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.E.  Marcovich a,  M.  Kurańska b,∗,  A.  Prociak b, E.  Malewska b, K.  Kulpa b

Institute of Material Science and Technology (INTEMA), National University of Mar del Plata, Mar del Plata, Argentina
Cracow University of Technology, Department of Chemistry and Technology of Polymers, Cracow, Poland

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 15 October 2016
eceived in revised form 15 March 2017
ccepted 17 March 2017

eywords:
emi-rigid polyurethane foams
alm oil-based polyol
eat insulating materials

a  b  s  t  r  a  c  t

Semi-rigid  polyurethane  foams  were  successfully  prepared  by blending  up  to 70  wt.%  of  a palm  oil-based
bio-polyol  with  a petrochemical  polyether  polyol.  Due  to the high  viscosity  of the  bio-polyol  derived
from  palm  oil,  polyol  premixes  were  heated  before  mixing  with  an  isocyanate  component.  Despite  this,
a slowdown  in  the  foaming  and  gelling  reactions  was  detected  as  the content  of  the palm  oil-based
bio-polyol  in  the  formulation  increased.  The  thermal  conductivity  of the  modified  foams  was  higher
than  that  of the  reference  one,  even  when  they  exhibited  a lower  apparent  density.  In addition,  their
mechanical  and  dynamic  mechanical  properties  decreased  as  the  palm  oil-based  polyol  content  in  the
final  foams  increased.  These  effects  are  attributed  to the foams’  cellular  structure  since the  closed  cell
content decreased  as  the  amount  of the  petrochemical  polyol  replaced  by  the  bio-polyol  increased.  How-

ever, the  water  absorption  decreased  as  the bio-polyol  concentration  in the  polyurethane  formulation
increased  and  the  modified  foams  exhibited  excellent  dimensional  stability  Taking into  account  potential
applications  of polyurethane  systems,  the  formulation  containing  30 wt.%  of  the  bio-polyol  could  be  used
in  the  preparation  of a new  generation  open  cell  semi-rigid  foams  permeable  to  moisture  and  with  higher
content  of  biomass-derived  constituents.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The synthesis of polymers based on natural components is one
f the most important fields in the current research and develop-
ent for the environmental protection (Tanaka et al., 2008; Cateto

t al., 2011; Oliveira et al., 2015). Studies on polyurethanes (PURs)
ased on components from natural resources have a great poten-
ial in contributing to the development of this area (Calvo-Correas
t al., 2016). PURs are obtained through the reaction of polyols and
socyanates. Nowadays, commercial isocyanates and polyols for the
ynthesis of PUR foams are mostly derived from petroleum. How-
ver, a trend to use components based on renewable resources is
bserved in research works (Zhou et al., 2015). Among such raw
aterials, mostly petrochemical polyols are partially or even fully

eplaced by bio-polyols, especially those derived from natural oils,
tarch, sugar and lignin (Yao et al., 1996; Cateto et al., 2009; Hakim

t al., 2011; Seydibeyoglu et al., 2013; D’Souza et al., 2014; Paberza
t al., 2014; Bernardini et al., 2015; Arshanitsa et al., 2016). Thus,
here have been many reports on synthesizing PUR foams using

∗ Corresponding author.
E-mail address: maria.kuranska@gmail.com (M.  Kurańska).

ttp://dx.doi.org/10.1016/j.indcrop.2017.03.025
926-6690/© 2017 Elsevier B.V. All rights reserved.
bio-based polyols from various vegetable oils such as palm (Tanaka
et al., 2008; Pawlik and Prociak, 2012; Zeimaran et al., 2013), soy
(Campanella et al., 2009), linseed (Calvo-Correas et al., 2015), rape-
seed (Prociak and Rojek, 2012; Kirpluks et al., 2013; Kurańska et al.,
2015a,b), tung (Mosiewicki et al., 2008; Soto et al., 2016) and castor
oil (Mosiewicki et al., 2009; Gomez-Fernandez et al., 2016). Palm
oil is one of the most important vegetable oils due to its price and
production efficiency in comparison to any other commercial oils.
The production of crude palm oil in Malaysia was  approximately
19.22 million tonnes in 2014 (Arniza et al., 2015).

Palm oil-based bio-polyols can be obtained by an introduction of
hydroxyl groups into the positions of double bonds or ester bonds.
Several methods, such as epoxidation followed by opening of oxi-
rane rings using various compounds with active hydrogen atoms,
hydroformylation, ozonolyzis and hydrogenation, transesterifica-
tion and transamidization, can be used in their synthesis. These
different methods of converting natural oils into bio-polyols allow
obtaining hydroxyl derivatives characterized by various chemical
structures. The structure of polyols has a significant influence on the

final properties of PUR foams, which also depend on the foaming
process conditions (Arbenz et al., 2016).

Kurańska and Prociak (2016) analyzed the foaming process
of water-blown PUR foams with different contents of rapeseed

dx.doi.org/10.1016/j.indcrop.2017.03.025
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2017.03.025&domain=pdf
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Table 1
Formulations of semi-rigid foams modified with palm oil polyol.

Component REF PP10 PP30 PP50 PP70 PP100

Component A
RF 551 100 90 70 50 30 0
PP102 0 10 30 50 70 100
Water 4.5 4.5 4.5 4.5 4.5 4.5
Polycat 9 1.8 1.8 1.8 1.8 1.8 1.8
L6915 1.5 1.5 1.5 1.5 1.5 1.5
N.E. Marcovich et al. / Industrial 

il-based polyols. They concluded that a replacement of a petro-
hemical polyol with a rapeseed oil-based polyol had a significant
ffect on the foaming process by reducing the reactivity of the PUR
ystem. The foaming process was analyzed using a FOAMAT

®
sys-

em, a device that allows analyzing the dielectric polarization of
eaction mixtures (among others), which reflects the conversion
egree of functional groups during the PUR formation. A modi-
cation of the reference PUR system based on a petrochemical
olyol by replacing the petrochemical polyol with rapeseed oil-
ased hydroxyl derivatives resulted in a smaller decrease in the
ielectric polarization which reflects slower gelling and foaming
eactions.

Bio-polyols can be used for a preparation of different types of
UR materials including flexible and rigid foams. An addition of
atural raw materials can change both the physical and chemi-
al properties of PUR foams and result in a more ordered cellular
tructure of the modified foams than in the case of the reference
aterial, as was reported in several papers (Pawlik and Prociak,

012; Prociak et al., 2012).
Bio-polyols used to obtain flexible foams usually have a hydroxyl

umber in the range of 50–200 mgKOH/g (Campanella et al., 2009;
rociak and Rojek, 2012; Zhang and Kessler, 2015). Flexible foams
btained with palm oil-based bio-polyols have a generally higher
pparent density than the reference foams. Moreover, it turned out
hat the mechanical properties of the materials modified had been
mproved. The foams with an addition of 15% of the bio-polyol had
lmost twice the tensile strength and three times higher compres-
ive stress at 40% strain in comparison to the petrochemical foams.
he foams’ resilience increased with an increasing bio-polyol addi-
ion (Pawlik and Prociak, 2012; Prociak et al., 2012). The cellular
tructure of the foams was also influenced when a rapeseed oil-
ased bio-polyol was used as the replacement of a petrochemical
olyol resulting in smaller cell sizes as the amount of the bio-polyol

ncreased. In this case, it was also observed that the mechanical
roperties of the foams prepared depended on the concentration of
he rapeseed oil-based polyol: the introduction of the rapeseed oil-
ased polyol to the PUR formulation increased the apparent density
as in the case of the palm oil-based bio-polyol), but reduced the
ardness and resilience of the final foams. What is more, the foams
odified with the rapeseed oil-based bio-polyol had a higher value

f support factor in comparison to the reference foam (Malewska
t al., 2015; Prociak et al., 2015).

Bio-polyols used to obtain rigid PUR foams usually have a
ydroxyl number in the range of 250–400 mgKOH/g (Lee et al.,
007; Kurańska et al., 2015a,b; Zieleniewska et al., 2015). Such
oams obtained with bio-polyols have properties similar to com-

ercial materials and can be used, for example, as heat insulating
aterials. A replacement of a petrochemical polyol with rapeseed

il derivatives is possible even up to 80 wt.% and their use can have
 beneficial influence on the heat insulating properties of such bio-
oams, as reported in several papers (Kurańska et al., 2013; Arniza
t al., 2015).

Most often, rigid PUR foams are characterized by closed cell
tructures. Such materials have excellent thermal insulating prop-
rties due to a gas (blowing agent) enclosed in their structures.
uch PUR foams have the highest resistance to heat flow among
ommercially available thermal insulating materials. The chemi-
al structure of PUR materials provides effective air barrier, low
oisture vapour permeability and resistance to water.

Nowadays, an increase in the people’s interest in the application
f rigid and semi-rigid PUR foams with an open cell structure as heat

nsulating building materials is noticeable. This type of materials is

ermeable to moisture, has a lower apparent density and as a con-
equence is cheaper. However, their thermal conductivity is higher
n comparison to closed cell foams.
Component B
p-MDI 188.4 179.9 162.5 145.6 128.7 103.3

In the scientific literature, open cell semi-rigid and rigid PUR
foams are described very rarely. Therefore, an application of bio-
based components in PUR systems for the production of open cell
semi-rigid foams should be interesting.

In this paper, a palm oil-based polyol was obtained and charac-
terized in order to be further used to modify a PUR formulation to
produce semi-rigid foams. Both the foaming process and selected
properties of the PUR foams modified are discussed.

2. Experimental

2.1. Materials and methods

A petrochemical polyether polyol Rokopol RF-551 with a
hydroxyl value of 449 mgKOH/g was supplied by PCC Rokita SA.

A palm oil-based bio-polyol was  prepared in the Department
of Chemistry and Technology of Polymers in Cracow University of
Technology. The bio-polyol was  synthesized by the epoxidation of
palm oil at 60 ◦C using performic acid generated in situ by the reac-
tion of hydrogen peroxide (H2O2) with a formic acid followed by
ring opening with H2O in the presence of a concentrated sulfuric
acid as a catalyst. Water was used stoichiometrically to the epoxide
groups and the second step of the reaction (oxirane ring opening)
was carried out at 80 ◦C. This is a well-established economical route
to produce bio-polyols in which double bonds are converted into
oxirane moieties, which next are converted into hydroxyl groups
by the ring opening reaction using suitable reagents to give a polyol
(Pillai et al., 2016). The reaction parameters (solvent type, time and
temperature) were optimized in order to produce the most eco-
nomical and functional bio-polyol. The resulting bio-polyol was
marked as PP102.

Polymeric methylene diphenyldiisocyanate (PMDI), contain-
ing 31.5 wt.% of free isocyanate groups, was supplied by Minova
Ekochem S.A. Polycat 9, an amine based compound produced by
Air Products, was used as a catalyst. A silicone surfactant with the
trade name Niax Silicone L-6915 produced by Momentive Perfor-
mance Materials Inc. was used as a stabilizer of the foam structure.
Distilled water was used as a “green” chemical blowing agent.

2.2. Foam synthesis

Semi-rigid PUR foams with different contents of the PP102
bio-polyol and petrochemical polyol were prepared using a one-
step method. The different mass shares of the synthetic polyol
were replaced by their bio-polyol equivalents. The formulations
are shown in Table 1.

The polyols, amine catalyst, surfactant and water (named “com-
ponent A”) were mechanically stirred for 15 s to ensure their
complete homogenization. After that, PMDI (component B) was
added to the polyol premix at a NCO/OH molar ratio of 1.1:1.0 (the

contributions of the polyols and water were taken into account
in the OH calculation) and the whole mixture was  mechanically
stirred for 5 s and then immediately poured into a plastic container
(25 cm × 25 cm × 10 cm).
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Table 2
The characteristic of the PP102 and petrochemical polyol.

Property PP102 Petrochemical
polyol

Hydroxyl value (OHV, mg KOH/g) 102.0 449
Acid  number (LK, mg KOH/g) 9.0 <0.1
Iodine number (LI, g I2/100 g) 7.8 0
Water content (wt.%) 0.12 0.10
Number average molecular weight (Mn) 1648 542
0 N.E. Marcovich et al. / Industrial 

The nomenclature for the PUR foams contains two  parameters:
PP indicating that the foams contain bio-polyol PP102, and 10, 30,
0, 70 or 100 as the information about the bio-polyol content in the
olyol premixes. The reference foam based only on the petrochem-

cal polyol was named as REF.

.3. Characterization techniques

.3.1. Foaming process
In order to analyze the foaming process in details, a FOAMAT

®

pparatus by Format-Messtechnik GmbH was used. The device can
ecord changes of the temperature, dielectric polarization, pressure
nd rise velocity of reaction mixtures. Three samples of each formu-
ation were tested. Moreover, the software of the device calculates
everal parameters such as the start, rise, gelling and curing times,
he maximum temperature reached in the PUR system analyzed,
tc. The start time is arbitrarily calculated as the time at which the
atio between the instantaneous rise velocity and the maximum
ise velocity is 0.15. The gelling time criterion is set as the time
t which the dielectric polarization reaches 85% of its maximum
alue.

.3.2. The apparent density
The apparent density of the foams was measured by calcu-

ating the mass to volume ratio of large foam blocks (about
 cm × 20 cm × 20 cm), according to ISO 845.

.3.3. Foam morphology study
Thin films were cut out of the foams using a sharp blade to be

bserved under an optical microscope (Centrum Mikroskopii, mag-
ification 2.5×). The microphotographs taken (at least 18 images
f each sample, 9 cross-sections parallel to the foam rise direction
nd the other 9 cross-sections perpendicular to the foam rise direc-
ion) were analyzed with an ImageJ program. The cellular density
f foams was calculated using the following Eq. (1) (Gosselin and
odrigue, 2005; Rende et al., 2013)

 =
(
n

A

)3/2
(1)

here N is the cellular density expressed as the number of cells in a
m3, n is the number of cells and A is the area in the image of a foam
ross-section (in the present case it corresponds to 0.00182 cm2).

.3.4. Thermal conductivity
Thermal conductivity was measured using a LaserComp heat

ow meter instrument and foam samples with dimensions of
 cm × 20 cm × 20 cm.  The thermal conductivity value at an aver-
ge temperature of 10 ◦C was measured at the rate of steady state
eat transfer across a foam with known thickness, which is induced
y two different known temperatures between two  opposite sur-
aces of the foam. In this case, one plate of the equipment was  set
o 0 ◦C and the other to 20 ◦C.

.3.5. Closed cell content
Closed cell content was measured using a home-made device,

ccording to ISO 4590.

.3.6. Water absorption
Water absorption was measured according to the ISO 2896 stan-

ard, which is based on the Archimedes’ principle. The results are
xpressed as the percentage of water’s volume absorbed by a sam-
le.
.3.7. Dimensional stability
The dimensions of samples of ca. 100 mm × 100 mm × 25 mm

ere measured in specific positions with a calliper (precision of
Polydispersity 3.57 4.34
Functionality 3.0 4.3

0.01 mm)  and next the samples were conditioned in an oven at
70 ◦C for 24 h. After that the samples’ dimensions were measured
again. The dimensional stability was  calculated according to ISO

2796-1986 for each sample’s dimension as: 100 ∗
(
lf−li
li

)
, where

li is the initial measured size and lf is the size after the thermal
treatment.

2.3.8. Compression tests
The compressive strength of the foams was determined accord-

ing to ISO 826. The compressive strength was  investigated in two
directions: parallel and perpendicular to the direction of foam rise.
The compressive strength was measured using a Zwick 1445 instru-
ment, at 10% deformation. The compressive force was applied at a
speed of 2 mm/s, axially in a perpendicular direction to the square
surface.

2.3.9. Thermogravimetric analysis (TGA)
Thermal decomposition curves were obtained using a TGA-

50 SHIMADZU thermogravimetric analyzer at a heating rate of
10 ◦C/min, from 25 ◦C up to 800 ◦C under a nitrogen atmosphere.

2.3.10. Dynamic mechanical tests
The dynamic mechanical properties of the samples were

determined using an Anton Paar, Physica MCR  rheometer. Tor-
sion geometry was used on solid samples with a rectangular
shape, whose dimensions were: length = 30 mm,  width = 10 mm,
thickness = 3 mm.  Measurements were performed as temperature
sweeps, in the temperature range from −50 to 250 ◦C at a heating
rate of 5 ◦C/min. The frequency was  kept at 1 Hz, and the deforma-
tion applied at 1% to ensure working in a linear viscoelastic range.
The thermal transition temperatures (Tgs) were arbitrarily selected
as the temperatures of the maxima in the tan ı curves.

3. Results and discussion

3.1. Characterization of the bio-polyol

The obtained PP102 bio-polyol was very viscous (almost solid)
at room temperature due to the presence of crystals with crystal-
lization temperature slightly over room temperature, like some of
bio-based polyols (Kong et al., 2012). The chemical characteriza-
tion and GPC (Gel Permeation Chromatography) chromatograms
of the petrochemical and palm oil-based bio-polyols are shown in
Table 2 and Fig. 1, respectively. It is clear that both the average
molecular weight and distribution of molecular weights of the bio-
polyol are larger than those of the petrochemical one. The iodine
value of the PP102 bio-polyol is low but not zero, which indicates
that not all the C C bonds were oxidized during the polyol syn-

thesis. Bio-polyol PP102 had only secondary hydroxyl groups and
a relatively low hydroxyl value because oxirane rings during the
synthesis were opened using water (Allauddin et al., 2016).
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ig. 1. GPC chromatograms of the petrochemical polyol and the palm oil-based
io-polyol.

.2. Foaming kinetics

As indicated in the previous section, the palm oil-derived bio-
olyol obtained was solid at room temperature, thus the premix of
he polyol components became more viscous as the content of the
alm oil-based bio-polyol increased. Moreover, it was noticed that
art of this premix tended to precipitate rapidly when the mixture
as carried out at room temperature. Therefore, the foaming kinet-

cs was studied in two ways: (a) by mixing all components at room
emperature and (b) by blending the premix at 60 ◦C with the iso-
yanate component at room temperature. In the second case, firstly,
he polyol premix was prepared without a catalyst (to avoid its
vaporation during preliminary heating of the polyol premix) and
as heated in an oven for 0.5 h at 60 ◦C. The catalyst was  then imme-

iately added to the polyol premix and the mixture was  manually
tirred for a few seconds.

Fig. 2 shows the dielectric polarization, which reflects the
rogress of the reactions taking place between functional groups
s a function of the reaction time for selected samples. Table 3
ummarizes the start and gelling times (calculated by the FOA-
AT  software) for all the samples tested. The foaming reaction

roceeded faster when the premix was heated above room tem-
erature, as expected. Moreover, when the premix was heated it
as also possible to prepare FPP100 samples, that is, using the

alm oil bio-polyol as the unique polyol. On the other hand, it was
oticed that the differences in the reactivity of the samples due to
heir mixing temperature were minimal when just the petrochem-
cal polyol was used, but increased considerably as the amount of
P102 was added to the PUR system. This behaviour is attributed
o two opposite effects: the lower viscosity of the systems mixed
t a higher temperature that allowed the exothermic reaction to
nitiate faster and the lower reactivity of the bio-polyol in com-

arison with that of the petrochemical one that led to a decrease
f the system reactivity as the PP102 content increased. The last
ffect can be clearly noticed in Fig. 2 by comparing the curves
btained at the same initial temperature. The dielectric polariza-

able 3
he characteristic times of the foaming processes of the reference and modified PUR syst

Foam symbol/foaming parameter REF FPP10 

Premix at 20 ◦C
Start time (s) 16.7 ± 1.8 16.5 ± 1.4 

Gelling  time (s) 37.6 ± 0.9 35.9 ± 1.9 

Premix at 60 ◦C
Start time (s) 14.7 ± 1.8 15.5 ± 0.1 

Gelling  time (s) 23.8 ± 2.1 41.7 ± 17.5 
Fig. 2. Dielectric polarization of different PUR systems modified with bio-polyol
PP102 as a function of the reaction time.

tion decreases more gradually as the concentration of the PP102
bio-polyol increases indicating that the consumption of functional
groups (such as isocyanate and hydroxyl ones) occurs more slowly.
This is attributed to the secondary hydroxyl groups in the palm
oil bio-polyol that result in strong steric hindrance as compared
with the primary hydroxyl groups of the petrochemical polyol
(Campanella et al., 2009; Kurańska and Prociak, 2016). Moreover,
the palm oil bio-polyol used in this work has a low hydroxyl value in
comparison with the petrochemical polyol which affects its reactiv-
ity too. This behaviour is in agreement with similar works reported
in literature (Hu et al., 2002; Zhou et al., 2015). The averaged start
and gelling times reported in Table 3 confirm the previous obser-
vations.

3.3. Physical properties and foam structure

The apparent density, content of closed cells and thermal con-
ductivity of the foams modified with palm oil bio-polyol are
reported in Table 4. The replacement of the petrochemical polyol
with the PP102 bio-polyol caused a decrease of the apparent den-
sity of the foams obtained, with the exception of the FPP100 sample
that deviates from this trend. Such an effect could be associated
with lower reactivity of the systems modified with the bio-polyol,
which retarded the gelling of the foam and thus the cells were able
to increase their volumes during a longer time. Moreover, a longer
foam expansion time could also cause cracking of cells. A confirma-
tion of this effect is the significantly lower content of closed cells
in the foams modified with the palm oil-based bio-polyol respect
to that of the REF foam, which also decreased as the content of the
PP102 bio-polyol increased.

Regarding thermal conductivity, it is important to remark that

the main use of rigid foams is for heat insulating applications (Tan
et al., 2011; Septevani et al., 2015) and thus, it is essential to keep
this value as low as possible. The thermal conductivity of foams
is influenced mainly by three factors: the conductivity of the PUR

ems.

FPP30 FPP50 FPP70 FPP100

20.4 ± 0.1 20.4 ± 2.1 30.4 ± 2.2 –
41.1 ± 2.3 41.9 ± 1.4 50.4 ± 2.6 –

17.1 ± 2.3 15.5 ± 0.1 15.5 ± 0.1 24.3 ± 3.3
36.0 ± 22.6 26.5 ± 8.4 27.0 ± 4.1 34.3 ± 1.1
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Table  4
Apparent density, content of closed cells and thermal conductivity of the reference sample and foams modified with palm oil bio-polyol.

Foam symbol Apparent density, kg/m3 Content of closed cells, % Thermal conductivity, mW/m·K
REF 34.9 ± 0.8 83.4 ± 4.0 24.9 ± 1.4
FPP10 33.3 ± 0.2 58.0 ± 16.9 30.0 ± 3.3
FPP30 32.1 ± 0.8 49.4 ± 17.5 30.6 ± 1.0
FPP50 29.7 ± 1.0 10.7 ± 7.06 33.1 ± 1.5
FPP70 29.4 ± 1.8 8.9 ± 1.5 35.5 ± 1.1
FPP100 49.8 ± 2.8 – 40.0 ± 2.2

Table 5
Foams’ morphology.

Foam symbol Transversal direction Rise direction

NC CC ×103 An N ×10−5 NC CC ×103 An N ×10−5

REF 43.96 ± 8.35 4.53 ± 1.09 1.02 ± 0.06 2.95 ± 0.83 22.3 ± 2.95 3.34 ± 0.70 1.13 ± 0.03 1.06 ± 0.29
FPP10  76.51 ± 6.57 2.12 ± 0.16 1.19 ± 0.04 6.71 ± 0.88 46.29 ± 9.47 3.34 ± 0.70 1.14 ± 0.03 3.19 ± 0.99
FPP30  59.13 ± 9.72 3.42 ± 0.84 1.18 ± 0.05 4.59 ± 1.09 43.89 ± 4.84 4.90 ± 1.01 1.59 ± 0.05 2.92 ± 0.46
FPP50  54.33 ± 9.91 3.74 ± 0.88 1.30 ± 0.09 4.05 ± 1.08 55.56 ± 7.44 3.53 ± 1.15 1.37 ± 1.15 4.17 ± 0.82
FPP70  38.03 ± 4.72 4.80 ± 0.80 1.66 ± 0.07 2.36 ± 0.44 24.79 ± 3.77 6.01 ± 2.29 1.25 ± 0.12 1.24 ± 0.28

NC, number of cells per mm2; CC, cell cross-section area (mm2); An, anisotropy index; N, cell density, (number of cells/cm3).
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Table 6
Water absorption (WA) and dimensional stability (DS) of the foams: reference and
modified with palm oil bio-polyol.

Foam symbol DSy (%) DSx (%) DSz (%) WA (%, g/cm3)

REF 0.08 ± 0.14 0.08 ± 0.18 −0.03 ± 0.39 1.12 ± 0.37
FPP10 −0.07 ± 0.22 −0.09 ± 0.05 0.13 ± 0.71 0.64 ± 0.07
FPP30 0.02 ± 0.53 −0.18 ± 0.14 0.34 ± 0.32 0.17 ± 0.03

The compression properties of the foams are presented in
Table 7. As expected, both the modulus and compressive strength
Fig. 3. Optical image of the FPP100 foam (cross-section).

hase as well as the gas trapped (CO2 in this case) within the closed
ell structure (Mosiewicki et al., 2009; Tan et al., 2011; Septevani
t al., 2015), and the heat transport by radiation between cells
Septevani et al., 2015). According to Septevani et al. (2015), who
nalyzed the previous contributions in terms of the cell size and
losed cell content, both characteristics are strongly correlated with
he thermal conductivity in opposite ways: the thermal conductiv-
ty of foams increases with an increasing cell size but decreases with
n increasing closed cell content, as can also be confirmed by the
esults shown in Table 4. The results found in this work also agree
ith the conclusions of Tan et al. (2011) who demonstrated that

hermal conductivity is closely related to the foam density and cell
orphology. It was concluded that a low conductivity results from

 low foam density, a small average cell size and a high closed cell
ontent. From the results obtained in this work it is clear that the
losed cell content considerably depends on the bio-polyol content
n PUR systems and strongly influences the foams’ thermal conduc-
ivity. Open cells allow more convection, and even air to enter the
oam which has a much higher conductivity value (24.9 mW/(mK))
han that of CO2 (15.3 mW/(mK)) (Tan et al., 2011).

On the other hand, the foam prepared using only palm bio-
olyol needs to be considered separately. Its start time was
onsiderably longer than those of the other samples and the maxi-
um  temperature reached during the reaction considerably lower,

hus the viscosity of the reacting system was higher than in the
ther cases. This influenced inadequately the resulting foam mor-
hology leading to a heterogeneous sample with zones having large

ores (collapsed cells) and others with very small cells (Fig. 3). Thus,
his sample was discarded from further analysis (Fig. 4).
FPP50 −0.37 ± 0.17 −0.13 ± 0.05 −0.35 ± 0.55 0.34 ± 0.08
FPP70 −0.27 ± 0.20 −0.35 ± 0.55 0.01 ± 0.36 0.53 ± 0.27

The cell structures shown in Fig. 5 are typical of the foams pre-
pared in this work. The characteristics such as the number of cells,
cell size (cross-section surface), density and anisotropy were deter-
mined using an image analysis of optical micrographs (Table 5). It
is clear that the number of cells in the selected area of the modified
foams (containing up to 50% of the bio-polyol) is higher than that
of the reference sample. However, the trend reverses for the sam-
ple prepared using 100 wt.% of the bio-polyol (FPP100). Since the
number of cells in the selected area is inversely proportional to the
cell cross-section area, the trend in these values is approximately
the opposite. The anisotropy of the cells clearly increases with the
palm bio-polyol content for the cross-sections in the transversal
direction, but does not exhibit a clear trend for the cross-sections
parallel to the foam expansion direction. The same behaviour is
noticed for the cell density. To summarize, the replacement of the
petrochemical polyol with the bio-derived one led to less homoge-
neous and more anisotropic foams, as can also be confirmed by the
morphology shown in the SEM pictures of Fig. 5.

Regarding dimensional stability, in all cases the variations in
the sample’s dimensions after the thermal treatment are random
(Table 6). Sometimes an increase in the dimensions is observed,
at other times there is a decrease; however the changes are negli-
gible if compared with the standard deviation, and thus they can
be attributed mostly to experimental errors while measuring. Con-
cerning water absorption, it is remarkable that the modified foams
absorb less water than the reference material even though the
amount of water absorbed per unit volume is really low.

3.4. Compression properties
decrease as the content of the palm oil-based bio-polyol in the PUR
formulation increases. Moreover, both the modulus and compres-
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Fig. 4. Optical photographs of selected foams.

F b) FPP

s
r
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ig. 5. SEM microphotographs of selected foams: (a) FPP30, transversal direction; (

ive strength for the samples tested perpendicularly to the foam
ise direction (transversal) are lower than the corresponding val-

es measured parallel to the foam rise direction. These results are
n effect of the anisotropic character of the foams obtained. The
echanical properties of PUR foams are closely correlated with

heir apparent density (Mosiewicki et al., 2009; Septevani et al.,
50, transversal direction; (c) FPP30, parallel direction; (d) FPP50, parallel direction.

2015). However, in the present case, the reduction in the apparent
density of the bio-based foams is not enough to justify the decrease

in the compression properties reported in Table 7, i.e. the appar-
ent density of FPP70 is 0.84 times that of the REF sample, while its
parallel modulus and compression strength are just 0.69 and 0.54,
respectively, as compared to the REF foam.
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Table  7
The compression properties of the foams modified with the palm oil bio-polyol.

Foam symbol Parallel Transversal

Modulus (MPa) Strength at 10% deformation Modulus (MPa) Strength at 10% deformation

REF 5.54 ± 0.76 187.2 ± 16.7 3.34 ± 0.36 125.2 ± 9.9
FPP10  5.11 ± 1.15 181.3 ± 11.4 3.36 ± 0.35 140.0 ± 9.4
FPP30 3.73 ± 1.23 154.3 ± 12.0 

FPP50  4.43 ± 0.46 141.4 ± 11.1
FPP70 3.80 ± 0.20 100.5 ± 37.6 
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with a petrochemical polyether polyol. An analysis of selected
Fig. 6. Thermal degradation patterns of selected foams.

The compression of the foams starts in the linear elastic region
where stress is linearly proportional to deformation). In this zone
lasticity is controlled by cell wall bending, and, in the case of closed
ells, by stretching of the cell walls. The modulus value is calcu-
ated from the slope of the stress vs. strain curve in this region.
n the other hand, higher applied stress leads to a collapse or cell
uckling of the foams to finally result in an irreversible damage of
he cell walls (densification region) (Pillai et al., 2016). Thus, the
esults obtained in this work can be attributed to the different for-

ulations of the foams: the increasing amounts of dangling chains
dded to the relatively reduced content of primary hydroxyl groups
s the concentration of the bio-polyol increases lead to weaker cell
alls (Septevani et al., 2015). In this sense, weaker cell walls would

end at lower loads than stronger ones, causing lower compression
odulus values. The reduction of the content of closed cells with

n increasing addition of palm-based bio-polyol also contributes
o these results due to the modulus coming from the stretching
f the closed cell walls, which is decreased as the bio-polyol con-
ent increases. The tendency described is disordered in the case of

odulus values for the foams FPP30, FPP50 and FPP70, measured
arallel to the foam rise direction. It was probably an effect of dif-

erences in the cell size. For the foams mentioned, the modulus
hanges are correlated with the foam cell size in the cross-section
arallel to the foam rise direction (Table 5). In the case of foam
PP50, the cell density as well as modulus value (for the direction
arallel to the foams’ rise direction) were noticed to be the highest
mong the compared foams FPP30, FPP50 and FPP70.

The thermal stability of the prepared foams is shown in Fig. 6.
he weight lost for the samples up to 250 ◦C corresponds to the
oisture absorbed by the foams and thus depends on the initial

ontent of the bio-polyol in each sample. It can be seen that the

oams containing no or small amounts of the bio-polyol have two
tages of degradation during the heating process, while 3-stage
egradation can be clearly identified for the FPP50 and FPP70 sam-
2.20 ± 0.48 114.6 ± 12.0
1.88 ± 0.16 87.5 ± 7.1
1.22 ± 0.16 59.3 ± 5.9

ples. All the foams present essentially the same degradation pattern
up to about 325 ◦C. Between 325 and 440 ◦C, the samples contain-
ing 50 and 70 wt.% of the bio-polyol in the polyol premix degrade
at a lower rate than the ones with a smaller content of the bio-
polyol. In this whole range (i.e. from 250 to 440 ◦C) the weight loss
is attributed to the degradation of the urethane linkages (Septevani
et al., 2015) followed by polyol decomposition (Septevani et al.,
2015; Zhou et al., 2015) and thus the differences between the
samples correspond to the different relative contents of the petro-
chemical polyol and the palm bio-polyol. The urethane linkage
degradation involves three competing mechanisms: the dissocia-
tion of the original isocyanates and polyol precursors, the formation
of carbamic acid and olefin with subsequent carbamic acid disso-
ciation to primary amine and carbon dioxide and the formation
of secondary amine and carbon dioxide (Septevani et al., 2015).
These three reactions occur simultaneously and the prevalence of
each process is dependent on the structure of the urethane and
the reaction conditions. At higher temperatures the degradation
of the isocyanate component of the foams takes place, as reported
by Zhou et al. (2015) in association with the depolycondensation
and polyol degradation (Septevani et al., 2015). Moreover, it is clear
that the residual char is dependent on the foam’s composition and
decreased from about 28% (800 ◦C, the REF foam) to 12% (800 ◦C, the
FPP70 sample), as reported in similar works (Zieleniewska et al.,
2015).

The dynamic mechanical behaviour of the foams as function of
temperature is presented in Fig. 7a and b. It can be noticed that
the storage modulus (G′) decreases as the content of the bio-polyol
increases, confirming the compression behaviour. The higher G′

for the reference foam was  due to its higher apparent density,
as well as higher cross-linking density than for those modified
with the palm oil-based bio-polyol. As the petrochemical polyol
substitution increased, glassy to rubbery transition took place grad-
ually to higher temperatures, although almost no changes were
observed for the bio-polyol contents in the polyol premixes lower
than 30 wt.%. No rubbery plateau was observed for any of the
foams in the range of temperatures analyzed. The main thermal
glass-rubber transitions (Tgs), determined from the peak in tan
ı increased from about 205 ◦C (0–30% palm bio-polyol) to 217 ◦C
(50% palm bio-polyol) and about 230 ◦C for the FPP70 sample. With
an increasing petrochemical polyol substitution, the tan � peak
broadened, indicating increased network inhomogeneity consis-
tent with the heterogeneity of the bio-polyol employed. Similar
results were found by Tan et al. (2011), Ribeiro da Silva et al. (2013)
and Septevani et al. (2015), among others.

4. Conclusions

In summary, semi-rigid polyurethane foams were successfully
prepared by blending up to 70 wt.% of a palm oil-based bio-polyol
parameters of the foaming processes showed a slight deceleration
in the foaming and gelling reactions as an effect of an increase of the
content of the palm oil-based bio-polyol in the formulations that
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Fig. 7. Dynamic mechanical behaviour of the bio-foams. (

ere attributed to the low hydroxyl value and content of secondary
ydroxyl groups of the bio-polyol.

The unfavourable changes of thermal conductivity are an effect
f the foam’s cellular structure, mainly attributed to the closed cell
ontent that decreases as the amount of the palm oil-based bio-
olyol in the formulation increases. However, the water absorption
ecreases as the bio-polyol concentration in the PUR formulation

ncreases and the open cell structure in this type of heat insulating
oards allows easier migration of moisture.

The modified foams presented an excellent dimensional stabil-
ty although the compression properties and the storage modulus
ecreased as the palm oil-based bio-polyol content increased. The
hermal stability of the modified foams is adversely affected only at
emperatures higher than 325 ◦C. The increased bio-polyol content
n the polyurethane system leads to a decrease of the residual char
fter a thermogravimetric measurement.
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Kurańska, M.,  Prociak, A., Cabulis, U., Kirpïuks, M.,  2015b. Water-blown
polyurethane-polyisocyanurate foams based on bio-polyols with wood fibers.
Polimery 60, 705–712.
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Zieleniewska, M.,  Leszczyński, M.K., Kurańska, M.,  Prociak, A., Szczepkowski, L.,
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