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We  report  for  the  first  time  on a new  natural  composite  material  achieved  by  blending  cotton  and  duck
feather  using  an  ionic  liquid.  The  addition  of  duck  feather  was  found  to  improve  the  elasticity,  strain  at
break,  by  50%  when  compared  to regenerated  cellulose  alone.  This  is a significant  finding  since  regener-
ated  cotton  using  ionic  liquids  often  suffers  from  poor  elasticity.  The  improved  elasticity  is  likely  due  to
the  regenerated  duck  feather  maintaining  its  helical  structure.  The  new  regenerated  cellulose  composites
vailable online 30 December 2014

eywords:
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otton
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were  characterized  using  a combination  of  dynamic  mechanical  analysis,  Fourier  transform  infrared  spec-
troscopy,  thermal  gravimetric  analysis,  contact  angle  measurements  and  scanning  electron  microscopy.

© 2015  Published  by Elsevier  Ltd.
onic liquids

. Introduction

Cellulose, the structural component of plant walls, is the most
bundant raw material on Earth, with millions of pounds of this
iopolymer produced every year (Wakelyn et al., 2007; Wang &
hang, 2009). Given that cellulose is biodegradable, biocompati-
le, thermally and chemically stable, plentiful and inexpensive, it
akes for a versatile and valuable resource (Belgacem & Gandini,

008; Klemm,  Heublein, Fink, & Bohn, 2005; Morton & Hearle,
008; Netravali, Huang, & Mizuta, 2007; Wakelyn et al., 2007). Due
o the recalcitrance of cellulose to both chemical and enzymatic
rocessing, the development of new materials often encounters
isadvantages such as long reaction times, harsh conditions or
he use of toxic chemicals. Regenerated cellulose fibres can be
chieved in a variety of different ways, which ultimately depends
n the processing solvent. The most common methods for the
reparation of regenerated cellulose are the viscose rayon along
ith non-viscose rayon methods (Kotek, 2007; Woodings, 2000).

n the viscose method, the cellulose is converted into sodium
ellulose xanthate, which is soluble in NaOH making it possi-
le to wet-spin the polymer into a fibre or film (Gibril & Yue,
012; Klemm et al., 2005; Kotek, 2007). The major disadvan-
age of this process is the use of carbon disulfide (CS2), a volatile
nd toxic gas, which is harmful to both the environment and

uman health (Heinze & Liebert, 2001; SIGMA-ALDRICH, 2013;
hu et al., 2006). In the non-viscose rayon processes the cellulose
s not modified but directly dissolved in a solvent system, such

∗ Corresponding author. Tel.: +61 3 5227 2609; fax: +61 3 5227 1103.

ttp://dx.doi.org/10.1016/j.carbpol.2014.12.018
144-8617/© 2015 Published by Elsevier Ltd.
as N-methylmorpholine-N-oxide (NMMO)/H2O system or N,N-
dimethylacetamide (DMA)/lithium chloride (LiCl) (Fink, Weigel,
Purz, & Ganster, 2001; Heinze & Koschella, 2005; Heinze & Liebert,
2001; Kotek, 2007). Again, these processes suffer from long treat-
ment times, high temperatures and have environmental concerns
associated with effluent waste entering waterway. In recent times,
ionic liquids (ILs) have been used for the dissolution of cellulose
(Gibril & Yue, 2012; Heinze & Koschella, 2005; Kosan, Michels,
& Meister, 2008; Swatloski, Spear, Holbrey, & Rogers, 2002; Vitz,
Erdmenger, & Schubert, 2010) as direct solvents. Ionic liquids are
composed entirely of ions with numerous possibilities for cation
and anion combinations (Marsh, Boxall, & Lichtenthaler, 2004;
Matsumoto et al., 2000; Rogers & Seddon, 2003; Zhu et al., 2006).
The dissolution of cellulose, along with other polymers, in ionic
liquid is ever expanding, with increasing numbers of ionic liq-
uids capable of dissolving cellulose reported (Kosan et al., 2008;
Pinkert, Marsh, Pang, & Staiger, 2009; Xie, Li, & Zhang, 2005;
Zakrzewska, Bogel-Łukasik, & Bogel-Łukasik, 2010; Zavrel, Bross,
Funke, Büchs, & Spiess, 2009; Zhu et al., 2006). The impact of
ionic liquids in cellulose dissolution has expanded so greatly that
companies such as BASF have even developed a pilot line uti-
lizing 1-ethyl-3-methylimidazolium acetate (EmimOAc) as the
solvent to regenerate cellulose (Hermanutz, Meister, & Uerdingen,
2006).

The material properties of regenerated cellulose can depend
greatly on the processing methods, however in general, cellulose

regenerated using ionic liquids suffers from poor elasticity (Cao, Li,
Zhang, Zhang, & He, 2010; De Silva, Wang, & Byrne, 2013; Hameed
& Guo, 2010). Therefore, in this study we  have sought to improve
the properties of regenerated cellulose by blending.

dx.doi.org/10.1016/j.carbpol.2014.12.018
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.12.018&domain=pdf
dx.doi.org/10.1016/j.carbpol.2014.12.018
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Table 1
Polymer blends prepared.

Sample name Polymer blend composition

C100 100% cotton
DF100 100% duck feather
CDF97.5 97.5% cotton; 2.5% duck feather
CDF95 95% cotton; 5% duck feather
CDF90 90% cotton; 10% duck feather
R. De Silva et al. / Carbohydr

Polymer blending is a well-known technique used in the poly-
er  industry to develop new materials with improved properties

Wang & Zhang, 2009; Yu, 2009; Yu, Dean, & Li, 2006). The blend-
ng of natural polymers using ionic liquids has been previously
eported by us and others (De Silva et al., 2013; Hameed & Guo,
009, 2010), however as is the case with any polymer blending, the
election of the starting materials ultimately impacts the material
roperties of the final polymer. We  found that using wool or silk
lended with cellulose did not significantly improve the material
roperties of the regenerated cellulose. The use of duck feather as

 blending material has not been previously reported (Idris et al.,
013; Zhao et al., 2010). Duck feathers are a keratin based pro-
ein material consist about 90% keratin which contains about 7%
ysteine (Idris et al., 2013; Sun, Liu, & Liu, 2009; Ullah, Vasanthan,
ressler, Elias, & Wu,  2011). It is considered largely to be a waste
aterial (Idris et al., 2013; Zhao et al., 2010). Only a small quantity is

tilized in the textile industry for the manufacture of manchester
i.e. beddings and pillows) (Ullah et al., 2011) and duck feathers
re also used in the shuttlecock for the sport badminton. (Li, Mao,

 Yaniv, 2007). Duck feather is under-utilized as it is a difficult
aterial to solubilize due to the tight arrangement of the �-helix

nd �-sheet in the polypeptide chain (Idris et al., 2013; Sun et al.,
009; Ullah et al., 2011). Therefore, to utilize these natural poly-
ers by converting them into suitable materials, there is a need for

lternative common solvents which are efficient in dissolving both
ellulose and duck feather keratin.

It was recently shown that ionic liquids can dissolve duck feather
owever the material properties were not measured. Here we  blend
otton, which was previously separated from polyester–cotton
lend wastes (De Silva, Wang, & Byrne, 2014) with duck feather
nd show a significant improvement in the strain properties of
he composite material. In this report the new bio-composites are
haracterized using a combination of dynamic mechanical analy-
is (DMA), fourier transform infrared spectroscopy (FTIR), thermal
ravimetric analysis (TGA), contact angle measurements, and scan-
ing electron microscopy (SEM).

. Experimental method

.1. Dissolution of natural polymers

Single and blended natural polymer solutions of 10 wt%
f the total polymer content were made using dried 1-
llyl-3-methylimidazolium chloride (AmimCl) (purchased from
igma–Aldrich, NSW, Australia) in 20 mL  vials under inert N2
tmosphere. Other cellulose dissolving ionic liquids such as 1-
utyl-3-methylimidazolium acetate (BMIMOAc) can be used as a
olvent to blend natural polymers. Duck feather obtained from pur-
hases duck feather pillows from spotlight, Australia. The cellulose
ased materials (yarns) were obtained from Leading Textiles, VIC,
ustralia. These yarns have not been pre-treated such as scour-

ng or bleaching. The degree of polymerization (DP) of the starting
aterial was measured to be 1260.
Ionic liquids were dried under reduced pressure at 85 ◦C for

0 h to remove water before dissolution of the polymers was  car-
ied out. The water content of the ionic liquid was measured to
e less than 0.2% by Karl Fisher titration. The dissolution process
as carried out using a pre-heated heating block with a thermo-

ouple at 100 ◦C. The cotton and duck feathers were oven dried
or 24 h at 105 ◦C. The polymers were added at increments of 1 wt%
nder magnetic stirring. After total polymer dissolution, a clear and

iscous bio-polymer solution was obtained. The complete dissolu-
ion was observed and verified using a Nikon 80i eclipse polarizing
ight microscope (PLM). A dissolved solution was  obtained when
o crystallinities in the polymer solution were detected.
CDF80 80% cotton; 20% duck feather

Measurements of regenerated polymer blends.

2.2. Preparation of regenerated films

The dissolved polymer solution (approximately 1 mL)  was
spread evenly between two glass slides and immersed in water
for 10 min. This was  repeated 3 times to ensure removal of the IL
from the film. During immersion in the 2nd and 3rd bath, the film
was removed from between the glass slides. After which, the film
was again immersed in water for 24 h and dried for 48 h at room
temperature. The measured film thickness was  65 �m.  After film
preparation, the residual solvent was  collected separately to recy-
cle the IL. The IL was recycled by water evaporation as described
(Cao et al., 2009; Wu,  Wang, Wang, Bian, & Li, 2009). No difference in
the neat IL and recycled IL was  detected in 1H NMR  spectra (1H NMR
spectra are shown in the supplementary graph document). Addi-
tionally, the recycled IL was used for further dissolution studies.
The regenerated films prepared in this study are shown in Table 1.

2.3. DMA measurements

The stress–strain properties of the regenerated films were mea-
sured using dynamic mechanical analysis. Tensile properties of
films were measured on a TA Q800 DMA  testing machine in ten-
sile mode, with a maximum load capacity of 18 N. Stress–strain
curves for the thin rectangular bio-film strips having the dimension
of 25 mm × 5 mm × 0.065 mm were obtained at room temperature
at a controlled force rate of 0.25 N/min. DMA  measurement were
repeated with 5 specimens of each sample type. Young’s modulus
was obtained from calculating the gradient of the linear part of the
stress–strain curve.

2.4. FTIR spectroscopy

FTIR spectra of the regenerated films were measured on a Bruker
LUMOS FTIR microscope. Firstly, samples were scanned in the fre-
quency range of 600–4000 cm−1 at the scan resolution of 4 cm−1

with a background and sample scan time of 64 scans. Then the sam-
ples were again scanned in the regions of interest in the OH stretch
region in 2900–3600 cm−1 and amide I region in 1590–1710 cm−1

for the deconvolution. FTIR measurement was repeated 3 times,
taken over 3 places on the same film.

The hydroxyl region (2900–3600 cm−1) was deconvoluted, and
the curve was  fitted adopting Gaussian model using OPUS 7 soft-
ware. Deconvolution was carried out adapting a Lorentzian model
using a deconvolution factor of 2 and noise reduction factor 0.3.
A straight baseline correction of FSD spectrum was  performed
followed by curve fitting using a Gaussian model. Deconvoluted
spectra were automatically adjusted by the autofit programme
using a local least square algorithm. Band positions were deter-
mined based on fixed number bands determined according to
the second derivatives of the original spectra. Three peaks were
found in the hydroxyl region which represent inter- and intra-

molecular hydrogen bonding of the regenerated films. The intra-
molecular hydrogen bonds for O(2)H·  · ·O(6), and O(3)H·  · ·O(5)
(endocyclic oxygen) and the inter-molecular hydrogen bonds for
O(6)H· · ·O(3) in the cellulose of the bio-films appeared between
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Table 2
Stress–strain values of the regenerated cotton/duck feather blends in AmimCl.

Sample ID Stress at breakage (MPa) Strain at breakage (%) Young’s modulus (GPa)

C100 54.89 ± 4.37 4.20 ± 0.26 1.76 ± 0.11
CDF97.5 53.35 ± 3.67 4.48 ± 0.34 1.73 ± 0.15

6.17 ± 0.23 1.67 ± 0.20
11.63 ± 0.38 1.66 ± 0.22

6.30 ± 0.41 1.64 ± 0.19
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Fig. 1. FTIR spectra of native and regenerated (a) duck feather and (b) cotton. Where
native polymers are in black line, regenerated polymers in BmimOAc in green line
CDF95  49.82 ± 2.32 

CDF90 47.16 ± 3.02 

CDF80 26.43 ± 2.98 

455–3410, 3375–3340 and 3310–3230 cm−1 respectively (Fan,
ai, & Huang, 2012; Griffiths & De Haseth, 2007; Kondo & Sawatari,
996; Schwanninger, Rodrigues, Pereira, & Hinterstoisser, 2004).
inally, the spectrum was area normalized to obtain percentage
onformations of three bands which represent inter-molecular and
ntra-molecular hydrogen bonding of the regenerated films.

The amide I region (1595–1705 cm−1) was deconvoluted, and
he curve was fitted as described above. Three peaks were found in
he amide I region in 1654–1658 cm−1 (�-helix), 1621–1630 cm−1

�-sheet) and 1646–1652 cm−1 (random coils) (Barth, 2007; Kong
 Yu, 2007; Marshall, Orwin, & Gillespie, 1991; Wojciechowska,
łochowicz, & Wesełucha-Birczyńska, 1999)

.5. TGA measurements

Thermal stability of the samples were measured using
hermogravimetric analyses (TGA) on a Netzsch STA 409 Thermo-
ravimetric analyzer. Measurements were performed using 5–8 mg
f the samples. The specimens were heated from 30 ◦C to 500 ◦C
t a heating rate of 10 ◦C/min under N2 atmosphere. The thermal
egradation temperature at which the weight loss begins (Td) was
alculated as the onset.

.6. SEM images

The morphologies of bio-films were observed using a Zeiss Supra
5VP scanning electron microscope (SEM) at an accelerating volt-
ge of 5.00 kV. The surface of the bio-film was gold coated before
bservation.

.7. Contact angle measurements

The contact angle of the regenerated films was measured using
 Malvern contact angle measurement instrument.

. Results and discussion

The material properties of the regenerated films were measured
sing DMA. For the films prepared in AmimCl, the Young’s modu-

us, maximum stress and strain at breakage are given in Table 2
stress–strain curves are shown in the supplementary graph doc-
ment). C100 shows the highest stress, 54.89 MPa  with a strain at
reak of 4.20 breakage. The addition of duck feather significantly

mproved the elasticity as measured by improvements in the strain
t break. The addition of 10 wt% duck feather gives the greatest
train at break value, 11.63% which is an improvement of greater
han 50%, when compared to the 100% regenerated cellulose sam-
le, C100. A small decrease of 13% in the stress at break is measured
ith the 10 wt% duck feather addition, interestingly with the addi-

ion of 20 wt% duck feather, a significant decrease in the stress at
reak is measured while a decrease in the strain at break (relative
o the 10 wt% duck feather sample) is also measured. This suggests

hat the optimum duck feather concentration is 10 wt%.

The material properties mainly depend on compositions in the
lm since it is likely that the cellulose component of the blend gives
he strength to the material. At low amounts the addition of the
and  regenerated polymers in AmimCl in red line. (For interpretation of the references
to color in this figure legend, the reader is referred to the web  version of this article.)

duck feather to the cotton improves elasticity due to its �-helix con-
formation, regenerated duck films do not have good tensile strength
(attempts to measure 100% regenerated duck feather films failed).
Therefore, it completely predictable to anticipate that at some duck
feather loading the properties of the blended material will decrease,
from our measurements at duck feather loadings beyond 10 wt% a
significant decrease in material properties is measured.

To determine what interactions are responsible for the
improved elasticity with the addition of duck feather to the cel-
lulose, we  used FTIR to measure the structural interactions. Fig. 1a
shows the FTIR spectra of native duck feather and the regenerated
duck feather. The medium absorption band appeared at 3272 cm−1

is due to the N H stretching of the amide A region. A strong band
appearing at 1628 cm−1 is due to the C O stretching in the amide I
region. The peak found at 1515 cm−1 was  attributed to C N stretch-

ing and N H bending of the amide II region. The peak observed at
1236 cm−1 relates to C N and C O stretching, N H and O C N
bending vibrations in amide III region (Barth, 2007; Kong & Yu,
2007; Pribic, Vanstokkum, Chapman, Haris, & Bloemendal, 1993;
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Table  3
Secondary structure conformations of native and regenerated duck feathers.

Sample ID �-helix
(1654–1658 cm−1)

�-sheet
(1621–1630 cm−1)

Random coil
(1646–1652 cm−1)

DF native 54.14% 33.88% 11.98%
DF100-AmimCl 46.78% 46.22% 7.00%
DF100-BmimOAc 44.81% 50.13% 5.06%

Fig. 2. FTIR spectra of regenerated films in AmimCl. Where C100 is red, CDF97.5
is  green, CDF95 is purple, CDF90 is blue, CDF80 is gold and DF100 is black. (For
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Table 4
Hydrogen bond conformations of regenerated cotton/duck feather blends in
AmimCl.

Sample ID Intra-molecular hydrogen bonds Inter-molecular
hydrogen bonds

O(2)H . . . O(6)
(3455–3410 cm−1)

O(3)H . . . O(5)
(3375–3340 cm−1)

O(6)H . . . O(3)
(3310–3230 cm−1)

C100 4.28% 70.62% 25.10%
CDF97.5 3.88% 69.40% 26.72%
CDF95 3.72% 67.42% 28.86%
CDF90 4.41% 63.18% 32.41%
CDF80 4.18% 59.87% 35.95%

Fig. 3. TGA curves of cotton/duck feather blends prepared in AMIMCl.

Table 5
Contact angles of native and regenerated cotton/duck feather blends in AmimCl.

Sample name Water contact angle (◦)

DF native 152.64
Cotton native 142.45
C100 119.70
DF100 77.97
CDF97.5 117.25
CDF95 101.52
nterpretation of the references to color in this figure legend, the reader is referred
o  the web version of this article.)

ojciechowska et al., 1999). Here, the spectra of regenerated duck
eather in both AmimCl and BmimOAc is very similar to that of the
ative duck feather. Normally when natural protein fibres such as
ool and silk are regenerated, the degree of beta sheet is increased,

esulting in a brittle material (De Silva et al., 2013; Du et al., 2009;
weon, Ha, Um,  & Park, 2001). However upon close inspection of

he amide I region, shown in the insert, it clearly shows the regener-
ted duck feather maintains its helical structure. Table 3 shows the
econvolution of the region, where a very slight decrease in helical
ontent is observed. Also the choice of IL as the dissolving solvent
eems to have little effect on the structure of the regenerated duck
eather with both films regenerated using water. Fig. 1b shows the
pectra of native and regenerated cotton. The spectra of regener-
ted cotton is similar to the native cotton with both showing a broad
eak around 3300 cm−1 due to the O H stretch vibration and the
eak observed at 2900 cm−1 is due to the C H stretching (Fan et al.,
012; Kondo & Sawatari, 1996; Schwanninger et al., 2004).

Fig. 2 shows the FTIR spectra of the regenerated cotton/duck
eather blends using AmimCl as the dissolving solvent. Increasing
he duck feather concentration in the composite resulted in a nar-
owing as well as a shift of the OH peak in the 3000–3500 cm−1

egion. This peak can be used to understand the hydrogen bond
etwork with a shift to lower wavelengths suggesting an increase

n the intermolecular hydrogen bonds with duck feather addition.
his suggests that as the duck feather is added, a strong interaction
etween the cotton and the duck feather exists. This also suggests
hat a homogenous blend is formed. Table 4 gives the deconvoluted
ata for this region for the various blends.

The peak near 1620 cm−1 of the regenerated cotton is over-
apped with the amide I region. Therefore it was not possible to
econvolute the amide I region for the cotton/duck feather blends.

The thermal degradation curves of the regenerated films in

mimCl are shown in Fig. 3.

It can be seen that that the blend composition plays a significant
ole in the thermal degradation temperature (Td) of the films. The
CDF90 95.52
CDF80 82.07

Td increases as the duck feather content of the blend increases, with
CDF80 showing the highest Td, which is 289 ◦C.

The increase in the measured thermal stability is likely due the
result of the new bonding occurred between – NH groups of duck
feathers and – OH groups of cellulose in the blend which increased
the intermolecular hydrogen bonds as measured in FTIR deconvo-
lution.

Surface properties of the native and regenerated materials were
measured from water contact angle (contact angle images are
shown in the supplementary graph document). The contact angle
averages provided in Table 5 shows that the native duck feather is a
super hydrophobic material with a water contact angle of 152.64◦.
The super hydrophobic materials have a water contact angle greater
than 150◦ (Liu, Liang, Zhou, & Liu, 2012; Neinhuis & Barthlott, 1997).
Therefore duck feather may  act as hydrophobic materials such as
crude oil. In contrast, the water contact angle of regenerated duck
feather was 77.97◦, which indicates hydrophilictiy (hydrophilic
materials have water contact angle less than 90◦ Sun et al., 2009).
It is interesting that the surface of the regenerated duck feather

changed from hydrophobic to hydrophilic during the regeneration.
This could possibly be due to the changes of the secondary struc-
ture of duck feather during the dissolution process. Furthermore,
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Fig. 4. SEM images of the regenerat

hen the dissolved duck feather is regenerated using water, the
ydrophilic groups such as the amino and carboxyl groups may
end to self-assemble towards the water phase, making the surface
f the regenerated duck feather hydrophilic.

The water contact angle of the native cotton fibres was  142.45◦.
his hydrophobicity is imparted due to the waxes present in the raw
otton fibre. The cotton used for the dissolution was not scoured
o remove these waxes. The water contact angle of the regenerated
otton was reduced to 119.70◦, which means it retains hydrophobic
roperties. The removal of waxes during the dissolution process
ay  account for the slight contact angle reduction.
For the regenerated cotton/duck feather blended films, the addi-

ion of duck feather resulted in a reduction in the water contact
ngle. The CDF80 blended film has the most hydrophilic prop-
rties, with a contact angle of 82.07◦. This phenomenon is due
o the hydrophilicity imparted from the presence of the duck
eather.

The surface morphologies of the regenerated films in AmimCl
re shown in Fig. 4. It reveals the continuous morphology of the
lend films, which suggest that there was no phase separation.
hat means that the cellulose is miscible with duck feather ker-
tin. Also the film surface becomes more irregular with the addition
f the duck feather. This may  be due to the difference in the way
hat cellulose and duck feather keratin coagulate in water. The dif-
erence in diffusion kinetic behaviour between the two materials

ay  account for the rapid coagulation to form a clotted structure.
he SEM observations, suggests that pure duck feather coagu-
ates or refolds much faster than pure cotton giving it an irregular

orphology. Interestingly, the surface of the films regenerated in
mimOAc, (SEM images are shown in the supplementary graph
ocument) were different to the films regenerated in AmimCl. This

s likely driven by the different diffusion kinetics, which occurred
ue to the different ionic liquid–water interactions caused by the
nions, acetate and chloride in BmimOAc and AmimCl. The acetate
nion interaction with water is stronger than that of the chloride
nion. Thus BmimOAc removal from the polymer into the water

hase was easier than the removal of AmimCl during the coag-
lation resulting in different diffusion kinetics. Future work will
e explored to understand the diffusion kinetics to explain this
henomenon.
ton/duck feather blends in AmimCl.

4. Conclusion

We  successfully regenerated new cotton/duck feather blended
materials using two imidazolium based ionic liquids as the blending
solvent. The new blended films showed enhanced elastic properties
as well as thermal stability in comparison with the single compo-
nent films regenerated in ionic liquids. The CDF90 film showed the
highest elasticity properties whereas CDF80 was  shown to have the
highest thermal degradation temperature. The amount of �-helix
in the blend film accounts to improve the elastic properties and the
increase in intermolecular hydrogen bonds for the increase in ther-
mal  degradation as measured. The choice of the ionic liquid did not
impact the material properties of the films apart from their differ-
ent surface morphologies observed from SEM. That could possibly
be due to the different diffusion kinetics present with the choice of
ionic liquid. Current work is in progress to understand this diffusion
kinetics in coagulation process and to develop new cotton/duck
feather blend fibres using wet  spinning technology.
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