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ABSTRACT:  In this work, rigid polyurethane foams were synthesized from renewable sources using different catalysts 
to study their effect on the mechanical, thermal, chemical and surface properties of the foams. A commercial 
foam pattern was used as the reference pattern to compare the aforementioned properties. Concentrations of 
the commercial catalysts were optimized to obtain foams with similar mechanical properties to the commercial 
foam. Morphological characterization of the foams was performed by scanning electron microscopy (SEM). 
Fourier transform infrared (FTIR) spectroscopy was employed to investigate the characteristic functional 
groups. Thermal characterization was performed by means of differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA). Furthermore, mechanical properties were also determined by dynamic 
mechanical thermal analysis (DMTA). The optimum system of catalysts was composed of 33 Lv and 
triethanolamine, which achieved a foam with better performance than the commercial foam.
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1 INTRODUCTION

For decades, the chemical industry has produced poly-
mers based on oil derivatives. As the accessible global 
oil reserves are dropping, and the ecological footprint 
that comes along with oil-based materials is increas-
ing, these products are no longer ecologically afford-
able nor socially accepted. Over the past few years, 
plenty of efforts have been made for the development 
of eco-friendly polymers; that is, polymers based on 
biomass and/or able to biodegrade [1].

Polyurethanes (PUs) are polymers with versatile 
properties and with a wide range of industrial appli-
cations such as medical devices, furniture, coatings, 
packaging, adhesives, construction materials, fibers, 
elastomers, paints, and padding [2–4]. More specifi-
cally, PU rigid foams are in high demand as thermal 
insulators for the construction industry [4].

Polyurethanes are complex matrices composed 
basically of two parts: the polyol, which is an organic 
structure with at least two hydroxyl moieties; and the 
prepolymer, a diisocyanate material that has already been 
partially reacted with a polyol counterpart to control 
the viscosity, volatility, reactivity, and toxicity of the PU 
precursor [5]. When both components are mixed, they 
react exothermically to form mainly urethane groups 
(1), covalently bonding the prepolymer and the polyol 
to form the foam. Other important reactions take place 
during foaming: a reaction between water and the iso-
cyanate groups that produces amines and gaseous CO2 
that bubbles up through the system and sculpts the 
foam framework (2); a reaction between the produced 
amines and the isocyanate to form ureas (3); subse-
quently, ureas react with isocyanate and form biurets 
(4) and a trimerization reaction between the isocyanate 
molecules themselves to form isocyanurates (5) [4, 6]. 
These reactions are shown schematically in Figure 1.

The chemical and mechanical properties of PU rigid 
foams are derived from the prepolymer and polyol 
formulation (isocyanate/hydroxyl molar ratio, length 
of the polyol chains, molecule rigidity, crosslinking 
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capability), additives (blowing agents, surfactants, 
bleachers, UV-protectors), the reaction conditions 
(temperature, pressure, mold), and most importantly, 
the catalytic cocktail used [6–9]. Multiple kinds of cat-
alysts have been developed. Commonly used catalysts 
are tertiary amines or organometallic molecules with 
an active inorganic site (mainly Sn). Tertiary amines 
generally catalyze polyurethane foaming reactions. 
Nonetheless, depending on the basicity and the ste-
ric hindrance on the nitrogenous sections, catalytic 
selectivity is enhanced (also influenced by hydrogen 
bonding capability and the distance between active 
sites per molecule). Therefore, there are gel, blow and 
trimerization catalysts which promote the reactions 
numbered in Figure 1, as 1, 2 and 4, respectively [6].

A balanced catalytic cocktail must be formu-
lated to allow the gelation of the foam while CO2 (or 
other blowing agents) are raising the structure. Non-
balanced systems will produce fragile and heteroge-
neous foams [6]. A balanced formulation that allows 
formation of uniform cells is also achieved with sur-
factants that homogenize the components of the reac-
tive mixture and aid in the nucleation of bubbles [8].

Several eco-friendly PU rigid foams have been 
reported in the literature. Some are PUs formulated 
with less toxic isocyanate precursors relying entirely 
on water as blowing agent (avoiding the use of volatile 

hydrocarbons) [10]. Others use biomass as raw mate-
rials. Pristine and modified vegetable oils have been 
used for PU in both the polyol and the prepolymer 
[4, 11–13]. In this report, waterborne PU rigid foams 
were prepared with the polyol fraction made entirely 
from renewable resources. Using commercially avail-
able PU catalysts, several catalytic cocktails were 
prepared to synthesize the foams and adjust their 
chemical and mechanical properties. The resulting 
foams were compared with a reference commercial 
foam. The present work aims to optimize the concen-
trations and types of commercial catalysts used mostly 
in rigid foams from nonrenewable sources, in a system 
where the polyol comes from vegetable oils of differ-
ing chemical natures. 

2 MATERIALS AND METHODS

2.1 Materials

The polyol and the isocyanate used for prepara-
tion of the PU foams were both supplied by Govan 
Projects S.A. The polyol derived from vegetable oils 
had a hydroxyl value of 542 mgKOH/g and an acid 
value of 0.25 mgKOH/g. The polyol from fossil sources 
had a hydroxyl value of 656 mgKOH/g and an acid 
value of 1.57 mgKOH/g. A commercial isocyanate 

Figure 1 Schematic illustration of reactions that occur during foaming.
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with 31% of NCO groups was used. The commercial 
catalysts used to obtain the rigid foams are shown 
in Table 1. Traditionally, when commercial polyols 
are used, it is common to report only the OH  num-
ber and the acidity. The chemical structure or origin 
of the product are not mentioned in this paper for 
confidentiality.

2.2 Synthesis of Free Foams

For the synthesis of free foams, the procedure stated 
in ASTM D7487 standard was followed. With this 
procedure, it was possible to obtain several character-
istic parameters of the free foaming process, namely 
the cream time, free rise time, pull time and tack-free 
time. These parameters were used to obtain a reliable 
measurement on which to base the results of several 
catalysts. 

For the formulation of polyols, a constant base 
was established with four different families of cata-
lysts. Different tests for each polyol were carried out, 
by modification of the quantities of catalysts for each 
family, to determine the ideal composition that results 
in a better catalysis.

Free foaming was performed in vessels of 5.5 oz. 
For this purpose, a molar relationship of NCO/OH = 
1.5 was established. Calculations were performed to 
determine the amount of polyol and prepolymer to 
achieve a total mass of 8 g. Cream time, free rise time, 
pull time and tack-free time were recorded during this 
process. The procedure was performed in triplicate 
for four foams, namely PU1, PU2, PU3 and PU4, each 
with a family of different catalysts.

Synthesis was performed in a mold with an inner 
heat exchanger powered by a flow of water at 55 °C 
to keep the temperature constant while the foam was 
synthesized. The prepolymer and polyol mixture 
was performed at the NCO/OH ratio of 1.5, using 

approximately 25 g of mixture. Mixing was done 
with an IKA Ultra-Turrax T25 digital mixer at a rate 
of 4000 rpm for 30 s. Subsequently, 18 g of mixture 
was poured into the mold cavity covered with a paper 
release agent. The mold was kept closed for 30 min. 
This procedure was done in triplicate for the com-
mercial reference foam (PU Ref), as well as for the 
four foams prepared with different catalysts. Curing 
of the foam was performed after opening the molds 
and removing the release paper, by placing them in a 
controlled environment for 7 days at room tempera-
ture. For calculation of the density and weight of the 
foams, their edges were cut so that a prismatic block of 
approximately 110 × 35 × 35 mm3 remained.

2.3 Characterization of the Foams

Morphological analysis of the foam cell structure was 
carried out using scanning electron microscopy (SEM). 
The foams were cut with a scalpel and coated with a 
thin layer of Au-Pd alloy by means of sputtering in a 
Denton Vacuum Desk IV coater. A Hitachi TM-1000 
tabletop microscope operated at 15 KV was used to 
observe the cross sections of the foams. Several images 
at different locations along the cross sections were 
recorded, and then ImageJ image analysis software 
was used to measure the average cell sizes.

Water absorption tests were performed follow-
ing the ASTM D2842 standard. Cubes of 25 × 25 × 12, 
5 mm3 were cut. The exact dimensions of the cubes 
were measured with an electronic Vernier caliper, as 
well as the mass of each cube. The cubes were placed 
in a metallic frame dipped in a container with type III 
water, ensuring that the cubes were completely sub-
merged. The samples were left to rest at room temper-
ature for 48 h. After completion of the test, water was 
drained and the mass of each block was measured. 
The samples were immersed once more for a period 
of 120 h, then drained and their mass measured again. 
To observe the effect of water absorption in both com-
mercial and synthesized foams with different catalysts 
the contact angle was calculated with a Ramé-Hart 
Instrument Co. goniometer. 

Fourier transform infrared spectroscopy (FTIR) 
was carried out using a Nicolet 6700 spectrometer 
with ATR diamond crystal. Thin foam samples were 
cut and analyzed in a range of wavenumbers from 
3500 cm–1 to 600 cm–1. The characteristic bands were 
analyzed with OMNIC software.

Differential scanning calorimetry (DSC) was per-
formed with a TA Instruments DSC Q200 instrument 
using 2.5 mg samples in aluminum capsules. A tem-
perature ramp of 5 °C/min was employed from −60 °C 
to 150 °C. Thermogravimetric analysis (TGA) was per-
formed with a TA Instruments TGA Q500 instrument 

Table 1 Commercial catalysts used in this work.

Commercial 
name Compound

Polycat 8 Dimethylcyclohexylamine

Polycat 5 Pentamethyldiethylenetriamine

Polycat 12 Methyldicyclohexylamine

PMDETA Pentamethyldiethylenetriamine

33 LV 33 wt% of triethylenediamine 
 dipropylene glycol in solution

TMR-31 Not available 

TR-52 1-methyl-4-(2-dimethylaminoethyl) 
piperazine
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using 5 mg foam samples with a temperature range 
from 20 °C to 1000 °C (Ramp: 10 °C/min from 20 °C to 
700 °C and 20 °C/min from 700 °C to 1000 °C). 

The mechanical properties of the foams were eval-
uated with a TA DHR III rheometer. Specimens of 
50 × 10 × 5 mm3 were prepared for torsion tests, which 
were performed at room temperature for 300 s with 
a cutting speed of 1.59 × 10–3 s–1. For the tension test, 
specimens of 40 × 5 × 2 mm3 were prepared using a 
speed of 1 mm/min. For compression tests, specimens 
of 10 × 10 × 10 mm3 were used at a speed of 1 mm/
min. From the experimental data, tension, torsion, and 
compression moduli were calculated for each foam 
using TRIOS and Origin 8 software.

3 RESULTS AND DISCUSSION

3.1 Free Foaming in Vessels

The four formulations with variation of the catalysts 
were prepared and mixed with a commercial isocy-
anate to compare the effect of each catalyst. As control, 
a commercial sample that uses the same isocyanate 
with a more hydrophilic commercial polyester polyol 
was used. Table 2 shows the concentrations of catalysts 
that were added to the polyol and resulted in similar 
reaction times to the control sample [14].

Times for free foaming were recorded and their den-
sity was measured, both for the control foams as well 
as for the foams synthesized from renewable sources. 
Foams having similar density to the commercial (55 ± 
3 kg/m3) were used, since this property is important 
to keep a good relation of cost and load capacity in 
the foam [15]. Figure 2 shows a chart comparing the 
results of cream time, free rise time, pull time and tack-
free time. Amongst these time parameters, cream time 
and tack-free time are the most relevant. With regards 
to the cream time, similar or longer times than the ref-
erence are sought to homogenize the mixture of polyol 
and the commercial isocyanate well enough to form a 
single phase. Another important point is the tack-free 
time, which is the time it takes for the foam to become 
hard. These parameters should not be very high since 

Table 2 Detail of additives used for preparation of synthesized foams.

Polyol
Polycat 5 

(%)
Polycat 8 

(%)
Polycat 12 

(%)
TMR-31 

(%)
TR-52 

(%)
PMDETA 

(%)
Triethanolamine 

(%)
33 LV 
(%)

PU1 0 0 1.3 0 0 0 0 0

PU2 0 0 0 0 0 0 1.36 0.95

PU3 0 0 0 2 2.5 0.25 0 0

PU4 0.26 0.14 0.19 1 0 0 0 0

demolding of the part at times equivalent to those 
used in industry is required to make the process cost-
effective. The results in Figure 2 show that PU1 and 
PU2 are very competitive in terms of all parameters, 
except tack-free time, comparable to the PU Ref; PU3 
has a good performance in terms of this parameter. It 
is expected that further work in the selection of cata-
lysts could improve the performance of the synthe-
sized foams well past the commercial foam.

3.2 Absorption of Water

Absorption of water will be influenced by the cell size 
and hydrophobicity of foam [16]. Table 3 shows the 
contact angles measured on the surface of the foam, 
as well as the water absorption (%) for two time inter-
vals, 48 h and 120 h. In the case of the PU1 and PU2 
foams, cell sizes were smaller with respect to PU3 and 
PU4, as shown by the SEM observations, which results 
in less water absorption.

It is expected that the vegetable oil-based foams 
have higher contact angles compared to commercial 
foam [13]. However, this trend is not clear from the 

Figure 2 Measurements of free foaming time parameters for 
synthetized polyurethane foams versus reference foam.
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data shown in Table 3, possibly because of differences 
in cell size and cell distribution over the surface of the 
foam.

Figure 3 shows a series of SEM images: a, b, c, d 
and e, corresponding to the PU Ref, PU1, PU2, PU3 
and PU4 foams, respectively. A difference in cell sizes 
amongst the foams can be appreciated. This result 
is confirmed in the data of the histogram shown in 
Figure 4, where it is shown that the PU1 foam has the 
smaller cell size. It is expected that cell size influences 

not only water absorption but also the mechanical 
properties of foam, since a smaller cell size will distrib-
ute the exerted stresses, resulting in better mechanical 
properties [17].

3.3 FTIR Spectroscopy

Figure 5 shows the rough infrared spectra obtained 
from the foams, as outlined in [3]. Bands centered at 
approximately 3700 cm–1 and 3200 cm–1 correspond 
to N-H bonds, which is attributed to the -NH stretch-
ing vibration, while signals between 3000 cm–1 and 
2800 cm–1 correspond to vibrations of C-H bonds, spe-
cifically 2920 cm–1 corresponding to asymmetric CH2 
stretching and 2860 cm–1 peak associated with symmet-
ric CH2 stretching. Between 1780 cm–1 and 1665 cm–1, 

peaks correspond to the carbonyl of the urethane 

Table 3 Contact angle and water absorption of synthe-
sized foams versus reference foam.

Foam Contact angle

Water absorption (%)

48 h 120 h

PU Ref (94.26 ± 1.02) (92.01 ± 1.33) (108.00 ± 4.44)

PU1 (74.24 ± 1.18) (64.86 ± 1.67) (89.86 ± 0.56)

PU2 (104.16 ± 1.48) (55.24 ± 6.24) (82.94 ± 6.42)

PU3 (91.37 ± 0.82) (73.26 ± 1.25) (98.57 ± 1.82)

PU4 (90.24 ± 1.51) (85.27 ± 4.70) (111.97 ± 6.16)

Figure 3 SEM images of polyurethanes: (a) PU Ref, (b) PU1, 
(c) PU2, (d) PU3, and (e) PU4.
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Figure 4 Histogram of cell sizes for synthetized polyurethane 
foams versus reference foam.
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Figure 5 Infrared spectra for synthetized polyurethane 
foams versus reference foam.
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Figure 6 Infrared spectra in the range of (a) 3000 to 2000 cm–1 and (b) 1800 to 600 cm–1.
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group and the ester. C-N vibrations are in 1233 cm–1 
[13]. In this case, N-H vibrations from the reference 
foam do not form hydrogen bonds since they are N-H 
free (~3600 cm–1), while the vegetable oil-based foams 
do form hydrogen bonds since they are N-H bonded 
(~3300 cm–1). In this case, reference to water was not 
made because there is an excess of the Isocyanate group 
in the material, as can be seen in the FTIR of Figure 5. 
Since the isocyanate is highly reactive with water, it 
prevents water from being in the polymer matrix.

Figure 6a shows an enlarged section of the infrared 
spectra in the range of 3000 cm–1 to 2000 cm–1. A shift 
in the reference foam bands in the range of 3000 cm–1 
to 2800 cm–1 can be appreciated. As it was mentioned 
previously, this band corresponds to C-H bonds that, 
despite the fact they do not form hydrogen bonds, are 
affected by the nearby N-H group, which forms hydro-
gen bonds and a more rigid structure. The band close 
to 2250 cm–1 corresponds to those NCO groups from 
the isocyanate that did not react. In this case the ref-
erence foam has a greater amount of unreacted NCO 
groups. The isocyanate will react in time, depending 
on environmental factors such as moisture, storage 
location and temperature [18].

Figure 6b shows an enlarged section of the infra-
red spectra in the range of 1800 cm–1 to 600 cm–1. 

Characteristic bands of urethane groups are shown; 
for the reference foam an intense band of the car-
bonyl group of the urethane appears at 1780 cm–1 
and for the carbonyl group of the ester at 1600 cm–1 a 
split band appears in the vegetable oil-based foams. 
The same phenomenon occurred for C-N groups 
around 1233 cm–1, which is due to the formation 
of hydrogen bonds in the foams from vegetable oil 
sources [13, 19].

3.4 Thermogravimetric Analysis

Table 4 shows thermal parameters extracted from the 
DSC and TGA experiments on the synthesized foams, 
and Figure 7 shows the respective thermograms. At 
approximately 5% of weight loss, the onset of thermal 
degradation of the urethane bond occurs [20]. The 
temperature values for this onset are shown as T5% in 
Table 4 for each of the synthesized foams, which are 
somewhat lower than for the reference foam. Although 
the temperature of maximum degradation of the refer-
ence foam is approximately 320 °C, the vegetable oil-
based foams exhibit two maxima, as shown respec-
tively for each foam as Tmax 1 and Tmax 2 in Table 4. This 
result indicates that these synthesized foams have a 
more complex degradation process and require higher 

Table 4 Transition temperatures and enthalpies of synthesized foams versus reference foam.

PU T5% (°C) Tmax 1 (°C) Tmax 2 (°C) Tg (°C) ΔH (J/g) TΔH (°C)

PU Ref 248,58 321,46 – 1.75 51,02 63,42

PU1 233,15 268,39 374,12 6.02 21.91 60,88

PU2 231,77 260,97 368,95 11.19 20.64 63,11

PU3 197,37 245,88 427,71 5.75 25.06 54,49

PU4 197,20 255,53 349,89 5.00 28.33 56,54
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temperatures for total decomposition with respect to 
the commercial foam [21, 22].

The glass transition temperatures, Tg, recorded 
from the DSC analyses of the foams are also shown 
in Table 4. The Tg values for the vegetable oil-based 
foams are larger than the commercial foam, which 
is consistent with the presence of hydrogen bonds 
detected in the FTIR analyses. Another important point 
to discuss is the curing enthalpy. The values, shown 
as ΔH in Table 4, show that in the case of the refer-
ence foam the value of enthalpy doubles that of the 
vegetable oil-based foams, which means that the cur-
ing process of the commercial foam takes more time. 
This result is consistent with the FTIR analysis, since 
stretching vibration around 2250 cm–1 of NCO groups 
in the reference foam has greater transmittance than 
the others. Despite the curing enthalpy being lower for 
the vegetable oil-based foams, in this case the curing 
temperature, TΔH, in this case the curing temperature 
is shown as an isotherm around 60 °C and it is main-
tained within a range of no more than ±9 °C [23, 24].

3.5 Mechanical Properties 

Figure 8 shows the stress-strain curves from the sam-
ples subjected to torsion. In this case the PU1, PU2 
and PU4 foams have a good resistance to torsion with 
respect to the reference. However, despite such resist-
ance the samples arrive at a point of rupture, except 
for the PU1 foam, which doesn’t break under the 
same shear rate [25]. After 10% deformation, the foam 

reaches a point of no recovery since the cells are broken 
[15]. Table 5 shows the shear modulus, ultimate shear 
strength and elongation at break for the torsion tests. 
As expected, PU3 has the lower stress among the sam-
ples because the cell size is larger than PU1 and PU2.

Figure 9 shows the stress-strain curves from the 
samples subjected to tensile defomation. The PU1, 
PU2, PU3 and PU4 foams all have lower UTS than 
the reference foam. The estimations of Young’s 
modulus are shown in Table 6, which are also below 
the reference foam. However, the ultimate strength 
and elongation at break varies among the foams. The 
PU1 and PU2 foams all have smaller cell sizes and 

Figure 8 Stress-strain curves for torsion tests.
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Figure 7 Thermogravimetric curves for synthetized polyurethane foams versus reference foam.
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Figure 9 Stress-strain curves for tensile tests.
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better performance, as stated previously, which are 
also influenced by the formation of hydrogen bonds. 
According to Stirna et al. [26], the tensile properties 
will vary depending on the matrix and the morphol-
ogy of foam. In this case, the cell size is a relevant 
factor contributing to the tensile properties, since the 
smaller cell size will allow the mechanical stresses to 
be more homogeneously distributed, which in turn 
enhances the mechanical properties [17]. 

The resistance to compression was verified in cubic 
samples, considering that the applied force goes in the 
direction parallel to the rise direction while foaming 
occurred. Figure 10 shows the stress-strain curves for 
the case of compression tests, and Table 7 summarizes 

the compressive properties. In this case, the compres-
sive modulus and ultimate strength of PU1 and PU2 
at 15% deformation are higher than that of the PU Ref, 
while PU3 and PU4 have lower values of compressive 
strength. In this case, the cell size is also an important 
factor that modulates the mechanical properties of the 
foams [26].

The results shown throughout this article show that 
it is possible to synthesize foams from vegetable-oil 
(renewable) sources that are very much comparable 
to a commercial option derived from fossil fuels. The 
thermal stability as well as the mechanical properties 
were shown to be comparable or better than the refer-
ence foam.

Figure 10 Stress-strain curves for compression tests.
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Table 5 Results from torsion tests of synthesized foams versus reference foam.

Foam Shear modulus  (KPa) Ultimate shear strength (KPa) Elongation at break (%)

PU Ref (41.7 ± 1.5) (439,7 ± 29.3) (37.4 ± 4.1)

PU1 (35.6 ± 2.1) (356,8 ± 66.2) (44.9 ± 1.5)

PU2 (37.2 ± 2.3) (450.0 ± 11.2) (42.2 ± 3.2)

PU3 (15.5 ± 4.2) (192,3 ± 28.6) (26.8 ± 3.7)

PU4 (35.7 ± 3.3) (435,7 ± 66.3) (30.8 ± 3.9)

Table 6 Results from tensile tests of synthesized foams versus reference foam.

Foam Young’s modulus (KPa) Ultimate tensile strength (KPa) Elongation at break (%)

PU Ref (72.1 ± 0.5) (328,8 ± 25.2) (6.5 ± 1.3)

PU1 (40.2 ± 2.2) (209,4 ± 11.1) (8.9 ± 1.5)

PU2 (41.5 ± 1.1) (266,7 ± 4.0) (9.7 ± 2.1)

PU3 (32.6 ± 2.7) (147,3 ± 31.8) (5.0 ± 1.0)

PU4 (33.3 ± 4.4) (147,2 ± 9.9) (5.1 ± 0.3)
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4 CONCLUSIONS

In this work, rigid polyurethane foams were synthe-
sized from renewable sources using different cata-
lysts to study their effect on the mechanical, thermal, 
chemical and surface properties of the foams. The 
following conclusions can be drawn from the results 
presented:

•	 Vegetable oil-based foams have a complex pro-
cess of decomposition because even though 
they tend to degrade earlier, at high tempera-
tures they have better stability.

•	 The combination of catalysts that gave the best 
results was of triethanolamine and 33 Lv, cor-
responding to the PU2 biobased foam.

•	 The cell size is the most important factor affect-
ing the mechanical properties of the foams. A 
smaller cell size results in a more homogeneous 
distribution of the stresses applied to the foam.

•	 The presence of hydrogen bonds increases 
the rigidity, resulting in enhanced mechanical 
properties.
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