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Waterborne polyurethane-urea (WBPUU) dispersions, products having none or low contents of organic solvents,
depending on the used synthesis process, can provide suitable environmentally-friendly strategies to prepare
novel materials. Moreover, waterborne systems enable the incorporation of aqueous dispersible nanoentities and
soluble additives, which provides a strategy to design versatile functional materials with tailored properties.
Having demonstrated in previous work the bacteriostatic properties of a 3 wt% Salvia-based WBPUU against

Staphylococcus aureus, Escherichia coli and Pseudomonas aeruginosa, this work is focused in the preparation of
Salvia-based WBPUU added with cellulose nanocrystals (CNC) tackling the preparation of functional green
nanocomposite films with increased mechanical properties. Through this strategy, nanocomposites loaded with
1, 3 and 5 wt% of CNC were prepared, showing an effective CNC incorporation avoiding agglomerates. CNC
addition is able to modulate soft and hard phase’s segregation, inducing enhanced mechanical stiffness, together
with improved deformability, while retarding thermomechanical instability to higher temperatures.

1. Introduction

Waterborne systems, particularly waterborne polyurethane-urea
(WBPUU) dispersions, have drawn attention due to their versatility in
terms of properties, which can be explored for different applications
presenting advantages over the conventional solventborne systems [1].
The use of water to substitute organic solvents implies a reduction in the
content of volatile organic compounds resulting in suitable alternatives
to develop environmentally friendly products [2]. Moreover, disper-
sion’s low-cost and scale-up potential, and characteristics such as high
solids content, are among the benefits that avail their advantages to be
applied in diverse applications [3-5]. Among WBPUU attractive char-
acteristics, it is worth noting the advantages of their waterborne char-
acter, which facilitates the incorporation of nanoentities, either
dispersible nanoreinforcements [6] or soluble additives, namely of
natural origin [7,8].

Regarding natural additives, in a previous work [9] it was shown the
suitability of incorporating natural extracts derived from plants as a

strategy to impart functional properties to the WBPUU. The work spe-
cifically demonstrated that Salvia officinalis extracts, recognized for their
antibacterial and antioxidant properties [10], were able to transferred
these properties to the base WBPUU. Namely, the effect was positive
against Gram-positive Staphylococcus aureus, and Gram-negative
Escherichia coli and Pseudomonas aeruginosa bacteria.

The use of renewable nanoentities as nanoreinforcements, e.g. cel-
lulose nanocrystals (CNC), can provide a strategy to enhance and
modulate WBPUU polymer matrix properties. Among others, cellulose,
the most abundant polysaccharide in the world, is biocompatible,
biodegradable and presents low-toxicity [11]. The isolation of the
crystalline domains of cellulose by removing the amorphous domains,
leads to the obtainment of high length/diameter (L/D) aspect ratio CNC
providing high stiffness nanoreinforcements [12].

In previous works, it has been corroborated the ability of CNC to
tailor the properties of materials based on waterborne polyurethane
dispersions, by analyzing CNCs incorporation route [13], or their effect
in polyurethane microstructure [14], including the preparation of films
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[15] and mats [16]. The incorporation to polyurethane-urea dispersions
was also studied [17] using a chemical system where a short chain diol
was included in the pre-polymer preparation, before the final chain
extension with a diamine. In this work, properties modulation of CNCs
was studied with a Salvia-based polyurethane-urea system using only
the amine extension reaction. Apart from the conferred functional
properties to the matrix, Salvia extract can provide a surfactant effect,
being a co-adjuvant facilitating the synthesis and stability of the WBPUU
[18,19].

In this context, this work is focused on the preparation of green
nanocomposites from a Salvia-based WBPUU used as matrix. For that,
isolation and incorporation of CNC were studied. The selected Salvia-
based WBPUU comprised a load of 3 wt% of the respective aqueous
extract, which was incorporated following an in-situ strategy, i.e. the
incorporation was made during the dispersion formation step. This se-
lection followed previous results that pointed out this formulation as the
most promising based on its stability and bacteriostatic effects. To
enhance the mechanical properties of the produced nanocomposites,
Salvia-loaded WBPUU were modified with different contents of CNC (1,
3, and 5%), and thereafter used in the preparation of the films. The
prepared films were characterized in terms of physicochemical, thermal,
mechanical, and thermomechanical properties. Moreover, in order to
corroborate the successful addition of CNC and their properties modu-
lating effects, morphology studies of the nanocomposite films were
conducted.

2. Experimental
2.1. Materials

CNC were obtained from microcrystalline cellulose (MCC) powder
purchased from Aldrich using concentrated sulfuric acid (H2SO4) pro-
vided from Panreac.

The synthesis of Salvia-based WBPUU was carried out using poly
(e-caprolactone)diol (PCL) (M,, =2000 g/mol) provided by Solvay as the
soft segment (SS), previously dried under vacuum at 50 °C for 4 h. The
hard segment (HS) was composed by isophorone diisocyanate (IPDI),
kindly purchased from Covestro, as the isocyanate component, ethyl-
enediamine (EDA), supplied by Panreac, as the chain extender, and 2,2-
bis(hydroxymethyl)propionic acid (DMPA), purchased from Fluka, as
the internal emulsifier. DMPA was dried at 50 °C for 4 h under vacuum
before use. DMPA acid groups were neutralized with triethylamine
(TEA), provided by Fluka. Dibutyltin dilaurate (DBTDL), supplied by
Fluka, was used as the catalyst. Dry acetone, supplied by Panreac, was
used to adjust the viscosity during the synthesis process. Salvia offici-
nalis L. from Raizes da Natureza was acquired in a local herbalist.

2.2. Isolation of cellulose nanocrystals

Cellulose nanocrystals were isolated by removing the amorphous
region of MCC by acid hydrolysis with H2SO4 according to a previously
developed methodology [13]. Briefly, MCC was mixed with H,SO4 (64
wt%) at 45 °C for 30 min and then diluted with deionized water. The
resultant suspension was washed by using centrifugation cycles and
dialyzed to obtain a final CNC suspension with a pH of about 5-6 and a
solids content of 0.5 wt%.

2.3. Preparation of the Salvia-based WBPUU

The synthesis of the Salvia-based WBPUU dispersion, with a hard
segment content of 32 wt%, was carried out by a two-step polymeriza-
tion process, using a 5 wt% DMPA content and an NCO/OH molar ratio
of 1.67 in the prepolymer synthesis step. Salvia extract (pH 5.52) was
incorporated at 3 wt% based on the total WBPUU dry weight. For the
reaction, a 500 mL four-necked jacketed reactor equipped with a
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thermocouple, a mechanical stirrer and an intracooler, was employed.
The reaction progress (under nitrogen atmosphere), was assured by the
dibutylamine back titration method, according to the ASTM D 2572-97.
In the first step, PCL and IPDI were reacted at 80 °C in the presence of
0.037 wt% of DBTDL until the theoretical NCO value was reached. Then,
DMPA (previously neutralized with TEA in acetone solution) was
incorporated and let to react at 50 °C. Afterwards, the NCO terminated
prepolymer was cooled to 25 °C for the phase inversion. In this step,
Salvia extract, obtained according to the infusion method as previously
described [9], was dissolved in the required amount of distilled water,
and then added dropwise under vigorous stirring to the pre-polymer
reactive mixture. The obtained dispersion was heated to 35 °C, and
the chain extender, EDA dissolved in 20 mL of distilled water (added
amount based on a chain extension degree of 40 %), added at a flow rate
of 0.3 mL/min. The acetone was removed in a rotary evaporator (40 °C
and 350 mbar), leading to a product exempt (or with only traces) of
organic solvents.

2.4. Nanocomposite films preparation

Salvia-based WBPUU dispersion was employed as the matrix for the
preparation of the nanocomposites containing CNC (from 0 to 5 wt%). In
a first step, a CNC suspension (pH 5-6) was sonicated for 1 h and
thereafter incorporated into the Salvia-based WBPUU dispersion (1.55,
4.77 and 8.12 g of CNC suspension to prepare the nanocomposites with
1, 3 and 5 wt% of cellulose nanocrystals, respectively). The resultant
mixture was sonicated for another 1 h. In this step, the required amount
of deionized water was added to the mixture to keep constant the vol-
ume of all dispersions (including the one with no added cellulose
nanocrystals), taking as reference the nanocomposite containing 5 wt%
of CNC (8.12 g), that is, the sample with the higher added water volume.
The envisaged procedure is not expected to cause any instability effects
in the Salvia-based dispersion since the pH of the used CNC suspension is
above the critical isoelectric point value (~ 4.41) of the DMPA car-
boxylic groups. Nanocomposite films were prepared by casting the dis-
persions in Teflon molds, dried in a climatic chamber under controlled
conditions (25 °C and 50 % of relative humidity) during 1 week. Sub-
sequently, the films were further dried in a vacuum oven (25 °C) for 3
days sequentially at 800, 600 and 400 mbar. Nanocomposites were
coded as WBPUU-X, where X (1, 3 or 5) is referred to the CNC content. A
Salvia-based WBPUU film, i.e. a film without being added with CNC, was
also prepared following the same dilution procedure, and denoted as
WBPUU. A general scheme presenting the Salvia-based WBPUU syn-
thesis, CNC isolation, and nanocomposites preparation and a table
summarizing the samples codification, appearance and composition are
shown in Fig. 1 and Table 1, respectively.

2.5. Characterization procedures

2.5.1. Cellulose nanocrystals

The concentration of sulfate groups anchored to the CNC surface
during the hydrolysis process was determined by conductometric titra-
tion using a Crison EC-Meter GLP 31 conductometer calibrated with 147
uS/cm, 1413 pS/cm and 12.88 mS/cm standards. Titration measure-
ments were done in triplicate at 25 °C using NaOH and HCl 10 mM. The
sulfate concentration was also determined by elemental analysis using a
Euro EA3000 Elemental Analyzer of Eurovector according to SCAB.
PE.29.PR.10.02 method in the solid-state. Moreover, CNC were char-
acterized by Fourier transform infrared spectroscopy and atomic force
microscopy according to the methodologies described next in section
2.5.3.

2.5.2. Salvia-based WBPUU dispersion

Salvia-based WBPUU dispersion was characterized in terms of solids
content (SC), pH, viscosity (1)) and particle size.

Solids content was determined by the relation between the
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Fig. 1. General scheme of the nanocomposites preparation strategy.

Table 1
Codification, appearance and composition of the samples.
Sample Appearance  CNC General
codification content comments
(Wt%)
Salvia-based
. . Polyurethane-urea dispersion
BP D e
w disU;sion ispersion 0 composition HS: 32 wt%; NCO/OH
P . molar ratio 1.67; DBTDL: 0.037 wt
WBPUU Film 0 .
. %; DMPA: 5 wt%; EDA chain
WEBPUU-1 Film ! xtension degr f 40%; Salvi
WBPUU-3 Film 3 ioniefl:’ 5 ‘:ﬁ, /ee of AU satvia
WBPUU-5 Film 5 : ’

dispersion weight and the corresponding weight in its dry state. The
weight of around 1 g of the dispersion before and after being dried for 1
h at 105 °C was measured by triplicate.

The pH was determined using a pH meter GLP22 of Crison calibrated
with pH 4.00 and 7.00 buffer solutions standards.

The viscosity was measured in a Visco Star Fungilab of concentric
cylinders rotational viscosimeter. Measurements were carried out by
triplicate at 25 °C.

Particle size distribution was determined using a Mastersizer 3000
Hydro particle size analyzer of Malvern by averaging five replicates of
the dispersion diluted in deionized water at 25 °C.

2.5.3. Nanocomposite and Salvia-based films

Nanocomposite Salvia-based film were characterized by Fourier
transform infrared spectroscopy (FTIR), differential scanning calorim-
etry (DSC), mechanical analysis, and dynamic mechanical analysis
(DMA). Moreover, morphology was analyzed by Atomic force micro-
scopy (AFM).

Functional groups and hydrogen bonding interactions were analyzed
by FTIR using a Nicolet Nexus spectrometer equipped with a MKII
Golden Gate accessory (Specac) with a diamond crystal at a nominal
incidence angle of 45° and ZnSe lens. Spectra were collected from 4000
to 650 cm ! by averaging 64 scans with a resolution of 8 cm ™!

The thermal behavior was analyzed by DSC using a Mettler Toledo
822e, equipped with a robotic arm and an intracooler. Between 5-10 mg
were poured into aluminum pans and heated from —75 to 200 °C (20 °C/
min) under nitrogen atmosphere. The glass transition temperature was
ascribed as the inflexion point of the heat capacity change. For the

endothermic peak, the maximum was considered the melting tempera-
ture and the area under the peak the melting enthalpy. Transitions were
determined using a single measurement.

The mechanical behavior was accessed with a MTS insight 10 testing
machine equipped with a 250 N load cell and pneumatic grips to hold
samples, by averaging 5 specimens for each system. Films tensile
modulus (E), maximum stress (o), stress at break (cp) and strain at
break (ep) were determined from the stress-strain curves obtained at a
crosshead speed of 50 mm/min at room temperature. The break point
(op and &p,) was settled as the sharp drop point at the end of the curve.

Thermomechanical properties were determined by dynamic me-
chanical analysis (DMA) using an Eplexor 100-N analyzer (Gabo)
equipment. Films were measured in tensile mode, from -100 to 60 °C at a
scan rate of 2 °C/min, with a static strain of 0.05 % and operating fre-
quency of 1 Hz.

Morphology was analyzed by AFM using a Nanoscope IIla scanning
probe microscope (Multimode™ Digital Instruments) provided with an
integrated force generated by cantilever/silicon probes (with a tip radius
of 5-10 nm and 125 pm long), applying a resonance frequency of about
180 kHz. Samples were prepared by spin-coating a droplet of the
dispersion on glass supports using a Spincoater P6700 at 2000 rpm for
130s.

3. Results and discussion
3.1. Cellulose nanocrystals characterization

The isolation method of CNC by acid hydrolysis results in the
anchoring of sulfate groups to the CNC surface, which favor the elec-
trostatic repulsion forces between the formed nanoentities, promoting
their dispersibility in polar solvents [13,15]. The anchoring degree was
measured by conductimetric titration and elemental analysis resulting in
values of 0.73 % and 0.70 %, respectively. These values are similar to
other works [20] where it is reported that the range of sulfate anchoring
percentage is usually between 0.66 and 1.1 %.

The successful isolation of CNC was evaluated by AFM, namely by
inspecting the morphology and determining the length/diameter (L/D)
aspect ratio. Fig. 2 shows the rod-like morphology of the CNC, pre-
senting length and diameter in the nanoscale dimension. By averaging
100 CNC entities in the height profile and height image, length and
diameter values of 167 + 101 and 5.6 £+ 1.5 nm, respectively, were
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Fig. 2. AFM a) height and b) phase images of isolated CNC (2 ym) and inside, the corresponding amplification of 1 pm.

determined, resulting in a L/D aspect ratio of 30. The aspect ratio value
is a key parameter determining the performance of the CNC in the
nanocomposite [21]. The higher the value, greater reinforcing capacity
will provide to the system. This value is in the upper range comparing
with similar systems [20,22], availing the reinforcing effect it can
transfer to prepared Salvia-based WBPUU nanocomposites.

3.2. Salvia-based WBPUU dispersion characterization

The solids content, pH and viscosity properties of the synthesized
Salvia-based WBPUU dispersion and particle size distribution are shown
in Fig. 3. The pH value of the dispersion around 7-8 is in the usual range
on this type of dispersions, evidencing that carboxylic groups were
effectively neutralized [23,24]. The SC value was around the theoretical
value of the formulated dispersion while relative low viscosity was ob-
tained. These values showed the suitability of the synthesis in face of its
applicability, where high solids content and low viscosity values are
usually preferred [25].

Regarding the particle size distribution, the dispersion resulted in a
homogeneous and unimodal distribution, with an average particle size
of 58.4 nm (deviation lower than 10’3). The dispersion was visually
stable over 6 months, fact related with the small particle size and the
homogeneous distribution, that is known to favour dispersion’s stability
[26,27]. Furthermore, plant extracts can act as natural surfactants,
favouring the formation of the small size and unimodal distribution of

12

pH: 7.66
| | SC (wt%): 35.17+0.08
Viscosity (cp): 49.70+0.56

o
o

©
T

Volume density (%/log(nm))

— WBPUU

0FE 1

0.01 0.1 1
Particle size (um)

Fig. 3. Salvia-based WBPUU dispersion properties and particle size distribution
in volume.

the nanoparticles, promoting the stability over time, as previously re-
ported [9,28].

3.3. Nanocomposite and Salvia-based films characterization

The obtained Salvia-based film (WBPUU), and nanocomposite films
(WBPUU-1, WBPUU-3 and WBPUU-5) are shown in Fig. 4. All films
resulted transparent presenting a light brown colour. This fact would be
related with the presence of the plant extracts compounds that have this
colour hue.

Salvia-based WBPUU, nanocomposite films and CNC FTIR spectra
are shown in Fig. 5. CNC spectrum showed the typical profile of cellulose
[29]. Specifically, the broad band between 3000 and 3600 cm !
correspond to the stretching vibration of hydrogen bonding and free
hydroxyl groups whereas the band about 2900 cm™! is related to the
stretching vibration of CH groups. The slight band at about 1637 cm ™ is
attributed to the water absorbed by CNC. Moreover, the fingerprint of
cellulose is reflected by the bands corresponding to CHz symmetrical
bending (1430 cm’l), C—O—C stretching (1160 cm’l), stretching of
glucopyranose (1110 cm™') and p-glycosidic linkage vibration (895
cm’l).

For Salvia-based WBPUU film, bands associated with different
functional groups were observed. The band between 3000 and 3500
cm ™! was attributed to the N—H stretching vibration, and the two bands
at 2947 and 2867 cm™! to the stretching vibration of C—H groups. The
band centred about 1720 cm™! was associated with the stretching vi-
bration of carbonyl (C=0) groups, the band at 1540 cm~! with the C—N

WBPUU-5

Fig. 4. Appearance of Salvia-based WBPUU matrix, and nanocomposite rein-
forced with CNC.
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Fig. 5. a) FTIR spectra of CNC, Salvia-based WBPUU matrix and nano-
composites reinforced with CNC; b) amplification of carbonyl region.

stretching vibration combined with N—H bending, and the bands
located at 1460 and 1360 cm ™! with the asymmetric and symmetric
bending vibration of C—H, respectively [30]. It should be noted the
absence of the band at 2270 cm™?, attributed to the isocyanate (NCO)
groups, indicating that the dispersion synthesis procedure leaded to
their complete conversion [31].

Analyzing the spectra of nanocomposites, the main variations
occurred in the bands of N—H and C—O groups observed around
3000-3500 and 1800-1600 cm™!, respectively. Regarding the N—H
region, it is known that depending on the wavenumber the N—H groups
can be associated with diverse structure and interactions. Bands centred
about 3499 cm™! are assigned to free N—H groups, and bands around
3372 and 3306 cm ™! correspond to N—H groups hydrogen-bonded to
carbonyl (C=0) and ether oxygen groups (C—O—C), respectively [32].
In the case of the base WBPUU, the main peak centred around 3360
cm™, indicated that most of the N—H groups are involved in hydrogen
bonds with carbonyl groups. The band increased as the CNC content
increased, also shifting to lower wavenumber values (from 3360 to 3340
em™1), a fact that could be related with the hydrogen bonding generated
between the N—H groups of the WBPUU matrix and the ether oxygen of
CNC reinforcement. Similarly, in the C=O0 region, the nature of C=0
groups, as well as their interactions, can result in different assignments.
The deconvolution of the C=O region performed by Mishra and
co-workers [32] for several systems, revealed that free C=O groups of
both urethane and urea groups are located around 1740-1725 and
1725-1710 cm™}, respectively, while hydrogen-bonded urethane and
urea groups correspond to bands centred about 1685-1670 and
1655-1644 cm ™!, respectively.

Analyzing the spectra amplification provided in Fig. 5, the Salvia-
based WBPUU presented a band around 1720 cm ™ 'corresponding to
free C=0 urethane groups (SS), broadening to lower wavenumbers
pointing out the hydrogen bonding of C=0 groups. Considering the
nanocomposites with different CNC contents, their addition shifted and
broadens the band at 1720 cm™! to higher wavenumbers, suggesting
that CNC addition led to a higher amount of urethane C=0 free groups.
Moreover, the shoulder intensity increase, by broadening to lower
wavenumber values, indicated that the C=0O involved in hydrogen
bonds were also increased.

The thermal behaviour of the Salvia-based WBPUU and nano-
composites was analyzed by DSC, and the thermograms and transition
values are shown in Fig. 6 and Table 2, respectively.

Salvia-based WBUU matrix and nanocomposites showed different
transitions associated with both soft and hard domains. In the Salvia-
based WBPUU matrix, the glass transition (—45 °C), associated with
the mobility of the soft domain (Tgss) was determined setting the
baseline between the start and end temperatures of —59 and —28 °C,
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Fig. 6. DSC thermograms of Salvia-based WBPUU matrix and nanocomposites
reinforced with CNC.

Table 2
Thermal properties of Salvia-based WBPUU matrix and nanocomposites rein-
forced with CNC.

Sample Tgss(°C) Tmss (°C) AHpss (J/8) Tmus (°C) AHpps (J/8)
WBPUU —45.0 47.7 30.2 101.5 0.9
WBPUU-1 —43.0 49.3 31.1 102.5 3.6
WBPUU-3 —45.0 49.3 28.7 95.1 5.6
WBPUU-5 —45.7 47.9 29.5 99.4 7.0

respectively. Moreover, a sharp endothermic peak associated with the
ordered soft domains (47.7 °C), and a slight endothermic transition at
101.5 °C, attributable to the short range ordered hard domains, are
shown (determined setting the baseline between the start and end
temperature ranges of 33 and 56 °C, and 68 and 135 °C, respectively).

In general, the CNC incorporation leads to the maintenance of the
transitions observed in the matrix. However, some differences were
noticed indicating that CNC presence modified the base structure
assumed by the matrix during the film formation. Attending to the Tgss
of the soft domain, at low CNC content (1 wt%), a slight increase in this
temperature was observed, in comparison with the WBPUU matrix. This
fact implies that the restriction in the mobility of the soft amorphous
domain, due to the addition of 1 wt% of CNC, but leading to a pro-
gressive decrease in the Tgss by higher CNC addition thus suggesting a
greater mobility of this domain, indicating that could not be strongly
associated with CNC by hydrogen bonds [30]. This fact was previously
suggested by the FTIR analysis where the peak at 1720 cm ! associated
to free C=0 groups broadened and shifted to higher wavenumbers as
the incorporated CNC content increased.

Regarding soft and hard ordered domains, more remarkable changes
were observed. The presence of both transitions indicate that the Salvia-
based WBPUU matrix structure presented phase separation, which is
enhanced with CNC incorporation, resulting in a progressive increase in
the ordering capacity of the hard domains, which became segregated
from the soft domain, showing higher AHpys values. Moreover, the
increasingly ordered hard domains can influence the arrangement ca-
pacity of the soft domain, considering that a higher order degree of the
hard domain hinders the crystallization ability of the soft domain [33],
leading to slightly lower AHpgs values. Furthermore, the higher segre-
gated phase structure of samples WBUU-1 and WBUU-3, compatible
with the observed higher Tp,sg value, can be related with the formation
of more ordered crystals. Concretely, it should be noted that in
WBPUU-1, the increase of both ordered domains in terms of quantity
(higher AHy,ss and AHpys) and packaging level (higher Trss and Typs),
resulted in the registered increase in Tgss value, due to restrictions to
chain mobility [27].
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The mechanical behaviour of Salvia-based WBPUU matrix and
nanocomposites are shown in Fig. 7, and the mechanical properties are
summarized in Table 3.

Results showed that the incorporation of CNC was effective up 5 wt%
load, leading to a suitable stress-transfer between the matrix and the
reinforcement, translated by a progressive increase in E and oy, values
[341, objective pursued in this work. Indeed, sample WBUU-5 almost
duplicates E value, comparatively with the matrix. Usually, the addition
of CNC results in a stiffening effect of the film [35,36], evidenced by a
decrease in strain at break values due to the high rigidity of cellulose
[37]. In this study, this common effect was observed in the case of the
composite with 1 wt% CNC (WBUU-1), where strain at break decreased
in comparison with the Salvia-based WBPUU matrix. Appositively, the
incorporation of 3 and 5 wt% CNC led to slight increase of the strain at
break value, being possible influenced by alternative effects including
the domains distribution adopted by the Salvia-based WBPUU, as pre-
viously discussed in DSC results section. The elongation capacity could
be conditioned mainly by the mobility of the amorphous chains, that is,
the SS, considering the increase of hard domains order (which should be
reflected in more rigid films, fact not observed in the studied system).
When using 1 wt% CNC composite, where higher AHy,gs and Tp,ss were
observed, along with Tgss increase, a reduction in strain at break value
was registered. However, in the composites using 3 and 5 wt% CNC, the
strain at break was maintained in comparison with the one of the
Salvia-based WBPUU matrix, where less ordered soft domains were
observed (lower AHp,ss and Tgss), suggesting a higher freedom of the
soft chains (enhanced flexibility).

It should be worth noting that the Salvia-based WBPUU film led to
different mechanical properties in comparison with the analogous sys-
tem previously reported [9]. The direct casting of the Salvia-based dis-
persions resulted in films with higher flexibility (847 %) and lower
stiffness (E of 4.5 MPa), whereas for the films produced in the present
work values of 41 % and 333.1 MPa, respectively, were obtained. In fact,
the used dilution step influenced the drying conditions of the films,
originating different organization structures and thus different proper-
ties (e.g. thermal and mechanical), as also previously reported in the
literature. Tapia-Blacido et al. [38] demonstrated the effect of temper-
ature and relative humidity in the drying rate, which have influenced
the mechanical properties of amaranth flour films with glycerol as
plasticizer; namely, low drying rates, originated films with higher E
values. Kundu et al. [39], analyzed the influence of film preparation
procedures on crystallinity, morphology and mechanical properties of
linear low-density polyethylene added with calcite filler, revealing that
the processing as well as the cooling conditions led to materials with
elongation values ranging from 63 to 573 %.

The thermomechanical behaviour of Salvia-based WBPUU matrix
and nanocomposites was determined by DMA. The storage modulus (E’)

—— WBPUU

— WBPUU-1
—— WBPUU-3
— WBPUU-5

Strain (%)

Fig. 7. Stress-strain curves of Salvia-based WBPUU matrix and nanocomposites
reinforced with CNC.
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Table 3
Mechanical properties of Salvia-based WBPUU matrix and nanocomposites
reinforced with CNC.

Sample Modulus Maximum stress Stress at break ~ Strain at
(MPa) (MPa) (MPa) break (%)
WBPUU 3331+ 10.4 £ 0.4 4.5+ 0.9 41 +8
13.4
WBPUU- 398.9 £ 3.9 10.7 £ 0.5 3.5+1.5 307
1
WBPUU- 452.5 + 10.8 £ 0.8 3.0+1.1 39+9
3 10.6
WBPUU- 523.6 + 11.8 £ 0.6 3.6 £0.9 45+ 5
5 15.8

and Tané curves are shown in Fig. 8. The glassy-state, observed in the
range —100 to —50 °C, was characterized for maintaining E’ almost
constant, independently of the used CNC content, due to chains mobility
hindrance. At higher temperatures, a decrease in the E’ was observed,
usually reflected by a peak in Tané curves. This transition is associated
with the material’s Ty [26]. In this case, a pronounced shoulder was
observed from —50 to —20 °C, in accordance with the Tgss values ob-
tained by DSC. Below the Tyss transition, it was observed that the pre-
pared nanocomposites showed slightly lower E’ values in comparison
with the Salvia-based WBPUU matrix, being progressively higher as the
CNC content increases. This fact indicates that the CNC reinforcing effect
would not be directly related to their interaction with the soft segment
[27], as previously discussed in DSC results. By contrast, at higher
temperatures, which would be related to the hard ordered domains,
interaction effects occurred. In this region, it was observed that the E’
curves obtained for nanocomposites, including the one with 1 wt% CNC,
exceeded the one of the Salvia-based WBPUU matrix, reflecting an
enhancement of the thermomechanical stability of this film, which is
progressively improved with the increase of CNC content. This rein-
forcing effect suggests that CNC interacts with the hard segment at a
greater extent that together with the formed more ordered domains,
would favour the retard of the flow point of the nanocomposites [36].
The morphology of Salvia-based WBPU matrix and CNC nano-
composites was analyzed by AFM, and height and phase images are
shown in Fig. 9. It is known that in general, the dark regions are asso-
ciated with the soft segment, whereas bright regions are related to hard
domains [40]. Attending to the Salvia-based WBPUU matrix, it was
observed a spherical and homogeneous distribution that could be related
with the coalescence of WBPUU dispersion nanoparticles, which present
high film-forming ability. The typical core-shell structure adopted by the
dispersion nanoparticles where the hydrophobic segment (SS) forms the
core and the hydrophilic segment (HS) arranges to form the shell, leads
to the observed structure conformed by dark spheres surrounded by a
bright cover. Furthermore, it should be worth noting that CNC addition
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Fig. 8. E’ and Tané curves of Salvia-based WBPUU matrix and nanocomposites
reinforced with CNC.
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Fig. 9. AFM tapping mode height (left) and phase (right) images of Salvia-based WBPUU matrix and nanocomposites of 3 pm and inside, the corresponding
amplification of 1 pm.
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maintains, in general, the spherical morphology. In particular, in CNC
nanocomposite images, the bright appearance of CNC indicates the stiff
character of the nanoreinforcement, whose significant presence, ac-
cording to the increased addition of CNC content, corroborates their
effective loading into the nanocomposites. Moreover, for all the tested
samples, CNC were uniformly distributed, availing the absence of ag-
glomerates formation during the film-forming process [36], which
might favour stress-transfer, as previously addressed in the mechanical
properties section.

4. Conclusions

In this work, a Salvia-based WBPUU dispersion loaded with 3 wt% of
Salvia extract during the inversion phase was synthesized. DLS results
showed the low and narrow particle size distribution of the Salvia-based
WBPUU dispersion, which can be ascribed to the effective synthesis
method favored by the natural extract surfactant. The dispersion was
used in the preparation of green nanocomposites by the incorporation of
isolated high L/D aspect ratio (30) CNC, whose homogeneous distribu-
tion was corroborated by AFM. FTIR results revealed the addition of
CNC led to the increase of both, free C=0 groups in the SS and hydrogen
bonded C=O0 groups in the HS. DSC results pointed out a reorganization
of the phases induced by CNC incorporation, that, in general, resulted in
lower Tgss values (indicating the increased mobility of the amorphous
fraction of soft domains), while promoting the arrangement of short
range ordered hard domains, evidenced by the increase of AHpys
values. The structure adopted by the WBPUU, together with the stiff
CNC, lead to composites with enhanced mechanical properties (higher
E), and increased elongation capacity. Similarly, the thermomechanical
behaviour was improved, retarding the flow temperature to higher
values.
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