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Abstract
In this work rigid polyurethane foams (PUR) were obtained by replacement of 0–70 wt% of petrochemical polyol with bio-
polyol obtained via cellulose liquefaction in presence of crude glycerol. The foams with different content of a bio-polyol were 
prepared by single step method for NCO/OH ratio equals 1.5. The prepared materials were analyzed in terms of their mor-
phology, chemical structure, thermal stability and basic physical and mechanical properties. The effects of photo-oxidative 
and thermo-oxidative aging on chemical structure, apparent density and mechanical properties of the biomass based rigid 
polyurethane foams were investigated and discussed.

Keywords  Bio-based polyols · Crude glycerol · Rigid polyurethane foams · Photo-oxidative and thermo-oxidative aging

Introduction

Polyurethanes are among the most commonly used plastics. 
They are obtained through polyaddition of diisocyanates and 
polyols. Diversity of their properties enables their applica-
tion in various branches of industry, e.g. automotive industry 
or production of thermal insulation materials [1]. Majority 
of commercially available polyurethanes are produced from 
petroleum-based materials. Over the last years, utilization 
of renewable materials, such as lignocellulose biomass, is a 
very popular topic among the researchers all over the world 
[2–6]. It is related to the various law regulations, ongoing 

trends associated with the “green chemistry” and diminish-
ing resources of petroleum [7, 8].

Liquefaction of biomass with organic solvents (e.g. multi-
hydroxyl group alcohols) at elevated temperatures is based 
on the solvolysis process, which results in decomposition of 
chemical bonds present in biomass [5]. Such process leads 
to generations of liquid products, e.g. bio-polyols, which 
can be subsequently incorporated into production of eco-
friendly PUR materials [9–11]. Various sources of biomass 
were investigated for production of bio-polyols, such as corn 
bran [11], rice straw [12], wheat straw [12], bagasse, cotton 
stalks [13], wood [14], rapeseed cake, apple pomace [15] 
and algae [16]. Prepared bio-polyols were used to obtain bio-
PUR, with properties often comparable to materials obtained 
from petroleum-based polyols [17–19].

Very important for the efficiency of liquefaction process 
and properties of final product is selection of proper solvent, 
which is used in excess [20]. It can increase the cost of bio-
polyol production and have negative impact on future com-
mercialization of such technologies. Interesting alternative 
for petrochemical solvents can be crude glycerol. It is a by-
product of biodiesel production, for each tonne of biofuel, 
around 100 kg of glycerol is generated [21]. Crude glyc-
erol contains various impurities, such as methanol, soaps, 
free fatty acids and residual catalysts [22]. In the literature 
there are various reports on crude glycerol utilization in 
production of hydrogen, 1,3-propanediol, succinic acid or 
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polyhydroxyalkanoates [23, 24]. Other interesting applica-
tion is biomass liquefaction.

Hu et al. [25] described liquefaction of soybean straw with 
crude glycerol. They determined optimal process parameters 
for production of bio-polyols − 240 °C, > 180 min, 3 wt% of 
H2SO4 as catalyst and 10–15 wt% of biomass. Bio-polyols 
were characterized by hydroxyl value from 440 to 540 mg 
KOH/g, acid value lower than 5 mg KOH/g and viscosity 
from 16 to 45 Pa·s. Subsequently, the authors used obtained 
bio-polyol for preparation of rigid PUR foams, which 
showed apparent density from 33 to 37 kg/m3 and compres-
sive strength from 148 to 227 kPa. Such results indicate that 
crude glycerol can be successfully applied as an alternative 
solvent in lignocellulose biomass liquefaction process result-
ing in bio-polyols production.

An important parameter in the use of rigid polyurethane 
foams is their resistance to aging. The useful life of poly-
mers for outdoor applications is highly dependent on atmos-
pheric conditions, which often cause a decrease in physi-
cal properties [26]. The temperature of the initial urethane 
bond breakdown depends on the structure of the isocyanate 
(NCO) and the polyol used [27]. For example, the polyure-
thanes obtained from aromatic isocyanates will turn yellow 
when exposed to UV radiation. This is due to the oxidation 
reaction in the polymer backbone [28]. In addition to radia-
tion, the presence of oxygen is an important parameter as it 
speeds up the aging process of polyurethane materials, eg 
the initial thermal decomposition temperature in the air is 
about 50 °C lower than in N2 [29].

In presented research work, crude glycerol-based bio-pol-
yol described in the previous study [30] was used to prepare 
rigid polyurethane foams. Its content in polyol mixture was 
altered from 0 to 70 wt%. Processing, physical (sol fraction), 
chemical (FTIR studies) and cellular (microscopic analysis) 
structure, mechanical (compression tests, dynamic mechani-
cal analysis) and thermal (thermogravimetric analysis) prop-
erties of resulting rigid foams were examined. The effects of 
the content of bio-polyol in foams’ formulations on photo-
oxidative, thermo-oxidative aging were examined.

Experimental

Materials

Bio-polyol (EP1) obtained via cellulose liquefaction with 
crude glycerol described in previous work [30] was used to 
prepare rigid PUR foams. It was characterized by hydroxyl 
value (LOH) of 754 mg KOH/g, a water content of 0.63% and 
viscosity of 7.5 Pa·s (at 25 °C). Bio-polyol was used together 
with commercially available polyol from PCC Rokita com-
pany—oligoether Rokopol RF55, characterized by molecu-
lar weight approximately 550 g/mol and LOH ca. 495 mg 

KOH/g, water content of 0.1 wt% and viscosity of 9.2 Pa·s 
(at 25 °C). Isocyanate used in the reaction was polymeric 
4,4′-methylene diphenyl diisocyanate (pMDI) with 31.5% 
content of NCO groups (BASF). The average functionality 
of pMDI was c.a. 2.8. Tin(II) 2-ethylhexanoate (K12) pro-
duced by Sigma Aldrich, tertiary amine Dabco® TMR-2 and 
Dabco® 1027 produced by Air Products Europe Chemicals 
B.V. were used as catalysts. TEGOSTAB B 8465 produced 
by Evonik Industries AG was used as a stabilizer of porous 
structure. Carbon dioxide generated in the reaction of water 
and isocyanate groups was a chemical blowing agent. Addi-
tional physical blowing agent was a Solkane® 365/227 pro-
duced by Solvay.

Preparation of Rigid Polyurethane Foams

Rigid polyurethane foams were produced on a laboratory 
scale by a single step method from a two-component (A 
and B) system with the ratio of NCO/OH groups equals to 
1.5. The component A (polyol mixture) consisting of the 
proper amounts of Rokopol RF 55 or a mixture of Rokopol 
RF55 and the bio-based polyol EP1 in an appropriate ratio, 
catalysts, surfactant, physical blowing agent and water was 
weighed and placed in a 500 ml polypropylene cup. Such 
prepared component A was mixed with component B (poly-
isocyanate, pMDI) at a predetermined mass ratio and stirred 
at 3000 rpm for 15 s. The resulting reaction mixture was 
poured into an open metal mould of dimensions 20 × 20 cm. 
After demoulding, the obtained PUR samples were kept at 
60 °C for 24 h and then seasoned at room temperature for 
24 h. Table 1 contains the details of foam formulations.

Photo‑Oxidative Aging of Rigid PUR Foams

Foams were subjected to photo-oxidative aging due to 
ultraviolet radiation (UV-A) according to EN 927-6:2007 

Table 1   The composition of reaction mixtures

Mass of the component [pbw]

P0% P23% P35% P47% P70%

Component A
 Rokopol RF55 100 77 65 53 30
 Biopolyol EP1 – 23 35 47 70
 Dabco 1027 1.48 1.48 1.48 1.48 1.48
 Dabco TMR-2 1.48 1.48 1.48 1.48 1.48
 K12 0.54 0.54 0.54 0.54 0.54
 TEGOSLAB B 8465 1.34 1.34 1.34 1.34 1.34
 water 0.49 0.49 0.49 0.49 0.49
 Solkane 44.84 44.84 44.84 44.84 44.84

Component B
 pMDI 188.52 213 225.29 237.58 262.06
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standard. During test, cylindrical samples with dimensions 
of 18 × 20 mm were irradiated for 300 h. Samples were irra-
diated with UV-A 340 lamps, λ = 360 nm, which accounts 
for energy of ~ 330 kJ/mol. Such energy is enough to cause 
dissociation of bonds present in polyurethane backbone and 
generate free radicals initiating decomposition processes. 
Aging was performed in air atmosphere at constant tempera-
ture of 23 °C and relative humidity of 60%.

Thermo‑Oxidative Aging of Rigid PUR Foams

Foams were subjected to thermo-oxidative aging in accord-
ance to ASTM D3574-03 standard. Cylindrical samples 
with dimensions of 18 × 20 mm were kept at 140 °C for 
22 h. After that, samples were cooled down before further 
analyses.

Characterization of Rigid PUR Foams

The following process parameters were observed and charac-
terized: start time (time elapsed from the start of the process 
until the start of volume expansion); rise time (time elapsed 
until the foam reaches its maximum height); and gel time 
(time elapsed until the surface of the foam stops being tacky 
to the touch).

The soluble (sol) fraction of each sample was determined 
by Soxhlet extraction, using xylene as a solvent. Around 
1.5 g of sample was put inside a cellulose thimble and sub-
mitted to an extraction process for 24 h. After extraction, the 
samples were dried for 24 h at 80 °C to remove the solvent 
and their weight was measured. The sol fraction was deter-
mined as the ratio of the difference between weight of the 
sample before extraction (W1) and weight of the sample after 
extraction (W2), relative to the weight of the sample before 
extraction (W1), according to Eq. (1): 

FT-IR spectrophotometric analysis was performed in 
order to examine the structure of the bio-based polyol and 
rigid PUR foams. The analysis was performed at a reso-
lution of 4 cm− 1 using a Nicolet 8700 apparatus (Thermo 
Electron Corporation) equipped with a snap-Gold State II 
which allows for making measurements in the reflection con-
figuration mode.

The apparent density of polyurethanes samples was cal-
culated in accordance to PN–EN ISO 845:2000, as the ratio 
of the sample weight to the sample volume. The volume 
of the samples having a cubic shape was measured with a 
slide caliper having an accuracy of 0.1 mm. The samples 
were weighed using an electronic analytical balance with 
an accuracy of 0.1 mg.

(1)Sol Fraction =
W

1
−W

2

W
1

× 100%

The compression strength of the PUR samples was esti-
mated in accordance to PN–EN ISO 604:2006. The sam-
ples of cubic shape and dimensions of 50 × 50 × 50 mm3 
were measured with a slide caliper with an accuracy of 
0.1 mm. The compression test was performed on a Zwick/
Roell tensile tester at a constant speed of 10 mm/min to 40% 
deformation.

The thermogravimetric analysis (TGA) was performer on 
a NETZSCH TG 209 apparatus using 5 mg samples within 
the temperature range 100–600 °C under nitrogen atmos-
phere, at a heating rate of 15 °C/min.

Dynamic mechanical analysis was performed using DMA 
Q800 TA Instruments apparatus. Samples were analyzed in 
compression mode with a frequency of 1 Hz. Measurements 
were performed for the temperature range from 25 to 270 °C 
with heating rate 4 °C/min. Samples were cylindrical-shaped 
with dimensions of 8 × 12 mm.

The cell morphology of polyurethane samples was inves-
tigated with a Philips-FEI XL 30 environmental scanning 
electron microscope (SEM) using an acceleration of 25 kV. 
The samples were cut at room temperature, while the obser-
vations were performed in wet mode.

Results and Discussion

Figure 1 shows the effect of addition of bio-polyol to the 
PUR foam formulation on processing times and synthe-
sis temperature. Incorporation of prepared bio-polyol into 
formulation of prepared foams did not result in noticeable 
changes of processing times. Such phenomenon can be 
considered beneficial from the technological point of view, 
because the changes of formulation do not require special 
adjustement of apparatus’ settings. Moreover, introduction 
of bio-polyol into the formulation led to the increase in tem-
perature during the process of foaming PUR rigid foams. 
This was due to a higher reactivity of the modified polyol 
system compared to the pure petrochemical Rokopol 55.

In Table 2 there are presented properties of rigid PUR 
foams. Despite the slight increase of apparent density, all 
analyzed foams, independently from bio-polyol content, 
showed similar value of apparent density on the level of 
41 ± 2 kg/m3. Authors of other works often observed notice-
able increase of apparent density, while increasing share of 
bio-polyols from liquefaction process in polyol mixture [31]. 
Maintaining the apparent density of obtained materials at 
the same level can be considered very beneficial, because 
it does not require the incorporation of higher amounts of 
foaming agents. Such phenomenon can be associated with 
the presence of residual lower molecular weight compounds 
in obtained bio-polyol, which are volatile in temperatures 
reached during manufacturing of rigid PUR foams.
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In Table 2 there are also presented parameters describ-
ing foams’ cellular structure, such as cell size, cell aspect 
ratio and cell roundness. All parameters were determined 
from SEM images of samples presented in the Fig. 2, using 
ImageJ computer software. In order to calculate shape 
descriptors software fitted ellipses into foams’ cells and used 
the following formulas (2 and 3): 

where Ll and Ls mean the length of longer and shorter axis 
of fitted ellipse and A is the area of ellipse.

Modification of foams’ formulation with 70 wt% of crude 
glycerol-based bio-polyol resulted in the noticeable, 25% 
decrease of average cell size in comparison to the refer-
ence sample, which can be considered as very beneficial 
for potential application of this material as thermal insu-
lation. Similar values of cell size were reported for PUR 
foams used traditionally for insulation of district heat-
ing pipes [32]. Similar effects associated with the use of 
crude glycerol-based bio-polyols in rigid PUR foams were 

(2)AR =
L
l

L
s

(3)R = 4 ×
A

� × L
2

l

previously observed [33]. Changes in cellular structure can 
be also related to the lower viscosity of applied bio-polyol 
in comparison to Rokopol RF55, which enabled generation 
of more uniform structure.

Aspect ratio and roundness are equal to 1 in case of per-
fectly circular pores. In case of analyzed foams, the rise of 
temperature during synthesis could indicate the increase of 
cells’ anisotropy, due to the faster evaporation of foaming 
agents. Nevertheless, it can be seen that the increase of bio-
polyol content up to 47 wt% resulted in the increase of cells’ 
homogeneity. Such phenomenon can be associated with rela-
tively high values of polyols’ density.

In Table 2 there are also presented values of sol fraction 
of PUR foams determined during swelling test. The increase 
of bio-polyol’s share in polyol mixture reduced the sol frac-
tion at almost 3 times, which may point to the increase of 
cross-link density, suggested previously by the analysis of 
temperature during foams’ preparation. Similar results were 
observed by other researchers [34].

Generally, mechanical performance of polyurethane 
foams, as well as other porous materials, are strongly related 
to their apparent density, which determines the share of 
solid material in its volume. During compression, distribu-
tion of external force inside the material is changing due to 
the changes of foams’ cellular structure. Higher apparent 

Fig. 1   Effect of bio-polyol content on processing times (a) and temperature (b) of PUR foam synthesis

Table 2   Properties of the 
prepared PUR foams

Symbol

P0% P23% P35% P47% P70%

Apparent density [kg/m3] 39.3 ± 1.6 39.6 ± 1.9 40.3 ± 1.3 41.7 ± 1.5 42.5 ± 1.8
Cell size [µm] 209 ± 15 185 ± 16 176 ± 20 176 ± 16 156 ± 15
Cell aspect ratio 1.55 ± 0.32 1.57 ± 0.51 1.42 ± 0.23 1.42 ± 0.52 1.49 ± 0.44
Cell roundness 0.80 ± 0.13 0.81 ± 0.21 0.83 ± 0.15 0.83 ± 0.24 0.82 ± 0.26
Sol fraction [% mas.] 4.2 ± 0.3 3.7 ± 0.4 3.0 ± 0.2 1.5 ± 0.1 1.4 ± 0.2

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Journal of Polymers and the Environment	

1 3

density is obviously related to higher structural packag-
ing, which additionally enhances the stiffness of material 
[35]. In the Fig. 3 there are presented values of compressive 
strength of analyzed PUR samples. Incorporation of bio-
polyol into foams’ formulation resulted in the increase of 
foams’ mechanical performance. Such enhancement could 
be associated with the rise of crosslink density of material, 
suggested by swelling tests, as well as, more uniform cellular 
structure of foams containing more bio-polyol in formulation 

[35]. Compression tests were conducted in two directions: 
parallel and perpendicular to the foaming direction, in order 
to determine the influence of cellular structure on mechani-
cal performance. Data shown in the Fig. 3 points to corre-
lation between structural and mechanical anisotropy. Such 
difference in compressive performance in these two direc-
tions may be related to the aspect ratio of cells present in the 
structure and their elongation in the foam’s rise direction. 
Similar observations related to the structural and mechanical 
anisotropy were noted by other researchers [36, 37].

In the Fig. 4 there are shown FTIR spectra of prepared 
rigid PUR foams. Absorption bands, characteristic for the 
stretching vibrations of N–H bonds were observed in the 
range of 3290–3320 cm− 1, while signals attributed to their 
bending vibrations were observed at 1510–1520 cm− 1 [38]. 
In the range of 1705–1715 cm− 1, peaks related to the stretch-
ing vibrations of C=O bonds were noted. Signals around 
1200–1215 cm− 1 are associated with the stretching of C–N 
bonds present in urethane groups [39]. All signals mentioned 
above confirm the presence of urethane groups in analyzed 
samples.

Absorption bands observed at 2860–2870 and 
2960–2975 cm− 1 can be attributed to the symmetric and 
asymmetric stretching vibrations of C–H bonds in meth-
ylene and methyl groups present in polymer backbone. 
Low intensity peaks observed at 2260–2280  cm− 1 are 
related to the presence of N=C=O groups, due to the 
excess of isocyanate used during preparation of rigid PUR 

Fig. 2   SEM images of prepared PUR samples

Fig. 3   Effect of bio-polyol content on compressive strength
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foams (high isocyanate index) [40]. Signals in the range 
of 1410–1415 cm− 1 are associated with the vibrations of 
isocyanurate rings, products of isocyanate groups’ trim-
erization, which are very important for thermal stability of 
rigid PUR foams [41]. Slight increase of the intensity of 
these signals may suggest enhancement of thermal stabil-
ity, which was further confirmed by TGA analysis. Rela-
tively weak peak around 1310 cm− 1 is related to the vibra-
tions of N–H and C–N bonds [42]. Multiplet signals in the 
range of 1000–1090 cm− 1 are related to the vibrations of 
δ bonds between carbon and oxygen atoms (in ester and 
ether groups), related to the chemical structure of applied 
polyols [43].

Polyurethane foams are considered to be thermally unsta-
ble due to the presence of urethane bonds which, depend-
ing on the isocyanates and polyols used, begin to degrade 
between 150 and 220 °C [44]. As shown in Table 3, intro-
duction of bio-polyol into the formulation of rigid PUR 
foams resulted in the shift of onset of thermal degradation 
(determined as 2 wt% mass loss of foam) towards higher 
temperature. Depending on formulation, thermal degrada-
tion starts in the range of 200–250 °C. This can be attrib-
uted to relatively unstable urethane bonds and/or pyranose 
rings [45, 46]. The second stage of degradation that occurred 
between about 350 and 490 °C can be attributed to the 

degradation of the polyol components. The intensity of this 
peak is significantly lower than of the peak at 350 °C, which 
means that the rate of degradation of the rigid segments is 
higher [47, 48]. At about 475 °C there is the thermolysis of 
organic residues from the previous degradation stages [49]. 
Replacement of petrochemical polyol with the bio-polyol 
resulted in peak shifts in the DTG curves (Fig. 5), which 
confirms the changes in thermal stability of foams. The rigid 
polyurethane foams obtained in this work are characterized 
by thermal stability comparable to others obtained from 
liquefied biomass. For example, Zhao et al. [45], have pre-
pared polyurethane foam obtained from the solubilization of 
the bark of the pineapple. The foams were characterized by 
two-stage degradation, which occurred at about 250–400 °C, 
respectively.

Photo‑Oxidative and Thermo‑Oxidative Aging

In the Fig. 6 there are presented FTIR spectra of rigid PUR 
foams subjected to photo-oxidative and thermo-oxidative 
aging in order to determine the influence of these processes 
on the chemical structure of analyzed materials. Obtained 
results are similar to those described by other research-
ers [50]. Both methods of aging result in the significant 

Fig. 4   FTIR spectra of prepared polyurethane foams

Table 3   Results of 
thermogravimetric analysis of 
investigated polyurethane foams

Sample Temperature [°C]

T2 T5 T10 T50 Tmax I Tmax II

P0% 200 250 278 365 344 482
P23% 221 267 290 353 335 482
P35% 226 267 288 381 341 480
P47% 255 268 292 378 345 479
P70% 251 275 291 396 337 476

Fig. 5   Differential thermogravimetric curves for investigated polyure-
thane foams

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Journal of Polymers and the Environment	

1 3

decrease of the intensity or even disappearance of the sig-
nal attributed to the vibrations of N=C=O groups around 
2260–2280 cm− 1. Such effect can be related to the chemical 
reactions involving these groups, supported by the UV radia-
tion and elevated temperature [51]. Moreover, after aging 

of foams, noticeable differences in the shape and intensity 
of signals around 3290–3320 cm− 1 (stretching vibrations 
of N–H bonds in urethane groups) can be observed, which 
points to decomposition of urethane groups. Such phe-
nomenon was confirmed by other researchers [52]. More 

Fig. 6   FTIR spectra of rigid polyurethane foams prior to aging and after aging
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significant changes in FTIR spectra were observed in case 
of foams subjected to photo-oxidation. Generally, it can be 
seen that intensity of majority of signals is decreasing. A 
band at 1170 cm− 1 appears, which is attributed, among oth-
ers, to bridging between polyol segments [53]. The decrease 
of the intensity of signal around 1310 cm− 1 suggests the 
conversion of urethane bond into ortho-aromatic amine ester 
structure via photo-Fries rearrangement [54]. In the range of 
1705–1715 cm− 1, lowering of peaks’ intensity is observed, 
which is related to the UV-induced oxidation of C=O. The 
absorption bands characteristic for the aromatic ring (1510, 
1410 cm− 1) are also reduced, showing that aromatic struc-
tures in polyurethanes are unstable in UV radiation [51].

The accelerated aging process was also used to better 
understand the effect of the degradation process of rigid pol-
yurethane foams on mechanical properties and apparent den-
sity. Larger differences in compressive strength and apparent 
density were observed for foams aged at 140 °C compared 
with UV-aged foams. This is due to the well-known effect 
of expanding polyurethane foams with simultaneous loss of 
weight after heating. Thermal degradation includes physical 
processes (volatile compounds release) and chemical (chain 
cleavage, oxidation, depolymerization) [50]. Figure 7 shows 
the compressive strength values at 20% deformation and 
the apparent density for aged foams and non-aged foams. 
For UV-aged foams a slight decrease in apparent density is 
observed by approx. 1% on average, and for thermally aged 
foams, the apparent density decreases by an average of about 
4%. As the apparent density decreases, there is a decrease 
in compressive strength. It has been found that aging with 
UV radiation does not significantly affect the compressive 
strength of the tested materials. Similar dependencies have 
been observed by others [55, 56]. With increasing bio-polyol 
content in the formulation of rigid polyurethane foams larger 
differences in apparent density and compressive strength are 

observed. This is confirmed by the analysis of FTIR spectra, 
where greater changes in the shape of the peaks connected 
with urethane bonds in foams with the higher bio- polyol 
content were observed..

Conclusions

The presented results demonstrate that the introduction of 
bio-polyols, were prepared via cellulose liquefaction pro-
cess, into the structure of rigid polyurethane foams allows 
for obtaining materials with properties comparable to the 
petrochemical foams. The foams produced with the use 
of biomass based polyols were characterized by slightly 
increased apparent density and simultaneously noticeably 
enhanced compressive strength, which is connected to the 
differences in chemical structure of bio-polyols and pet-
rochemical polyols. The SEM photos of surface of rigid 
polyurethane foams showed decrease of cell size with the 
addition of bio-polyol and changes in cell aspect ratio and 
cell roundness. Replacement of the petrochemical polyol 
by bio-polyol resulted in lowering of thermal stability of 
foams. The impact of thermo-oxidative and photo-oxidative 
aging on the structure and properties of rigid polyurethane 
foams was also investigated. The apparent density and 
mechanical properties of bio-polyol based PUR decreased 
obviously with aging process time. Bigger changes in the 
apparent density and compressive strength were observed 
for thermo-oxidative aging. In summary, this work has 
confirmed that biomass based polyols can be successfully 
used in the polyurethane foam production. Foams produced 
with the use of obtained bio-polyols are characterized with 
acceptable mechanical and their properties, comparable to 
those prepared with petrochemical polyols. Moreover, their 

Fig. 7   Comparison of apparent density and compressive strength of rigid polyurethane foams before and after aging
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preparation can be performed in favorable conditions and 
with reduced costs, compared to unmodified materials.

Open Access  This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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