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Abstract. This work presents the preparation of polyurethane composite foams based on castor oil or modified canola oil
as a polyol, and cellulose nanocrystals (CN) as nanofiller (0.10, 0.25, and 0.50 wt% of CN content). The bio-based composites
were characterized by Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), Differential
Scanning Calorimetry (DSC), Thermogravimetric Analysis (TGA), and mechanical properties. The SEM images showed
that composite foams had smaller cell sizes and more irregular than those observed for unloaded samples. FTIR revealed
that the urethane/urea bond formation was influenced by the incorporation of CN, and was dependent on the polyol used in
the formulation. The incorporation of CN did not affect the thermal stability, but the density and mechanical properties
changed differently depending on the selected polyol. These results suggested that the acylglycerol structure affects the role
of CN in the formulation. Also, the proliferation of MC3T3-E1 preosteoblastic cells showed that the cell viability of

polyurethane bionanocomposite foams increased significantly in comparison to the unloaded material.
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1. Introduction

Renewable resource-derived polymers and their com-
posites have attracted attention in recent years due
to increasing environmental concern and restricted
availability of petrochemical resources. In this way,
polyurethanes (PU) obtained by the incorporation of
a bio-based substitute of the petrochemical raw ma-
terials have become an issue of interest [1]. PU are
systems composed of soft (SS) and hard segments
(HS), which are obtained from the polyol and iso-
cyanate precursors, respectively. The chemical in-
dustry of PU has recently paid intense interest to the
production of bio-based polyols, mainly those syn-
thesized from vegetable oils [2], instead of the use
of isocyanate precursors from renewable resources.
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This is because isocyanates still depend on petrole-
um feedstocks, and research has not led to an indus-
trially viable synthesis path [1]. Typically, castor oil
and its derivatives are selected as polyols [3], but
other oils like soybean oil and rapeseed oil have been
used to a lesser extent after chemical modification
to incorporate reactive hydroxyl groups in the struc-
ture [4, 5].

Within the wide variety of ways and forms in which
PUs can be obtained, polyurethane foams (PUF) rep-
resent a relevant class of PU materials with several
applications, ranging from insulation panels, struc-
tural reinforcement, and sandwich construction,
among others like biomedical or electrical applica-
tions [6]. Bio-based PUF obtained from vegetable
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oil-based polyols have also been extensively studied,
in particular from castor oil-based polyols. The works
in this area reported that increases in the biopolyol
content improve some properties of the final product
like hydrophobicity (higher water contact angle, lower
water uptake), and tensile modulus [7]. In PUF syn-
thesized totally from vegetable oil-based polyols, the
functionality and reactive group position affect the
PU network, changing, in consequence, the cell struc-
ture and the mechanical and thermal properties of the
final product [8, 9]. Due to the hydrophobic nature
of the vegetable oil-based polyols, they produced PUF
with enhanced thermal stability, hydrophobicity, and
hydrolytic stability. Although similar results were ob-
tained for PUFs based on other vegetable oil-based
polyols, they have not been extensively studied [ 10—
12]. Despite the improvement of some properties of
the biobased PUF as we described above, they are
generally inferior when are compared to the proper-
ties of the petroleum-derived counterparts [13]. For
this reason, it is common to prepare composites to
cope with limitations such as low stiffness and low
strength of PUF derived from vegetable oils [14, 15].
The introduction of nanomaterials into polymeric
composite foams has garnered much attention be-
cause nanofillers are proven able to affect the foam
morphology, and can also change the mechanical/
rheological properties of the polymer matrix. Fur-
ther, they could add additional functionality, such as
electrical conductivity, thermal stability, and gas per-
meability [16]. Nanofillers such as glass fiber [14]
clay [17, 18], silica [19], carbon fiber [20] and carbon
nanotubes [21] have been used to enhance the me-
chanical properties and to confer new properties to the
bio-based PUF composites. But the addition of nano-
fillers to PUF is also known to have variable effects
depending on the percentage of loading and the size
of particles [6,16], even more, if the filler changes
the NCO/OH ratio interfering on the rate of the foam-
ing process. If the improvement of the properties is
achieved by the incorporation of a filler, PUF com-
posites can reduce the weight, energy, and cost of the
material/application. Also, this strategy allows re-
ducing the weight fraction of the hard segment and
increasing as a consequence, the content of renew-
able component in the formulations. This is more fa-
vored if the nanoparticles are obtained from renew-
able resources. Thus, cellulose nanocrystals (CN)
have gained particular attention in recent years, not
only for its unique physical and chemical properties
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but also for its inherent capacity for renewal and sus-
tainability, in addition to its abundance [22].

The incorporation of CN to different polymer matri-
ces has been extensively studied in the last years [23],
and PUF was no exception [24, 25]. However, few
studies of PUF obtained totally from vegetable oil-
based polyols, and reinforced with CN have been pub-
lished so far [26-30]. These works showed that CN
incorporation affected the cell size, mechanical prop-
erties, dimensional stability, and water uptake of the
foams. On the other hand, the addition of CNs de-
creased the thermal stability of PUF [28, 29]. Be-
cause these works are based on different raw mate-
rials, it is difficult to obtain a general structure-prop-
erty relationship of these foams. But they demon-
strated that CN acted as reactive reinforcing filler, as
well as nucleation agent and/or particulate surfactant
depending on the Isocyanate index and the NCO
number of the isocyanate [27, 28], affecting as a con-
sequence the properties. In this way, the effect of
changing the polyol on the role of CN in the formu-
lation has not been taken into account. For polyols
chemically similar, structural differences between
them could affect the role of CN in the formulation.
As a consequence, properties of the PUF could vary
differently with the CN incorporation depending on
the selected polyol. Therefore, the present work deals
with the preparation of biocomposite PUF based on
castor oil (CO) or modified canola oil (CanP) as
polyol, and cellulose nanocrystals (CN) as nanofiller.
They were characterized by FTIR, SEM, TGA and
mechanical properties. Because many works claim
that these materials have potential applications in the
field of biomedical engineering, cell viability was
also evaluated.

2. Experimental section

2.1. Materials

Castor Oil (CO, Anedra 99.9%, Argentina) was used
as polyol, with N° OH = 164.3 mg KOH/g and acid-
ity value of 0.8 mg KOH/g (approx. functionality
2.7) determined according to ASTM D4274-99 (Test
Method A). Canola Oil (CanO, Amerika 2001, Ar-
gentina), Formic Acid 85% (Anedra, Argentina),
H,0, 30% (Biopack, Argentina); HBF4 (Merck, Ger-
many); MeOH (Cicarelli, Argentina), Dibutyltindi-
laurate (DBTDL, 95%, Sigma-Aldrich, U.S.A.) were
used as received. Poly(methylene diphenyldiiso-
cyanate) (pMDI, Suprasec 9634, Huntsman, U.S.A.),
with a functionality of 2.15 and an NCO number of
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Figure 1. Idealized chemical structures of castor oil (above)
and canola oil (down).

29.5 (determined according to ASTM D2572-97)
was provided by Quimica R&F S.R.L. (C.A.B.A.,
Argentina), and  silicone-based  surfactant
(TEGOSTABS8409, Evonik, Germany) and the cata-
lyst (TEGOAMIN41, Evonik, Germany) were kind-
ly provided by Mayerhofer Argentina S.A. (C.A.B.A.,
Argentina). Distilled water was used as the blowing
agent. The commercial CN was provided by the Uni-
versity of Mayne, which are rod-shaped particles of
about 7 nm in diameter and 160 nm in length [31,
32]. Chemical structures of vegetable oils are pre-
sented in Figure 1.

2.2. Preparation of canola based polyol

Canola oil (CanO) was epoxidized using performic
acid generated in situ, adapted from different tech-
niques [5, 33]. Formic acid (16.40 ml) was added on
canola oil (107.33 g), and the mixture was cooled in
an ice-water bath. Then, hydrogen peroxide
(110.00 ml) was added drop by drop, and the reac-
tion mixture was placed at 30 °C for 24 h under me-
chanical stirrer. Later, the organic phase was washed
NaHCO; saturated solution
(2x30 ml), and water until neutral pH. After drying,
different from the other techniques, the epoxidized
canola oil (ECO) was crystallized from solution at
low temperature. Thus, materials present in the nat-
ural oil which did not react o were chemically dif-
ferent from the product remained in solution. The
solid was filtered and dried until constant weight
(61.88 g). To obtain a polyol by the ring-opening re-
action of the epoxide group, the dried ECO (60.00 g)
was added to a solution of MeOH (80.00 ml) and
HBF,4 (1.20 ml). The reaction mixture was mechan-
ically stirred at 60 °C for 3 h. Finally, 100 ml of ethyl
acetate was added, and the organic layer was washed
with water, then with NaHCO; and brine, dried with
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Figure 2. Scheme of synthesis of canola polyol (CanP).

anhydrous Na,SOy, filtered, and finally concentrated
using a rotary evaporator. This produced a light yel-
low transparent oily product, coded as Canola polyol
‘CanP’ (57.60 g), with a hydroxyl value of 183.8 mg
KOH/g (approx. functionality 3.3) and acidity value
of 0.2 mg KOH/g determined by ASTM D4274-99
(Test Method A). The scheme of reaction and FTIR
characterization of products are shown in Figures 2
and 3, respectively. In the canola oil spectrum, it was
possible to observe the signals at 3006 cm™ (v_c_p)
and 1652 cm™! (ve=c) related to the presence of dou-
ble bonds in the canola oil. After epoxidation, the
spectrum of the product (epoxidized canola oil)
showed the peak related to the presence of the epoxy
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Figure 3. FTIR spectra of canola oil, epoxidized canola oil
and canola polyol (CanP).
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groups at 843 cm™! without evidence of v_c_y; and
Ve signals. After polyol formation by reaction with
methanol, new bands at 3438 cm™! (vo_y) and
1098 cm™! (vc_o_c) were observed, while any band re-
lated to the epoxy ring was observed [34, 35].

2.3. Foams preparation

The foams were prepared by free-rising in a mold at
room temperature [29]. First, the polyol, catalysts,
surfactant and blowing agent were mixed for 30 s
under mechanical stirring in a plastic beaker. After
that, CN was added and mixed for 2 min. When the
mixture became homogeneous, pMDI was added
and vigorously stirred for 20 s, and then the foaming
began after a short time. Finally, white, semi-rigid
foam was obtained within a few seconds. Neat poly-
urethane foams were prepared using a similar foam-
ing process in the absence of CN. The foam was re-
moved from the foaming beaker after 1 h and
allowed to post-cure at room temperature for 1 week
before the characterization. The formulations used
are shown in Table 1, where the parts of each com-
ponent are based on per hundred parts of the polyol,
designated as php. A shorthand notation was used in
this work where, for instance, CanP-0.25 represents
a nanocomposite polyurethane foam based on canola
polyol containing 0.25 wt% of CN.

2.4. Characterization

Apparent density was calculated as the ratio between
the weight and the volume of a cubic specimen
(25 mm side). At least five replicated specimens of
each sample were measured.

FTIR spectra of samples were obtained using a
IR Affinity-1 spectrophotometer (SHIMADZU COR-
PORATION, Japan) in DRIFT mode (64 scans for

Table 1. The recipe used in this work.

Castor oil | Canola polyol
Component Role (phpl (php]
PartA
CO or CanP polyol 100 100
TEGOSTAB8409 |surfactant 2 2
TEGOAMIN41 |catalyst 0.5 0.5
DBTDL catalyst 0.5 0.5
WATER blowing agent 3 3
CN reinforcement |0; 0.2;0.5;1 | 0;0.2;0.5; 1
Part B
pMDI isocyanate 93.6 98.8
A/B index: ~1.1

Isocinate Index: 105
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experiment and a resolution of 4 cm™). For compar-
ison, the characteristic absorbances were normalized
using the C—H absorbance at 2935 cm™! as the stan-
dard.

The morphology of the cross-section of the foams
was observed by Scanning Electron Microscopy
(SEM) using a Jeol JSM-6460 microscope (JEOL
Ltd, Japan). The samples were sputtered with a Au-
Pd mixture before observation.

Thermogravimetric analysis (TGA) was obtained
using a TA Q2000 instrument (TA, U.S.A.) running
about 5 mg sample from room temperature to 60 °C
at a heating rate of 10°C-min~! in N, atmosphere.
The compression properties of the films were meas-
ured at 25 °C using a DIGIMESS TC-500 tensile-
testing machine (DIGIMESS, Argentina). Speci-
mens of 4 cm width and 4 cm length and 1 cm tall
were prepared, and a testing speed of 5 mm-min~!
was used until 40% of deformation. The results were
the average of five valid measurements.

For cytotoxicity assays, MC3T3-El, a line of pre-
osteoblastic cells, were used. Cells were maintained
in basal media (DMEM-10% FBS) at 37°C. Cell
proliferation was evaluated by the 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay. MTT is converted to water-insoluble, dark
blue MTT-formazan by mitochondrial dehydroge-
nases of living cells. Thus, absorbance change is di-
rectly proportional to the number of viable cells.
Briefly, 2.5-10* cells per well in basal media were
plated onto the scaffolds, which were cast on multi-
well culture plates and cultured for 24 hours. After
these culture periods, cells were incubated for two
additional hours with a solution of 0.1 mg-ml™!
MTT. Passed this time, stained cells were observed
using a Nikon Eclipse TS100 inverted optical micro-
scope (Nikon, Japan) and photographed. Then, after
washing, the formazan precipitate was dissolved in
dimethyl sulfoxide (DMSO), and the absorbance
read at 570 nm.

3. Results and discussion

3.1. Foaming process

Both polyols used in this works are acylglycerols
with secondary —OH groups and similar dangling
chain length, but they are different in functionality
and the access to the —OH group. In CanP there are
neighboring CH30— groups that cause steric hin-
drance to the —OH reactive group; instead a cis dou-
ble bond is present near to the —OH group in the fatty
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Table 2. Foam behavior parameters (#.: cream time; #: end
of rise time; #: tack-free time) of foams obtained in

this work.
Castor oil Canola polyol

t. t, 1 t. t t

CNeontent| 1 1 g | sl | 1l | Isl | Il
0 10£2 | 4244 | 5044 | 34+2 90+5 | 170£8
0.1 9+3 40+3 | 50+3 | 304£2 | 103+3 | 180+9
0.25 942 41+3 | 5143 | 3442 | 1084 | 185+6
0.5 8+2 40+3 | 50+5 | 32+3 | 10245 | 180+8

acid chains of CO. Table 2 shows the foaming be-
havior of the samples obtained in this work. The
cream time (Z.), end of rise time (#,) and tack-free
time (¢) were higher for CanP-based PUF comparing
to CO-based samples. This can be attributed to the
more sterically hindered —OH groups in the CanP
polyol due to the neighboring —OCHj; groups, which
affect the reactivity and consequently the rate of ex-
pansion and gelation time [29, 36]. For each series
(CO or CanP), tc, tr and tt were similar for composite
samples with different CN content. However, tr and
tt slightly increased for the composite samples based
on CanP polyol respect to the CanP-0 sample. This
indicated that the incorporation of the CN did not af-
fect significantly foaming behavior when CO is used
in the formulation [29], but had an impact in the case
of CanP.

3.2. FTIR results

Figure 4a shows the FTIR spectra of CN and PUF
without and with 0.5 wt% of CN. The PU spectrum
showed the typical band at around 3335 cm™! aris-
ing from vy g mode (free and H-bonded), an ab-
sorption at 1720 cm™! related to the PU Amide I
band (vc-o in urethane bond) overlapped to vc—o of
—COO- groups present in natural polyols, and a
band centered at 1557 cm™' (Amide II band,
On-H *+ Ven t ve ). For the pure CN the band be-
tween 3600 and 3200 cm™! was related to the O-H
stretching vibrations, and the absorption bands be-
tween 3002800 and 1500-1250 cm™ regions came
from the C—H and C—Hj stretching and bending vi-
brations, respectively. Besides, it was also possible
to observe the band related to the glycosidic linkage
(1155 cm™) and the strongest band located between
1100-970 cm™' dominated by ring vibrations over-
lapped with stretching vibrations of C—OH side
groups, and at 1029 cm™!' the C-O—C stretching in
the pyranoid ring [37, 38]. Incorporating CN did not
introduce changes in the intensity of the regions
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Figure 4. a) FTIR spectra of CN, PUF, and nanocomposites
PUF containing 0.5 wt% of CN. b) Carbony] re-
gion for samples CO-0 and CO-0.5; ¢) Carbonyl
region for samples CanP-0 and CanP-0.5.

around 1100 or 3300 cm™! (C—O—C and O-H in CN,
respectively) due to the lower CN content of the
samples of this work [27]. Instead, changes were
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observed in the C=0 region. When this region was
observed in detail (Figure 4b and 4c), it was possible
to detect the contribution of the carbonyl stretching
vibration of C=0O groups belonging to the ester
groups present in the triglycerides at around
1740 cm™" [39], the signals at 1725 cm™' and
1701 cm™! related to free and H-bonded vc—g of the
urethane linkage, respectively, and the band located
at 1650 cm™" assigned to the vc—o in urea bonds. In
the case of CO-based samples, a slight decrease in
the formation of urea bonds and the formation of ad-
ditional urethane linkages were observed with the in-
corporation of CN (Figure 4b), suggesting that
—NCO groups reacted with the hydroxyl groups at
the CN surface changing the internal organization of
the PU matrix. Instead, a noticeable decrease in the
relative amount of urethane groups in the CanP based
foams containing CN was detected, indicating that
CN interacts with the SS when this polyol is used in
the formulation. This would lead to a reduction in
the availability of ~OH groups of both materials pre-
venting the formation of urethane groups. These re-
sults are in agreement with that observed by other
authors [28], suggesting in this case that incorporat-
ing CN modified the urethane and urea kinetics.
However, they changed in a different way depending
on the polyol used in the formulation, in accordance
with the foaming behavior previously presented.

3.3. SEM results

Optical and SEM images of the prepared foams are
shown in Figure 5. PUF and composites obtained
from CO are light-yellow comparing to those
obtained from CanP, which were whiter foam and
with larger cell size. Besides, CO-based samples
were closed cell foams, whereas open-cell foams
were obtained from CanP. Incorporating CN resulted
in foams with smaller cell sizes and anisotropic, hav-
ing a larger dimension parallel to the growth direc-
tion (Figure 5c and 5d). Table 3 shows the cell dimen-
sions on the direction parallel (L) and perpendicular
(7T) to the growth direction, and the anisotropic factor
(r=L/T), which resulted similar for all the nanocom-
posite foams independently of both the polyol and
CN content. The fact that CanP-0.1 presented cell
dimensions between CanP-0 and CanP-0.25 suggest-
ed that polyol characteristics seem to have an effect
on the cell dimensions of the nanocomposite foams
at lower CN content. However, cell size was similar
when CN content higher than 0.25 wt% was used,
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regardless of the selected polyol. Thus, the addition
of CN decreased the cell dimensions for both series
(CO and CanP) suggesting that CN provides sites
which facilitate the nucleation process [27], with op-
posite effect on the density of the foams (as can be
observed in the next section) depending on the poly-
ol used in the formulation.

3.4. Properties of foams

Reference PUF samples (CO-0 and CanP-0) present-
ed density values of 51 and 59 kg-m™, respectively,
where the difference can be explained based on the
polyol properties (OH- functionality). When density
values of the nanocomposite foams were observed,
samples obtained from CO showed higher density
comparing to the reference sample CO-0, while com-
posite samples based on CanP presented a lower den-
sity than the unloaded material. The results are in
agreement with the FTIR observations, where the
decrease in the formation of urea bonds in the CO-
based composite foams could be associated with a
lower blowing gas production, and consequently,
higher density was obtained for these samples. In the
case of CanP-based composite foams, a lower ure-
thane bond production avoids the formation of the
polymer matrix and consequently the density de-
creases. Thus, the addition of CN changed the growth
stage in a different way depending on the polyol
used, but independently of the CN content for the
formulation used in this work.

The results of the compression tests, compressive
elastic modulus (£), and strength (o) are presented
in Table 4. In general, the incorporation of the nano-
filler improved the mechanical properties of PUFs.
In both series (CO and CanP based samples) an in-
crease of the compressive modulus £ was observed
for all the samples regardless of CN content. How-
ever, the compressive strength o of the PUFs based
on CO increased as CN content increases, while the
biobased foams based on CanP maintained a similar
value of o regardless of the CN content. These ob-
servations were maintained indeed when density was
taken into account to obtain the specific strength
(o/d) and specific modulus (E£/d) (Table 4). The spe-
cific strength of CanP based composites increases by
about 10%, independently of the CN content. Instead,
in CO-based composites, the specific strength in-
creases gradually up to 300% for CO-0.5 sample, in
agreement with the participation of CN as HS in the
formation of the polymeric matrix. Indeed, while
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Figure 5. Optical and SEM images of polyurethane foams and nanocomposite PUF with 0.25 wt.% CN content. Arrows
indicate the PUF growth direction. a) CO-0 sample; b) CO-0.25 sample; ¢) CanP-0 sample; and d) CanP-0.25

sample.

Table 3. Cell dimensions of PUFs obtained in this work.

Castor oil Canola polyol
CN content CN content
[wt%] [wt%]
0 0.1 0.25 0.5 0 0.1 0.25 0.5
L [mm] | 0.70+0.16 0.71+0.11 0.70+0.14 0.68+0.17 0.92+0.14 1.09+0.20 0.76+0.18 0.79+0.15
T [mm] | 0.78+0.16 0.43+0.08 0.37+0.07 0.43+0.10 0.87+0.15 0.63+0.18 0.45+0.14 0.46+0.10
r=LIT 0.90 1.66 1.89 1.58 1.06 1.73 1.70 1.72

L: cell dimension in the growth direction, 7: cell dimension in the perpendicular growth direction

specific modulus increase as CN content increase for
CO based samples, higher amounts CN seems to be
detrimental to this parameter in the CanP series. This
is probably due to the interaction of the filler with
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the SS and, as a consequence a lower urethane link-
age formation in agreement with FTIR results.

Plots from TGA and dTGA of CN, PUFs, and nano-
composite foams containing 0.25 wt% of CN content
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Table 4. Density and mechanical properties of the BPU foams.

Sample d , 610% G10,/d L E Eld L

[kg/m°] [kPa] [kN-m-K-g™'] [kPa] [kN-m-K-g™']
CO-0 514 10+£1 0.20 163+17 3.20
CO-0.1 63+1 2245 0.35 503+132 7.99
C0-0.25 58+3 38+5 0.66 46145 7.95
CO-0.5 61+2 51+11 0.84 705+57 11.56
CanP-0 59+4 38+5 0.64 182+11 3.09
CanP-0.1 48+5 35+4 0.73 563+128 11.74
CanP-0.25 51+3 33+6 0.65 624+142 12.23
CanP-0.5 50+3 36+6 0.72 408+102 8.17

are shown in Figures 6a and 6b, respectively. Also,
the IDT (initial decomposition temperature) and the
thermal indexes 75 and 7’5o (temperatures correspon-
ding to a 5% and 50% loss in weight) are shown in
Table 5. TGA and dTGA curves of samples revealed
noticeable differences in the whole temperature range
depending on the polyol used in their synthesis. For
CO-based samples, decomposition started at approx-
imately 260 °C. On the other hand, samples based on
CanP showed lower thermal stability, in which de-
composition started at 220 °C, with lower 7 and T
than PUFs based on CO. Besides, dTGA curves re-
vealed different behavior for the different decompo-
sition steps, related to differences in the structures
of the polyol. In general, thermal decomposition pro-
file of bio-based PUF has been reported maximum
in the dTGA curves at temperatures around 230—
330°C related to urethane bond decomposition [40],
350-390 °C attributed to ester/ether bond decompo-
sition through chain scission [41, 42], and 430—
470 °C (due to C—C bond cleavages [43]. In our case,
dTGA curves of samples obtained from CO present-
ed three decomposition steps, where the first peak at
309°C in dTGA curve showed a shoulder at lower
temperature. Instead, the first decomposition process

100+ coo |

C0-0.25

CanP-0

—— CanP-0.25
N

804

60 4

401

Weight loss [%)]

204

3*1')0 l 460

T[°C]

100 200

a)

of CanP samples presented two peaks located at 244
and 295 °C in the dTGA curve. This can be attributed
to differences in the polymer network structures due
to the different structure of the used polyols, where
the secondary functional hydroxyl groups in the
CanP are more sterically hindered and probably con-
duct to a low cross-linking density and less stable
urethane bonds because they avoid the typical
H-bonding organization of the PU [5, 8]. Further-
more, differences in the polyol structures also influ-
enced the second thermal decomposition steps, prob-
ably due to differences in the dangling chain length,
number of unsaturations, and the presence of ether
bonds depending the polyol selected for the foam
synthesis [4, 8, 44-46]. Incorporating CN produced
a slight decrease in the thermal stability of both sys-
tems. This change seems to be related to a contribu-
tion of the decomposition of the CN around 300 °C
(depolymerization, dehydration, and decomposition
of glycosyl units) [47], and 440 °C (oxidation and
decomposition of carbonaceous residue to gaseous
products of low molecular weight) [48].

The results suggested that CN has a different role de-
pending on the acylglycerol used in the formulation.
Previous works have demonstrated that the CN in a

dTGA

T T T
300 400 500

T[°C]

T
200

100
b)

Figure 6. TGA (a) and dTGA (b) curves of selected samples obtained in this work.
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Table 5. Thermal properties of the BPU foams.

TGA

Sample IDT Ts Tso Td, Td, Td; Td,

[°Cl [°Cl [°Cl [°Cl [°Cl [°Cl [°Cl
CO-0 265.40 271.43 360.94 294.98¢ 309.27 351.15 447.85
C0-0.1 260.53 265.03 354.01 292.90° 305.92 35231 449.52
C0-0.25 265.58 269.83 356.68 292.85° 307.27 352.34 448.46
C0-0.5 259.62 259.17 351.88 293.86° 305.62 355.95 449.82
CanP-0 218.70 224.85 346.79 24430 295.37 360.05 451.99
CanP-0.1 215.39 221.45 328.08 242.27 292.59 356.11 452.90
CanP-0.25 213.90 223.15 332.05 239.34 289.58 362.01 455.30
CanP-0.5 213.14 220.88 332.61 237.92 287.93 364.74 450.45

3shoulder at peak with maximum at 7d,

PUF can associate to the HS or SS in the polyure-
thane network and acting as nucleation agent or par-
ticulate surfactant, depending on the isocyanate index
and NCO number of the isocyanate formulation as
previously exposed [8, 27, 28]. In our case, the ex-
perimental results suggested that the acylglycerol-
based polyol used in the formulation of the PUF also
affects this behavior, where CN acted as a nucleation
agent, with a migration to the HS in the case of the
CO-based polyurethane foams, and to the SS in
CanP based samples.

3.5. Cell viability

Many works related to bio-based PU or PUF claim
that these materials have potential applications in the
field of biomedical engineering. Even if the con-
stituents are bio-based and well biocompatible, the
resulting material is not necessarily biocompatible.
So, it is necessary to conduct tests before indicating
if a bio-based material can be considered as a poten-
tial biocomposite product [49]. The in-vitro biocom-
patibility of the biofoams obtained in this work was
evaluated by MTT assay (Figure 7a) and the obser-
vation of the cell morphology (Figure 7b). Figure 7a
shows that the incorporation of 0.1 wt% CN did not
change the growth of cells. However, at concentra-
tions of 0.25 and 0.5 wt% of CN both PUF-CO (Fig-
ure 7a/a) and PUF-CanP (Figure 7a/B) increased sig-
nificantly the MC3T3-E1 cells proliferation with
respect to the control (PUF without CN), being high-
er for samples based on CO. The evaluation of cell
morphology after 24 h showed that cells survived
and grew on the different materials, as it can be ob-
served in Figure 7b for CanP-0 and CanP-0.25 sam-
ples as representative images. For samples without
CN, it seems that the cells preferred to adhere to each
other rather than grow on the surface and spread.
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However, for samples with 0.25 and 0.5 wt% of CN
content, they were flattened on the surface with more
spindle-like morphology, which was indicative that
the cells proliferated and adhered strongly to the
composite foams respect to the unloaded samples
[50], these observations could be related to changes
in the hydrophilicity of the materials due to the used
polyol [51] and incorporation of CN [52]. Regard-
less of this, the obtained results were indicative of
the improvement of the cell viability of the rein-
forced polyurethane foams at these CN concentra-
tions.

4. Conclusions

This work presented the preparation of polyurethane
biobased composite foams obtained from polymeric
methylene diphenyl isocyanate, castor oil or modi-
fied canola oil as polyol, and different contents of
cellulose nanocrystals. Polyurethane foams with a
density of around 50-60 kg-m were obtained. Incor-
porating CN they modified the morphology, leading
to the production of foams with smaller cell sizes
and more irregular than those observed for the ma-
trix. Besides, improving the mechanical properties of
the PU, biobased foams, without significant changes
in thermal properties, were obtained. Taken as a
whole, the variation of the properties with the incor-
poration of CN suggested that the chemical structure
of the polyol affects the role played by CN in the for-
mulation of the bio-based PUF. When CanP was used,
the CN interacted better with the soft segment, which
affected the urethane bond formation and resulted in
a decrease in the foams” density, and a slight im-
provement in mechanical properties. This was dif-
ferent in the case of CO, where CN took part in the
urethane bond formation acting as a hard segment,
with an increase of the composite foams” density and
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Figure 7. a) MC3T3-E1 cell proliferation using MTT assay on PUF based on CO (o) or PUF based on CanP (b). Values are
expressed as % versus PU after 24 h of proliferation. *: p <0,01; #: p <0,05. b) Cell morphology of the MC3T3-
E1 cells grown on the foams CanP-0 and CanP-0.25 for 24 h of culturing.

an improvement of the mechanical properties. When
evaluating the proliferation of cells grown on differ-
ent foams, it was observed that the presence of CN
significantly increased the cell viability for samples
containing 0.25 and 0.50 wt% of CN, while for the
lowest concentration used no effect was observed.
The results suggest that the incorporation of CN in-
creases the biocompatibility of the PU foams, which
place them as materials with potential biomedical
applications.
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