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for their use in different research fields in order to replace 
petroleum-based polymers [1–5]. As examples, vegeta-
ble oils and lignocellulosic materials which are abundant, 
recyclable, biodegradable and sustainable natural materials, 
can be used to synthesize bio-based polymers and compos-
ites [1, 3, 5]. Moreover, with the aim to reduce emissions 
of organic volatile compounds, the research in waterborne 
systems has been boosted [6]. Thereby, waterborne polyu-
rethanes (WBPU) have gained attention due to the ability 
to assemble in stable particles in water dispersions by the 
addition of covalently bonded internal emulsifiers [6–8]. 
In general, WBPU can be considered as block copolymers 
composed of alternating rich urethane segments, denoted 
as hard segment (HS), and polyol segments, denoted as 
soft segment (SS) [7, 9]. Their applicability is due to their 
unique properties such as high strength and high elonga-
tion at break, which can be modified by a variety of choices 
of starting monomers, catalysts, and reaction conditions 
[6–8]. Among the different applications of polyurethane 
dispersions, elastomers [10, 11], floor coverings and chemi-
cal resistant coatings [12–16], polymeric dyes [17] and spe-
cialty adhesives [16, 18], can be distinguished.

Waterborne polyurethanes synthesized from biobased 
raw materials have become increasingly important [11, 
12]. In particular, polyols derived from vegetable oils are 
materials that can be used to synthesize WBPU with high 
contents of carbon derived from low-cost renewable natural 
sources. Madbouly et al. [5] directly used castor oil, which 
offers the advantage of being a non-edible oil, for the syn-
thesis of aqueous polyurethane dispersions. Lu and Larock 
[19] synthesized WBPU from a soybean oil-based mac-
rodiol, Gaikwad et  al. [20] used a vegetable oil obtained 
from karanja and cottonseed as natural resources to obtain 
eco-friendly polyurethane coatings and Chen et  al. [21] 
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incorporated a linseed-oil based polyhydroxy fatty acids as 
ionic segments into WBPU dispersions.

Many types of diisocyanates are available like aliphatic 
1,6-hexamethylene diisocyanate (HDI), cycloaliphatic iso-
phorone diisocyanate (IPDI) and 4,4′-dicyclohexyl methane 
diisocyanate (HMDI) and aromatic diisocyanates such as 
4,4′-diphenyl methane diisocyanate (MDI) and 2,4-toluene 
diisocyanate (TDI). Most of the reports on the production 
of WBPU have considered the use of cycloaliphatic diiso-
cyanates, more specifically, IPDI. Aromatic diisocyanates 
are discarded against aliphatic or cyclic ones, since they 
can degrade into carcinogenic and mutagenic aromatic 
amines [22] which release toxic products, and react rapidly 
with the water during the dispersion step [6], making han-
dling more difficult. For this reason, the interest on WBPU 
based on aliphatic diisocyanates like HDI is increasing [23, 
24].

However, mechanical properties of many WBPU need to 
be improved to fulfill the requirements of some engineer-
ing applications. It has been shown that the addition of dif-
ferent forms of nanocellulose to PU matrices improved the 
physical and mechanical properties of the matrix [25–29] 
because cellulose nanocrystals (CNC) have a modulus near 
to that of a perfect crystal of native cellulose (~150 GPa) 
[30–32]. Cellulose is one of the most abundant polymers 
in the earth and it is the main natural polysaccharide and 
the main structural component of the plants [33]. Thus, it 
has become an interesting source of nanoreinforcements 
in the form of cellulose nanofibres (CNF) or CNCs, which 
are highlighted by their low density, high modulus and ten-
sile strength, biodegradability, renewability and availability 
[31, 32].

Hence, the addition of CNC aqueous dispersions, as iso-
lated by acid hydrolysis, to WBPU, is proposed as an effec-
tive and sustainable route from the environmental point of 
view for the preparation of nanocomposites [11, 34, 35]. 
This pathway ensures good compatibility with interactions 
between WBPU and CNC without chemical modifica-
tion or surfactants, and also reduces the risk of irreversible 
agglomeration of CNC during drying, since the presence 
of the polymer prevents the free assembling during water 
removal. Generally, good compatibility between them is 
essential to enhance the final properties of the nanocom-
posites [25, 28]. In addition, bionanocomposites can be 
prepared by casting of WBPU/CNC mixtures, showing 
good film-forming ability at room temperature and high 
flexibility [28, 34–36].

The aim of this work is to develop bionanocompos-
ite films based on a waterborne bio-based polyurethane 
matrix reinforced with different contents of CNC iso-
lated from sisal fibres using a succession of specific 
chemical treatments as detailed in a previous work [2]. 

Firstly, a WBPU matrix was synthesized using compo-
nents derived from renewable sources and HDI, which 
thereafter was mixed with an aqueous dispersion of CNC, 
being the mixture sonicated and subsequently casted in 
Teflon moulds for the preparation of the bionanocompos-
ite films. The suspensions were characterized by dynamic 
light scattering (DLS), atomic force microscopy (AFM), 
Fourier transform infrared spectroscopy (FTIR). Addi-
tionally, the films were subjected to thermogravimetric 
analysis (TGA), differential scanning calorimetry (DSC), 
dynamic mechanical analysis (DMA) and mechanical 
tests.

Experimental

Materials

WBPU was synthesized using a macrodiol derived from 
castor oil (which would correspond to SS domains in 
phase separated systems) and 1,6-hexamethylene diiso-
cyanate (HDI), kindly supplied by Bayer under the trade 
name Desmodur H, and 2,2-bis-(hydroxymethyl)-propi-
onic acid (DMPA), provided by Aldrich (which would 
correspond to the HS in phase separated systems). Dibu-
tyltin dilaurate (DBTDL) provided from Aldrich was 
used as catalyst and triethylamine (TEA), purchased from 
Aldrich, was employed to neutralize the ionic groups in 
the dispersion. Acetone was used to control the viscos-
ity during the synthesis. The castor oil derived macrodiol 
was poly(2,2-dimethylpropylene sebacate) diol with 70% 
of carbon coming from renewable sources, determined by 
ASTM D 6866. The chemical structure was determined 
using  H1NMR spectroscopy [1]. The macrodiol hydroxyl 
number, determined using the standard procedure ASTM 
D 4274-05 test method A, was 80  mg  KOH  g−1, lead-
ing to a molecular weight of 1320  g  mol−1. Prior to its 
use, the macrodiol was dried in a rotary evaporator under 
vacuum at 70  °C for 14  h. HDI, DMPA and acetone 
were used as received. However, TEA was dehydrated 
with Hydranal molecular sieve 0.3 nm (water adsorption 
capacity of 15%), supplied by Fluka, which had been pre-
viously dried at 55 °C under vacuum for 1 day.

Sisal fibres (S) used in this work were provided by 
Celulosa de Levante, S.A. from Spain. The reagents 
employed for the specific chemical treatments were 
sodium hydroxide pellets PA-ACS-ISO, glacial acetic 
acid QP, nitric acid PA-ISO (65% purity), sulphuric acid 
PA-ISO (96% purity), ethanol PA-ACS (96%, v/v purity) 
and toluene HPLC grade supplied by Panreac. All rea-
gents were used as received without further purification.
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Synthesis of WBPU

The polyurethane was synthesised by one step method. 
Thus, a castor oil derived macrodiol (18.0  g) was intro-
duced into 250 mL four-necked round bottom flask 
equipped with mechanical stirrer and heated to 80  °C 
within a thermostatic bath until the diol completely melted 
and then, DMPA (1.14  g) was added while stirring to 
achieve the mixing of the reactants. After that, DBTDL 
(0.123 g) and HDI (4.46 g) were added dropwise, and the 
reaction was let proceeding at 80 °C for 3 h within the bath 
under a dry nitrogen atmosphere. The NCO/OH ratio was 
1.2 and to reduce the viscosity of the prepolymer, 100 mL 
of acetone were poured into the flask. Then, the solution 
was cooled down to 60 °C and the carboxylic acid groups 
of DMPA were neutralized by the addition of TEA (0.83 g) 
during 30  min. Finally, the product was dispersed in 
100 mL of deionized water under vigorous stirring. After 
stirring at room temperature overnight, the acetone was 
evaporated by rotary vacuum evaporation at 45 °C until the 
suspension volume was reduced to a WBPU solid content 
around 20 wt%. The pH of the resulting dispersion was 7.9.

CNC Preparation

The CNC were isolated from sisal fibres following a previ-
ously published protocol [2]. Briefly, the fibres were firstly 
subjected to a solvent mixture of ethanol/toluene (1:2 v/v) 
under reflux for about 6 h to remove the extractives (waxes 
and oils) and then, they were treated with 2  wt% NaOH 
solution for 12 h at 40 °C in order to swell the raw fibres. 
After this step, fibres were subjected to an alkali treat-
ment with 7.5 wt% NaOH solution under reflux for 90 min 
to remove hemicelluloses and lignins. In order to extract 
sisal cellulose nanofibres (CNF), fibres previously washed 
until pH 6, were submitted to the acetylation treatment 
 (HNO3 + acetic acid) under reflux for 30 min and thereafter, 
these fibres were washed with deionized water to neutral-
ize. Finally, sisal acetylated fibres were treated with 64 wt% 
sulphuric acid at 45  °C for 45 min under continuous stir-
ring to isolate sisal CNC.

Preparation of Polyurethane‑Cellulose Nanocomposites

In order to subject all the samples at the same drying time, 
films were prepared with a fixed total volume of 21  mL. 
5 mL of WBPU were mixed with different volumes of 
CNC aqueous dispersions, and the water content was fur-
ther adjusted in order to prepare the bionanocomposites. 
First, CNC water suspensions were strongly stirred around 
12 h. Then, to prevent the aggregations and degradation of 
CNC, they were sonicated in ice bath for 30 min, followed 
by strongly stirring for 10  min with a WBPU fix volume 

(5  mL). Afterward, these mixtures were sonicated in ice 
bath for 30 min. Subsequently, the resulting suspension was 
cast in glass Petri dishes coated with Teflon paper and dried 
in an oven at 50 °C for 35–40 h depending on water content 
to obtain the nanocomposite films. Before characterization, 
the films were stored about 1 week at room temperature 
in a desiccator. The final nanocomposite films, contain-
ing 1, 3, 5 and 10 wt% CNC, were coded as WBPU1CNC, 
WBPU3CNC, WBPU5CNC and WBPU10CNC, respec-
tively. As reference, a polyurethane film without nanocrys-
tals was also prepared, named as WBPU.

Nanocomposites Characterization

Morphological Analysis

Atomic force microscopy was used in order to character-
ize isolated CNC and CNC dispersion in the nanocompos-
ites. The samples were prepared by spin coating in both 
cases. Images were obtained at room temperature, in tap-
ping mode, using an atomic force microscope (AFM) from 
Digital Instruments having a NanoScope III controller 
with a Multi Mode head (Veeco) with an integrated sili-
con tip/cantilever, applying a resonance frequency of about 
180 kHz. The cantilever had a tip radius of 5–10 nm and 
was 125  µm long. Samples were prepared by pouring a 
drop of different suspensions on mica substrates rotating at 
a rate of 1200 rpm during 120 s.

DLS

Particle size of WBPU dispersions was analysed by DLS 
using a BI-200SM goniometer, from Brookhaven. The 
intensity of dispersed light was measured using a luminous 
source of He–Ne laser (Mini L-30, wavelength λ = 637 nm, 
400  mW) and a detector (BI–APD) placed on a rotary 
arm which allows measuring the intensity at 90°. Samples 
were prepared mixing a small amount of aqueous disper-
sion with ultrapure water and measurements were carried 
out at 25 °C. Three measurements were performed for each 
dispersion.

FTIR

Attenuated total reflection Fourier transform infrared spec-
tra were recorded on a Nicolet Nexus 670 FT-IR spec-
trometer equipped with a single horizontal Golden Gate 
ATR cell with ZnSe cell/crystal. All spectra were recorded 
within a range of 4000–750  cm−1 with a resolution of 
8 cm−1and accumulation of 64 scans.
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TGA

Dynamic thermogravimetric measurements were per-
formed by using a TGA/SDTA 851 Mettler Toledo instru-
ment. Dynamic tests were run from 25 to 800 °C at a heat-
ing rate of 10 ºC/min. These tests were carried out under 
nitrogen atmosphere in order to prevent a thermoxidative 
degradation.

DSC Analysis

Differential scanning calorimetry experiments were carried 
out in a Mettler Toledo 822e equipment, provided with a 
robotic arm and with an electric intracooler as refrigera-
tor unit. These analyses were performed for unfilled and 
filled samples to investigate the interactions between cel-
lulosic nanocrystals and the matrix. WBPU and nanocom-
posite samples with a weight between 5 and 10  mg were 
sealed in aluminium pans and were heated from −75 to 
180 °C at a scanning rate of 20 °C min−1 under a constant 
nitrogen flow. The inflection point of heat capacity change 
(ΔCp) observed was considered as indicative of the glass 
transition temperature  (Tg).The melting temperature  (Tm) 
was taken as the temperature of the maximum of the endo-
thermic peak, while the area under the peak was the corre-
sponding melting enthalpy (ΔHm). The relative crystallin-
ity values (χc) for each nanocomposite was determined as 
previously reported [1] using Eq. (1):

where ΔHm is the experimental melting enthalpy value 
obtained by DSC and ΔH100 the heat of fusion of the crys-
talline phase in the neat polyurethane without CNC and 
determined by DSC, while ω is the weight fraction of poly-
meric material in the bionanocomposites.

DMA

DMA measurements were performed in tensile mode with 
an Eplexor 100 N analyser, Gabo equipment. Measure-
ments were carried out at a scanning rate of 2  °C  min−1 
from −100 to 100  °C, using a static strain of 0.05%. The 
operating frequency was 1  Hz. The approximate dimen-
sions of the films were 8 × 2.5 × 0.4 mm3.

Mechanical Tests

Tensile tests were carried out in a MTS Insight Tester 
with a 250 N load cell and pneumatic grips to hold sam-
ples, using Testwork 4.0 software to determine mechanical 

(1)χ
c
=

ΔH
m

ω × ΔH
100

results. The mechanical properties [stress at yield (σy), ten-
sile modulus  (Et), stress at break (σb) and strain at break 
(Ɛb)] of the samples were determined from stress–strain 
curves obtained at a crosshead speed of 50  mm  min−1. 
Samples were cut (8 mm in length, 2.5 mm in width and 
0.4 mm in thickness) and the average values of at least five 
samples for each system were reported. Their thickness was 
measured at three random positions using a micrometre.

Scanning Electron Microscopy

SEM was used to analyse the fracture surfaces of neat 
polymer and nanocomposites based on CNC fibers. SEM 
micrographs were performed by JSM-6400 (JEOL) equip-
ment with a wolframiun filament operating at an acceler-
ated voltage of 20 kV. All samples were coated with chro-
mium using a Quorum Q150 TES metallizer.

Results and Discussion

Morphology of CNC and WBPU/CNC Nanocomposites 
Structure

The particle size distribution is a key parameter to evalu-
ate WBPU dispersions stability. The particle size of the 
synthesized WBPU dispersion, determined by DLS, was 
121.5 ± 25.0 nm, leading to visually stable dispersion over 
4 months (Fig. 1a). The hydrolysis protocol used for CNC 
isolation also leaded to a stable CNC suspension (Fig. 1b). 
AFM topography and height profile images in Fig. 1c show 
rod like nanocrystals. The average length and diameter of 
sisal CNC, determined by AFM height images and profiles 
assuming nanocrystals to be cylindrical in shape [37], were 
224 ± 53 and 5 ± 2 nm, respectively, thus yielding an aver-
age aspect ratio (L/D) of the CNC around 45. These values 
are in agreement with data reported in literature for CNC 
obtained from similar sources [28, 38, 39]. Transparent bio-
nanocomposite films were obtained as observed in Fig. 1d.

AFM phase contrast images have been used as a meas-
ure of the CNC distribution in polyurethane matrix. Fig-
ure 2 shows the microstructure of the upper surface of spin 
coated samples of WBPU matrix and nanocomposites con-
taining 1, 3, 5 and 10 wt% CNC. The lack of CNC large 
aggregates in the nanocomposites is taken as an indication 
of good dispersion of the CNC in polyurethane matrix.

Attenuated Total Reflection—FTIR

Infrared spectroscopy was used to identify the functional 
groups present in CNC, polymer matrix and their nanocom-
posites films. Figure 3 shows ATR-FTIR spectra of isolated 
CNC, macrodiol, WBPU and nanocomposites containing 3 
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and 10  wt% CNC. Primarily, as seen in neat WBPU and 
their nanocomposites spectra, the absence of the stretching 
vibration band at 2270  cm−1, evidenced that WBPU syn-
thesis reaction proceeded completely [1, 9]. The broad band 
observed between 3500–3000  cm−1 in CNC is related to 
the stretching vibration of O–H group. The band localized 
around 3348 cm−1 in WBPU sample, assigned to the N-H 
stretching vibration of urethane groups (υ−NH) [1, 9, 35], 

becomes more pronounced in nanocomposite samples, due 
to overlapping with O–H stretching vibrations introduced 
by CNC [34–36]. The peaks located at 2927 and 2854 cm−1 
correspond to the alkane C–H asymmetric and symmetric 
stretching vibrations [23]. Simultaneously, in the carbonyl 
stretching region (1800–1600 cm−1) spectra of neat matrix 
and their nanocomposites, a band appears, which is attrib-
uted to both urethane and ester carbonyl from the macrodiol 
[11, 23]. With the purpose of analyzing the interactions 
between the matrix and CNCs, carbonyl groups region 
was studied. Using a curve-fitting procedure, the peak 
about 1728 cm−1 was deconvoluted in two Gaussian bands, 
which are associated to the free and hydrogen bonded C=O 
groups centered about 1730 and 1705  cm−1, respectively. 
The ratio of the areas under the fitting curves correspond-
ing to the hydrogen bonded and free C=O groups  (AHB/
AF), is related to the fraction of carbonyl groups involved 
in hydrogen bonding interactions. In this way, the effect of 
CNC incorporation to the hydrogen bonding formation in 
the nanocomposites was analyzed. Figure 4a shows a rep-
resentative curve fitting for sample WBPU10CNC, and the 
values obtained from curves are summarized in Fig. 4b. It 
was observed that nanocomposites showed a higher  AHB/
AF ratio in comparison with the matrix (10–20% larger 
ratio than the one calculated for the matrix). This fact is 
related to the increase of C=O groups involved in hydro-
gen bonds, either with other C=O groups from the matrix 

Fig. 1  WBPU (a) and CNC (b) suspensions and AFM of hydrolysed sisal CNC with their height profile CNC (c) and the transparency of 
WBPU5CNC nanocomposite film (d)

Fig. 2  AFM phase images of WBPU matrix and bionanocomposites with different CNC contents (scale bar 600 nm)
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Fig. 3  FTIR spectra of macrodiol derived from castor oil, WBPU, 
CNC and bionanocomposites containing 3 and 10 wt% of CNC
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or with OH groups of the CNC reinforcement. The  AHB/AF 
ratio increased with the CNC concentration up to 3 wt% of 
CNC and decreased progressively at higher contents, sug-
gesting that the increase of CNC content hindered effective 
WBPU-CNC interactions, probably due to CNC agglom-
erations. Further, the band at 1628 cm−1 observed in CNC 
and WBPU10CNC spectra could be related to absorbed 
water molecules in cellulose [2, 40, 41]. Moreover, as seen 
in neat WBPU and their nanocomposites spectra, a new 
band at 1527  cm−1 related to C–N stretching combined 
with N–H bending of urethane functional group, in amide 
II region, can be observed [9]. Additionally, the bands 

localized around 1038 and 1033  cm−1 in CNC spectrum 
are assigned to the C-O stretching vibration of the skeletal 
pyranose ring of cellulose [2, 41].

Thermal Analysis

TGA

Thermogravimetric analysis results allowed studying the 
thermal stability of the neat matrix and their bionano-
composites with different cellulose nanocrystal content. 
TGA and DTG thermograms for the neat matrix and the 

Fig. 4  Deconvolution of the carbonyl band in WBPU10CNC (a) and evolution of the ratio between free and bonded carbonyl groups area,  AHB/
AF with the CNC content (b)

Fig. 5  TG (a) and DTG (b) curves obtained for neat polyurethane and their nanocomposites
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bionanocomposites in nitrogen atmosphere are shown in 
Fig.  5. The thermal decomposition of the polyurethanes 
is given through several degradation steps due to differ-
ent components that constitute their chemical structure 
[42, 43]. For WBPU matrix and bionanocomposites, two 
degradation steps can be distinguished. The first one, in 
the temperature range of 198–370 °C, corresponds to ure-
thane bond degradation. The second one is related to the 
macrodiol rich domain and depends on its structure and 
three dimensional arrangements. It is clear that the thermal 
stability of WBPU matrix was improved as CNC weight 
content in the bionanocomposites was increased. This 
reduction in the rate of the first degradation stage in biona-
nocomposites compared with the corresponding one in the 
matrix is attributable to the stabilization of urethane groups 
by interactions with CNC (inset Fig.  5a) [43]. Addition-
ally, the amount of residue of bionanocomposites at 800 °C 
slightly increased when nanocrystal content augmented. 
This could be due to the sulphate groups incorporated dur-
ing the acid hydrolysis process of CNC isolation [2].

DSC

DSC first heating scan for the neat WBPU and nano-
composites are shown in Fig.  6a. Melting temperature 
 (Tm), melting enthalpy (∆Hm), glass transition tem-
perature  (Tg) and the relative crystallinity (χcSS) of the 

polymer due to crystallization of the macrodiol moieties 
are reported in Table  1. At low temperatures, the scans 
of the WBPU and bionanocomposites showed a change 
in slope, which can be attributed to the glass transition 
temperature of the macrodiol rich domains  (TgSS). WBPU 
and all bionanocomposites showed similar  TgSS values, 
being higher than the value previously reported for neat 
macrodiol [1] (Fig. 6b). This indicates that there are few 
interactions between CNC and the amorphous regions of 
the WBPU [1, 44]. Similar results were found in the liter-
ature for bionanocomposites prepared from WBPU based 

Fig. 6  DSC thermograms of first scan (a) and magnification of the low temperature range (b) of neat polyurethane and their nanocomposites

Table 1  Thermal properties of macrodiol, neat polyurethane and 
their nanocomposites

a [1]
b Calculated respect to total polyurethane weight
c Calculated with respect to the crystalline phase of the neat (unfilled) 
WBPU

Sample TgSS (ºC) TmSS (ºC) ΔHmSS  (Jg−1)b χcSS
c

Macrodiol −60a 35, 58 112.0 –
WBPU −44 37, 53 59.7 1
WBPU1CNC −46 33, 50 55.1 0.93
WBPU3CNC −45 31, 49, 61 57.3 0.99
WBPU5CNC −46 30, 49, 61 63.1 1.11
WBPU10CNC −45 31, 49, 59 54.7 1.02
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on a fossil sourced macrodiol and IPDI with different 
CNC contents, where the addition of CNC did not pro-
duce noticeable shifts in  Tg values [25, 28, 34]. Regarding 
melting transition, a main peak with a shoulder at lower 
temperature can be observed for the neat macrodiol. The 
same peaks were observed for WBPU. However, in addi-
tion to the peaks observed for the WBPU, bionanocom-
posites showed a shoulder at higher temperature which 
became more noticeable at higher CNC content. These 
peaks can be related to different crystal structures. More-
over, the melting enthalpy, ∆HmSS, decreases with addi-
tion of the minimum concentration of CNC used in this 
work. This is explained by the presence of CNC inter-
fering with the mobility of the chains that would form 
the ordered crystalline phase. Thus, less perfect crys-
tals (lower  Tm) and lower melting enthalpy are reported. 
∆HmSS and related χcSS values suffer a slight increase 
when larger concentrations of CNC are used. This change 
with respect to the previous observation is related to 
a larger effect of the interactions between CNC and the 
WBPU [45] (as it was already discussed from the FTIR 
results on H-bonded urethanes). In the case of the DSC 
results, a new melting peak appears around 60 °C, corre-
sponding to a different arrangement/ordering in the crys-
tals and contributing to the total heat of melting. Since at 

high CNC concentrations, agglomeration is almost surely 
taking place, a new drop in the effect of CNC on crystal-
lization can be observed, as it also was commented on the 
contribution of H-bonded carbonyl groups to the FTIR 
spectra.

DMA

Dynamic mechanical analysis was performed on neat 
WBPU and bionanocomposites with different contents of 
CNC. Figure 7 shows the storage modulus (E′) and tan δ of 
WBPU, WBPU3CNC and WBPU10CNC samples. At tem-
peratures below −50  °C, the E′ remains almost constant. 
Above this temperature, a drop in E′ value is observed 
associated to the glass transition of soft segments, which 
is reflected in a peak in tan δ curves. The relatively small 
drop of E′ at the transition and the wide range of temper-
ature in which it occurs, suggests that phase separation 
(SS and HS) has essentially not taken place, which is the 
expected results from the one step synthesis of the WBPU 
[46]. Analyzing tan δ curves, similar glass transition val-
ues were observed in all samples in agreement with previ-
ous DSC results. Besides, the temperature range for this 
event (~−50 °C) agrees quite well with the location of  TgSS 
determined from DSC. Regarding the tan δ intensity in this 
region, a decrease is observed as CNC content increases, 
which can be due to the decrease in the content of the phase 
responsible for this transition and also to the restricted 
chain mobility resulting from polyurethane interactions 
with CNC [26–28]. As temperature increases above room 
temperature, a progressive decrease of E′ is seen, related 
to the broad interval of melting enthalpy as previously 
observed by DSC. Once crystals melting begins, the films 
start to flow. Comparing bionanocomposites and WBPU 
matrix, an increase in storage modulus (E′) is observed 
in WBPU10CNC sample, attributed to the well-dispersed 
nanocellulose and the effective reinforcing effect of CNC in 
the bionanocomposite [27, 34, 45, 47].

Tensile Testing Mechanical Results (MTS)

Mechanical properties of synthesized WBPU and their 
nanocomposites with different contents of CNC were 
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Fig. 7  Storage modulus and tan δ versus temperature of neat polyu-
rethane and their nanocomposites

Table 2  Mechanical properties 
of neat polyurethane and their 
nanocomposites

Sample Stress at yield, 
σy (MPa)

Modulus, E (MPa) Stress at break, 
σb (MPa)

Strain at break, Ɛb (%)

WBPU 3.23 ± 0.08 16.97 ± 1.00 11.66 ± 0.88 1425.49 ± 169.08
WBPU1CNC 3.05 ± 0.17 17.66 ± 0.82 8.76 ± 0.55 1161.26 ± 68.74
WBPU3CNC 3.00 ± 0.46 18.26 ± 1.75 9.58 ± 1.07 1161.48 ± 167.70
WBPU5CNC 4.37 ± 0.23 34.64 ± 2.23 7.21 ± 0.90 648.54 ± 117.22
WBPU10CNC 4.40 ± 0.17 35.09 ± 2.65 7.66 ± 0.49 712.44 ± 107.30
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evaluated by tensile testing at room temperature. The dif-
ferent mechanical properties are summarized in Table 2.

As seen in Table  2, as CNC content increases, tensile 
modulus (E) values of WBPU bionanocomposites were 
significantly improved in comparison with those corre-
sponding to the neat polyurethane. The bionanocompos-
ites films showed an increase from 17 to 35 MPa, which is 
around 100% in WBPU5CNC and WBPU10CNC samples 

compared to the neat solid WBPU. The enhancement in 
stress at yield (σy) values observed at high CNC contents 
is directly attributable to CNC addition to matrix owing to 
the high stiffness and their reinforcing effect and probably, 
to the H-bonding between cellulose and PU and to the new 
crystals observed by DSC [26, 45, 47–49]. On the other 
hand, as depicted in Fig. 8 and summarized in Table 2, both 
stress (σb) and strain at break (εb) values are decreased in all 
nanocomposites respect to neat matrix. This decrease was 
associated to the CNC-polymer interactions that affect the 
crystal nucleation effect of the soft segments of the WBPU 
and to the intrinsic rigidity of the cellulose that restricts 
the mobility of the polymer chains [45, 47–49]. However, 
although the strain at break (εb) values decreased, bionano-
composites still maintained high deformations. A decrease 
in stress at break (σb) from 11.66 to 7.66 MPa with increas-
ing filler content from 0 to 10 wt% was observed, related 
to the loss in ductility. Moreover, the percolation threshold 
in the nanocomposite was estimated theoretically as pre-
viously reported in the literature [35] and the calculated 
value was 2.3  wt%. However, the mechanical properties 
data suggested that the percolation threshold value was 
higher than 3 wt%. The difference between the percolation 
threshold values estimated and experimentally observed 
could be related, probably, to the high dispersion of length 
and diameter of the CNC. Cao et al. [35] observed that at 

Fig. 8  Stress–strain curves of neat polyurethane and their nanocom-
posites. Inset stress–strain behavior in the low deformations interval

Fig. 9  SEM micrographs of tensile fracture surface of WBPU (a, d), WBPU5CNC (b, e) and WBPU10CNC nanocomposite (c, f) taken at dif-
ferent magnifications
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CNC loading higher than percolation threshold value, the 
deformation at break decreased considerably, and this is 
the trend observed in our work. Below percolation, there 
is little effect of adding CNC, an observation that has been 
reported in the literature. On the contrary, at the highest 
CNC concentrations used in this work a percolated cellu-
lose network is expected to be formed, which would reduce 
the ultimate deformation of the nanocomposites. It would 
be best to use 5% of CNC (which is a concentration above 
the percolation threshold), to obtain improved properties.

The scanning electron microscope (SEM) images of 
the tensile fracture surfaces of the matrix and nanocom-
posites containing 5 and 10 wt% of CNC showed different 
feature (Fig.  9). At the lowest magnification, nanocom-
posites seems to have rougher fracture surface than the 
matrix, which increases with the content of CNC, however 
at higher magnification the surface of neat WBPU seem 
to show higher plastic deformation which is in agreement 
with mechanical results. Regarding compatibility between 
CNC and matrix, CNC hardly can be observed in SEM 
image (Fig. 10), suggesting that they are mainly coated by 
the polymer matrix. In the magnified SEM image some 
CNC can be observed.

Conclusions

CNC have been successfully isolated from CNF sisal fibres 
based on successive chemical treatments, leading to rod-
like CNC, with high aspect ratio.

A bio-based WBPU has been synthesized using a 
one-step method and employed in the preparation of 

nanocomposites containing 1, 3, 5 and 10  wt% of CNC 
from sisal fibres. Transparent films up to 10 wt% content of 
CNC were prepared by casting showing an uniform appear-
ance. As observed by FTIR, the effective interactions 
between CNC and WBPU affected the crystal nucleation 
of the soft segments as also observed by DSC. An increase 
of 100% in modulus was observed for WBPU5CNC and 
WBPU10CNC, but maintaining relatively high elongations 
around 650%. The observed improvements were related to 
the reinforcing effect of CNC and the effect on the crystal-
lization (nucleation) of the soft segment domains.
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