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Abstract

There has been an exponential rise in the interest for waterborne polyurethanes (WBPU), due to
the easy customizability of their properties and their ecofriendly nature. Moreover, their agueous
state facilitates the incorporation of hydrophilic reinforcements. Cellulose nanofibers (CNFs)
have shown great potential, thanks to their renewability, large natural availability, low cost and
great specific properties. However, CNFs often require some modification to obtain optimal
compatibility. In this work, standard bleached hardwood kraft pulp has been subjected to a
carboxylation process followed by mechanical disintegration. Varying treatment times and
passes, CNF samples with different carboxylation degrees have been obtained. WBPU/CNF
nanocomposites with different CNF content have been prepared. The effect of the carboxylation
degree on the CNFs and on the nanocomposites properties has been studied. Although
carboxylation damaged the cellulose structure, decreasing the crystallinity degree of CNF and
reducing the thermal stability of fibers, composites showed better thermal and thermomechanical
stability and improved mechanical properties than the unreinforced matrix counterpart. A
maximum increase of 1670% in modulus, 377% in stress at yield and 86% in stress at break has
been achieved for composites reinforced with carboxylated fibers. Therefore, it was observed that
carboxylation improved matrix/ reinforcement interactions.
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1. Introduction

The increasing awareness of environmental issues and the subsequent stricter legislations for
emissions have skyrocketed the interest in replacing conventional materials with more environ-
mentally friendly ones [1]. Among them, water-based polymeric dispersions have gained great
interest, due to their lack of volatile organic compound emissions and the remarkable potential
shown for many applications [2,3]. It is well-known that polyurethane- based materials
(elastomers, adhesives, coatings, foams, etc.) are a key component of the plastic industry, being
in the year 2015 the fifth among the most produced polymers in Europe [4] and seventh worldwide
[5]. Therefore, the demand for water-based poly- urethane dispersions is growing rapidly in the
plastic industry. The wide range of customizable properties, depending on reagent chemical
structure, molar ratio and synthesis procedure, open the door to specifically designed
polyurethane-based materials, very beneficial in numerous applications [6]. Polyurethanes are
block copolymers usually formed by two incompatible segments providing different properties, a
soft segment (SS) composed by a macrodiol, and a hard segment (HS) consisting on an isocyanate
and a low molecular weight diol or diamine. Thus, properties can be easily tailored by varying
segment ratios [7]. Moreover, in recent years, sustainability has become a major concern when
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designing materials. Finding new bio-sourced monomers for plastics is a key factor for the
transition towards more environmentally friendly materials. Precursors obtained from renewable
sources, mainly vegetable oils, can be used in the synthesis of water-based (waterborne)
polyurethane dispersions, such as polyols from castor oil [8] and soybean oil [9], and fatty acid-
derived isocyanates [10,11].

There is abundant literature referred to the addition of different reinforcements to waterborne
polyurethane dispersions: clay, silica, silver, graphene [12], among others. In this field, the use of
nanocellulose has gained great interest in the last years due to its great specific mechanical and
chemical properties, low density, as well as biodegradability, biocompatibility and natural
availability, promoting also to the development of sustainable materials [13,14].

Nonetheless, depending on the nature of the polymeric matrix, nanocellulose can be either
incorporated into composites directly without modification in polar matrices, such as polyvinyl
alcohol [15,16], or after being subjected to some sort of derivatization [14,17,18], when
hydrophobic matrices are used, to avoid agglomeration of nanocellulose particles in the polymeric
matrix. Modification of the nanocellulose surface with chemical groups has been extensively
studied [17,19,20]. The most common chemical routes are based on chemical reactions or
interactions through the numerous and highly reactive hydroxyl groups available on nanocellulose
surface. The oxidation of OH groups into carboxylic moieties has been extensively performed as
a successful strategy to decrease the energy consumption when isolating cellulose nanofibers
(CNFs) from cellulose fibers. TEMPO-mediated oxidation [21] method is the most extensively
studied method for the oxidation of the primary OH groups. However, it is also possible to achieve
carboxylation through the secondary OH groups by sequential periodate-chlorite oxidation [22].

Studies analyzing the effect of the carboxylation degree on cellulose nanoentities have shown
changes in properties, such as crystallinity, surface area and cell viability [23,24]. When preparing
composites with oxidized fibers, most works study the effect of the modification [25], but to the
best of our knowledge there are no works that focus on the effect of the carboxylation degree on
the final composites properties.

This work aims to study both the effect of carboxylation and its degree on nanocellulose properties
as well as on composite properties. For that, CNFs with different carboxylation degrees have been
achieved through the less studied oxidation of the secondary OH groups. CNFs have been used
as reinforcement for a waterborne polyurethane matrix synthesized with a polyol coming from
renewable sources. Finally, composite with different amounts of CNFs and with different grades
of carboxylation have been prepared and analyzed.

To better study both the carboxylation and the carboxylation degree effects, first the modified and
pristine CNFs have been deeply characterized, in order to not only consider the effect of oxidized
groups, but also the resultant changes in crystallinity, thermal stability and morphology of the
fibers, among others.

On the one hand, it is expected that the hydrophilic nature of both WBPU and CNFs will facilitate
the miscibility of the systems and thereby improve the mechanical properties of the final
composites. On the other hand, the oxidation of CNF hydroxyl groups could improve the
compatibility between CNFs and WBPU matrix and result in significantly altered composite
properties. The different CNFs systems and the prepared WBPU-CNF nanocomposite films have
been analyzed using different characterization techniques.

2. Experimental
2.1. Materials



For the synthesis of the waterborne polyurethane, a difunctional polyol coming from renewable
sources, Priplast 3192® (M,, 2000 g mol™), purchased from Croda, has been used as soft segment.
Isophorone diisocyanate (IPDI), kindly supplied from Covestro, 2,2- Bis (hydroxymethyl)
propionic acid (DMPA), used as internal emulsifier, provided from Aldrich and ethylene
diamine (EDA), as chain extender, provided from Fluka, were used as hard segment.
Triethylamine (TEA), provided by Fluka, was employed to neutralize the carboxylic groups of
DMPA, and dibutyltin dilaurate (DBTDL), provided from Aldrich, was used as catalyst. Both the
polyol and the DMPA were dried under vacuum at 60 °C for 4 h prior to their use. Standard
bleached hardwood kraft pulp (bHKP) from Eucalyptus globulus, obtained from a local paper
mill, was used as raw material for the preparation of CNFs. Sodium metaperiodate (NalO.),
sodium chloride (NaCl), hydrogen peroxide (H.0), sodium hydroxide (NaOH) and sodium
chlorite (NaClOy), used for the cellulose treatment, were purchased from Scharlab and used as
received.

2.2. Preparation of cellulose nanofibers

Initially, bHKP sheets were torn into ca. 2-4 cm? pieces and soaked in tap water for 24 h to allow
complete swelling. The mixture was then dispersed mechanically until no agglomeration of fibers
could be observed, and final consistency was then adjusted to 1 wt%. A reference CNF sample
(CNFO0) was obtained directly from this pulp suspension by subjecting it to 10 passes through a
Masuko Supermass Colloider (MKZA10-15J), after which no microstructure could be seen under
an optical microscope.

In parallel, the pulp suspension was subjected to a sequential periodate-chlorite oxidation as
described elsewhere [22,26]. Briefly, a 500 g deionized water suspension containing 5 g of
cellulose fibers, 3.33 g of sodium metaperiodate (50% molar ratio of cellulose
anhydroglucopyranose units, 0.03 M overall concentration) and 14.5 g of NaCl (0.75 M) was
allowed to react under total darkness and agitation for alternatively 2 and 24 h, in order to prepare
CNFs with different carboxylation degrees. After that time, the reacted mixture was washed four
times with deionized water and used as starting material for the second oxidation reaction. In this
second reaction, a new 500 g deionized water suspension was prepared with 5 g of dialdehyde
cellulose fibers resulting from the previous step together with 3.5 g of NaClO; (0.04 M
concentration), 14.5 g of NaCl (0.75 M) and 3.3 g of H,O,. This mixture was allowed to react for
2 h at room temperature. During this time, the pH of the suspension was maintained between 4.2
and 4.5 by dropwise addition of NaOH 0.5 N. The slight excess of chlorite is expected to fully
convert aldehyde groups introduced by periodate into carboxylic groups with the aid of the co-
oxidant hydrogen peroxide. In both oxidation reactions, the presence of sodium chloride increases
the ionic strength of the medium boosting up the efficiency of the reactions due to the decrease of
the electrical double layer [27]. Finally, the reaction mixture was filtered and the dicarboxylated
cellulose fibers washed repeatedly.

The carboxylic cellulose preparations were fully disintegrated in the Masuko Supermass
Colloider until no presence of the fiber wall could be found under the optical microscope, what
happened only after 8 (for CNF1) and 3 (for CNF2) passes due to the strong effect of carboxylate
groups on fibrillation (via repulsive forces). After that point, the application of new passes on the
suspension produces no increase on the degree of fibrillation of the fibers, which are already
totally converted into nanoentities. Table 1 resumes the name and characteristics of the three CNF
preparations. The cellulose nanofibers with three different carboxylation degrees were named as
CNFO, CNF1 and CNF2.

2.3. Preparation of waterborne polyurethanes (WBPU)



The synthesis of the WBPU was carried out using a two-step polymerization procedure in a 250
mL four-necked flask equipped with a mechanical stirrer, thermometer and nitrogen inlet within
a thermostatic bath. In the first step the prepolymer, composed by the polyol and the diisocyanate,
was synthesized and in the second step the chain extension was carried out. The reaction progress
was monitored using the dibutylamine back titration method according to ASTM D 2572-97. In
the first step of the reaction, polyol, IPDI and 0.037 wt% of DBTL respect to the prepolymer
content were reacted at 100 °C for 5 h under mechanical stirring, then the DMPA neutralized with
TEA and dissolved in a little amount of acetone was added at 50 °C and left to react for 1 h more.
The system was then cooled down to room temperature, where the phase inversion step was
carried out by dropwise addition of deionized water under vigorous stirring. Finally, in the second
step of the synthesis, the chain extender (EDA) was added at room temperature and the mixture
was allowed to react for 2h at 35 °C under stirring, forming a water dispersion with a solid content
of 31 wt%. The resulting molar ratio of polyol/DMPA/IPDI/EDA was 1/1.1/3.5/0.6.

Table 1. Characteristics of the CNF preparations used in this study.

Name
Treatment CNFO CNF1 CNF2
10,4 oxidation time (h) - 2 24
Cl0, oxidation time (h) - 2 2
#Passes Masuko 10 8 3

2.4. Preparation of WBPU-CNF composites

Nanocomposite films based on WBPU and CNF were prepared by solvent casting method.
Nanocellulose aqueous suspensions were sonicated at room temperature for 1 h and, after addition
of WBPU, the mixtures were sonicated for 1 h more. 45 mL samples of these mixtures were
prepared, adjusting the total volume with extra addition of water in those cases of low
nanocellulose content. Samples were casted in Teflon molds and dried first at room temperature
for 7 days, and then under vacuum at 25 °C for 3 days. Films with a thickness around 0.4 mm
containing 1.5, 3 and 5 wt% of nanocellulose were prepared. Nanocomposites were named as “x
CNFy”, where “x” denotes nanocellulose wt% respect to the total mass of the composite and “y”
the nanocellulose type used in the composite.

2.5. Characterization
2.5.1. Scanning electron microscopy (SEM)

The morphology of the nanofibers was analyzed via electron scanning microscopy using a JSSM-
6400 scanning microscope working at a 7 mm distance to the mat and 20 kV. Samples were coated
(Quorum Q150TES) with a 20 nm gold coat in order to make them conductors. Nanofiber
dimensions were measured from these images via ImageJ software.

Morphology of the composites was also studied through scanning electron microscopy. Images
were obtained with a FEI ESEM Quanta 200, operating at 5-20 kV. In order to prepare samples,
they were first frozen in liquid nitrogen and a cryofracture of the cross-section was done. Samples
were held with a clamp and the analyses took place under vacuum.

2.5.2. X-ray crystallography (XRD)



X-ray powder diffraction patterns were collected by using a Philips X'pert PRO automatic
diffractometer operating at 40 kV and 40 mA, in theta-theta configuration, a secondary
monochromator with Cu-Ka radiation (A = 1.5418 A) and a PIXcel solid state detector (active
length in 20 3.347°). Data were collected from 5 to 75° 20 (step size 0.026 and time per step 80
s) at room temperature. A fixed divergence and antiscattering slit giving a constant volume of
sample illumination were used.

2.5.3. Dynamic light scattering (DLS)

The particle size of the WBPU dispersion and its distribution was measured by dynamic light
scattering, 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 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 dispersion with ultrapure water and
measurements were carried out at 25 °C by triplicate every 2 months during half a year to ensure
the stability of the dispersions.

2.5.4. Fourier transform infrared spectroscopy (FTIR)

The characteristic functional groups of nanocelluloses, WBPU and the composites were analyzed
by Fourier transform infrared spectroscopy using a Nicolet Nexus spectrometer provided with a
MKII Golden Gate accessory (Specac) with a diamond crystal at a nominal incidence angle of
45° and ZnSe lens. Spectra were recorded in attenuated reflection (ATR) mode between 4000 and
650 cm ™t averaging 32 scans with a resolution of 4 cm™,

2.5.5. Thermogravimetric analysis (TGA)

The thermal stability of WBPU, the different nanocelluloses and the composites were determined
by thermogravimetric analysis (TGA) performed in a TGA/STDA 851 (Mettler Toledo)
equipment. The samples were heated from 30 to 700 °C in a nitrogen atmosphere at a scanning
rate of 10 °C min%,

2.5.6. Differential scanning calorimetry (DSC)

The thermal properties of the composites were determined by differential scanning calorimetry
using a Mettler Toledo DSC 3* equipment provided with a robotic arm and an electric intracooler
as refrigerator unit. Between 5 and 10 mg of sample were encapsulated in aluminum pans and
heated from —65 to 200 °C at a scanning rate of 10 °C min! in nitrogen atmosphere. From the
heating thermograms, order-disorder transition temperature and enthalpy, as the maximum of the
peak and the area below the peak, respectively, as well as glass transition temperature, as the
inflection point of the curve, were determined.

2.5.7. Dynamic mechanical analysis (DMA)

The viscoelastic behavior of the films was determined by dynamic mechanical analysis using an
Eplexor 100 N analyzer Gabo equipment. The measurements were carried out in tensile mode
from —100 to 180 °C at a scanning rate of 2 °C min™*. The initial strain was established as 0.05%
and the operating frequency was fixed at 1 Hz.

2.5.8. Mechanical testing

Mechanical tests were performed in an Instron 5967 testing machine provided with a 500 N load
cell and pneumatic grips to hold the samples. Samples were cut (2.8 mm in width and 0.4 mm in
thickness) and tested at a crosshead speed of 20 mm min* at room temperature with a distance
between clamps of 10 mm. Tensile modulus (E), stress at yield (oy), stress at break (o,) and



elongation at break (en) were determined from stress-strain curves of five specimens of each
series.

3. Results and discussion

3.1. Cellulose nanofibers characterization
The scanning electron microscopy images of the nanofibers are shown in Fig. 1. As can be
observed, the applied chemical and mechanical treatments result in a network of nanofibers of
15-40 nm in diameter and several micrometers in length.

a) b)

Fig.1. SEM images of cellulose nanofibers with different carboxylation degrees: a) CNF0, b) CNF1 and
c) CNF2.

The carboxyl group concentration or carboxylation degree of all nanocelluloses was measured via
conductometric titration as described elsewhere [22,26]. The results show an increase in
carboxylation degree, going from 0.14 mmol g* in CNFO to 0.59 and 0.88 mmol g* in CNF1
and CNF2, respectively.

Fig. 2a shows the XRD diffractograms of nanocellulose fibers, where cellulose | characteristic
diffraction peaks can be seen at 15, 16.5, 23 and 34°, related to (101), (101), (002) and (040)
crystallographic planes [28]. The obtained diffraction curves were deconvoluted by the Lorentz
function (Fig. 2b), selecting the previously mentioned diffraction peaks, as well as a broad
amorphous one at 21.5° [29]. Afterwards, the peaks were integrated in order to calculate their
area. The crystallinity of nanocellulose fibers was calculated following the equation proposed by
Hermans et al. (equation (1)) [30].

C.L(%) = ( Acic Aa) X 100 (1)

where Ac and A, are the areas related to the crystalline and amorphous peaks, respectively. The
results obtained for crystallinity index are shown in Table 2.

a) ., b) o0 —
A | ! — ONF1
for 1\ I Deconvaluted Peaks
| | } Deconvoluted Peaks sum

Intensity (a.u.)
Intensity (au.)

CNFO / : 040

4 A " 1 " L
10 2 30 @0 %0 w0 2 20 &0 0

Fig.2. a) XRD diffractograms of cellulose nanofibers with different carboxylation degrees and b)
deconvolution of peaks for CNF1 sample.



Table 2. Changes in crystallinity index for nanofibers with different carboxylation degrees.

Sample CL (%)
CNFO 79
CNF1 68
CNF2 61

The results show that the undergone treatment, and the resulting increase of carboxyl group
content, leads to a decrease in crystallinity for the nanofibers. The formation of new carboxyl
groups, and thus the opening of the glucopyranose rings, entails damaging the ordered structure
of the cellulose, making carboxylated cellulose nanofibers less crystalline [23,31].

The characteristic functional groups of cellulose nanofibers were studied by Fourier transform
infrared spectroscopy and the obtained results are represented in Fig. 3. The absorption bands
located at 3331 and 3375 cm™? correspond to the stretching vibration of the OH groups, whereas
the peak at 2900-2800 cm™ is assigned to the C—H stretching vibration [32]. A band associated
with the absorbed water is observed at 1635 cm ™ [33]. The band around 1429 cm™? represents the
symmetric bending of CH;[34]. The bands situated at 1160 and 897 cm™* are attributed to C-O—
C asymmetric stretching in B-glycosidic linkages, and the band at 1031 cm* to C-O stretching at
C6 [32,[34], [35], [36]].
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Fig. 3. FTIR spectra of cellulose nanofibers with different degrees of carboxylation.

Analyzing the carbonyl stretching vibration region of nanofiber carboxyl groups (denoted by
dotted lines in Fig. 3), the different degrees of carboxylation of each sample can be seen. It is
known from literature [37] that this band can vary easily with the effect of the humidity,
temperature and pH. It tends to appear at 1735 cm™* when protonated, whereas it displaces towards
lower wavenumbers, around 1610 cm™, when it is in its salt form. Spectrum for CNFO sample
shows a small shoulder at 1735 cm™, whereas in the case of CNF1 and CNF2 samples, both
bands, related to protonated and unprotonated carboxyl groups, are present. CNF1 spectrum
maintains the shoulder at 1735 cm™ and shows also a band at 1610 cm™, associated with both
COONa groups and the overlapped absorbed water band. The spectrum for CNF2 sample presents
the same behavior at 1610 cm™. However, it shows a distinguished band at 1742 cm™2, suggesting
a higher presence of COOH groups as well as COONa. Finally, the intensity of the band located



at 1430 cm ™ increases for CNF1 and CNF2 sample spectra, which is attributed to the formation
of COONa [38].

As far as thermal stability is concerned, the resulting thermogravimetric curves are shown in Fig.
4 and the characteristic temperatures are reported in Table 3. All systems show an initial weight
loss related to the water absorbed in the fibers. The derivative curve, i.e. DTG curve, for CNFO
sample presents a peak going from 220 to 390 °C, with a maximum at 346 °C, related to the
degradation of cellulose crystalline domains. This peak starts at lower temperatures for both
CNF1 and CNF2 fibers, and the maximum is also displaced to lower temperatures, 322 and 320
°C, respectively. This decrease in the onset degradation temperature, temperature at which a
weight loss of 5 wt% takes place, could suggest that cellulose crystals are damaged after being
modified, which is in agreement with X-ray results previously reported. Yue et al. also observed
a decrease in the onset degradation temperature attributed to the rearranging process and changes
in crystallinity that take place during the modification of the fibers [39]. Moreover, an intense
shoulder can be seen at 230 °C for samples with higher carboxylation degrees, as has also been
seen in previous studies of treated fibers [40], which has been attributed to their nanometric size
the larger amount of free ends present.

100 rer—
a) = b)
o] 00 f ar——, e
8 |
02
] -
o
~ 6 £
2 <
=~ E 04 |
zg‘ 50 3
2 B
> 40 > |
v T 06
a0 = Q ; . ‘
[—cnFo CNFO \
20t |-----CNF1 ok CNF1 \ |
CNF2| CNF2 |
10
0 L L 1 1 L 10 L 1 L L
100 200 300 400 500 600 700 100 200 300 400 500 600 700
Temperature (°C) Temperature (°C)

Fig. 4. a) TGA and b) DTG curves of cellulose nanofibers with different degrees of carboxylation.

Table 3. Thermal degradation behavior of cellulose nanofibers with different degrees of carboxylation.

Sample Tonset (°C) Tuax (°C) Char Residue (%)
CNFO 282 346 343
CNF1 232 320 36.7
CNF2 233 322 385

In Table 3, both the degradation temperatures of the nanofibers and the remaining char after 600
°C are summarized. The observed difference in the remaining char of the different nanofibers
could be due to the presence of carboxyl groups in the surface, which makes it more difficult to
decompose them into smaller units [40]. Results show that the preparation method and the
treatment of the fibers have great influence in the thermal properties of the resulting nanofibers.

3.2. WBPU dispersion characterization

The solid content of the synthesized WBPU was measured in triplicate by the weight difference
between the dispersed and dried sample. The determined value was 31.40 £+ 0.03 wt%, equal to
the theoretical, denoting that all reagents were fully incorporated to the WBPU.



The particle size and distribution of the synthetized WBPU dispersion were analyzed by dynamic
light scattering. The particle size is an important parameter when studying the stability of the
WBPU dispersion. Dispersions with larger particle sizes tend to be less stable, due to the
precipitation of these particles. On the other hand, dispersions with small particle sizes have better
stability, thanks to the formation of thicker electrochemical double layer [3,41]. Results showed
an average particle size of 178.2 + 3.8 nm with a polydispersity of 0.023. The obtained results
were similar to the ones reported in literature for stable WBPU dispersions [13]. Moreover, the
particle size was also measured after 6 months, and did not change significantly, 184.3 + 1.1 nm,
denoting that the synthesized dispersion is stable for prolonged periods of time.

3.3. WBPU-CNF composite characterization

Composites films with different CNF systems were characterized in order to assess the effect that
the content and the treatment of the fibers may have on the reinforced composites. It is expected
that interactions between WBPU and cellulose nanofibers may be enhanced when carboxylated
fibers are used. In addition to O—H groups, treated fibers count also with carboxylic groups in
their surface, able to form hydrogen bonds with urethane groups of the polyurethane (Fig. 5).
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Fig. 5. Schematic representation of the interactions between WBPU and carboxylated CNF, where RSS
refers to soft segment chain and RHS to hard segment chain.

Fig. 6 shows WBPU matrix and composite films reinforced with 5 wt% of cellulose nanofibers
(3CNFO) and carboxylated cellulose nanofibers (3CNF1 and 3CNF2). Transparent films, with no
significant differences between them, were obtained for all systems.

Fig. 6. Photographs of the prepared WBPU, 3CNF0, 3CNF1 and 3CNF2.

In order to assess a good dispersion of the nanofibers in the composites, SEM images of a
cryofracture cross-section were obtained. Fig. 7a shows SEM image of WBPU matrix, whereas
Fig. 7b—d show composites reinforced with a 3 wt% of CNFO, CNF1 and CNF2, where a good
dispersion of the fibers can be observed, with no visible agglomerations. Fig. 7e shows SEM



image of 5CNF1 where, although a higher content of fibers can be seen, a homogenous dispersion
of the fibers can still be observed.
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s

The FTIR curve for the WBPU matrix (Fig. 8) shows an absorption band at 3369 cm™, which is
assigned to hydrogen-bonded N-H groups of urethane and urea functional groups [42]. The band
at 1731 cm™* corresponds to the carbonyl vibration of the polyol and urethane groups [43],
whereas the shoulder observed around 1645 cm™ is attributed to carbonyl group stretching
vibration of urea group [44]. The band situated at 1545 cm™ in amide I region is assigned to the
C—N stretching vibration and N—H bending of urethane and urea groups [3,45].
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Fig. 8. FTIR spectra of neat WBPU and reinforced composites with different contents of: a) CNFO0, b)
CNF1 and ¢) CNF2.

Comparing the spectrum of the synthetized WBPU matrix with the spectra of the reinforced
composites (Fig. 8 a-c), an increase in the intensity of the band located around 3300-3370 cm™ is
observed, which increases with the content of CNF. At the same time, for the composites with the
highest CNF content, a slight shift of this band to lower wavenumber values can be observed (Fig.
8a—c). Changes in the stretching bond strength and length due to variation of chemical
environment of the atoms involved in the bond can be seen more clearly in the second derivative
curves, where the changes in wavenumber are seen by displacement of maximum peaks [46]. Fig.



9a shows a region (1200-1500 cm™*) where no changes take place comparing the WBPU and
reinforced composite spectra, i.e. without displacement of the maximum peaks. On the other hand,
Fig. 9b shows the 3390-3320 cm™* interval where hydrogen bonded interactions of N—H groups
can be distinguished, as in the case of 5 CNF1 where the peaks shift to lower wavenumbers
comparing with WBPU matrix. This fact could be related to the formation of new hydrogen bond
interactions between matrix N—H and cellulose O-H groups.
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Fig. 9. Second derivative curves for WBPU and 5 CNF1 composite around a) 1500-1200 cm™ and b)
3390-3320 cm™™,

Thermal degradation of composites was studied by thermogravimetric analysis. The thermal
degradation of polyurethanes takes places in two steps (Fig. 10). In the first step, the thermal
degradation of the hard domain occurs, whereas in the second step degradation of soft segment
takes place. Derivative curves show a peak around 330 °C with a shoulder around 265 °C related
to the degradation of urethane and urea groups in the hard segment, respectively, and a second

peak around 400 °C related to the degradation of the soft domain, mainly formed by the polyol
[47].
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Fig. 10. Thermogravimetric analysis curves of WBPU matrix and reinforced composites with: a) CNFO,
b) CNF1 and c) CNF2.



Regarding the thermal degradation of composites, it can be observed that it also occurs in two
steps, but the weight loss related to hard domains shifts to higher temperatures, suggesting that
the thermal stability of the composites is improved with the addition of CNFs. This improvement
can be attributed to the interactions taking place between the CNFs and the WBPU, resulting in
more stabilized urethane groups and more confined structures, thus enhancing the thermal
stability of the materials, which is in agreement with other studies [48,49].

On the other hand, in order to analyze the thermal transitions of both WBPU matrix and
composites, differential scanning calorimetry tests were performed. The obtained thermograms
of the heating scan are represented in Fig. 11, and the values of endothermic transition attributed
to short range ordering of the hard segment domains (Tws) and soft segment glass transition (T)
temperatures, as well as the relative short range ordering degrees (Xws) are summarized in Table
4. The relative short range ordering degree of the composites was calculated following equation

(2), proposed by Wunderlich [50].
AHpys
= —C . 2
HS ™ w- AHys 100 2)

where AHpsc represents the measured enthalpy of the composite transition, whereas AHws iS
related to the measured enthalpy of the polyurethane matrix short range ordering transition and w
is the weight fraction of the WBPU in the composite.
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Fig. 11. DSC curves of WBPU matrix and reinforced composites with different contents of: a) CNFO0, b)
CNF1 and ¢) CNF2.

Although the soft segment glass transition temperature remains nearly constant, the short range
ordering transition temperatures and their enthalpies increase with the addition of CNFs, and
therefore so does the relative short range ordering degree of the composites, which might suggest
interactions between the matrix and the nanofibers, as previously observed by FTIR and agreeing
with TGA results. The new assembling in the materials hinders the disruption of the short range
ordered structures of the composite. With the addition of low quantities of CNFs, a significant



increase in the relative short range ordering degree of the composites is observed, such as in the
case of 1.5 wt% CNF where a 17% increase is achieved for CNFO, going up to 37% for fibers
with higher degree of carboxylation.

Table 4. Values of different thermal transitions observed from the DSC curves.

Sample T (°C) Tus (°C) AHysc (J/g) Xus (%)
WBPU -52.0 814 10.5 100
1.5 CNFO -52.9 83.2 12.4 117
3 CNFO -53.2 819 13.9 132
5 CNFO -52.6 85.7 15.0 142
1.5 CNF1 -51.3 81.9 14.1 133
3 CNF1 -53.9 86.1 15.0 142
5 CNF1 -52.3 85.1 17.4 165
1.5 CNF2 -53.2 824 14.4 137
3 CNF2 -52.5 85.4 15.8 150
5 CNF2 -51.9 86.1 16.8 159

At the same reinforcement content, carboxylation seems to improve the interactions between the
matrix and the fibers, resulting in composites with higher degree of short range ordering.

The influence of cellulose nanofibers on the thermomechanical behavior of the materials was also
studied by dynamic mechanical tests. Fig. 12 shows the temperature dependence of the storage
modulus (E') and loss factor (tan §) for the WBPU matrix and composites. The storage modulus
curves show a similar behavior for all the composites in the glassy state up to around —45 °C,
where a drop, and simultaneously a maximum peak in tan 6 curve can be observed, which is
related to the T of the soft segment, also seen by DSC. From that transition on, in the rubbery
state, the storage modulus curve of the matrix continues decreasing, whereas the reinforced
systems show a more gradual decrease, resulting in composites with higher thermomechanical
stability. The composites with the highest amount of CNFs are the ones with higher and more
stable modulus values, suggesting thus the effective reinforcement effect of CNFs. Regarding the
effect of carboxylation degree, composites prepared with either CNF1 and CNF2 showed higher
modulus values above T4 than CNFO. The addition of CNFs also results in materials with more
interactions and higher ordering degrees as observed by DSC, which also translates into materials
with higher thermomechanical stability.

This effect can also be seen in the maximum of tan & curves. The tan 6 peak damping is bigger
for the WBPU matrix than for the composites. Moreover, damping decreased with increasing
CNF content. This may be due to the interactions between the matrix and the fibers, which
hampers the mobility of the WBPU chains [51]. For reinforced materials, a second transition peak
is also present at around 50 °C in tan J curves. This transition is attributed to the breaking of the
short rang ordering of the hard segment domains, which is in agreement with DSC data reported



previously. The presence of cellulose nanofibers on the systems supplies a higher structural
integrity to the composites, impeding the materials from flowing, and thus this peak can be seen
for composite films.
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Fig. 12. Dynamic-mechanical curves of neat WBPU matrix and reinforced composites with different
contents of: a) CNFO, b) CNF1 and ¢) CNF2.

The mechanical properties of the WBPU matrix are also significantly altered with the addition of
CNFs as it can be observed by the results obtained by tensile tests (Fig. 13). In order to consider
the significance of the undertaken changes on the composites, analysis of variance (ANOVA) was
carried out. Anova was conducted with OriginPro8 (Origin Lab), using the Turkey's test at a
significant level of 0.05. Results are represented on Fig. 13, being the systems that do not share
any letters significantly different.

As can be observed in the results, the addition of cellulose nanofibers to the waterborne
polyurethane matrix results in a significant improvement of the Young modulus values (Fig. 13a),
which could be attributed to the increase in relative short range ordering degree of the composites
and the reinforcement effect of CNFs. These results are similar to the ones reported by different
authors [52], proving the good interaction of both components of the composites. Comparing
composites prepared with the same CNF content, only at 5 wt% of nanofibers significant
differences could be observed, the highest Young's modulus is observed for the composite with
CNF1, which is in correlation with the properties observed for neat CNF1 fiber and the short
range ordering degree observed by DSC for the composite.

Regarding the stress at yield and stress at break, the addition of CNFs results in an increase of
these values, even for small CNF contents. These changes are more significant for stress at yield
values, where an increase of over 60% is achieved for all composites prepared with just 1.5 wt%
of CNFs. In the case of stress at break, most systems show differences from the matrix but remain
at similar values among them. Despite hanocomposites prepared with 5 wt% of CNFs showing
higher stress at break values than the matrix, this values are lower than the values obtained for



their homologues with lower CNF contents, which suggests the presence of agglomerates in the
composites prepared with high CNF content. This was also observed by other authors at high
reinforcement contents [53]. The increase observed for stress at yield and stress at break values
could be due to the effective stress transfer between the matrix and the reinforcement.
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Fig. 13. a) Young modulus, b) Stress at yield, c) Stress at break and d) Strain at break values, for neat
polymer and reinforced composites. Values analyzed using one-way ANOVA with Tukey's test, different
letters indicate statistical differences.

Finally, when assessing the strain at break, composites with low CNF contents show similar
values to neat WBPU. Although most studies found in the literature show a decrease in strain to
failure from the matrix, due to an interfacial debonding which grows into a crack in the material
[49,54,55], there are also some works where strain to failure values are maintained [45,48,56],
modulated by reinforcement aspect ratio and matrix-reinforcement interaction, resulting in overall
mechanically improved composites. The lower strain to failure values obtained for the composites
prepared with 5 wt% of CNFs could be due to the presence of agglomerations as previously
suggested.

Analyzing the results, it can be concluded that both content and type of cellulose have a significant
effect of the mechanical properties of the composites. Behavioral changes are more statistically
significant in the case of modulus and stress at yield.

4. Conclusion

In this work, cellulose nanofibers with different degrees of carboxylation have been prepared and
used as reinforcements to prepare nanocomposites. A stable waterborne polyurethane dispersion
has been synthetized and used as matrix. The effect of carboxylation and its degree have been
studied on both the fibers and the composites final properties.



The results suggest the formation of interactions between the polymeric matrix and the
reinforcements, showing an improvement in the general properties of the composites with the
addition of CNFs. Although composites present the same degradation trend as the neat matrix,
the thermal stability of waterborne polyurethane matrices have been improved with the addition
of CNFs. A clear increase in the short range ordering degree of the composites takes place with
the addition of cellulose nanofibers, due to the formation of new interactions between cellulose
and polyurethane matrix. The thermomechanical stability of the films has been improved with the
addition of CNFs, as well as the mechanical properties, being this improvement proportional to
the amount of CNF added.

Lastly, it has been observed that the carboxylic groups at the fibers surface promote interactions
within the system. However, an excess amount of carboxylic groups seems to damage
nanocellulose crystal structure, thus affecting the final properties of the composites.
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