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Abstract Poly(ethylene oxide) (PEO)/cellulose
nanofiber (CNF) biocomposites were developed using
a simple aqueous solution technique. A PEO/CNF
composite was also produced in the molten state to
compare different preparations. The effects of nano-
fibers on different properties of PEO including rheo-
logical, thermal, mechanical and optical were
investigated. For the sample prepared in the molten
state, no change in properties was observed as
compared to the neat matrix. On the other hand, for
the solution-based samples, scanning electron micro-
scopy revealed good dispersion/distribution of nano-
fibers in the PEO, which resulted in a significant
increase of the rheological properties and also a
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notable shear-thinning behavior. A liquid- to solid-like
behavior transition along with the observation of
apparent yield stress suggested the formation of a
strong CNF 3D network. The Young’s modulus and
tensile strength of PEO with 3 wt% CNFs were
enhanced by 49 and 35%, respectively, compared to
the neat PEO. The storage modulus of PEO was
significantly improved for all tested temperatures in
the dynamic mechanical thermal analysis; at room
temperature that corresponds to the rubbery region, a
47% enhancement was observed by incorporating
3 wt% nanofibers. Also, PEO/CNF composites
demonstrated good optical transmittance, which is
generally not the case with many reinforcements.
These results show that PEO/CNF biocomposites with
good mechanical and optical properties can be fabri-
cated via a simple aqueous solution technique.

Keywords Biocomposites - Poly(ethylene
oxide) (PEO) - Cellulose nanofibers (CNFs) -
Rheology - Crystallinity - Mechanical properties -
Transparency

Introduction

Cellulose nanofibers (CNFs) as a potential reinforcing
agent show interesting physical and mechanical prop-
erties and exhibit many advantages, which make them
preferable over inorganic reinforcements (Azizi Samir
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et al. 2004b, 2005a; Frenot et al. 2007; Kloser and
Gray 2010; Alloin et al. 2011; Zhou et al. 2011; Miao
and Hamad 2013; Xu et al. 2013; Safdari et al. 2016b).
They have attracted considerable interest for applica-
tions in the automotive, aircraft, railway, and furniture
industries as well as sport items, irrigation systems,
electrochemicals, etc. (Azizi Samir et al.
2004b, ¢, 2005a, b; Miao and Hamad 2013; Safdari
et al. 2016b). However, CNFs form very strong
particle—particle interactions with notable potential
for entanglement and agglomeration since they are
long and flexible and form hydrogen bonds. Thus,
uniformly dispersing the CNFs within polymer matri-
ces is a challenge (Wang and Sain 2007; Iwatake et al.
2008; Nakagaito et al. 2009; Jonoobi et al. 2010;
Tingaut et al. 2010; Xu et al. 2014; Safdari et al.
2016Db).

The use of more environmentally friendly materials
such as biocomposites has been the subject of many
studies since they are biodegradable and biocompat-
ible products comprising components from renewable
sources, all or in part. Among different biopolymers,
poly(ethylene oxide) (PEO) is a nontoxic, highly
hydrophilic, semi-crystalline, thermoplastic polymer
(Kaczmarek et al. 2007; Zhou et al. 2011; Miao and
Hamad 2013). It has already found applications in the
medical and biomedical fields, tissue engineering,
energy storage (Brown and Laborie 2007; Kaczmarek
et al. 2007; Cai and Kim 2010; Zhou et al. 2011; Xu
et al. 2013), and the electrochemical field as elec-
trolyte in lithium polymer cells (Azizi Samir et al.
2004b, c, 2005b; Kaczmarek et al. 2007). It has also
been used as hydrogel, dispersant, surfactant, floccu-
lating agent and rheology modifier (Kaczmarek et al.
2007; Sir6 and Plackett 2010). However, neat PEO
exhibits low mechanical and thermal properties and
high crystallinity, which makes it unsuitable for many
applications. Thermal and mechanical properties of
PEO can be improved by incorporating reinforcements
while retaining its advantageous properties including
high biocompatibility, biodegradability (Brown and
Laborie 2007; Kaczmarek et al. 2007; Sir0 and
Plackett 2010) and transparency (Park et al. 1999;
Elimat 2014).

In view of the above considerations, CNF-rein-
forced PEO should be an interesting system due to the
biocompatibility and biodegradability of the all both
key components and final composites. In some studies,
to develop enhanced PEO/CNF composites
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electrospinning (Fortunato et al. 2012; Xu et al.
2014), which is a slow method for composite prepa-
ration and is aimed at special applications, and
solution casting (Brown and Laborie 2007; Xu et al.
2013) have been used. To prepare PEO/CNF compos-
ites, Brown and Laborie (2007) incorporated PEO in a
culture medium of acetobacter xylinum (used for
bacterial CNF culture). They reported no change in
melting temperature of PEO, and a decrease in the
crystalline content (from 67% for PEO to 49% for the
composite), in the presence of 15 wt% bacterial CNFs.
Xu et al. (2013) prepared PEO/CNF composite films
by solution casting. A CNF hydrogel was mixed with a
PEO solution, allowing PEO molecules to penetrate in
the CNF network. They reported a 4 °C decrease in the
melting temperature and also a small decrease in the
crystalline content of PEO (from 82 to 79%) by adding
4 wt% CNFs; a 46% improvement in the yield
strength and a 31% enhancement in the Young
modulus of PEO were also reported. However, the
solution-based approach is unlikely to be used com-
mercially, as it requires a further step for solvent
evaporation, including the use of toxic solvents for
polymers not soluble in water. In this regard, other
approaches such as the one described by Iyer et al.
(2015) comprising a non-solvent-based processing
method, solid-state shear pulverization, can be used.
Despite this, it is worth mentioning that there are some
solution-based techniques such as in situ polymeriza-
tion that require the use of organic solvents and are
nevertheless used in industry (Hamad and Miao 2014).

In our recent work (Safdari et al. 2016b), solvent-
casting was employed to incorporate CNFs into
polylactide (PLA) as a widely-used biopolymer to
overcome some of its drawbacks, e.g. slow crystal-
lization, low thermal stability and heat resistance,
which could successfully improve the properties in
different aspects without affecting the transparency of
the matrix. A 50% increase in Young’s and storage
moduli at 25 °C, a 264% enhancement in the storage
modulus at 70 °C and a 31% increase in the tensile
strength of the matrix were achieved for the composite
containing 5 wt% CNFs. Moreover, an increase of
11 °C of the crystallization temperature was achieved
with 5 wt% CNFs and the composites showed
improved thermal stability over PLA. In the current
study, a simple aqueous solution technique was used to
prepare enhanced PEO/CNF composites with low
nanofiber contents. Since there is a lack of information
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on light transparency and the molten-state rheological
behavior of CNF-filled composites in the literature, we
present novel data regarding the effect of CNFs on
these properties of PEO. Moreover, the CNF-rein-
forced PEO biocomposites were characterized in
terms of crystallization, mechanical properties, heat
resistance and thermal stability. To the best of our
knowledge, such a full characterization of PEO/CNF
composites has not been reported in the literature. The
results of this study point out the great potential of
CNFs to reinforce PEO and, thus, to extend the
applications of PEO.

Experimental section
Materials

Poly(ethylene oxide) (PEO) in powder form (Sigma-
Aldrich Canada Co., Oakville, ON, Canada) with
melting point of 65 °C and a viscosity-average
molecular weight of 100,000 g/mol was used as the
matrix. An aqueous suspension of cellulose nanofibers
(CNFs), several micrometers long and less than 50 nm
in diameter, was prepared by Janardhnan and Sain
following the methodology described in (Janardhnan
and Sain 2011). The concentration of nanofibers in the
suspension was 2.3 wt%.

Sample preparation

The desired amount of CNF aqueous suspension was
diluted with distilled water and stirred for 1 h at the
speed of 600 rpm using a magnetic stirrer. At the same
time, a solution of the desired amount of PEO in distilled
water was prepared using a magnetic stirrer under the
same conditions. Thereafter, the diluted CNF suspension
was added to the PEO solution while stirring for 1 h. A
similar procedure was followed for the neat PEO sample.
Then, a vacuum oven was utilized to dry the mixture for
48 h at 50 °C. The composites containing nanofibers
were referred to as PLA/xCNF, while x represents the
fiber wt% according to the overall composite weight. For
instance, PEO/1ICNF denotes that 1% of the overall
composite weight consists of CNFs.

To assess the adequacy of the aqueous solution
technique in improving the properties, neat PEO and a
composite sample containing 3 wt% CNFs were also

prepared in melt via an internal batch mixer,
DDRV501 Brabender (C. W. Brabender Instruments
Inc., NJ, USA). These samples were coded as PEO
(M) and PEO/3CNF (M), respectively, where
(M) refers to melt preparation. To do so, the as-
received PEO was vacuum dried at 50 °C for 24 h.
The aqueous suspension of nanofibers was also freeze-
dried in a Labconco Freezone 2.57* for 48 h to be
directly melt-compounded with PEO at 85 °C and
100 rpm for 7 min under nitrogen atmosphere.

Then, the products of both solution and melt
methods were molded in a manual hydraulic press
(Carver, Inc., Wabash, IN, USA) at 85 °C for 10 min
under a nitrogen atmosphere to produce disks, dumb-
bells, bars and films for testing. Thereafter, cooling of
the samples was done using the press for 5 min at
room temperature. The samples were kept under
vacuum until characterization.

Characterization
Microscopy

Gold-coated cryo-fractured surfaces of samples were
observed by scanning electron microscopy (SEM)
using a JEOL JSM 7600TFE instrument (JEOL USA,
Inc., Peabody, MA, USA) with an operating voltage of
2 kV.

Rheology

Rheology tests were performed on sample disks of
25 mm diameter and 1 mm thickness, using a stress-
controlled Anton Paar MCR 301 rheometer (Anton
Paar, Austria). The experiments were conducted at
85 °C in the presence of nitrogen to prevent degrada-
tion of the samples. A cone-and-plate geometry with a
plate diameter of 25 mm, a cone truncation of
0.051 mm and cone angle of ca. 2° was used to
perform measurements in the linear viscoelastic
region in the small amplitude oscillatory shear mode.
Frequency sweeps were carried out for 85 min at a
strain amplitude of 0.05. Prior to the frequency sweep
tests, time sweeps were conducted for 85 min at a
frequency of 1 rad/s to verify the thermal stability; all
the rheological properties of the samples were stable,
with increases less than 7%.
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Mechanical and thermal properties

Differential scanning calorimetry (DSC) was per-
formed using a DSC Q1000 (TA Instruments, New
Castle, DE, USA) under nitrogen. The samples,
typically 10 mg, heated at a rate of 2 °C/min and held
at 100 °C for 3 min. Thereafter, they were cooled
(2 °C/min) to 20 °C. The characterization was per-
formed twice for each sample.

Tensile tests were performed on specimens
(63.5 mm long, 9.5 mm wide and 1.6 mm thick)
with dumb-bell shape type V (standard ASTM
D638) using an Instron 3365 (Instron, Norwood,
MA, USA). The tests were performed at room
temperature with a load cell of 500 N and a
crosshead speed of 5 mm/min. At least seven
specimens per sample were tested.

Dynamic mechanical thermal analysis (DMTA)
was carried out using a DMA 2980 analyzer (TA
Instruments, New Castle, DE, USA). The specimens,
rectangular bars of 1.6 mm thickness, 12.2 mm width
and 60.5 mm length, were tested in a dual cantilever
bending mode at 1 Hz frequency with 30 pm ampli-
tude and a heating rate of 2 °C/min. The measure-
ments were conducted in the range of —100-50 °C
with a span length of 35 mm on at least three
specimens for each sample.

For thermogravimetric analysis (TGA), a TGA
Q500 (TA Instruments, New Castle, DE, USA) was
used in high-resolution mode. The samples were
heated to 800 °C with a rate of 10 °C/min and a
nitrogen flow rate of 60 mL/min. The tests were
performed twice on typically 15 mg specimen for each
sample.

Optical properties

Optical properties were determined using a LAMBDA
1050 UV/Vis/NIR Spectrophotometer (PerkinElmer,
Waltham, MA, USA) with 150 mm InGaAs Int.-
Sphere. The light transparency of the samples was
determined quantitatively by the assessment of the
corresponding 30 x 30 mm? films of 145 4+ 18 um
thickness and used as a measure of the CNF dispersion
quality. The wavelength range of 250-800 nm was
tested with a 5 nm bandwidth and the rate of 141 nm/
min. The characterization was conducted three times
for each sample.
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Results and discussion
SEM

SEM micrographs of the CNFs (freeze-dried from a
suspension of 0.1 wt% nanofibers in water) and PEO
containing 3 wt% CNFs prepared in solution and melt
are presented in Fig. 1. A web-like structure compris-
ing single fibers and CNF bundles is illustrated in
Fig. 1a. It is worth mentioning that even in the
preferred medium to disperse CNFs (i.e. water)
(Eichhorn et al. 2010) the presence of fiber entangle-
ments and bundles is evident (Fig. la). The SEM
micrographs of PEO/3CNF (Figs. 1b and c) show
quite a good dispersion/distribution of the nanofibers
in the PEO matrix without obvious fiber bundles;
however, a very large agglomerate is evident in
Fig. 1d for the composite sample prepared in the
molten state, i.e. PEO/3CNF (M). Also, the presence
of some fiber bundles has been observed in our
previous investigation on hydrophobic polymer, PLA,
CNF composites (Safdari et al. 2016b). The good
dispersion/distribution of the nanofibers within PEO is
attributed to the efficient aqueous solution technique
utilized in the current study.

Rheology

To verify qualitatively the dispersion/distribution of
the nanofibers in the matrix, rheological measure-
ments were performed. Figure 2 illustrates the com-
plex viscosity, n*, and storage and loss moduli, G’ and
G”, as functions of the frequency, w, for the solution-
prepared samples. For the neat PEO, a short plateau
followed by a shear-thinning behavior on the plot of 1*
versus o (Fig. 2a), and a low-frequency region with a
slope of 1.17 for G’ (Fig. 2b) are observed, indicating
that the terminal zone was not reached at the lowest
frequency. By the incorporation of CNFs, the shear-
thinning behavior of the composites becomes more
evident, mainly at low frequencies (Fig. 2a). More-
over, G’ for the composites becomes less frequency
dependent at high loadings (Fig. 2b); a low-frequency
slope of 0.11 is obtained for PEO/3CNF. The same
trend is observed for G” (Fig. 2b), while the storage
modulus is more sensitive to the presence of CNFs.
Also, Fig. 2b shows that G’ and G” for PEO/ICNF
cross at a frequency lower than that for PEO. It is
interesting that for composites containing higher
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Fig. 1 SEM micrographs of a freeze-dried CNFs, b and ¢ PEO/3CNF for two different samples, and d PEO/3CNF (M)
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Fig. 2 Plots of a complex viscosity, and b storage and loss moduli as functions of frequency at 85 °C and strain amplitude of 0.05 for
solution-prepared samples. The solid lines in (a) represent the fits of the modified Herschel-Bulkley model, Eq. (1)
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loadings of CNFs, the loss modulus is lower than the
storage modulus for the whole range of frequencies
tested here. Significant increases up to two, three and
two orders of magnitude are observed at low frequen-
cies for #*, G’ and G” of the composites, respectively,
in comparison with the properties of the neat PEO.
Likewise, the increases relative to the PLA properties
were of two orders of magnitude for #*, five for G’ and
two for G” in the case of the PLA/CNF composite
containing 5 wt% nanofibers (Safdari et al. 2016b).
These are indicators of a strong nanofiller network
along with the interactions between the nanofibers and
possibly polymer chains with nanofibers (Hu et al.
2006). Hence, a liquid- to a solid-like . behavior
transition is observed, with an upturn in viscosity and
plateaus at the low-frequency region for G’ and G”
along with an apparent yield stress, gy, that can be
obtained via the modified Herschel-Bulkley model
(Bagheriasl et al. 2016):

* * n—1
N = Gylo+ k() (1)
and
a0 = Gg)" (2)

where G is the magnitude of the complex modulus at
the lowest frequency, k is a constant, 7° is the strain
amplitude (0.05) and 7 is the flow index. The solid
lines in Fig. 2a represent the fits of the modified
Herschel-Bulkley model. The model is shown to fit
very well the data for the composites containing 2 and
3 wt% CNFs with apparent yield stress values of 279
and 1330 Pa, respectively; however, for the composite
containing 1 wt% CNFs, due to the lack of good fit at
low frequencies, a yield stress of zero was assumed
and a good fit could be achieved using the second term
of Eq. (1), ie., n*= k(yoa))"fl. As expected, n
decreases with the CNF content, from 0.54 for PEO/
1CNF to 0.48 for PEO/2CNF and 0.44 for PEO/3CNF.
A similar behavior has been observed for other
polymer composites such as PLA/CNF (Safdari et al.
2016a, b), PLA/cellulose nanocrystal (CNC) (Kamal
and Khoshkava 2015; Bagheriasl et al. 2016),
polypropylene/CNC (Khoshkava and Kamal 2014),
polyethylene terephthalate/organoclay  (Ghanbari
et al. 2013a, b) and polycarbonate/carbon nanotube
(Abbasi et al. 2009)

It is also believed that the apparent yield stress is
observed for concentrations above the rheological
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percolation threshold. Here, as the composite samples
containing 2 and 3 wt% CNFs exhibit large apparent
yield stresses, the percolation is considered to occur at
a CNF concentration between 1 and 2 wt%. A
percolation concentration in the range of 0.5-1 wt%
CNFs and CNCs in a PLA matrix has been previously
reported by Safdari et al. (2016b) and Bagheriasl et al.
(2016), respectively.

Figure 3 compares #* and G’ as functions of w, for
the matrix and PEO/CNF composites containing
3 wt% CNFs prepared in both solution and melt.
PEO and PEO (M) show similar rheological proper-
ties. In contrast to the results obtained for the solution-
prepared samples, the complex viscosity and storage
modulus of PEO/3CNF (M) do not increase compared
to those of the neat PEO (M). This emphasizes that
dispersing the CNFs even within a polar matrix is quite
challenging in direct melt mixing because of the
highly entangled structure of the fibers. Hence, the
solution technique is better in dispersing the fibers
more efficiently in PEO.

DSC

Table 1 presents the results of DSC measurements
during the first heating and cooling cycles for various
samples. To calculate the crystalline contents, Xf_’e”””g
and X8 the following equations were used

xleatins — AH,, x 100/ (wnAHY) (3)

Xgoaling — AHC X 100/ (WmAHgl) (4)

where AH,, and AH, are the enthalpies of melting and
crystallization, respectively; w,, is the weight fraction
of the PEO in each sample and AH? is the melting
enthalpy of the 100% crystalline PEO [201.2 J/g
(Brown and Laborie 2007)].

The total crystalline content depends on both the
number of nuclei and the mobility of polymer chains. By
incorporating nanofibers, nucleation would enhance
while the polymer chain mobility could be restricted.
Here, the overall crystalline content of PEO decreases in
both heating and cooling sequences that can be ascribed
to the hindrance effect of the CNFs on PEO chain
mobility, suppressing their participation into ordered
structures that results in smaller and less stable crystals
(Brown and Laborie 2007; Zhou et al. 2011). Lowering
the large crystalline content of PEO can be beneficial for



Cellulose (2017) 24:755-767 761
(a) 107 T T T T T (b) 106 T T T T T
N ° PEO Latt
sl . A PEO/3CNF 5 anst &
., o PEOM) 10° ¢ A‘AA*‘ a‘*éa ]
a, & PEO/3CNF (M) Laaananast sot
7 10° } el ~ 10} gt -
& *a & A & ¢
—~ & ~
kS 104 | e&eeﬁﬁeg “'t‘ O 103 L eﬁé J
$tesa, tea, ot ¢ s PEO
3 “ho,, T*a ) é s PEO/3CNF
103 ¢ S, 102} 48 o PEO(M) ]
i 8 s PEO/3CNF (M)
102 L - : : ' 10! L : : : :
102 10! 100 10! 102 10?2 10! 10° 101 102
o (rad/s) o(rad/s)

Fig. 3 Plots of a complex viscosity and b storage modulus as functions of frequency at 85 °C and strain amplitude of 0.05 for PEO and
PEO/CNF composites containing 3 wt% CNFs prepared in both solution and melt

Table 1 Results of DSC tests for the first heating and cooling cycles

Sample T. (°C) T,. (°C) X?ean‘ng (%) Xgooling (%)
PEO 50.3 £ 0.1 63.1 £ 0.1 654 + 0.1 65.3 £ 0.1
PEO/1CNF 489 £ 0.2 63.0 £ 0.2 61.6 + 0.1 62.7 £ 0.2
PEO/2CNF 49.8 £ 0.1 63.3 £ 0.1 58.7 £ 0.2 59.2 £ 0.1
PEO/3CNF 493 £ 0.2 632 £ 0.6 546 £0.2 55.6 £ 0.3

The data for all temperatures are based on the position of the corresponding peaks

some applications (Azizi Samir et al. 2004b, c, 2005b).
Furthermore, the crystallization temperature, 7., and
the melting temperature, 7,,, for the composite sam-
ples are similar to those of PEO (Table 1). Brown and
Laborie (2007) also reported no change in the melting
temperature of PEO and a decrease in the crystalline
content of PEO (from 67 to 49%) for the sample
containing 15 wt% bacterial CNFs. Xu et al. (2013)
reported a 4 °C decrease in the melting temperature of
PEO and a decrease (from 82 to 79%) in the crystalline
content of PEO by incorporating 4 wt% CNFs. Safdari
et al. (2016b) also found no change in the melting
temperature, up to 11 °C increase in the crystallization
temperature and 18% increase in the X<l"8 of the
PLA due to the predominance of the nucleating effect
of the CNFs for PLA/SCNF.

Tensile properties

Figure 4 reports the normalized Young’s modulus,
E/E,,, tensile strength, ¢/0,,, and elongation at break,

¢/em, for all samples (m stands for the matrix, i.e.
PEO). For the solution-prepared samples, the Young
modulus increases with CNF content (Fig. 4a). For
PEO/3CNF the modulus is 1.021 GPa, which corre-
sponds to a 49% increase compared to that of PEO
(686.8 MPa). For DSC measurements, the specimens
were cut from the samples of tensile tests. Since in the
heating sequence the composites show a lower crys-
tallinity compared with the neat PEO (Table 1), their
modulus should decrease. However, this negative
effect on the modulus of the composites is compen-
sated by the reinforcement effect and/or a strong
nanofiber network in the PEO. Figure 4b shows the
same trend for tensile strength; an increase of 35% in
comparison with PEO (15 MPa) is observed for the
solution-prepared composite containing 3 wt% CNFs.
This could possibly be ascribed to the enhanced stress
transfer from the matrix to the fibers due to a good
interaction between the polymer matrix and CNFs
(Jonoobi et al. 2010; Miao and Hamad 2013; Safdari
et al. 2016b). This strong nanofiber network is also
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Fig. 4 Normalized a Young’s modulus, b tensile strength,
and ¢ elongation at break for PEO/CNF samples containing
different CNF loadings prepared in both solution and melt. For
the neat PEO values of 686.8 MPa, 15 MPa and 6.5% for
Young’s modulus, tensile strength and elongation at break,
respectively, were obtained
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advantageous for transferring the load between the
fibers (Safdari et al. 2016b). Xu et al. (2013) reported a
31% increase in the Young modulus and 46% increase
in the yield strength of PEO by adding 4 wt% CNFs.
Safdari et al. (2016b) observed 50 and 31% enhance-
ments in the Young modulus and tensile strength of
PLA by adding 5 wt% CNFs. Figure 4c presents the
elongation at break for the samples, showing a
decrease by ca. 25% for the composite with the largest
CNF loading compared with the neat PEO (6.5%).
This is the result of reduced chain mobility due to the
presence of the filler that generally happens in
composite systems (Arias et al. 2013; Safdari et al.
2016b). No enhancement in the Young modulus and
tensile strength is observed for the composite sample
prepared in the molten state, PEO/3CNF (M), possibly
due to the presence of large agglomerates and low
content of CNFs. Another probable reason is PEO
degradation (reduction of its molecular weight) when
the composite was prepared in the molten state at
85 °C and 100 rpm via the internal mixer. Similar
results have been reported earlier (Lee et al. 2007;
Sanchez-Garcia and Lagaron 2010). As the elongation
at break of the neat PEO is already quite low, i.e. 6.5%,
the marginally larger value for PEO/3CNF (M) com-
pared to PEO/3CNF cannot provide meaningful
information on the relative dispersion of CNFs in
these two samples; we also note that the tensile
strength values show exactly the reverse trend. Thus,
further investigations were only performed on solu-
tion-prepared samples.

The Young modulus for fiber-reinforced compos-
ites can be predicted using the model developed by
Halpin and Kardos (1972). The modulus of a 3D
randomly-oriented fiber composite, E, is given by

E 14 ¢ 1 +2y
E_oaga|LEeTer| L os16 P
E, 1= Yo, 1= Y7o,

(5)
where
¥, = (Ef/En — 1)/ (Et/En + €) (6)
and
¥r = (E/En — 1)/ (Ef/En +2) (7)
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where E,, and E; are the Young moduli of the matrix
and the fibers, respectively,q; is the fiber volume
fraction, ¢ is a shape parameter, which is equal to
0.51/d for high aspect ratio fibers with diameter and
length of d and [, respectively (Xu et al. 2013).

To calculate E, the following values were used:
E, = 686.8 MPa, E; = 150 GPa (Wang et al. 2006;
Safdari et al. 2016b), p,, = 1.13 glem’, pr = 1.58 g/
cm’ (Wang and Sain 2007; Jonoobi et al. 2010; Safdari
et al. 2016b), d = 50 nm (Janardhnan and Sain 2011)
and / is ca. 20 pm. Figure 5 compares the experimen-
tal data with the predictions of the Halpin—Kardos
model for //d = 400, as initially estimated. The model
is shown to slightly under-predict the data. Since the
nanofibers are highly entangled and form a 3D
structure, it is quite hard to estimate the length of the
nanofibers. In this regard, a very good fit for the
composites of lower CNF contents could be obtained
by using a slightly larger aspect ratio, I/d of 553.

DMTA

The storage modulus, E’, and loss tangent, tand
where 0 is the phase angle, for the samples over a wide
range of temperatures are presented in Fig. 6. The
composites show larger values of the storage modulus
compared to the neat PEO in both glassy and rubbery
regions (Fig. 6a). Moreover, the area under the peak of
tan o decreases for the PEO/CNF composites com-
pared to the PEO; the decrease is more important at

le 1.6 Halpin-Kardos model, //d =553
B . Halpin-Kardos model, /d =400 i
E o Experimental data -
S 14t
S
g
n
2
2 12}
>
k=3
151
=
<

1.0 ¢
E
9]
2 .

0 1 2
CNF content (vol%)

Fig. 5 Predicted values based on the Halpin—Kardos model,
Eq. (5) using two aspect ratios for the CNFs, and the
experimental data for the normalized Young’s modulus of
different composite samples

larger CNF loadings. The normalized area, A/A,,, is
equal to 0.55 for the highest CNF loading (i.e. 3 wt%).
This is an indicator of the reduction of PEO chain
mobility due to good dispersion of the fibers (Baghe-
riasl et al. 2015; Safdari et al. 2016b). A lower
decrease in A/A,,, from 1 to 0.62, was reported in our
previous study for PLA containing 5 wt% CNFs
(Safdari et al. 2016b).

The normalized storage moduli, E'/E] , at 20 °C of
all samples are compared in Fig. 7. Incorporation of
the CNFs into the PEO leads to a significant
improvement of the storage modulus due to the good
dispersion and reinforcement effect and/or strong
entangled network of the cellulosic fibers (Azizi
Samir et al. 2004a; Jonoobi et al. 2010; Safdari
et al. 2016b). It is worth mentioning that the storage
modulus data presents a similar trend as the Young
modulus (Fig. 4a). The storage modulus of PEO at
20 °C, 725.2 MPa, increases by 47% for PEO/3CNF
(1.064 GPa). Safdari et al. (2016b) reported a 51%
increase in storage modulus of PLA at 25 °C for
PLA/5CNF.

TGA

Figure 8a illustrates TGA data and Fig. 8b depicts
the first derivative of TGA (DTG) for freeze-dried
CNFs, PEO and PEO/3CNEF. In addition to moisture
evaporation (up to 100 °C), PEO and CNF lose 5%
of their weight at 380 and 306 °C, respectively,
while this temperature is increased to 388 °C for
PEO/3CNF. Also, the inflection temperature of PEO
increases in the presence of 3 wt% CNFs, while
this temperature for CNF is at an even lower
temperature. The DTG peak temperature increases
for PEO/3CNF compared to the neat PEO (from
384 to 392 °C), while CNF exhibits a peak
temperature of 340 °C (Fig. 8b). The degradation
for CNF and PEO starts at 317 and 378 °C (onset
temperatures), respectively, (Fig. 8b); however, it
occurs at 387 °C for PEO/3CNF. The same trend
exists for the offset temperature of degradation.
Consequently, by the addition of CNFs, the thermal
stability of PEO does not deteriorate and slightly
improves, as it has been previously reported in
other investigations (Safdari et al. 2016b). This can
be attributed to restricted polymer chains as a result
of the good dispersion and distribution of the
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nanofibers in the PEO (Ramezani Kakroodi et al.
2014; Safdari et al. 2016b).

Optical properties

High transparency of composites for many applica-
tions is an asset. A good state of dispersion/
distribution of filler in the composite film could
help maintaining the original transparency of the
neat polymer matrix (Eichhorn et al. 2010; Safdari
et al. 2016b). In most cases, films with accept-
able transparency should show values greater than
75% in optical transmittance; lower transmittance
values correspond to more opaque films (Ambrosio-
Martin et al. 2015; Safdari et al. 2016b). The light

®) 1, A
—_ % CNF
L @ PEO
10 a  PEO/3CNF

Derivative weight (%/°C
[ee]

Fig. 8 Plots of a TGA and b DTG for freeze-dried CNFs, PEO and PEO/3CNF
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Fig. 9 Light transmittance of PEO and PEO/3CNF films of
145 £ 18 pm thickness

transmittance versus wavelength, /, is compared in
Fig. 9 for the neat PEO and PEO/3CNF films. Over the
range of visible light (i.e. A = 390-700 nm), the
transparencies of both films are quite similar and the
addition of CNFs did not compromise the optical
properties of PEO, suggesting good dispersion/distri-
bution of CNFs in PEO (Petersson and Oksman 2006;
Safdari et al. 2016b). Moreover, a visual comparison
of three different films is presented in Fig. 10. The
pictures of PEO and PEO/3CNF films (Figs. 10a and
b, respectively) qualitatively show equivalent trans-
parency, whereas for the PEO/3CNF (M) film
(Fig. 10c) CNF agglomerates, in the form of white
particles, are easily observable on the left side of the
picture, indicating inadequate dispersion of nanofibers
in this sample. Safdari et al. (2016b) also observed that
PLA and PLA/5CNF films show similar transparen-
cies; a decrease of only ca. 5% was reported in
transmittance values of PLA film by incorporating
5 wt% CNFs. This provides the opportunity for optical
and optoelectronic applications (Sir6 and Plackett
2010; Janardhnan and Sain 2011; Xu et al. 2013; Kalia
et al. 2014; Tercjak et al. 2015; Safdari et al. 2016b),
where other reinforcing agents (nanoclays and carbon

POLYTECHNIQUE ()
MONTREAL

. LEGENIE
%7 EN PREMIERE CLASSE

POLYTECHNIQUE (b)
MONTREAL

2 . LE GENIE
5 EN PREMIERE CLASSE

nanotubes) deteriorate the transparency of the final
products (Xu et al. 2013; Safdari et al. 2016b).

Concluding remarks

A simple aqueous solution technique was used to
prepare composites based on PEO and CNFs. The
nanofibers were uniformly dispersed within PEO and
no large fiber bundles were observed in SEM micro-
graphs. The rheological behavior of the PEO signif-
icantly changed in the presence of nanofibers with the
percolation threshold being in the range of 1 and
2 wt% CNFs. DSC results confirmed that reinforcing
by the CNFs is the main reason for the enhancement of
the mechanical properties since the crystalline content
of PEO decreased in the presence of nanofibers. The
Young modulus and tensile strength of PEO improved
for the composites with the CNF content, up to 49 and
35%, respectively, for the composite sample contain-
ing only 3 wt% nanofibers. To predict the Young
moduli of composites, the Halpin—Kardos model was
employed and good agreement between experimental
data and the predictions was observed. The storage
modulus in DMTA was improved for all tested
temperatures and the area under the peak of tand
decreased by incorporating the nanofibers; a 47%
enhancement in storage modulus of PEO at 20 °C was
achieved for PEO/3CNF. Furthermore, considerably
larger storage modulus values of the composites
compared with the neat PEO were observed at lower
temperatures.  Moreover, incorporating CNFs
enhanced the thermal stability of PEO. The neat
PEO and composite films showed similar transparency
in the range of visible light.

The composite sample prepared using a melt
mixing process did not exhibit any increases in
rheological and mechanical properties of the matrix.
This shows that dispersing highly entangled CNFs
within a polar matrix, such as PEQ, is quite challeng-
ing and not very easy to achieve via conventional

POLYTECHNIQUE (c)
MONTREAL

LE GEN
EN PREMIERE CLASSE

Fig. 10 Visual comparison of a PEO, b PEO/3CNF, and ¢ PEO/3CNF (M) films (thickness of 145 4+ 18 pm)
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direct melt mixing techniques. Hence, although melt
processing is preferable from an industrial point of
view, the solution-based preparation method is more
efficient to prepare PEO/CNF composites with well-
dispersed/distributed structure.

From the results presented in this work, it can be
concluded that the reinforcement effect of nanofibers
can expand the applications of PEO to cases where
good thermal properties, enhanced mechanical prop-
erties in a wide temperature range and transparency
are important factors. Also, the observed improve-
ments for the PEO/CNF composites compared to PEO
point out the importance of the solution technique used
in this investigation to finely disperse and distribute
CNFs within the PEO matrix.
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