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Nanocrystalline Cellulose (NCC or CNC) is widely used as a filler in polymer composites due to its high specific
strength, tensile modulus, aspect ratio, and sustainability.

However, CNC hydrophilicity complicates its dispersion in hydrophobic polymeric matrices giving rise to
aggregate structures and thus compromising its reinforcing action. CNC functionalization in a homogeneous
environment, through silanization with trichloro(butyl)silane as a coupling agent and subsequent grafting with
bio-based polyols, is herein investigated aiming to enhance CNC dispersibility improving the filler-matrix
interaction between the hydrophobic PU and hydrophilic CNC. The modified CNCs (m_Ci) have been studied
by XRD, SEM, and TGA analyses. The TGA results show that the amount of grafted polyol is strongly influenced
by both its molar mass and OH number and the maximum amount of grafted polyol reaches up to 0.32 mmol per
grams of functionalized CNC, within the explored conditions. The effect of different concentrations (1-3 wt%) of
m_Ci on the physical, morphological, and mechanical properties of the resulting bio-based composite poly-
urethane foams is evaluated. Composite PU foams present compressive modulus up to 4.81 MPa and strength up
to 255 kPa more than five times higher than those reinforced with unmodified CNC or with modified CNC in
heterogeneous chemical environment. The improvement of mechanical properties of the examined PU foams, as
a consequence of the incorporation of bio-polyols modified CNCs where polyol's OH groups interact with
polyurethane precursors, could further broaden the use of these materials in building applications.

1. Introduction waste reduction and sustainable development [3,4].

PU foams represent a broad class of thermosetting polymers [5-7]

In the last decades, the development of renewable materials and eco-
friendly processes has gained much interest, aiming to minimize the
carbon footprint as well as fossil fuel dependence [1]. On this account,
the research community has widely carried out the replacement of
widespread petroleum-derived materials with more environmentally
friendly alternatives. Concerning the plastic sector, particularly the
polyurethanes (PUs) and PU foams, whose market was estimated at USD
78 billion in 2023 and is expected to grow further to USD 112.5 billion in
2030 [2], the use of bio-based renewable materials, such as bio-based
polyols or isocyanate compounds, plays a significant role in promoting
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obtained from simultaneous polyaddition reactions between polyols' OH
groups and di-isocyanates' NCO groups, leading to urethane groups; and
blowing reaction [8-10]. This latter can be obtained either through the
use of physical low boiling point blowing agents (i.e. hydrocarbons,
hydrofluorocarbons, etc) which typically change phase from liquid to
gas during the polymerization, increasing volume mixture and thus
expanding or, through the addition of chemical blowing agents (i.e.,
H30), able to react with isocyanates, producing in-situ CO; [8,10]. The
type and the amount of the two precursors as well as the use of suitable
additives (catalysts, blowing agents, and flame retardants) tailor specific
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characteristics. According to their morphologies, PU foams can be
classified as flexible (having open cells) and rigid (with closed cells)
[11]. Intermediate systems, i.e. semirigid, can also be developed. As a
result, PU foams present versatile features that enable them to apply in
different sectors from construction or packaging/transportation (i.e., for
cultural heritage applications) to bedding/cushioning, automotive, and
aerospace sectors [4,6,9,11]. Typically, PU foam precursors are petrol-
based materials, therefore, to fulfil the principle of circular economy,
precursors coming from vegetable or biomass sources or non-isocyanate
compounds have been employed instead of conventional materials [12].
Moreover, the introduction of micro- or nano-reinforcing fillers coming
from natural or biomass or waste sources such as organic (lignin-cellu-
losic, chitin, food wastes such as wall nutshell [4] or eggshells and hemp
or proteins) and inorganic-based ones (such as clays, diatomite, zeolites,
silica, fly ashes and so forth) within PU matrices allows to improve the
functional characteristics of the foams such as compressive stress, flame
retardancy, thermal conductivity, sound [13,14] and water adsorption
[15].

Nanocrystalline Cellulose (NCC or CNC) is broadly recognized as a
reinforcing material for polymer composites due to specific features:
renewability, high aspect ratio, non-toxicity, biocompatibility, stereo-
regularity and multichirality. CNC is composed of repeated units of p-
glucose linked by glycosidic (1 — 4) bonds and presents a large number
of intramolecular and intermolecular hydrogen bonding interactions
between oxygen atoms and hydroxyl groups of hydro-b-glucopyranose
units resulting in a polymer containing highly structured crystalline
regions, with high tensile strength and modulus [1]. In the specific case
of PU foamed materials, CNC has been selected as a filler in rigid or semi-
rigid PU foams resulting in improved polymer crosslinking, thus
imparting enhanced thermal insulation and mechanical characteristics
with respect to the unloaded foams [16,17].

However, the inherent hydrophilicity of CNC often represents a
substantial challenge for its application as a reinforcing filler as it
complicates its dispersion in hydrophobic polymeric matrices resulting
in aggregate structures that compromise the final properties of com-
posite materials [18,19], therefore, the quality of the dispersion and the
polymer-filler interaction are crucial factors. Routes based on physical
modification, such as the ball-milling of CNC or ultrasonication-based
dispersion within PU foam matrices, have been indicated in the litera-
ture to improve the CNC dispersion. Stanzione et al. selected the ball
milling route to modify CNC obtaining amorphous cellulose (AC), which
was found much more dispersed in the PU matrix than unmodified CNC,
tuning the PU mechanical properties from rigid-brittle (for unloaded PU
and PU-crystalline cellulose foams) to semi-rigid (for the PU-milled
cellulose foams) [20]. Recently, Septevani et al. reported a modifica-
tion of CNC through ultrasonication, revealing that no significant al-
terations of CNC as well as no improvements of its thermal insulating
properties were noted in the resulting composite foams [21].

Surface modification of CNC through chemical routes has been also
developed to influence CNC dispersion, interfacial interaction, and the
final properties of composite materials. Examples of surface function-
alization routes such as polymer grafting, esterification, 2,2,6,6-tetrame-
thylpiperidine-1-oxyl (TEMPO) radical-mediated oxidation, surfactant
absorption, carbamation, maleization, silanization have been widely
reported in the literature [18,20,22,23]. Silanization is a well-known
surface-modification reaction of hydrophilic compounds such as wood
[24], starch [25] and cellulosic materials [18,26-28]. Alkyl silane
compounds act as a bridge between the hydrophilic and the hydrophobic
moieties improving the dispersion of hydrophilic compounds in hydro-
phobic matrices, resulting in the enhancement of the interfacial adhe-
sion between cellulose and the polymer matrix [29,30]. The type of
modification, aiming to improve the dispersion of CNC in the polymer
matrix, effectively depends on the type of polymer matrix that CNC must
interact with. In the case of PU formulation, the introduction of reactive
or compatible groups with polyurethane precursors (polyols or iso-
cyanates) on CNC surface can improve its dispersion in the PU matrix.
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A few works focused on using functionalized CNC, where isocyanate
groups or polyols were introduced on CNC surface, as a reactive
component in PU matrices, however, they mainly refer to thermoplastic
or waterborne polyurethane-based composites [26,31,32].

To the best of our knowledge, chemical functionalization pathways
preferentially take place in heterogeneous environments in which CNC
is dispersed in the reaction medium [23,33]. In fact, the presence of
strong hydrogen bond network as well as stereoregularity and crystal-
line domains makes difficult CNC solubilization in common organic
solvents, where, typically, functionalization reactions occur [34].
Chemically modified nanocrystalline celluloses (m_CNCs), through the
combination of silanization and polyol-grafting, were selected as fillers
in PU foams [26]. In this work, a functionalization route in heteroge-
neous environment has been proposed obtaining m_CNCs in which the
polyol grafted on the CNC surface was able to react with polyurethane
matrix, affecting positively mechanical properties with respect to the
unloaded PU foams, and to those reinforced with unmodified CNC, by
preserving the crystalline structure.

In this work, the interaction between polyol's OH groups grafted on
CNC and isocyanate moiety to enhance the compatibility and interfacial
adhesion filler-matrix was exploited. Here, a novel approach to func-
tionalize CNC by silane-polyol grafting in homogeneous environment as a
method to deeply modify the structure of the CNC and its use as a
reinforcing agent in hydrophobic matrices, such as bio-based poly-
urethane foams, is reported. The dissolution of CNC in an appropriate
solvent allowed to break the hydrogen bond within cellulose chains and,
in this way, to make its non-surface-hydroxyl groups available for the
functionalization allowing a maximization in the amount of grafted
polyol.

Silanization was carried out by selecting an eco-friendly and low-cost
solvent system: N,N-dimethylacetamide/lithium chloride (DMAc/LiCl).
Subsequent grafting was done by using three bio-based polyols, obtained
from different renewable sources. The influence of molar mass and OH
number of bio-based polyols on the ability to functionalize the silane-
cellulose network was examined and the properties of the so-modified
CNCs were analysed by thermal, chemical-physical, and morpholog-
ical characterizations. The amount of grafted polyol was hence esti-
mated through the well-known Fathi and Rachini equation [35,36].

Successively, modified CNCs were dispersed in bio-based PU foams
at three different concentrations (e.g. 1, 2, and 3 wt%). At each different
concentration, the effect of functionalization on thermal, morpholog-
ical, and mechanical properties of the obtained foam was investigated.
Finally, a modified Gibson-Ashby model was proposed to connect foam
morphological features with its mechanical properties.

2. Experimental
2.1. Materials and chemicals

The bio-based-polyester polyols RV33 (OH, = 78 mg KOH/g), RV31
(OH;,, = 297 mg KOH/g), RV29 (OH,, = 229 mg KOH/g) were supplied
by AEP Polymers S.r.l. (Basovizza, Trieste, Italy).

N,N-dimethylacetamide (DMAc), triethylamine (TEA), lithium
chloride (LiCl), tetrahydrofuran (THF), calcium hydride (CaHs), and
methanol (MeOH) were purchased from Sigma-Aldrich (St. Louis, MO,
USA).

Trichloro(butyl)silane (97 %) was acquired from Fisher Scientific
(Waltham, MA, USA). Cardolite® NX-9201 (bio-polyester diol, OH,, =
65-80 mg KOH/g) was purchased by Cardolite Corporation (Bristol, PA,
USA), Sovermol® 750 (OH;, = 300-330 mg KOH/g) and Sovermol® 815
branched polyester/polyether polyol, OH;, = 200-300 mg KOH/g) were
purchased by BASF and used as polyols in PU formulation together with
RV33. Glycerol (functionality = 3) was purchased by Sigma-Aldrich (St.
Louis, MO, USA) and used as a cross-linking agent. Exolit® OP 560 (co-
reactive flame retardant, OH,, = 450 mg KOH/g) was purchased by
Clariant (Muttenz, Switzerland). Gelling and blowing catalysts, Dabco®
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33-LV and Dabco® NE 300, and silicone based-surfactant TEGOSTAB®
B 8747 LF2 were purchased from Evonik (Essen, Germany). Poly(4,4’-
Diphenylmethandiisocyanate, p-DMI), Lupranate M20S with 31.5 %
NCO content was purchased from BASF (Ludwigshafen am Rhein, Ger-
many). Bi-distilled water was used as an eco-friendly blowing agent.

DMACc and TEA were distilled over CaHy before use. Other reagents
were used without purification. CNC was supplied by MELODEA Ltd.
(Rehovot, Israel) as a 3 wt% aqueous suspension of an average density of
1.3 gecm ™ and viscosity of 2000 mPaes and indicated in the text as
pristine CNC (p_C). Particle size distribution was evaluated through
Transmittance Electron Microscopy (TEM) resulting in an average width
of 6.8 nm (2-20 nm) and length of 170 nm (20-500 nm). The sulphur
content of the selected systems was in the range of 10-160 mmolekg .
Before use, CNC was freeze-dried at T = —53 °C and P = 0.08 bar (lio-
philizer LIO—5P, Cinquepascal S.R.L, Trezzano Sul Naviglio, Italy). The
freeze-dried CNC is indicated as unmodified CNC (u_C) (see Fig. S1 (a) in
Supplementary Material, SM).

2.2. Preparation of polyol-grafted CNCs (m_C;)

The modification of CNC was performed according to 3 main steps
procedure: (1) solubilization of u_C to obtain the CNC solution (named
as u_C_sol), (2) silanization and (3) polyol grafting (Scheme 1). In detail,
u_C (1.01 g) was suspended at 160 °C for 1 h in DMAc (50 mL) and
poured into a two-necked round bottom flask under nitrogen atmo-
sphere. Then, the suspension was cooled down to 100 °C and anhydrous
LiCl (3.9 g) was added (Fig. S1 (b), SM) The suspension was kept at
100 °C under vigorous stirring until a homogeneous solution was ob-
tained (Scheme 1, (1)). Afterwards, TEA (1.1 eq) and trichloro(butyl)
silane (1.1 eq) were added to u_C_sol. The reaction was kept at 70 °C for
2 h under nitrogen atmosphere. After silanization, a further amount of
TEA (1.1 eq) and bio-based polyol (1.1 eq) were added (Scheme 1, (2)).
The reaction was left at 100 °C overnight under nitrogen atmosphere.
The resulting product (Fig. S1 (c)) was isolated through vacuum filtra-
tion and the unreacted silane and polyol were removed with tetrahy-
drofuran and methanol by two consecutive Soxhlet extractions. The wet
powder was dried in a vacuum oven (100 mbar) at 80 °C (Scheme 1, (3)).

Three bio-based polyols were employed as grafting agents to syn-
thesize the modified CNCs named as m_Ci, where “i” is the number
corresponding to the grafted polyol. Chemical characteristics of the
polyols employed are summarized in Table 1 and their FT-IR spectra are

(1) CNC dissolution

Freeze-dried CNC (u_C)

1) DMA dry, 160°C, 1 h, N,

H H g 2) LiCI,100°C, N,

5 ) : .
WO//\\/,\CA/O o~ until CNC dissolution
Ho Q (% 3) cooling at RT, Ny
H voH Yy -

oo o 0
0 O o
H(;S:‘??V 0\?16” ---= hydrogen bond
F--

-
o]
o H
~0 o)
H(%O
cellulose solution ——————> H
TEA, 70°C, 2 h, Ny H
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Table 1
Chemical characteristics of the bio-based polyols used for grafting.
Polyol Polyol Source OH, M,, D!
number (i) name (mg g/
KOH/g) mol)
1 RV33 Cardanol and 78 3400 2.4
sunflower oil
2 RV31 Cardanol and 297 5200 6.2
linseed oil
3 RV29 Cardanol and 229 870 1.5

sunflower oil

? p: polydispersity index, D = M,,/M,, where M, is the numerical average
molar mass and M, is the weight average molar mass, see the details of char-
acterization in the SM paragraph S2.

reported in Section S2, SM.
2.3. Preparation of bio-based composite PU foams

Bio-based PU foams were prepared using a one-step method. At first,
a solution consisting of a blend of bio-based polyols RV33, Cardolite®
NX-9201 Sovermol® 750, Sovermol® 815, and glycerol was prepared.
All the additives (catalysts, flame retardant, cell stabilizers, and blowing
agent) were added to the polyol blend and the resulting solution
(denoted as Component A) was mixed for 5 min at 500 rpm. Subse-
quently, m_Ci was added to Component A to achieve three different
concentrations: 1, 2 and 3 wt%. This concentration range was chosen as
comparison with a previous work, where the effect of this CNC con-
centration range on the compression properties of composite materials
was studied [26].

Next, an appropriate amount ([NCO]/[OH] = 1.05) of p-DMI
(Component B) was added to Component A and the reactive mixture was
stirred for 20 s at 500 rpm and then transferred in a cylindrical mold,
allowing to freely rise at room temperature (composition for 100 g of
total foam mass is shown in Table S1, SM).

For sake of brevity, the composite foams were named as PU_m_Ci _y,
where “i” is the number corresponding to grafted polyol and “y” is
referred to wt% of modified CNC added to PU matrix. Foams with un-
modified CNC (named as PU_u_C) and unloaded PU foam (PU-Pristine)
were used as references (Table 2).

cellulose solution (u_C sol)

H
b \
\ 6 o H
O 5Z0% .
e H 0
H H
modified CNC (m_Ci)
- T
? o"; 1
H O H A
A ) & o o)
o) HO— OH N (0]
(0] o e -0 O o 5 o
0 ) 4o~ o
polyol (i) b H Oop
TEA, 100°C, SHo
overnight, N gﬁc)o%/om
~o ?‘ H o)
PO~ O
P = polyol A

Scheme 1. Sequence of CNC functionalization to obtain modified CNCs (m_Ci). 1) Dissolution of CNC in DMAc/LiCl system, resulting in u_C_sol product. 2) Sila-

nization and 3) Polyol grafting.
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Table 2
Sample name and feed composition of modified CNCs with trichloro(butyl)
silane and bio-based polyols.

Modified CNCs Polyol number (i) Trichloro(butyl)silane Polyol

eq mmol eq g
ucC - - - - -
m_Cl1 1 1.1 6.85 1.1 4.93
m_C2 2 1.1 6.85 1.1 1.29
m_C3 3 1.1 6.85 1.1 1.68

2.4. Characterization methods

2.4.1. Spectroscopic characterization

X-ray diffractometry analysis of CNC before and after functionali-
zation was performed by means of an Anton Paar XRD Dynamic 500
instrument, emitting CuKa radiation scanning (26) between 5° and 70°.

m_Ci and composite PU foams were characterized by FT-IR (Fourier
Transformed Infrared) Spectroscopy (Perkin Elmer Spectrum Two) in
Attenuated Total Reflectance (ATR) mode within the range of wave-
number of 400-4000 cm}, 4 cm ™! resolutions and 64 scans. Spectra
were normalized between 0 and 100 on transmittance value.

2.4.2. Thermal characterization

Thermogravimetric analysis (TGA) and Derivative Thermogravi-
metric Analysis (DTGA) were conducted for modified CNCs at 20 °C
min~! from 50 °C to 750 °C under nitrogen atmosphere (flow rate of 20
mL min~?) followed by an isothermal step at 750 °C under oxidative
atmosphere for 10 min (flow rate of 30 mL minfl). The amount of
grafted polyol onto modified CNC (Eq. 1) was assessed by TGA analysis
and estimated through Fathi and Rachini's equation [35,36].

W%m_Cizggoq s

MMhydrolized silane> :| *1000
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Compressive analysis of PU foams was determined according to DIN
EN ISO 844 and carried out through Zwick 1445 Retroline machine
(ZwickRoell GmbH and Co. KG). The following parameters were set:
initial load 0.5 N, E-modulus velocity 10 mm min?, testing velocity 10
% min !, maximal deformation 70 %. Compressive strength at 10 %
(610%, MPa), compressive elastic modulus (Epod, MPa) and specific
compressive stress (¢/p, MPa/kg/ms) and elastic modulus (Epod/p,
MPa/kg/m>) were calculated. These latter ones were obtained by
normalizing 6199 and Ep,qq with respect to the apparent density.

3. Modelling

A modified Gibson-Ashby model [14], was used for an in-deep
structural characterization of the obtained foams when compression
tests were performed, identifying a linear elasticity behaviour. The
standard equation is defined as follows (Eq. (2)) [37]:

E P\’ P
B\, +C(1-9) ’s (2

Two main factors are considered: E/Es, the relative modulus, and
p/ps, the relative density. The first is obtained dividing E, the foam
compressive modulus (MPa), by Egs, the compressive modulus of the
material constituting the cells (set equal to 45 MPa, being semi-rigid PU
foams) [37], while the second comes from the ratio between p, the foam
apparent density (kg/m>), and ps, the density of the cells' material (set
equal to 1200 kg/m>). Moreover, C and C are two proportionality
constants, fitted by experimental data, and ¢ is the solid volume fraction
contained in the cell edges. The purpose of using such a model was to
improve the comprehension of how the filler influenced the structure,
and thus the factor ¢. In detail, using two different constraints, ¢ = 1
(the material is all condensed on the edges — open foam) and ¢ =

mmol) B |:Wt0/0m_ci15()nc — Wt%m_ci4oooc — ( MMsion

Grafted polyol ( 00°M,)

gsample

Wt%m_ciiso-c and Wit%p,_ciago-c are the residual masses % of m_Ci
between 150 °C and 400 °C; wt%,_ci7so-c is the residual mass of m_Ci at
750 °C in oxidant atmosphere. This latter is attributed to SiO, generated
from silane oxidation. MMy drolizated sitane and M,, are the molar masses of
the hydrolysed silane and grafting polyol (g/mol), respectively.

TGA analysis was conducted on PU foams from 30 °C to 800 °C with a
heating rate of 10 °C min~! under inert atmosphere (flow rate of 40
mLomin’l).

2.4.3. Morphological characterization

To evaluate m_Ci dispersion within Component A, optical microscopy
images were acquired (model Z16 APO, Leica Microsystems GmbH) at
20 X magnification. Morphological analysis of both CNC and foams was
assessed by Scanning Electron microscopy (SEM, FEI Quanta 200) at an
acceleration voltage of 20 kV and different magnifications. Samples
were sputter-coated with gold/palladium before imaging. For foamed
materials, the open-source Image J software was used to analyse the
average size, size distribution, and the number of cells per unit of surface
(pm™2). For each sample, the above-mentioned parameters were calcu-
lated from approximately 100 different cells.

2.4.4. Mechanical characterization

The apparent density of PU foams (p, kgem™>) was determined at
23 °C with 50 % relative humidity (ASTM D1622-03) and estimated as
the average value of 10 specimens with size 30 mm x 30 mm x 30 mm
(length x width x thickness).

@

0 (edges and walls have the same thickness — closed foam), C and C were
obtained. Then, for ¢ = 1, Eq. (2) becomes (Eq. (3)):

E . (p 2
5 o() @

Applying Eq. (3), C can be determined for each sample. However,
also the exponent of the relative density plays a key role in determining
whether the foam is more open- or closed-cells. A more general equation
can be obtained considering C = 1, usually used in the standard Gibson-
Ashby model (Eq. (4)) [38]:

E P\"
E_¢(r 4
Eg Qs) @

where the exponent n is determined depending on the foam
considered.

Then, from Eq. (2) and Eq. (4) and considering ¢ = 0, also C' can be
obtained for each foam. A more general equation can be written as Eq.
(5):

E 2\" p
7:“7) +C(1- <7> 5
Es ¢ s 1-¢) Ps ®

from where the ¢ value of each foam was evaluated, providing a more
complete description of the foam structures. Acquired data from me-
chanical compression tests (namely Young modulus, E, and density, p)
were, then, used for data processing by means of OriginPro® 2018
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(Origin Lab Coorporation, MA, USA).

4. Results and discussion

4.1. Characterization of polyol-grafted CNC (m_Ci)

Bio-based polyols with different OH numbers (OH,, ranging from 78
to 297 mg KOH/g), different molar masses (M,, ranging from 870 to
5200 g/mol, see the details of polyols' characterization in S2, SM), and
coming from different renewable sources (cardanol, sunflower, linseed
and mustard oil) were used to functionalize CNC in homogenous envi-
ronment through solubilization in DMAc/LiCl system (solution at 2 wt
%) [39-41]. The solubilization of CNC in DMAc/LiCl system led to the
formation of strong hydrogen bonds between the hydroxyl protons of
CNC and the Cl™ anions, allowing the breaking of the hydrogen bond
network in CNC along with the splitting of Li* Cl~ ions pairs and
consequently CNC solubilization [42]. The crystalline domains of CNC
(rigid network in which hydrogen interactions exist) are disaggregated
and replaced by a silane-cellulose network during homogeneous envi-
ronmental functionalization. The residual available silane active groups
(after CNC functionalization) acted as coupling agents between CNC and
polyol (Scheme 1).

4.1.1. Spectroscopic characterization

As an example, the XRD curves of CNC after functionalization (m_C1)
and that of vacuum-dried pristine CNC are compared in Fig. 1.

Vacuum-dried pristine CNC showed diffraction peaks at 20 = 16.2°,
22.5° and 34.6° at (110), (200) and (0 0 4) planes, respectively, corre-
sponding to the characteristic peaks of cellulose-I structure [43], where
strong H-bonds (intra- and inter-chain) and weaker inter-sheet in-
teractions, such as CH---O H-bonding and van der Waals forces, pre-
vailed [44]. In m_C1 (Fig. 1, red curve) a shift of the two peaks from
22.5° to 21° and from 16.2° to 8° was observed. In addition, where a
reduction of H-bonds interaction occurred, the diffraction peaks
appeared broader and with decreased intensity, demonstrating a
noticeable disappearance of its crystalline structure.

All m_Ci were analysed by FT-IR (Fig. 2). The strong modification of
the IR spectrum of u_C gives a clear indication that the functionalization
occurred.

The typical stretching vibration broad band of the O—H functional
group (3500-3200 cm™?) along with the CH, scissoring motion (1430
cm 1) and stretching vibrations of C—0, C-O-C of glycosidic moiety
and out of plane stretching vibration (1150-1030 cm’l) were detected
for the u C [26,35,45-48]. The spectra of modified CNC samples

—_—m_C1
—— CNC pristine:

Intensity (a.u.)

10 20 30 40 50 60
20 (degree)

Fig. 1. XRD curves of vacuum-dried CNC (black line) and the selected modified
CNC (m_C1, red line).
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highlight, in addition to the aforementioned vibration bands, a strong
increase of signals between 2900 and 2800 cm ™! due to C—H stretching
vibration of polyols together with the appearance of two further peaks:
one at 1742 cm ™! and a second one at 1458 cm ™! referred to the C=0
stretching vibration of carbonyl group belonging to the ester moiety of
the polyol and C—=C stretching vibration, respectively [35,47,48]
(Fig. 2¢). The presence of these new bonds proves the occurrence of the
functionalization.

4.1.2. Thermal characterization

TGA and DTGA curves of m_Ci are shown in Fig. 3a and b, respec-
tively. u_C showed the typical degradation profile of the nanocrystalline
cellulose, where the midpoint degradation temperature is around 300 °C
(Fig. 3a) [46]. The main degradation process occurs between 260 °C and
310 °C leading to about 70 % of the mass loss (Fig. 3b). Subsequently, a
further mass loss around 10 % occurred in the range of 310-400 °C,
ascribing to the decomposition of sulphate groups generated during CNC
extraction process [46,49]. On the other hand, thermal behaviour of
m_Ci exhibited an increased midpoint decomposition temperature
compared to u_C, occurring at 440 °C, approximately (Fig. 3b and
Table S2, SM). For m_C2 and m_C3, a gradual weight loss in the range of
200 °C - 500 °C could be noticed. On the contrary, m_C1 presented the
highest thermal stability. Overall, the grafting of the bio-based polyols
seems to act positively on cellulose thermal stability [50,51].

The average value of mmol of polyol grafted onto m_Ci was calcu-
lated according to eq. 1. In Table 3, the results are presented as an
average and standard deviation of three independent measurements for
each sample.

The highest amount of polyol grafted onto CNC was calculated in the
sample m_C3 by using a polyol with an OH;, of 229 mg KOH/g and a M,
of 870 g/mol, while the lowest one in the case of m_C2 (polyol charac-
teristics: OH, = 297 mg KOH/g, M,, = 5200 g/mol). It seems that the
high functionality of polyols makes more sites available for the grafting
reaction while the molar mass of polyols appears to influence their
diffusion through the reaction medium and within the silane-cellulose
network. According to the Stokes-Einstein equation, the diffusion coef-
ficient of a molecule is predicted to increase in inverse proportion to its
approximate radius [52]. Therefore, a larger molar mass correlates with
a larger approximate radius, so the diffusion coefficient is generally
smaller.

For m_C2, the “positive effect” of the high value of OHj, of polyol RV31
(297 mg KOH/g) comparable to those of m_C3 is mitigated by the effect
generated by the high molar mass (M,, = 5200 g/mol). Indeed, “the
adverse molar mass effect” seems to penalize the quantity of grafted
polyol and could be attributed to the elevated steric hindrance which
limits the access of polyol to the silane-cellulose network [53]. This
consideration could be extended to m_C1 where the lower molar mass of
polyol RV33 compared to RV31 gave a higher amount of polyol grafted
to cellulose despite its very low OH,, value. The cellulosic content in 100
g of product after modification, approximately estimated through TGA
analysis, was found between 40 and 60 wt% (see Table S2 in SM,
paragraph S4).

4.1.3. Morphological characterization

SEM images of CNC after freeze-drying (u_C) and after modification
(m_Ci) are presented in Fig. 4. Vacuum-dried pristine CNC presented a
rod-shape-like morphology as reported elsewhere [54,55], although
after freeze-drying (u_C) assumed a lamellar-like structure [56] sug-
gesting possible agglomeration due to strong hydrogen bonds upon
freeze-drying [57]. It could be noticed that the silanization and the
subsequent polyol grafting led to important morphological variations of
the obtained modified CNCs. Specifically, depending on the grafted bio-
based polyols, m_Ci assumed various morphological patterns from dense
clumping to packed systems.

Dispersion of m_C3 within Component A (polyols and additives) was
qualitatively investigated through optical images to evaluate CNC
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2000-500 cm .

dispersion in the polyurethane formulations upon functionalization.
Results demonstrate that m_C3 formed smaller aggregates compared to
u_C, implying that the polyol grafting discouraged solid/solid in-
teractions within u_C particles, favoured by strong hydrogen bonds. On
the other hand, m_Ci presented higher dispersibility in Component A,
which is a non-polar-based solution, corresponding to reduced hydrogen
bonds and enhanced liquid/solid interactions [58] (Fig. 5).

m_Ci were then added in the bio-based polyurethane foam formula-
tions at three different concentrations: 1, 2, and 3 wt%.

4.2. Characterization of bio-based composite PU foams

4.2.1. Spectroscopic characterization

FT-IR spectra of foams reinforced with 1 wt% of modified and un-
modified CNCs are shown in Fig. 6a and compared to that of PU-Pristine.
Spectra highlighted no significant differences among the reference PU
foams reinforced with u_C and those with the m_Ci. Two main regions
were identified: the first one in the range of 3500-2250 cm ™! and the
second one between 1700 and 800 cm ™. Characteristic peaks of O—H
and C—H stretching vibration were identified at about 3400 cm?
(broad absorption band) and 2700 cm™}, respectively. In the region
between 1700 cm ™! and 800 ecm ™ the typical peaks correlated to the
urethane groups, the carbonyl (C=0) vibration between 1700 and 1600
cm’l), C-O-C vibration around 1200-100 cm™! and carbamate (C—N)
vibration at 1611 cm™! were recognized. The presence of peaks corre-
lated to urethane linkages, as well as the absence of the signal at 2300
em™! of free NCO groups, indicates complete polymerization. No dif-
ferences in FT-IR spectra of the selected composite foams (PU_m_C3_y)
were noticed by increasing CNC concentration (Fig. 6b).

4.2.2. Thermal characterization

Thermal degradation behaviour of the selected PU foams typically
presented three degradation stages i.e., a first stage, occurring in the
range of 150-300 °C, associated with water evaporation and low molar

mass components degradation, a second stage, occurring in 350-450 °C,
corresponds to the degradation of urethane bonds, which generate
polyol segments, isocyanate and secondary complex products [16].
Further degradation stage was observed in the range > 450 °C, where
degradation of higher molar mass components occurred [59,60]. In
Table 4, Tmax;, Tmax, and Tmaxs i.e. the maxima of the derivative
function in the range of 150-300 °C, 300-450 °C and 450-500 °C,
respectively, and the residual mass at 800 °C, are displayed.

The addition of u_C and m_Ci had no significant influence on the
degradation mechanism. Moreover, CNC functionalization seemed to
not significantly modify the thermal stability of the bio-based PU foams
with respect to the foams reinforced with u_C. However, an important
effect could be noticed with respect to PU-pristine, while the highest
thermal stability was attained for the case of PU_m_C3 with an increase
of Tmax; of 9.5 %, Tmaxy of 3.6 % and Tmaxs of 8.7 %, respectively.
These findings were also in agreement with those reported by Onbat-
tuvelli et al. [61] and Coccia et al. [26]. This improved thermal stability
is likely the result of cross-linked segments induced by interactions be-
tween the polyol OH groups onto the CNC surface and the foam matrix
[62,63].

The effect of concentration on the PU foam thermal stability is shown
in Table S3 of Section S5 in SM, for the case of m_C3. Under the inves-
tigated conditions, the concentration of m_Ci seemed to not affect the
thermal stability of the resulting composite foams.

4.2.3. Morphological characterization

The morphological characteristics of the composite PU foams at 1 wt
% of m_Ci are displayed in Fig. 7 and compared with those of unloaded
and unmodified CNC-composite foams (Fig. 7a and b). Size distribution
is shown as an inset. Higher magnification images are also shown to
examine m_Ci dispersion within cell struts. The average size and number
of cells per unit of surface are reported in Table 5.

Small agglomerates are largely visible in PU u_C foam (magnification
in Fig. 7b). The number of the agglomerates was found to be lower for all
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Table 3

Results of the mmol/g of polyol after CNC

functionalization.
Sample Grafted polyol

(mmol /g sample)

m_C1l 0.170 £+ 0.020
m_C2 0.050 + 0.005
m_C3 0.320 + 0.041

the m_Ci than u C foams, suggesting an improved dispersibility, as
already stated. This implies that m_Ci were strongly compatibilized with
PU systems turning out to be a reactive reagent within PU formulations
and leading to homogeneous foamed systems.

For all tested foams, semi-rigid structures were obtained as both
open and closed cells could be identified [16,26,64]. CNC dispersion
seems to affect the morphology of PU composite foams leading to a
decrease in cell size and distribution with respect to the unloaded foam
(Table 5 and Fig. 7a). More specifically, the addition of u_C corresponds
to an average cell size of 331 + 140 pm and number of cells per unit of
surface equal to 1.3 £ 0.2 10~* pm~2 (Table 5, Fig. 7b). Significant
differences must be noted according to the different bio-based polyol
used in the functionalization route. The dispersion of m_C1 and m_C2 in
the PU foam matrix induced comparable results with respect to the u_C,
due to the low amount of grafted polyol and thus poor dispersion with
the polyol mixture (Table 5). Instead, a decrease in cell size accompa-
nied by a reduction in cell size distribution was noted, in PU_m_C3_1
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(261 + 92 pm), along with a remarkable increase of the number of cells
per unit of surface (almost 10 fold) with respect to the unloaded and the
other composite foams (Table 5). The lowest cell size distribution and
the highest cell number per unit of surface was achieved by dispersing
m_C3, corresponding to the cellulosic system with the highest polyol
amount. This behaviour was certainly ascribed to an improved inter-
action between CNC and PU matrix and to the nucleating effect of m_C3,
corresponding to a decrease in bubble coalescence [26,65] and thus
leading to the formation of more nucleating sites and higher cell
numbers [17,66] (Fig. 7e). Since the morphology depends on the con-
centration and molar mass of both soft and hard segments in PU foam
[66], the incorporation of m_Ci, containing polyols with different molar
masses and functionality, influences the crosslinking density of PU
materials resulting in variation of cellular characteristics [67]. Results
can be qualitatively compared with previous works concerning the
dispersion of CNC in rigid or semi-rigid PU foams, whereas, the func-
tionalization and/or dispersion routes allowed the so-modified CNC to
act as a nucleating agent, resulting in finer cellular structure and
consequently in advanced functional properties [68].

4.2.4. Mechanical characterization

Compressive tests were performed on at least four different speci-
mens for each sample. Stress-strain curves of composite foams loaded
with 1 wt% of m_Ci are reported in Fig. 8a. Results of the calculation
based on the modified Gibson-Ashby model are shown in Fig. 8b. The
morphological, physical, and mechanical properties of PU.m_C_1 are
displayed in Table 5. Results of composite foams loaded with 2 wt% and
3 wt% are reported in Table S4 in SM.

All the analysed materials exhibited the typical behaviour of elas-
tomeric foams. The properties of the composite foams depend on both
the concentration and the chemistry of m_Ci, resulting in different values
of compressive strength (evaluated at 10 % deformation, c1¢9) and
elastic modulus (Table 4).

In particular, when u_C, m_C1, and m C2 were added to PU formu-
lation, an increase in mechanical properties was observed at higher
concentrations (Table 5 and Table S4, SM).

The best result was observed for foams reinforced with m_C3 (cor-
responding to the highest amount of grafted polyol). For these samples
containing m_C3, Epoq and 619, resulted the highest registered among
the composites, being more than five times higher than those of the
unmodified one, especially with concentration of 1 and 2 wt% (Table 5
and Table S4, SM). The evaluation of the specific elastic modulus (E/p),
and strength (c/p), respectively obtained by dividing Epq and 6199, with
the density of the relative foam, highlights an astonishing improvement
of mechanical properties with respect to the PU-pristine. It could be
detected even for the lowest amount of CNC content. This behaviour
could be attributed to the dimension shifting experienced by cell size,
which exhibited a strong dimensional reduction as observed from SEM
analysis (Fig. 7) [41,69].

Differently from the compressive response observed by Stanzione
et al., where PU foams reinforced with amorphous cellulose presented
lower 61094 and compressive elastic modulus (Epe4, MPa) values
compared to the pristine PU foam, in this study, PU-pristine presented
the lowest Ep,0q and 610y, among all composite foams (Table 5). There-
fore, although functionalization caused a partial amorphization of CNC,
it is noteworthy to point out a remarkable reinforcing effect of the
examined systems. It should be highlighted that, the addition of 1 wt%
m_C3 led to more significant improvement of the compressive properties
of composite foams compared with the case of modified CNCs through
heterogeneous conditions, whereas, a remarkable effect was noted only
at 3 wt% of the modified CNCs [26]. This can be ascribed to either good
interaction between modified CNC surface and polyurethane matrix,
probably due to the larger polyol's amount bonded to cellulose which
acted as compatibilizer and/or to the presence of strong silane-cellulose
network that replaces the crystalline domines of CNC upon
functionalization.
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Fig. 5. Optical images of u_C, and m_C3 dispersed in Component A before foaming process. Magnification:20 X, scale bar = 50 pm.

4.3. Modelling

For a more in-depth evaluation, a modified version of the Gibson-
Ashby model was considered. In particular, Eq. (5) was solved for ¢ as
a variable, by using the values reported in Table 6 and Table S4 in SM.
The graphical representations of the models are depicted in Figs. 8b, S3c
and S4c in SM.

This model provides a clearer picture of the stiffening effect attrib-
uted to the effect of u C or m_Ci on the cell edges and walls of the
resulting composite foams [26].

Different ¢ resulted from the model, depending on the examined
foams (Table 6). Being the value of ¢ correlated to the distribution of the
contribution of edges and walls to the foam stiffness, it was possible to
observe a wide spectrum of values. The highest value was attributed to
the PU_u_C_1, whereas the edges had the strongest impact on the

stiffness of the material. On the contrary, all the composite foams
exhibited a lower value, meaning that, the presence of m_Ci allowed the
walls to take part in the mechanical behaviour of the material. Among
them, the lowest values of ¢ were found by using m_C3, corresponding to
the highest compatibility of the modified CNC with the PU matrix and
hence to improved stress distribution among CNC and PU matrix.

5. Conclusions

In this work, CNC functionalization through silanization and subse-
quent polyol grafting in homogeneous environment was studied aiming
to enhance the compatibility and interfacial adhesion between the hy-
drophobic PU and hydrophilic CNC. It was found that the homogeneous
environment provided an adequate number of available OH groups of
CNG, resulting in an amount of grafted polyol five times higher than that
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Table 4
Thermal properties of PU foams reinforced with 1 wt% modified CNCs
(PU_m_Ci_1).

Sample Tmax; Tmax, Tmaxz Char at 800 °C
({9 Q) Q) (Wt%)

PU-pristine 280.2 345.8 426.7 Negligible

PUuC1 304.2 355.2 458.3 7.0

PUmMC11 305.4 351.5 421.2 7.3

PUmC21 309.2 355.9 460.8 6.5

PU_mC31 309.8 357.9 465.7 8.1

obtained in a heterogeneous environment. In homogeneous environ-
ment, the crystalline domains of CNC (rigid network in which hydrogen
interactions exist) are disaggregated and replaced by a silane-cellulose
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network which is formed due to the interaction between the reactive
groups of the silane (chlorides) and the OH groups of CNC. Finally, the
residual available silane active groups (after cellulose functionalization)
acted as a coupling agent between CNC and polyol. A crucial factor
affecting polyol grafting is its diffusion capacity in the silane-cellulose
network, which is influenced by both the M, and the OH number of
the polyols in opposite ways. For comparable OH numbers, a higher M,,
invalidates the polyol diffusion making the grafting on silane-cellulose
sites difficult.

As a result of the solubilization and silane-polyol grafting, a partial
amorphization of CNC occurred, transforming CNC into a reactive re-
agent able to react with PU precursors thanks to the polyol moiety
grafted to CNC. The enhancement of CNC dispersion in the PU matrix
due to an increased interaction filler-matrix led to an improvement of
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Fig. 7. a-e) SEM images of unloaded (a) and the selected composite PU foams at 1 wt% (PU_m_Ci_1). b) PUu C_1, ¢) PUmC1_1, d) PUmC2.1, e) PUmC3_1.
Magnification 200 X. Scale bar = 500 pm. Insets: higher magnification images (magnification 3000 X, scale bar = 40 pm, acceleration voltage = 20 kV). As insets: cell
size distribution of the selected composite PU foams, evaluated via Image J software. For each sample 100 different cells were taken into consideration.
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Table 5
Physical, morphological, and structural properties of 1 wt% of bio-based unloaded and composite PU foams.
Samples Apparent density, p, Average size (pm) Number of cells (1/ pm2e10~) 6 10%lII, Emod |, o/p, E/p,
(kg/m®) (kPa) (MPa) (kPa/(kg/m%) (kPa/(kg/m>)
PU-pristine 107.9 + 1.8 507 £+ 150 0.5+ 0.1 48.8 £ 0.2 0.71 £+ 0.04 0.45 6.58
PUuC1 101.3 £ 0.3 331 + 140 1.3+0.2 59.1 £9.0 0.88 + 0.25 0.58 8.72
PUmC1.1 1141+ 1.4 355 + 144 1.2+0.1 57.4+1.4 0.95 £+ 0.10 0.50 8.32
PU.mC21 109.3 £ 1.5 398 + 180 1.6 £ 0.3 57.4 £ 23 1.05 £ 0.08 0.53 9.60
PU.m.C3.1 175.1 + 1.6 261 + 92 9.6 + 0.8 2559 + 4.2 4.81 + 0.85 1.46 27.46
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Fig. 8. a) Stress-strain curves of PU_m_Ci_1. As references, PU-unloaded (PU-Pristine, black) and PU_u_C_1 (green), are reported, b) a graphical representation of the

modified Gibson-Ashby model for the selected composite foams.

Table 6

Outcomes of the Gibson-Ashby model of the selected PU foams.
Samples p/ps E/Eg n C c @

=) =)

PU-pristine 0.090 0.016 1.723 1.950 0.175 0.513
PUuC1 0.084 0.020 1.590 2.754 0.232 0.363
PUmC11 0.095 0.021 1.640 2.333 0.222 0.429
PU.m_C2_1 0.091 0.023 1.569 2.810 0.256 0.356
PU.mC3.1 0.146 0.107 1.162 5.017 0.732 0.199

mechanical properties of composite foams. The best results were ach-
ieved for m_C3, whereas E,oq and 619, were found to be more than five
times higher than PU_unloaded and PU_u_C, especially at increased
cellulose concentration (2 wt%). A modified version of the Gibson-
Ashby model was considered to correlate the foam morphological
characteristics with their mechanical properties. The estimated
¢@-parameter was a measure of the stress distribution between the
modified CNC and the polymer matrix. The lowest value of ¢ was found
for the case of PUs reinforced with m_C3, where the highestcompatibility
of the modified systems with the PU matrix was reached, resulting in
well-distributed stress between modified CNC and PU matrices. In
conclusion, this manuscript explores a new approach to functionalized
CNC that, although it appears amorphous at the end of the functional-
ization step, can be used as a reinforcing agent in polyurethane foams.

Moreover, the enhancement of mechanical properties of the resulting
composite foams through the incorporation of such modified CNC could
further broaden the use of these materials in construction or packaging
sectors.
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