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ABSTRACT: A rapeseed oil-based polyol (ROPO) was synthesized using chemical modification of the rapeseed oil (RO) by epoxidation
reaction followed by oxirane ring-opening with diethylene glycol. The ROPO was used in the formulation of low-density green polyur-
ethane (PU) foams. The use of glycerol as hydroxyl component, water as a reactive blowing agent and micro/nanocellulose (MNC) as a
reinforcement increases the content of natural components in the formulations with important effects on the final foam properties. The
ROPO and their intermediate products are characterized by analytical techniques and FTIR spectroscopy, while the final PU foams are
characterized by morphological and mechanical analysis. The results show that the addition of glycerol increases the modulus and yield
stress. The incorporation of MNC in small amounts is enough to increase the modulus at low temperatures. Both modifiers cause an
increase in water absorption and the fragility of the cell walls, reflected in the micrographs of the foams. © 2014 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2015, 132, 41602.
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INTRODUCTION

Polyurethanes (PUs) are polymers with ample range of proper-
ties and areas of application. Among those, they can be pro-
duced as low-density flexible foams, which are mostly known
for being used in mattresses and cushioning, or low-density
rigid foams used to manufacture thermal insulation panels. Dif-
ferent types of high-density flexible PU foams can be used in
shoe-soling or as structural foams, while nonfoamed PUs are
used in areas such as construction, transport, aerospace.'™

Nowadays, the most common raw materials for PUs are sup-
plied by the petroleum industry. Because of the uncertain future
availability of petroleum, scientists all over the world are search-
ing for alternative bio-based raw materials. The PUs are gener-
ally prepared through the reaction between compounds with
two or more reactive hydroxyl groups per molecule (diols or
polyols) and isocyanates with more than one reactive group per
molecule (diisocyanates or polymeric isocyanates). The use of
vegetable oil based polyols is an interesting alternative because
of the broad availability worldwide, relatively low cost, and
potential biodegradability. The application of renewable raw
materials for chemical synthesis may contribute to the reduction
of the environmental impact, such as the consumption of non-
renewable resources and the greenhouse gas emission. Moreover,
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the hazards of chemicals should also be taken into account in
order to reduce the impact of eco-toxicity.»*

Vegetable oils consist of triglyceride molecules (glycerol cova-
lently linked to three fatty acid chains). They present many
reactive sites, which are able to be chemically modified in order
to achieve products that are useful for the polymer industry.®

Vegetable oils contain both types of fatty acids: saturated with non-
reactive aliphatic chains (stearic or palmitic acids) and unsaturated,
with aliphatic chains containing double bonds (oleic, linoleic, lino-
lenic, ricinoleic acids). These natural compounds are of interest
since various reactions can be performed onto their different
groups in order to obtain bio-based polyols for PUs synthesis.*

Specifically, rapeseed oil (RO) is an edible oil that includes unsat-
urated acids in its structure (around 61% of oleic acid, 21% of
linoleic acid, 8% of linolenic acid, and others 10%) able to be
chemically modified to introduce hydroxyl groups.” The polyol
functionality and the resulting crosslinking density of the derived
PUs are related to the double bond content in the natural oils.”®

Different paths of reaction of the triglyceride double bonds for
incorporating hydroxyls groups have been studied.*®*™'* The
structure of resulting oil-based polyol depends on the selected
modification method and the chosen vegetable oil (vegetable
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oils differ in the amount, distribution, and position of the car-
bon—carbon double bonds in the fatty acid chains). Moreover,
the fatty acid profiles of the starting oils and the degree of oli-
gomerization during polyol synthesis have important influence
on the properties of PU products.'’

Besides the diols or polyols, the production of PU foams
requires the use of isocyanates and several additives (catalyst,
blowing agent, surfactant, etc.) not always environmentally
friendly. The use of water as reactive blowing agent offers the
additional advantage of accelerating the reaction without the
need of adding volatile organic compounds. On the other hand,
the use of natural fibers as reinforcing material is an attractive
alternative, since they have low cost and are available from
renewable resources, reducing environmental concerns.'®'> The
natural-fiber-reinforced foamed materials have also considerable
importance in the automotive industry, because of the possibil-
ity of additionally reducing the weight of vehicles by virtue of
the cellular structure that characterize these type of fibers.'®

In the last years, several studies have reported the results of cel-
lular materials reinforced or filled with different types of fibers,
which lead to changes in the polymer matrix behavior, such as
the heat released during the polymerization reaction, the stiff-
ness of the foams, the capacity of energy absorption, and their
density among others.'”~**

The foam architecture obviously depends on the filler dispersion in
PU system, and the cell-wall width compared to the particle size.>”

Some authors have reported the use of oil based polyols in PUs
foam formulations®™>® with similar properties to those of
petrochemical origin. Although there are some results on rein-
forced foams, the use of cellulose micro/nanoparticles in foams
has not been much considered.

In this work, technical raw materials were applied in the oil-
based polyol synthesis. The epoxidation of RO was carried out
without any solvent (as it has been previously reported [11]) in
order to simplify the method of the bio-polyol preparation and
facilitate its application on industrial scale. The modified RO,
together with different concentrations of glycerol were used as
polyols in the preparation of rigid foams. Low amounts of
MNC were also incorporated to the PU formulation in order to
modify physical and mechanical properties of prepared foams.

EXPERIMENTAL

Materials

Nonrefined RO (provided by Organika Nowa Sarzyna) was used
in the synthesis of a bio-polyol by epoxidation reaction using
peracetic acid generated “in situ” as a result of the reaction of
hydrogen peroxide (50 wt %, provided by Organika Nowa Sar-
zyna) and acetic acid (80 wt %, provided by Organika Nowa
Sarzyna), followed by oxirane ring-opening with diethylene gly-
col (Sigma-Aldrich). Different additives were incorporated to
the bio-polyol: surfactant agent (L6900, Momentive Perform-
ance Materials), catalyst (Polycat 5, Air Products and Chemi-
cals) and water that was used as a reactive blowing agent.
Glycerol (POCH, Gliwice) was added as a reactive triol to the
polyol premix. Additionally, a commercial micro/nanocellulose,
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MNC (Arbocel UFC-100, Rettenmaier) with an average fiber
length of 8 um and an average fiber thickness of 2 um, was also
incorporated to the rapeseed oil-based polyol (ROPO) premix.

The polyol premix was reacted with polymeric diphenylmethane
diisocyanate (PMDI, provided by Minova Ekochem SA).

Synthesis of Rapeseed Oil Based Polyol

Epoxidation Reaction. The nonrefined RO was epoxidized
using peracetic acid generated “in sifu” as a result of the reac-
tion of hydrogen peroxide and acetic acid. The temperature of
the reaction mixture was kept in a range of 60-65°C. The final
mixture forms two phases that are separated. The oily phase
was washed several times until neutral pH.

Opening of the Oxirane Rings in Epoxidized Oil. Epoxidized
rapeseed oil (ERO) was converted to polyol using diethylene
glycol in stoichiometric molar ratio to epoxy groups. The tem-
perature was kept at 95°C for 2.5 h.

A scheme of the chemical reaction steps is presented in Figure 1.

Foam Production

The components of the PU foam were mixed at room tempera-
ture in a plastic container, poured to the mold and let foaming
in a free-rising process in a horizontal direction, while vertical
rise was limited by the mold to 50 mm. The ROPO, catalyst
(1.5 wt %), surfactant (1.3 wt %), water as blowing agent (5.3
wt %), and PMDI were the components of the basic formula-
tion. All percentages are reported with respect to the total
weight of polyols.

This basic formulation was modified by replacing the RO polyol
with glycerol using the following glycerol/ROPO weight ratios:
0/100, 1/99, 3/97, and 5/95. The isocyanate index (moles of
NCO groups/moles of OH groups) was adjusted to 1.1 for each
system. A second set of samples were prepared by incorporating
a commercial micro/nanocellulose (MNC) to the base ROPO/
PMDI formulation as a filler to increase the natural compo-
nents in the foam and to evaluate its effect on the final proper-
ties of the foams. Cellulose contents of 1, 2, and 3 wt % with
respect to the total mass of the reaction mixture were added to
the polyol premix.

In all the cases, the PMDI was rapidly added to the polyol pre-
mix containing the other components. The mixture was stirred
for 10 s and then it was left to react and foam in the horizontal
direction.

Polyol Characterization

The RO, ERO, and ROPO were characterized using analytical
techniques (hydroxyl value, acid value, iodine value, epoxy
value, and water content).”’

Fourier transform infrared (FTIR) spectra were recorded by the
attenuated total reflection (ATR) method using a Thermo Scien-
tific Nicolet 6700 FTIR spectrometer. The spectra were recorded
over the range 500-4000 cm ™' with a resolution of 2 cm™ ' and
averaged over 32 scans.

Foam Characterization
The Foam Qualification System, FOAMAT was used to measure
different physical parameters during foam formation
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Figure 1. Chemical reaction steps to produce rapeseed oil based polyol.

[temperature, pressure, dielectric polarization (DP), and rise
height of the foam].

Apparent density was calculated as the ratio between the weight
and the volume of a cubic specimen (50 X 50 X 50 mm?). At
least five replicated specimens of each sample were measured.
To take the most representative part of the samples, the cubes
were cut from the center of the foam (according to the Stand-
ard ISO 845).

Thermal conductivity tests were carried out using a Laser Comp
Heat Flow Instrument Fox 200 (USA). The measurements were
made according to the Standard ISO 8301 at an average temper-
ature of 10°C (temperature of cold plate at 0°C and warm plate
at 20°C).

Water absorption (volume %) after 24 h of immersion was
determined for samples of 50 X 50 X 25 mm’ according to
1SO 2896 Standards.

Closed cell content (vol %) was estimated according to the
Standard ISO 4590.

Morphological characterization was evaluated using an optical
microscope with video channel. The average cross-section area
and number of cells as well as the value of the anisotropy index
were calculated using a specific software. Besides, a scanning
electron microscope (SEM) Philips model SEM 505 operated at

Table I. Properties of the Rapeseed Oil (RO), Epoxidized Rapeseed Oil
(ERO), and Rapeseed Oil Polyol (ROPO)

RO ERO ROPO
Hydroxyl value (mg KOH/g) 0 76.6 264.2
Water content (%) 0.12 0.40 0.66
Epoxy value (mol/100 g) - 0.26 0
lodine value (g 15/100g) 109.7 3.2 -
Acid value (mg KOH/g) 3.47 4.88 7.60
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15 kV was used to obtain photographs. Small specimens were
cut from the middle of the foams in the direction of growth.
Samples sputter-coated with gold prior to SEM
observation.

were

Dynamic mechanical tests of the samples containing MNC were
determined using an Anton Paar, Physica MCR rheometer. Tor-
sion geometry was used with solid rectangular samples of length
30 mm, width 10 mm, and thickness 2 mm. Measurements
were performed as temperature sweeps at a heating rate of
10°C/min, frequency of 1 Hz, and applied deformation of 0.1%,
to ensure working in the linear viscoelastic range.

Compression tests were carried out using a Zwick Z005 TH
Allround-Line equipment according to ISO 844. Specimens of
50 X 50 X 50 mm’ were cut and tested at a crosshead speed of
5 mm/min. The compressive force was applied parallel and per-
pendicular to the growth direction in the foams. Four speci-
mens of each sample were tested and the average values are
reported.
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Figure 2. FTIR spectra of the RO, ERO, and ROPO.
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Figure 3. FOAMAT results. Temperature (a), pressure and dielectric polar-

ization (b) variation as a function of time during foam preparation for

the formulations with glycerol/rapeseed oil polyol weight ratios: 0/100, 3/

97, and 5/95.

RESULTS

Characterization of the RO, ERO, and ROPO

Table I summarizes the results of the analytical techniques used
to characterize the RO, ERO, and ROPO. The unmodified RO
has no hydroxyl groups and very little amount of free acids.
The iodine value of the unmodified RO denotes the presence
of carbon—carbon unsaturations, corresponding to a functional-
ity close to 4 per triglyceride molecule. After the epoxidation
reaction, the epoxy value of the resulting product was
0.26 mol/100 g and the hydroxyl value 76.7 mg KOH/g, which
is attributed to the fact that some of epoxy ring opening with
water occurs during this step. As it was expected the iodine

Table II. Properties of the Foams Modified with Glycerol
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value (which measures the content of C=C groups) decreases
significantly because of the reaction of the carbon-carbon dou-
ble bonds. After the second step of reaction, the ROPO had a
hydroxyl value high enough for the preparation of rigid or
semirigid foams.

Figure 2 shows the comparison of the FTIR spectra of the RO,
ERO, and ROPO. The FTIR spectrum of the RO presents a
peak at 3007 cm ™' corresponding to C=C bonds absorption, in
agreement with the iodine value reported in Table I. The peak
at 1745 cm™ ! keeps up a correspondence to the C=0 bonds in
ester groups from triglyceride molecules. In comparison, the
ERO spectrum presents a weak absorption at 3400-3500 cm ™'
in concordance with a not null value of hydroxyl number (Table
I). This fact was related to the opening of the epoxy rings that
proceeds mildly during the epoxidation step of the reaction, as
it was aforementioned. It is also possible to note that the band
at 3007 cm ™' disappeared in the ERO spectrum due to nearly
fully epoxidation of C=C bonds in the triglyceride structure.

The most relevant difference observed in the ROPO spectrum is
the important increase in the band intensity at 3430 cm™ " after
the epoxy ring opening reaction corresponding to hydroxyl
absorption, which is in agreement with the high hydroxyl num-
ber of this sample as reported in Table I. Another significant
difference is the appearance of an absorption band at 1050—
1150 cm ™" corresponding to the C—O—C groups from dietlyle-
neglycol and oil polyol oligomers.

Characterization of the Foams

Foam Rising Times. Figure 3 shows the temperature (a), pres-
sure and dielectric polarization (b) variation as a function of
time during foam preparation for the formulations with glyc-
erol/ROPO weight ratios: 0/100, 3/97, and 5/95.

As it is known, the exothermal crosslinking reaction causes the
temperature increase in the foam sample. Figure 3(a) shows
that the highest temperature reached by the foams increases
with the incorporation of glycerol in the formulation and
appears at longer times. The difference in maximum tempera-
ture is related to the content of the glycerol that has higher
functionality per unit of mass than the ROPO. This leads to the
formation of more urethane bonds and consequently, to the
increase of the overall reaction exotherm that increases the tem-
perature of the mixture and the crosslinking density of the sys-
tem. Substitution of ROPO with glycerol (of lower molar mass
than the bio-polyol) in the reactive mixture increases the
hydroxyl group concentration in the foam formulation and

Table III. Properties of the Foams Modified with Cellulose (MNC)

Glycerol/

RgPO Apparent  Thermal Water Closed cell Apparent Thermal Water Closed cell
weight  density conductivity absorption  content MNC  density conductivity absorption content
ratio (kg/m®3) (MW/mK) (vol %) (vol %) (wt %) (kg/m?3) (MW/mK) (vol %) (vol %)
0/100 399+29 239+0.7 148+092 789+27 0 399+x29 239+0.7 148+092 789=+27
1/99 39.0+x14 234+07 158+1.36 823=*27 1 389+14 229+04 785+033 833*0.7
3/97 39.3+x05 245+07 306=x1.13 865+18 2 391+16 235+0.7 423+x169 805+12
5/95 398+05 241+08 207+x035 844=x24 3 40.7+3.0 231+09 267+026 82522
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Figure 4. Transmission optical micrographs of foams. (a) Glycerol/ROPO = 0/100; (b) Glycerol/ROPO = 3/97; (c) Glycerol/ROPO = 5/95; (d) 1% MNGC;
(e) 2% MNG; (f) 3% MNC. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

consequently, more PMDI is necessary to keep the same NCO/
OH ratio. This fact causes that the formulations containing
glycerol have a higher concentration of reactive groups per mass
unit, which leads to higher heat release during reaction.

Figure 3(b) shows that the curves of pressure generated during
foaming by the samples with 0 and 3 wt % of glycerol are quite
similar during the measured time. However the sample with 5
wt % of glycerol present a curve of pressure that increases sig-
nificantly at shorter times. The expanding foam presses the bot-
tom of the expansion container where the pressure forces are
measured. The rise curve reflects the dynamics of blowing agent
generation (carbon dioxide) and it can also correspond to the
evaporation of the water present in the system that occurs at
shorter times as the glycerol content increases. This behavior
can be related to two different facts: the higher temperature
generated in the mixture with 5 wt % of glycerol [Figure 3(a)],
which leads to higher gas pressure in cells because of the known
direct correlation between temperature and pressure in the
behavior of gases. The second main effect refers to the fact that
as more glycerol is incorporated into the formulation, a higher
concentration of crosslinking points is generated, which can
also increase the total pressure of the system. As already men-
tioned, during foaming the expanding PU applies a stress on
the bottom of the mold (where the sensor is located), and a
material with higher crosslinking density could generate higher
forces and consequently higher pressure on the mold.

Figure 3(b) also shows the curves of dielectric polarization as a
function of time. The curves of dielectric polarization are used
to determine resin curing.’® Dielectric polarization is essentially
determined by chain-like molecules with a large dipole moment
due to their polar ends (groups OH and NCO). Chain forma-
tion precedes the crosslinking reaction that ultimately sup-
presses all dipole mobility during curing. All the dielectric
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polarization curves show two steps at short times. The first DP
decrease (at short times) is related mainly to the initial foam
formation, so the decrease of apparent density. The second DP
decrease is associated to formation of crosslinks.

As the percentage of glycerol increases in the composition, the
DP increases at the beginning of the reaction associated with
the fact that short glycerol molecules introduce higher dipole
moment in comparison with the long chains of ROPO. At lon-
ger times, the curves display the final curing of the foam giving
a constant signal after the chemical reaction is completed. As
crosslinking begins and proceeds to the formation of a progres-
sively less mobile, more rigid network, the capability of the
molecules to be oriented by the applied electrical field progres-
sively decreases. Thus, the dielectric polarization value decreases
markedly when crosslinking begins and continues decreasing to
the final immobilization of the molecules in the network. The
more glycerol in the foam formulation, the more time the mix-
ture needs to reach the final conversion. This is due to the
higher initial concentration of —OH and —NCO groups in case
of foams with glycerol. The higher percentage of glycerol, the
higher DP slope is, meaning the faster crosslinking occurs.

Density, Closed Cell Content, and Thermal Conductivity

The physical properties of the foams containing different per-
centages of glycerol and those of the filled foams are presented
in Tables II and III, respectively.

All the materials included in these two tables show comparable
apparent densities and all the foams present relatively high per-
centage of closed cell contents (higher than 78%). The thermal
conductivity shows negligible variation with the concentration
of glycerol or cellulose.

Water absorption is also presented in Tables II and III. In gen-
eral, the partial replacement of ROPO by glycerol, leads to the
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Figure 5. SEM micrographs of the foams. (a) Glycerol/ROPO = 0/100; (b)
Glycerol/ROPO = 1/99; (c) Glycerol/ROPO = 3/97; (d) Glycerol/ROPO =
5/95; (e) 1% MNG; (f) 2% MNC; (g) 3% MNC.

increase of the water absorption with respect to the results
obtained for the glycerol free foam (Table II). This fact could be
associated to the more polar structures that are obtained when
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ROPO is partially replaced with glycerol. Besides, the addition
of MNC to the original formulation increases significantly the
water absorption of the foams. In general, this fact could be
associated to the hydroxyl groups in the MNC that stay
unreacted after foam curing, remaining free to interact with
water molecules during the immersion test. However, it can be
noticed that the sample with 1 wt % of MNC presents a maxi-
mum in water absorption. As more MNC is added, filler can
agglomerate with a high degree of particle—particle interactions,
with decreased surface exposition of nonreacted OH and hydro-
philic groups. As these agglomerates become surrounded by the
PU matrix, the interaction of the moisture with the hygroscopic
filler is increasingly restricted.

Morphological Characterization

Figure 4 shows the transmission optical micrographs of foams
prepared with different formulations and cut parallel to the
foaming direction. The higher glycerol [Figure 4(a—c)] or MNC
[Figure 4(d—f)] contents seem to generate more fragile struc-
tures mainly denoted in the amount of broken cells. The cellu-
lose particles affect the size and shape of the cells. The structure
of cells became longer in the foam with cellulose, which is also
denoted in the anisotropy index with values of 1.54 * 0.15 for
the unfilled foam and of 2.04 = 0.14 for the foam with 3 wt %
of cellulose.

a ' ' ' ' |
04 |
= —— 0 wi% MNC -
) co- 1 wi% MNC
2 R 2 wt% MNC i
s B 3 wt% MNC
o : , ’
: ;
(]
g’ 02t I
2
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00 ! y ' : :
= 50 100 150 200 250
Temperature (°C)
b T
w
s ]
8
=~ -\A
—— 0 wit% MNC %
--- 1wt% MNC Vs
...... 2 Wt% MNC N
_____ 3 wt% MNC ®
10° 1 . . . ;
5 50 100 150 200 250

Temperature (°C)

Figure 6. Storage modulus (a) and tan J (b) as a function of the tempera-
ture of foams modified with MNC.
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Figure 7. Storage modulus (a) and tan J (b) as a function of the tempera-
ture of foams modified with glycerol.

SEM of the specimens were also obtained and are shown in Fig-
ure 5. The samples were cut showing the longitudinal cross-
sections that allow analyzing the profile of the foam.

The photos show foams with mostly closed cells and elongated
in the growing direction. It can be seen that the increase of the
glycerol content in the formulation did not reduce the homo-
geneity of the cell formation. The incorporation of MNC
appears to slightly decrease the cell size. The broken walls of
the cells generated during cutting are quite different in the
samples with higher percentages of glycerol and MNC. The fra-
gility in these samples increases as it was mentioned before.
Some cellulose aggregates are observed in Figure 5(g) (indicated
with arrows).

Table IV. Compression Properties of Foams Modified with Glycerol
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Mechanical and Dynamic-Mechanical Properties

Figures 6 (a,b) and 7(a,b) show storage modulus and tan ¢ as a
function of temperature for the dry foams modified with MNC
and glycerol, respectively. The incorporation of the particles
increases the modulus in the range of low temperatures denot-
ing a reinforcing effect even for the very small added percen-
tages of MNC [Figure 6(a)]. All the samples present glass
transition temperatures higher than 170°C [Figure 6(b)]. The
sample with 3 wt % of MNC seems to present a lower tan o
peak than the other samples that could be related with a more
heterogeneous network that is starting to be revealed at this
percentage.

The replacement of ROPO by glycerol produces an increase in
the rigidity of the foams denoted in higher storage modulus
[Figure 7(a)]. Moreover, the glass transition temperature seems
to start at higher temperatures as more glycerol is introduced in
the foam formulation [Figure 7(b)]. These observations can be
attributed to the increase in the crosslinking density with the
glycerol incorporation.

To widen the characterization and corroborate the dynamic
mechanical behavior, the mechanical properties of the ROPO/
glycerol/PMDI were obtained by compression tests and the results
are shown in Table IV. All the foams were tested by application of
the compressive force in a parallel and perpendicular way to the
growth direction of the foams. The replacement of ROPO by
glycerol up to 3 wt % do not significantly modify the modulus
when the foam is tested in the perpendicular way to the growth
direction of the foams. A small increase in this property is
observed in the formulation corresponding to glycerol/
ROPO = 5/95. The stress at 10% of deformation tested in the
direction of the foam growth increases with glycerol content.

When the foams are tested perpendiculary to direction of the
foam growth, the replacement of ROPO with glycerol increases
the compressive modulus, stress at 10% of deformation and
yield; however, the yield deformation decreases.

These results could be correlated with an increase in the cross-
linking density and in the rigidity of the structure with the
addition of glycerol in the formulation (in agreement with
DMA results). The isocyanate groups react with the hydroxyl
groups of ROPO, glycerol, and water. The replacement of
ROPO by glycerol that has a comparatively much higher
hydroxyl value than the bio-polyol (1830 and 264.2 mg KOH/g

Glycerol/ROPO Compression 010% of Compression 610% of

weight ratio modulus (MPa)? deformation (KPa)? modulus (MPa)P deformation (KPa)P Oyield (kPa)® &yield (%)P
0/100 1.18+0.27 56.2+20 4.50+0.67 156.8+11.1 1553+15.1 4.60+0.65
1/99 1.07+011 61.7+8.2 450+041 163.8+29.9 162.8+34.5 4.09+0.23
3/97 1.09+0.16 723+4.7 494+111 165.0+19.9 164.6+28.1 422+0.34
5/95 1.33+0.03 87.5+3.12 552+041 172.6+6.5 171.7+9.2 4.07+0.10

@Compressive force applied perpendicular to the growth direction of the foams.

b Compressive force applied parallel to the growth direction of the foams.
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for the glycerol and ROPO, respectively) leads to the decrease of
the chain mobility between crosslinks.

The comparison of the properties (modulus and stress at 10%
of deformation) shows the expected results of better properties
of the foams when the forces are applied parallel to the foam
growth.

CONCLUSIONS

A natural ROPO was successfully synthesized and used in the
formulation of a PU rigid foam using water as a reactive blow-
ing agent. Commercial micro/nanocellulose was used as a filler
while glycerol was applied as a reactive modifier that allowed to
increase the crosslinking density in foamed PUs and to improve
their mechanical properties.

The rigidity and glass transition temperatures increase with the
incorporation of MNC and glycerol to the foam formulation as
well as the water absorption and the fragility of the cell walls of
the foams.

The considerable increase of foam compression strength,
especially in the perpendicular direction to the foam growth,
can be achieved by the modification of used PU systems with 5
wt % of glycerol, what is very important taking into account
dimensional stability of foams containing natural oil-based
polyols.
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