP surfaces. Zhang et al.28 also indicated that other functional

groups (ANH2, etc.) of the silane derivatives may further react

toward the terminal groups, carboxylic groups or hydroxyl

groups, of PLA at the same time. Thus, PLA can be bonded

chemically to HAP surfaces by silane-coupling agents.

As seen from Figure 4, the impact strength properties of

untreated- and treated FPF-reinforced PP composites were sig-

nificantly higher than those of the PP matrix itself. In the pres-

ence of rubber-treated fiber-reinforced PP-based composite, the

impact strength of the composite improved 77%, which may be

related to the better interfacial adhesion between PP matrix

polymer and rubber-treated feather fiber. For the FPFSIL-

Figure 3. Tensile properties of the FPF-reinforced composites. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. Notched Izod impact strength of FPF-reinforced composites.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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reinforced PP-based composite, impact strength increased signif-

icantly (64% improvement) compared to the untreated version

at the same fiber content. Maleinized polybutadiene rubber

noticeably improves the adhesion between the FPF and matrix

forming an interfacial layer, therefore, a large increase of the

impact strength in the PP-based composite. For the FPFNA-re-

inforced composites, slightly lower trend was observed (46%

improvement). The reason is not clear, although it may be

related to the better interfacial adhesion between the matrix

polymer and fiber, which is more important at high fiber load-

ing. Generally, the impact properties of composite materials are

directly related to its overall toughness, where impact strength

illustrates the ability of a material to resist the fracture under

stress applied at high speed. The predominant mechanism of

energy absorption is through crack propagation in the notched

Izod test. In this study, the composite processing method played

an important role on the impact properties of the FPF-rein-

forced composites. Although the impact strength properties of

untreated- and FPFNA-reinforced PLA composites were lower

than those of the PLA matrix itself, surface properties of feather

fibers can be modified in terms of both silane and rubber treat-

ments as characterized by an increased surface energy that

improves wettability of the FPF when compounding with PLA.

Crystallization and Melting Behavior of the Composites

The thermal characteristics of the composites were investigated

via DSC. The glass transition temperature (Tg), crystallization

temperature (Tc), melting temperature (Tm), crystallization en-

thalpy (DHc), and melting enthalpy (DHm) obtained from the

DSC studies are summarized in Table III. Using literature refer-

ence values for the PLA melting enthalpies, under the assump-

tion that the polymer is purely crystalline, it was possible to

obtain the degree of crystallinity (v %) in the composite, v ¼
DHm/DH0

m � 100, where DHm is the experimental melting en-

thalpy (J/g) and DHm
0 the melting enthalpy of a pure crystalline

matrix, PLA (93.7 J/g).29

Table III indicates that the Tg and Tm of the composites changed

with the addition of FPF to the PLA matrix. Both untreated-

and treated-feather fiber-filled PLA composite shows an decrease

in Tg compared to neat PLA. These observations indicate that

the composite changed from tough to flexible properties.30 The

melting enthalpy, crystallization enthalpy, crystallization temper-

ature, and degree of crystallinity of the PLA composites

decreased for the presence of untreated or treated FPF in the

case of PLA/FPF composites though same trend did not follow

in the case of silane-treated FPF-reinforced PLA composite.

These results suggest that both treated and untreated FPF affect

the crystallization properties of the PLA matrix. The crystalliza-

tion temperature of the PLA/FPF composite decreased by up to

22�C when compared with neat PLA, which signifies that the

treated feather fibers hinder the migration and diffusion of PLA

molecular chains to the surface of the nucleus in the compo-

sites.16,31 Similar results were obtained in the case of PLA/

FPFNA composite. According to Krassig32 and Rana et al.,33

there are two main factors controlling the crystallization of

polymeric composite systems: (i) additives having a nucleating

effect that results in an increased crystallization temperature,

which increases crystallinity, and (ii) additives hindering the

migration and diffusion of polymer chains to the surface of the

growing polymer crystal, resulting in a decrease in the crystalli-

zation temperature, lowing crystallinity. The crystallinity was

found to decrease as a result of the addition of FPFR in the

case of PLA/FPFR (70/30) composite. The crystallization tem-

perature of PLA decreased by �5�C when FPFR was added.

Shih et al.3 reported that the values of the melting enthalpy

were decreased with the addition of the surface chemically

modified recycled disposable chopsticks fiber (MRDCF).

According to Fornes and Paul,34 it indicates that the MRDCF

may disrupt the crystallite formation of PLA and lead to less-

ordered crystals and smaller crystallinity of the composites

when compared with the pristine PLA.

Morphology of FPF and FPF-Reinforced PLA Composites

The effects of the different treatments on the surface fiber and

the adhesion between matrix and FPF were investigated by

SEM. SEM micrographs of the fracture surface of the untreated

FPF reinforced PLA composites can be seen in Figure 5(a, b).

These figures show the presence of aggregation of the untreated

FPF at the surface. Zooming in on the fibers reveals that there

are voids in the polymer matrix around the fibers as well as

voids in the polymer—matrix where fibers once resided. In Fig-

ure 5(b), the fiber pull-out in the micrographs is an indication

of low-fiber/matrix adhesion.

SEM micrographs of the fracture surface of the treated FPF-re-

inforced PLA composites can be seen in Figure 5(c–f). SEM

micrographs of the treated composites in these figures show the

variability in matrix-FPF adhesion for the treated and untreated

composites, and it is clearly indicated higher interfacial shear

strength for treated fibers and good interfacial adhesion between

the fibers and matrix. SEM images of the FPFNA-reinforced

PLA composites in Figure 5(c, d) show fewer holes than

observed in untreated fibers. As seen in Figure 5(d), NaOH

treatment facilitates good adhesion between FPF and PLA ma-

trix, and it may be that the fiber surface is rougher than in the

untreated FPF fiber composites, which contributes to the

enhancement of the bonding strength between fiber and matrix.

Figure 5(e, f) of the FPFSIL-reinforced PLA composites show

that FPF are well trapped by the PLA matrix. It implies that the

changes of surface topography affect the interfacial adhesion. In

Figure 5(f), the presence of silane produces better fiber disper-

sion, and this morphology is optimal for toughening to occur.

From the SEM micrographs, we can say that the surface treat-

ment of FPF has improved the adhesion between fiber and

Table III. Thermal Properties of Neat PLA and PLA-Based Composites

Polymer/
fibers (wt %)

Tg

(�C)
Tc

(�C)
DHc

(J/g)
DHm

(J/g)
v
(%)

Tm

(�C)

Neat PLA 57 103 30.2 41.9 44.7 172

PLA/untreated
FPF (70/30)

47 81 20.0 39.4 42.0 167

PLA/FPFNA (70/30) 48 84 20.5 39.3 41.9 168

PLA/FPFSIL (70/30) 55 87 20.4 46.4 49.5 169

PLA/FPFR (70/30) 51 79 18.9 36.8 39.2 170
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matrix, which in turn improved the mechanical properties. The

result of the treatments is that FPF increase their potential use

as reinforcing agent for polymeric composite materials.

CONCLUSIONS

This study demonstrated that an environmentally friendly com-

posite with good mechanical and thermomechanical properties

could be successfully developed using FPF as a reinforcing agent

and PLA as a matrix. The main disadvantage of bio-/natural

fibers in thermoplastics is the poor compatibility between the

fibers and matrix. Therefore, surface treatments were used to

modify the properties of poultry feather fibers. It was found by

XPS analysis that the coupling agent was localized at the surface

of the fibers. Thermal behavior of pretreated FPF was also stud-

ied by TGA, and both treatments clearly enhanced thermal per-

formance of fibers. This enhancement of fiber properties, along

with an improvement in fiber/matrix adhesion, led to

Figure 5. SEM micrographs of the impact fracture surface of (I) PLA/untreated FPF (70 wt %/30 wt %) composite: (a) 20 and (b) 20 lm; (II) PLA/

FPFNA (70 wt %/30 wt %) composite: (c) 40 and (d) 20 lm; and (III) PLA/FPFSIL (70 wt %/30 wt %) composite: (e) 40 and (f) 20 lm.
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improvement in the mechanical properties of the composites,

specially in the case of PP composites. The results of the study

showed that silane-coupling agent improves the compatibility

between FPF and PLA resin. This is believed to be caused by

improved interfacial interaction, resulting in high stiffness. The

mechanical properties of the fiber-reinforced PLA composites

were found to compare favorably with the corresponding prop-

erties of PP composites. Surface-treated FPF composites pos-

sessed superior mechanical properties to composites made from

as-received fibers. The reinforcement of neat polymer matrix by

means of treated FPF significantly improves stiffness. The SEM

photographs of fracture surfaces of composites clearly indicated

the extent of fiber-matrix interface adhesion. It may be con-

cluded that surface-treated FPF and polymer matrix can be

molded into a value-added composite material by using the

molding method. Moreover, further research works have been

carried to establish the multiple formulations for the develop-

ment for biodegradable materials from FPF by using biodegrad-

able additives that were also successfully extruded, and now

these multiple formulations are presently optimizing processes

and still evaluating the materials properties of the end products.

Further investigations have to be carried out to determine the

biodegradability of these composites.
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