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a b s t r a c t

Cellulose nanofibrils (CNFs) were prepared by sulfuric acid hydrolysis from cotton
microfibers, and used to prepare polyurethane (PU) nanocomposites by mixing CNFS and
PU water suspensions. CNFs as nanofillers improved the tensile strength of PU significantly
up to 10 wt% content. With an increase in the CNF content, the glass transition temperature
of PU and the temperature onset of the soft segment increased compared with those of
neat PU. However, the crystalline phase present in soft domains and its melting temper-
ature decreased. The influences of humidity on the mechanical properties of PU/CNF
nanacomposites were also investigated. The tensile strength at different elongations of PU/
CNF nanocomposites decreased substantially after being exposed to 60% relative humidity
for 24 h; for 10 wt% loading, the tensile strength at 500% dropped from 10.64 to 2.34 MPa.
This behavior was attributed to the formation of hydrogen bonds of PU and CNFs with
water.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The introduction of nanoparticles into polymer matrices
has attracted considerable attention because it can signifi-
cantly improve the thermal and mechanical properties of the
polymericmatrix even at very lowcontents [1e5]. Among the
nanofillers used as reinforcements, cellulose nanofibers have
been highlighted owing to their biodegradability, lowdensity,
high aspect ratio, easy availability and low cost [1,2,6e38].
Cellulose is a polysaccharide consisting of linear chains
composed of b-D-glucopyranose repeating units linked by
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(1e4)-glycosidic bonds. Cellulose microfibers consist of or-
dered regions, commonly referred to as nanofibrils, nano-
whiskers or whiskers, linked by amorphous cellulose chains.
These nanofibrils can be extracted by controlled acid hydro-
lysis, which more readily hydrolyses the amorphous regions,
leaving crystals with diameters and lengths that directly
depend on the hydrolysis conditions and source [21]. When
strong sulfuric acid is used, negatively charged sulfate groups
are introducedand, consequently, stable aqueous suspensions
are obtained. Cellulose nanofibers have abundant hydroxyl
groups (OH) on the surface that can form hydrogen bonds
with the polymermatrix and betweennanofibers, developing
a strong reinforcement. Cellulose nanofibers have been
incorporated as reinforcing fillers in a wide range of polymer
matrixes such as poly(b-hydroxyoctanoate) [7], poly(styrene-
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co-butyl acrylate) [8], poly(vinyl chloride) [9], polypropylene
[10], waterborne epoxy [11], poly(vinyl alcohol) [12], poly(-
acrylic acid) [13], polyethylene oxide [14], poly(lactic acid)
[15], polystyrene [16], polymethylmethacrylate [17] and rub-
bers [18-19], including polyurethane.

Segmented thermoplasticpolyurethanes arevery versatile
polymers thatare typicallyconstructedbyalternating soft (SS)
and hard (HS) segments that are separated into microphases
owing to thermodynamic incompatibility between the seg-
ments. Generally, HS can be organized in semi-crystalline or
amorphous domains, whereas SS form an amorphous or
elastic region in which the HS are dispersed [32]. The ratio
between SS and HS present in the polyurethane chain can be
easilymanipulated to give awide rangeof polyurethaneswith
various properties and applications [31e34].

This study reports the preparation and characterization
of nanocomposites of water-based polyurethane with cel-
lulose nanofibrils. The nanofibrils were extracted by acid
hydrolysis from cotton microfibrils and introduced into a
waterborne polyurethane elastomer to prepare PU/CNF
nanocomposites with different loading levels of CNF. The
present study focuses on the favored interaction of cellu-
lose nanofibrils with SS and HS of polyurethane, as well as
the behavior of the reinforcing properties of nanofibers
against humidity. This study shows that although the
nanofibrils strongly mechanically reinforce the poly-
urethane, they largely lose their reinforcing properties
when subjected to humidity, even at fractions above the
percolation threshold.

2. Materials and methods

2.1. Materials

Cotton fibers with a particle size of 50 mm (Sigmacell
Cellulose type 50) were purchased from Sigma-Aldrich.
Nanofibrils were dialyzed in Spectra/Por Dialysis Mem-
branes with the following characteristics: membrane tube
type RC, MWCO: 12 to 14.000, 75-mm flat width, vol/
length ¼ 18 mL/cm, length ¼ 15 mm. Concentrated sulfuric
acid (98%) was purchased from Sigma-Aldrich and used as
received. Waterborne polyurethane with trade name
Witicobond W-320 was kindly supplied by Chemtura
Corporation.

2.2. Extraction of cellulose nanofibrils

A colloidal suspension of CNFs inwater was extracted by
acid hydrolysis according to the procedure described by
Dong et al. [37]. Cotton microcrystalline cellulose micro-
fibers (MCC) were immersed in a sulfuric acid solution (64%
w/v) at 45�C using a MCC:acid solution ratio of 1:7.1 g/mL.
The mixture was stirred vigorously for 90 min and then
diluted 5-fold with cold deionized water (5�C) to quench
the reaction. The resulting dispersion was centrifuged at
10,000 rpm for 10 min at 10�C to separate nanofibrils from
the acidic solution. The sediment containing the nano-
crystals was dispersed in water and centrifuged again. This
operation was performed three times, and the final sedi-
ment was dispersed in 150mL deionizedwater, followed by
dialysis against water until its pH became ~5.
2.3. Nanocomposite preparation

PU/CNF nanocomposites were obtained by mixing the
CNF dispersion with PU water suspension in the desired
amount. Themixtures weremagnetically stirred for 4 h and
then cast onto glass slides (75 � 25 � 1.2 mm), which were
allowed to dry in a conventional oven at 60�C for 3 h. A
series of nanocomposite films containing 5, 10, 15, and
20 wt% of CNFs with a thickness of 0.3e0.4 mm were pre-
pared and designated as PU_5% CNF, PU_10% CNF, PU_15%
CNF, and PU_20% CNF, respectively.

2.4. Characterization

The CNF morphology was characterized by a Supra 35
Zeiss field-emission scanning electron microscope
(FESEM). 5 mL of CNF aqueous suspension (4.3 g/100 mL)
was diluted in 1 mL of isopropyl alcohol, and 3 mL of the
resultant suspension was cast onto silicon substrates, dried
in dynamic vacuum for 1 h at room temperature and coated
with carbon by sputtering prior to FESEM analysis. The
morphology of the cryogenically fractured surfaces of PU/
CNF nanocomposites was analyzed using an EVO LS15 Zeiss
scanning electronmicroscope (SEM). The test samples were
attached to an aluminum stub and sputtered with gold
prior to analysis. XRD patterns of the films were obtained
by using a Shimadzu XDR-6000 diffractometer with Cu Ka
radiation (wavelength: ~1.5418 Å). Scans were carried out
from 2Ɵ¼ 5� to 60� at a scan rate of 1�/min. DSC analysis of
the film scans was performed using a TA InstrumentsMDSC
2920 calorimeter. Two temperature and heating rate ranges
were used to evaluate the thermal behavior of the com-
posites and pure polymer. In the first run, the samples were
scanned from �20 to 200�C at 10�C/min to verify the
melting temperature (Tm) and enthalpy (DH). In the second
run, to verify the glass transition temperature (Tg), the
samples were scanned from �100 to 150�C at 20�C/min. In
both cases, the measurement was conducted in nitrogen
atmosphere with a flux flow rate of 65 mL/min. TGA of the
films was conducted in the temperature range 25e680�C at
a heating rate of 10�C/min in nitrogen atmosphere with a
flow rate of 100 mL/min using a TA Instruments model
Q600. The mechanical behavior of the nanocomposites was
studied at room temperature using an Instron model 3639
universal testing machine in according with ISO 37:2011
using a load cell of 100 N and crosshead speed of 13 mm/
min. The samples were cut according to ISO 1286:2006, and
the results were averaged from five test specimen data. To
analyze the influence of absorbed water on the mechanical
properties of the nanocomposites, the samples were keep
in dynamic vacuum for 24 h, weighed and then left for 24 h
in a chamber with humidity controlled at 30% or 60%
relative humidity. Then, the samples were weighed again
and immediately subjected to a tensile test. The absorbed
water (WA) was calculated using the following equation:

WA %ð Þ ¼ Wt �W0

W0

� �
� 100 (1)

where W0 is the sample mass after vacuum and Wt, that
after humidity exposure.
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3. Results and discussion

3.1. Morphology of CNFS

Fig. 1 presents the FESEM micrograph of the hydrolyzed
cellulose. The resulting structure showed a rod-like shape
having nanoscale dimensions with a rod-like shapewith an
average diameter and length of D ¼ 31 ± 11 nm and
L ¼ 361 ± 129 nm. Therefore, the average aspect ratio (L/D)
of the CNFs was ~12. These values are in agreement with
those reported by others in literature for CNFs extracted
from cotton fiber [21,38].

3.2. Morphology of PU/CNFs nanocomposites

Fig. 2 shows images of cryofractured surfaces of the PU/
CNF nanocomposites and neat PU. A large contrast can be
observed between the fractured surfaces. The composite
surface exhibits greater roughness compared to neat PU,
indicating an increase in energy dissipation during fracture
owing to the presence of nanofibrils. The CNFs were iden-
tified as small white dots on the fracture surfaces, and good
dispersion of CNF can be observed in the matrix mainly
with low concentration. Good dispersion is attributed to
the hydrogen bond between the cellulose hydroxyl group
and the urethane groups.

3.3. Thermal analysis

Fig. 3a shows the DSC curves of the PU/CNF nano-
composites with various CNF loading levels as well as neat
PU. A single glass transition temperature Tg was observed
for neat PU; this temperature increased with the amount of
CNFs. Tg varied from �14.9�C to �10.4�C for neat PU and
PU_20% CNF, respectively, as shown in Fig. 3b. The addition
of CNFs hampers SS to move owing to nitrogen bonds
Fig. 1. (a) FESEM image of CNFs and its size statistics for (b) length and (c) diameter.
the statistical data.
between the CNF surface and SS. The endothermic tem-
perature peak was around 44.9�C for neat PU, and was
attributed to the melting of the crystalline phase present in
the soft domains, with the shift toward low temperature
with increasing CNF content indicating a decrease in the
crystallite size. Furthermore, the enthalpy of fusion de-
creases with an increase in nanofibrils loading, demon-
strating that the degree of crystallinity of the composite
materials also decreases (Fig. 3b). These results are similar
to those reported by Saralegy et al. [34] for high cellulose
concentration.

Fig. 4a shows the TG/DTG curves of neat PU, CNF, and
PU/CNF nanocomposites having various CNF loading levels.
The polyurethane TGA profile basically shows three ranges
of weight loss. The first, below 100�C, is attributed to water
evaporation. The second, from 339�C to 365�C, is attributed
to HS decomposition. The last one, from 386�C to 401�C, is
attributed to the thermal decomposition of SS. The ther-
mogram of CNF showed the typical degradation profile of
CNF hydrolyzed with sulfuric acid. The intense peak at
186�C is attributed to cellulose depolymerization and the
dehydration and decomposition of glycosyl units [1] arising
from the outermost crystalline regions being subjected to
the catalytic effect of sulfate groups. The small shoulder at
257�C can be attributed to the breakage of the crystalline
fraction of nanocrystals that was not attacked by the acid
[36,39]. The peak at 370�C can be attributed to the oxida-
tion and breakdown of the char to lower-molecular-weight
gaseous products [39]. The broad peak centered ~67�C was
attributed to the loss of mass owing to the evaporation of
water. The TGA profile of nanocomposite samples showed
three ranges of weight loss. The first, below 90�C, was
attributed to water evaporation, and the other two were
associated with HS (339e365�C) and SS (386e401�C) PU
degradation. Interestingly, the polyurethane SS possessed
higher heat resistance in the composite than neat PU, as
The dashed line represents the Gaussian distribution fitting line according to



Fig. 2. SEM images of cryofractured surfaces of the PU and PU/CNF composites with different CNF contents: 5, 10, 15, and 20 wt%.
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shown in Fig. 4b. On the contrary, the HS's resistance to
thermal degradation decreases with an increase in the CNF
content in the matrix. This was attributed to the fostering
interaction between the CNF and SS of polyurethane and
the resulting decrease in the original interaction between
SS and HS. These results were also consistent with those
obtained from the DSC measurements.

Fig. 5 shows XRD patterns of CNF, PU, and PU/CNF
nanocomposites. Three peaks at 2q ¼ 15� (d ¼ 5.9 Å), 16.5�

(d ¼ 5.3 Å), 22.6� (d ¼ 3.9 Å), and 34.5� (d ¼ 2.6 Å) were
observed for CNF; these are typical of crystalline cellulose
type I [27]. Neat PU shows two diffraction peaks at
2q ¼ 19.32� and 23.50�, whereas the PU-heat treated at
50�C for 15 min showed no such peaks. This behavior in-
dicates that these peaks are characteristics of the crystal-
line PU soft phase. Increasing the CNF content in PU
reduced the crystallinity, as confirmed by the enthalpy
measurement. The cellulose peaks became more evident in
the nanocomposites as the CNF content increased, as
expected.
Fig. 3. (a) DSC curves (b) Tg and enthalpy of neat PU an
3.4. Mechanical properties

Fig. 6a shows the stress-strain curves of PU and PU/CNF
nanocomposites. Neat PU shows the typical behavior of an
elastomeric material, exhibiting high flexibility and defor-
mation. The addition of CNF substantially impacted the
mechanical properties of the nanocomposites, as shown in
Fig. 6b. The highest value of tensile strength was obtained
at 500% deformation for a composite loaded with 10 wt% of
nanofibrils, increasing from 6.5 MPa for neat PU to
10.5 MPa, an increase of ~61%. It was observed that for CNF
content over 10 wt%, the tensile stress at 100% and 300%
deformation tends to be constant. This behavior can be
attributed to CNF self-agglomeration and percolation pro-
cesses that can be estimated using the following equation
[21]:

VRC ¼ 0;7
ðL=DÞ (2)
d PU/CNF composites with different CNF loadings.



Fig. 5. XRD pattern of CNF, PU, PU heat-treated at 50�C, and PU/CNF com-
posites with different CNF loadings.

Fig. 4. (a) TG and. (b) Temperature onset of SS and HS of PU with different CNF loadings. Inset: DTG curves of CNF, PU, and PU/CNF composites.

A.O. Sanches et al. / Polymer Testing 40 (2014) 99e105 103
where L and D are the average length and diameter of
nanofibrils, respectively. In this manner, a percolation
threshold of ~5.6 vol% or 8 wt% is obtained using the den-
sity values of 1.5 and 1.04 g/cm3 for CNC and polyurethane,
respectively.
Fig. 6. (a) Representative stress-strain curves for (1) PU, (2) PU_5% CNF, (3) PU_10%
300%, and 500% elongation of neat PU and PU/CNF nanocomposites with different
Several studies have shown that the introduction of
cellulose whiskers significantly reinforces a number of
polymers owing to the formation of a three-dimensional
hydrogen-bonded CNF network within the polymer
matrices [1e2,18e21,34,36]. This interaction can be
strongly affected by exposure of the material to water. In
some cases, water uptake can be governed by the polymer
matrix; in others, it is transported through the cellulose
nanofibril network. We investigated the influence of water
uptake on the mechanical properties of the nano-
composites; Table 1 summarizes the obtained results. All
the nanocomposites and neat PU did not show a change in
mass when exposed to 30% relative humidity. However, at
60%, a small amount of absorbed water was observed, and
this amount increased with the CNF content in the matrix,
indicating that water uptakewas controlled by both PU and
CNF.

The mechanical properties showed a significant change
when the samples were exposed to 60% relative humidity
for 24 h, as shown in Table 1. The tensile stress at 100%,
300%, and 500% deformation decreased significantly. The
tensile strength of neat PU at break decreased from 10.17 to
2.24 MPa, and the deformation increased from 654% to
1076%. A slight increase in tensile stress at 100%, 300%, and
500% deformation was observed with an increase in CNF
loading until 15 wt%. It is well known that the hydrogen
CNF, (4) PU_15% CNF, and (5) PU_20% CNF, and (b) tensile strength at 100%,
CNF loading levels.



Table 1
Values of the water absorption (WA); tensile strength at 100% (s100%), 300% (s300%), and 500% (s500%) deformation; tensile strength at break (sat break); and
elongation at break (εat break) of neat PU and PU/CNF nanocomposites exposed to 30% and 60% relative humidity (RH) for 24 h.

Sample WA (%) s100% (MPa) s300% (MPa) s500% (MPa) sat break (MPa) ε at break (%)

30% Relative Humidity
PU e 2.12 ± 0.03 3.41 ± 0.09 6.52 ± 0.25 10.17 ± 1.61 654.78 ± 38.26
PU_5% CNF e 3.09 ± 0.10 4.42 ± 0.15 8.38 ± 0.20 11.61 ± 1.43 607.88 ± 22.77
PU_10% CNF e 4.5 ± 0.10 6.05 ± 0.15 10.64 ± 0.03 10.23 ± 0.72 505.76 ± 17.53
PU_15% CNF e 5.08 ± 0.22 6.23 ± 0.30 e 8.79 ± 0.69 472.35 ± 19.06
PU_20% CNF e 5.31 ± 0.21 6.18 ± 0.25 e 7.08 ± 0.61 404.30 ± 39.19
60% Relative Humidity
PU 1.51 ± 0.15 0.76 ± 0.02 0.88 ± 0.03 1.11 ± 0.07 2.24 ± 0.19 1076.52 ± 71.26
PU_5% CNF 1.74 ± 0.26 1.12 ± 0.05 1.25 ± 0.03 1.67 ± 0.05 3.66 ± 0.23 982.67 ± 33.45
PU_10% CNF 1.84 ± 0.17 1.47 ± 0.26 1.66 ± 0.33 2.34 ± 0.52 3.31 ± 0.76 691.53 ± 51.57
PU_15% CNF 2.03 ± 0.24 1.78 ± 0.10 1.99 ± 0.11 2.70 ± 0.14 3.25 ± 0.35 644.51 ± 39.90
PU_20% CNF 2.21 ± 0.25 2.81 ± 0.18 3.21 ± 0.23 4.34 ± 0.35 4.55 ± 0.25 538.64 ± 35.66
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bond is an important physical interaction in waterborne
polyurethane that affects the microphase separation
structure and mechanical properties [40]. The hydrogen
bond can be formed by the hydrogen atom of the urethane
group of HS with eC¼O and of SS with eC¼O. With the
introduction of CNF in the PU matrix, hydrogen bonds are
formed between the matrix-CNF and CNF-CNF. Under
higher relative humidity conditions, the films showed
water uptake, and some hydrogen bonds between the
polyurethane segments, polyurethane segments-CNF, and
CNF-CNF were broken, and others constituted with water.
This produced a plasticizing effect that led to a decrease in
tensile strength and increase in elongation. In this case, the
reinforcement properties of CNFs were drastically reduced,
even above the percolation threshold.

4. Conclusions

Cellulose nanofibrils were prepared by sulfuric acid
hydrolysis from cotton microfibers and used as nanofillers
to improve the properties of PU. SEM showed that CNFs
were dispersed homogenously within the PU matrix up to
10 wt%. Increasing the CNF content in PU promoted an in-
crease in Tg and Tonset of SS, and a decrease in the crystalline
phase present in soft domains as well as its melting tem-
perature. The addition of CNF up to 10 wt% content sub-
stantially impacted the mechanical properties of the
nanocomposites, reaching a tensile strength of 10.5 MPa at
500% deformation, which is ~61% higher than that of pure
PU. The tensile stress at different deformations decreased
significantly by increasing the humidity. Water uptake,
which leads to the formation of hydrogen bonds with the
CNF surface and with PU segments, may explain the
changes in the mechanical properties of PU and
nanocomposites.
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