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modifications showed also positive impact on the mechani-
cal performance of rigid foams. Increase of crosslink den-
sity resulted in enhancement of compressive strength by 
more than 100%. Incorporation of prepared biopolyol 
resulted in enhancement of thermal stability and changes 
in degradation pathway. Up to 35 wt% share of crude glyc-
erol-based polyol, foams showed similar flammability as 
reference sample, which can be considered very beneficial 
from the environmental point of view.

Keywords  Crude glycerol · Biopolyol · Rigid 
polyisocyanurate foams · Thermal properties · Thermal 
conductivity

Introduction

Nowadays, production of polyurethane (PU) materials is 
strictly bound to the petroleum industry, since majority of 
polyols used for PU manufacturing are petroleum-based. 
Although, ongoing trends related to sustainable develop-
ment and environmental protection, together with non-
renewable character and unstable price of petroleum, are 
stimulating the incorporation of compounds from vari-
ous renewable sources into production of polyols and PU 
materials [1]. As a result, over the last years many research 
groups became focused on environmentally friendly manu-
facturing of bio-based polyols for PU materials, e.g. rigid 
foams used as thermal insulation. Many different com-
pounds have been investigated, including rapeseed [2–4], 
sunflower [5], palm [6], soybean [7, 8], linseed [9] and 
other natural oils [10, 11]. These oils can be modified in 
various ways in order to increase their reactivity and suit-
ability for PU preparation. Oxidation [2], epoxidation [12, 
13], hydroformylation [14], ozonolysis [15] or esterification 

Abstract  In this work, rigid polyisocyanurate foams were 
prepared at partial substitution (0–70 wt%) of commer-
cially available petrochemical polyol, with previously syn-
thesized biopolyol based on crude glycerol and castor oil. 
Influence of the biopolyol content on morphology, chemi-
cal structure, static and dynamic mechanical properties, 
thermal insulation properties, thermal stability and flamma-
bility was investigated. Incorporation of 35 wt% of crude 
glycerol-based polyol had reduced average cell size by 
more than 30% and slightly increased closed cell content, 
simultaneously reducing thermal conductivity coefficient of 
foam by 12% and inhibiting their thermal aging. Applied 
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[16] of oils were applied by various researchers. Modified 
natural oils were successfully incorporated into preparation 
of PU materials, however their disadvantage is that they 
are currently used in food industry. Therefore, by far more 
interesting seems application of waste materials from pro-
cessing of renewable raw materials, which can enhance the 
economic aspect of many processes and provide new meth-
ods of their recycling. Among various waste components 
examined in manufacturing of polyols for PU foams’ prepa-
ration, it is worth to mention crude glycerol, resulting from 
biodiesel production. It is a by-product, generated in high 
amounts, only in Europe almost 1 million tonnes of crude 
glycerol is generated annually according to literature data 
[17, 18]. Glycerol in its pure form is commonly applied in 
production of petrochemical based polyols further used in 
PU manufacturing, such as Lupranol 3300 (BASF), Car-
pol® GP-6015 (Carpenter Co.), Multranol 3901 (Bayer 
Material Science) or Rokopol G700 (PCC Rokita Sp. z 
o.o.). Crude glycerol can be considered an interesting and 
economically efficient alternative, due to its low price. 
Moreover, adding value to crude glycerol could have very 
beneficial impact on the profitability of biodiesel produc-
tion [19]. Various research groups investigated its applica-
tion in synthesis of biopolyols [20–22]. Also, foamed PU 
materials obtained with such biopolyols were produced, 
however investigation of their properties was often very 
limited and consisted only of basic mechanical testing [23, 
24]. More detailed analysis was performed by Li et al. [25], 
although it did not include the evaluation of crude glycerol-
based polyol’s content in polyol mixture. Moreover, despite 
the fact that rigid PU foams are used mainly for thermal 
insulation, hardly any information can be found in the liter-
ature regarding the influence of crude glycerol-based poly-
ols on thermal conductivity of rigid PU foams.

In previously presented studies [26] commercially avail-
able (Eco Innova) biopolyols based on crude glycerol were 
used in rigid PU foams’ manufacturing. Incorporation of up 
to 35 wt% of biopolyol into rigid foam did not affect the 
performance of material and cellular structure. Hardly any 
changes in morphology, closed cell content and thermal 
conductivity coefficient were observed. However, at higher 
content, unfavorable effects were observed, resulting from 
disruption of cellular structure of foam.

Having in mind ongoing trends and changes in law regu-
lations, it is important to develop thermal insulation materi-
als, which are not only bio-based, but which can also meet 
the sharpening requirements for materials used in building 
industry. Such approach is emphasized in European Union, 
e.g. by Thermal insulation—green public procurement 
product sheet [27]. In case of rigid PU foams, enhancement 
of thermal stability and reduction of flammability can be 
achieved either by incorporation of appropriate modifiers 
or by adjustment of recipe in order to generate isocyanurate 

rings and prepare polyisocyanurate (PIR) foam. In pre-
sented research work we aimed to evaluate the influence of 
partial substitution of conventional, petrochemical polyol 
with crude glycerol-based biopolyol on performance of 
rigid PIR foams. Bio-based polyol was synthesized from 
crude glycerol and castor oil according to patent applica-
tion developed at Department of Polymer Technology 
of Gdańsk University of Technology [28]. Its content in 
polyol mixture was altered from 0 to 70 wt%. Chemical 
(FTIR studies) and cellular (SEM analysis, determination 
of closed cell content) structure, mechanical (compression 
tests, dynamic mechanical analysis) and thermal (ther-
mogravimetric analysis, thermal conductivity coefficient 
measurement) properties and fire behavior of resulting 
rigid foams were examined.

Experimental

Materials

Castor oil and crude glycerol were used to prepare bio-
based polyol, called CG, used in this study. Castor oil was 
obtained from Pro-Lab (Poland), its hydroxyl value equaled 
165 mg KOH/g, while its iodine value was in the range of 
83–88 g I2/100 g. Crude glycerol was acquired from Bio-
Chem Sp. z o.o. (Poland), it contained 83 wt% of glycerol, 
6 wt% of water, 6 wt% of soaps, 4 wt% of matter organic 
non-glycerol and less than 0.2 wt% of residual metha-
nol. Moreover, during synthesis 85% aqueous solution of 
ortophosphoric (V) acid was used as a catalyst and 50% 
aqueous solution of sulfuric (VI) acid was used to neutral-
ize reaction products. Both these compounds were acquired 
from POCH S.A. (Poland). Crude glycerol used in this 
study was characterized by hydroxyl value of 525 ± 28 mg 
KOH/g.

Synthesized CG biopolyol was subsequently used to 
prepare rigid PIR foams, together with commercially avail-
able polyols from BASF company - Lupranol 3422 (high 
functional polyether based on sorbitol) and Lupranol 3300 
(trifunctional polyether based on glycerol). Combination 
of two petrochemical polyols was used in order to com-
bine their advantages. High crosslink density was achieved 
due to the application of high functionality Lupranol 3422. 
Lupranol 3300 was selected due to its low viscosity, which 
facilitated processing of polyurethane system containing 
very viscous Lupranol 3422. Combination of these two pol-
yols was successfully applied in other research works [29, 
30]. Properties of all polyols used in this study are summa-
rized in Table 1.

Isocyanate used in the reaction was polymeric 4,4′-meth-
ylene diphenyl diisocyanate (pMDI) characterized by a 
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31.5% content of NCO groups (BASF). The average func-
tionality of pMDI was c.a. 2.8.

Tris(1-chloro-2-propyl)phosphate (TCPP) produced by 
LANXESS Deutschland GmbH (Levagard PP—techni-
cal name) was used as flame retardant. Potassium acetate 
(PC CAT® TKA30) and tertiary amine (PC CAT® NP-10) 
produced by Performance Chemicals were used as cata-
lysts. Niax Silicone (L-6915) produced by Momentive Per-
formance Materials Inc. was used as a stabilizer of porous 
structure. Distilled water and liquid hydrofluorocarbon 
blend (Solkane® 365/227) were used as a chemical and 
physical foaming agent, respectively.

Synthesis of Bio‑Based Polyol

As mentioned before CG biopolyol was synthesized accord-
ing to patent application developed at the Department of 
Polymer Technology of Gdańsk University of Technol-
ogy [28]. Synthesis was two-step process, which consisted 
of crude glycerol polymerization and further reaction of 
obtained polyglycerol with castor oil, in order to decrease 
the hydroxyl value and viscosity of final product. Because 
of the very high content of ricinoleic acid castor oil was 

found to be an excellent modifier for condensed glycerol 
(main fatty acid components of castor oil are shown in the 
Fig.  1). Ricinoleic acid has in its structure both carboxyl 
and hydroxyl groups, thus its reaction with condensed glyc-
erol, results in the decrease of the hydroxyl value (reduction 
of the density of hydroxyl groups), without the reduction 
of functionality, which is important for rigid polyisocyanu-
rate foams. Additionally, according to Ionescu and Petrovic 
[24], neat polyglycerols are incompatible with aromatic iso-
cyanates, such as pMDI used in this study, which is another 
reason for modification of condensed glycerol. Parameters 
of the reaction were based on literature studies of previous 
works and results of our own research [31, 32].

Properties of obtained biopolyol CG are presented in 
Table 2 and compared to condensed glycerol obtained after 
first step of the process. It can be seen that modification of 
condensed glycerol was justifiable. Generally, procedure 
of biopolyol preparation, together with its properties, was 
described in our previous work [33].

Polyisocyanurate Foam Preparation

Rigid PIR foams were produced on a laboratory scale by 
a single step method from a two-component (A and B) 
system with the isocyanate index (which is the ratio of 
the equivalent amount of isocyanate used relative to the 

Table 1   Properties of polyols used for the production of rigid PIR 
foams

Property Polyol

CG Lupranol 3300 Lupranol 3422

Density (g/cm3) 1.18 1.05 1.09
Hydroxyl number (mg 

KOH/g)
460 400 490

Viscosity (mPa s) 840 373 22,750
Water content (wt%) 0.207 0.368 0.301

Fig. 1   Three main fatty acid components and their content in castor oil

Table 2   Properties of condensed glycerol and biopolyol CG

Polyol Hydroxyl value 
(mg KOH/g)

Viscosity 
(mPa s)

Water 
content 
(wt%)

Biopolyol CG 460 840 ≤0.10
Condensed glycerol 523 1562 0.20
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theoretical equivalent amount times 100) equal to 250. 
High isocyanate index was used in order to generate iso-
cyanurate rings in structure of foams, which are responsible 
for enhanced thermal stability and reduced flammability of 
rigid PIR foams in comparison to conventional PU foams. 
In the Fig.  2 there is presented general scheme of isocy-
anate trimerization responsible for generation of isocyanu-
rate rings.

The component A (polyol mixture) consisting of the 
appropriate amounts of Lupranol 3422, bio-based polyol 
CG or their mixtures with Lupranol 3300 at various ratios, 
flame retardant, catalysts, surfactant and foaming agents 
was weighed and placed in a 500 mL polystyrene cup. 
Next, the polyol mixture was homogenized with a mechani-
cal stirrer at 2000 rpm for 20 s. Such prepared component 
A was mixed with component B (pMDI) at a predetermined 
mass ratio and stirred at 2000 rpm for 20 s. The resulting 
reaction mixture was poured into an open mold of dimen-
sions 100 × 100 × 50 mm. Foams were cured for 24 h before 
demolding. After demolding, obtained samples were kept 
at 60 °C for 24 h and then conditioned at room temperature 
for 24 h. Table 3 contains the details of foam formulations.

Characterization

Hydroxyl value of bio-based polyol was determined accord-
ing to PN-93/C-89052/03. Samples of 0.5 g were placed in 
250 cm3 Erlenmeyer flasks with acetylating mixture. Next, 
it was heated for 30 min, then 1 ml of pyridine and 50 ml 
of distilled water were added. Finally, resulting mixture 
was titrated using 0.5 M KOH solution in presence of phe-
nolphthalein until the color of mixture changed to pink. 
Hydroxyl values were determined according to formula (1):

where CKOH is the concentration of KOH, V1
KOH and 

V2
KOH is the volume of KOH used to titration of analyzed 

sample and blind test, m is the mass of sample.
FT-IR spectrophotometric analysis was performed in 

order to determine the structure of rigid PIR foams. The 
analysis was performed at a resolution of 4  cm−1, at the 
range of wavenumbers from 4000 to 500 cm−1 (64 scans), 
using a Nicolet 8700 apparatus (Thermo Electron Corpora-
tion) equipped with a snap-Gold State II which allows for 
making measurements in the reflection configuration mode.

After curing, foams were cut into samples whose prop-
erties were later determined in accordance with the stand-
ard procedures. The apparent density of samples was cal-
culated in accordance with EN ISO 845: 2000, as a ratio 
of the sample weight to the sample volume (g/cm3). The 
cylindrical samples were measured with a slide caliper with 
an accuracy of 0.01 mm and weighed using electronic ana-
lytical balance with an accuracy of 0.0001 g.

Sol fraction was determined during swelling test. Sam-
ples of PU/PIR foams (around 0.2 g) were swollen in xylene 
for 72 h (room temperature). Sol fraction was calculated as 

(1)HV =
56.1 ⋅ (V2

KOH
− V1

KOH
) ⋅ CKOH

m

Fig. 2   Scheme of trimerization reaction resulting in generation of 
isocyanurate rings

Table 3   Formulations of 
prepared PIR foams

Raw materials, pbw Foam symbol

0CG 17.5CG 35CG 52.5CG 70CG

Lupranol 3422 30.0 30.0 30.0 30.0 30.0
Lupranol 3300 70.0 52.5 35.0 17.5 –
CG – 17.5 35.0 52.5 70
TCPP 25.0 25.0 25.0 25.0 25.0
CAT NP-10 1.5 1.5 1.5 1.5 1.5
CAT TKA30 1.5 1.5 1.5 1.5 1.5
L-6915 2.0 2.0 2.0 2.0 2.0
Solkane 52.0 42.0 38.0 32.0 24.0
Water 0.5 0.5 0.5 0.5 0.5
Isocyanate 285.2 292.1 295.5 298.9 305.7
Isocyanate index 250 250 250 250 250
Bio-polyol content in polyol mixture (wt%) 0 17.5 35.0 52.5 70.0
Content of bio-polyol in foam (wt%) 0 3.8 7.5 11.4 15.2

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


J Polym Environ	

1 3

mass difference of biocomposites before swelling (W1) and 
after extraction (W2), according to Eq. (2):

The compressive strength of rigid foams was estimated 
in accordance with EN ISO 844:2007. The cylindrical sam-
ples with dimensions of 20 × 20 mm (height and diameter) 
were measured with a slide caliper with an accuracy of 
0.1 mm. The compression test was performed on a Zwick/
Roell 1000 N testing machine at a constant speed of 10%/
min until reaching 15% deformation.

A Tescan TS 5136 MM scanning electron microscope 
(SEM) with a secondary electron (SE) detector was used 
to take images of surface morphology. Before the SEM 
investigation, samples with a size of 10 × 10 × 2 mm were 
cut and sputtered with a gold layer using an Emitech 
K550X sputter coater (current 25 mA, coating time 2 min). 
Obtained data and images were processed with Vega TC 
software. Closed cell content of prepared rigid PIR foams 
was determined according to ISO 4590:2003.

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 thermal conductivity in the range between 0 and 
20 °C was tested with Linseis HFM (Heat Flow Meter) 200.

In order to evaluate the thermal stability of materials, 
thermogravimetric analysis (TGA) was performed on 5-mg 
samples by means of a Netzsch TG 209 apparatus under 
argon atmosphere in the temperature range from 100 to 
600 °C and at a heating rate of 20 °C/min.

The behavior of rigid PIR foams under heat flux of 
35 kW/m2 during 300 s was tested using FTT Dual Cone 
Calorimeter(Fire Testing Technology Ltd., UK). Tests were 
done according to ISO5660-1 standard. The following test-
ing parameters were chosen: surface area—88.4 cm2; sepa-
ration—25 mm, orientation—horizontal. During the exper-
iments, time required to initiate the reaction of combustion 
and thermokinetic parameters i.e. average heat release 

(2)Sol fraction =
W1 −W2

W1

× 100 %

rate (HRR), total heat release (THR), total smoke released 
(TSR) are determined.

Results and Discussion

Structure of Rigid PIR Foams

In Table 4 there are presented properties of prepared rigid 
PIR foams. Apparent density has great impact on the per-
formance of foamed materials, because it determines the 
share of solid material in particular volume. Formula-
tions of foams were developed (varying amount of physi-
cal blowing agent Solkane 365/227) in order to provide the 
similar density for all investigated materials at the level of 
45.5 ± 2.0 kg/m3. It can be seen (Table 3) that incorporation 
of CG biopolyol into polyol mixture decreased the amount 
of hydrofluorocarbon foaming agent necessary to provide 
similar level of volumetric expansion during manufactur-
ing of foam, by more than 50%, which can be considered 
very beneficial from the economic and technological point 
of view. Such phenomenon can be related to the residual 
lower molecular weight compounds, volatile in tempera-
tures reached during manufacturing of rigid PIR foams. 
Due to the complexity of materials used to synthesize 
applied CG biopolyol, especially crude glycerol, such com-
pounds can be present in biopolyol.

In Table 4 there are presented parameters describing cel-
lular structure of investigated PIR foams, such as cell size, 
cell aspect ratio and cell roundness. All parameters were 
determined from SEM images of samples presented in the 
Fig. 3, using ImageJ computer software. In order to calcu-
late shape descriptors software fitted ellipses into foams’ 
cells and used the following formulas (3 and 4):

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

(3)AR =
Ll

Ls

(4)R = 4 ⋅
A

� ⋅ L2
l

Table 4   Comparison of foams’ 
properties

Properties Foam symbol

0CG 17.5CG 35CG 52.5CG 70CG

Apparent density (kg/m3) 44.9 ± 0.3 43.6 ± 1.2 46.6 ± 2.6 47.0 ± 1.1 47.5 ± 1.1
Average cell diameter (µm) 420 ± 31 332 ± 24 315 ± 33 277 ± 26 280 ± 34
Cell aspect ratio 1.6 ± 0.3 1.5 ± 0.4 1.7 ± 0.5 1.7 ± 0.3 1.7 ± 0.6
Cell roundness 0.7 ± 0.1 0.7 ± 0.2 0.6 ± 0.2 0.6 ± 0.1 0.6 ± 0.2
Sol fraction (wt%) 6.2 ± 0.9 5.2 ± 1.1 4.8 ± 0.8 3.0 ± 0.0 2.7 ± 0.2
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Fig. 3   SEM micrographs of foams containing 0, 17.5, 35, 52.5 and 70 wt% of CG biopolyol in polyol mixture
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Incorporation of up to 52.5 wt% of crude glycerol-based 
polyol into foams decreased average cell diameter from 420 
to 277 μm, which can be also seen on SEM images pre-
sented in the Fig.  3. Complete substitution of Lupranol 
3300 with CG biopolyol did not lead to further reduction of 
cell size, considering standard deviation, hardly any effect 
was observed.

For perfectly circular pores, values of AR and R are 
equal to one. Modification of foams resulted in small 
changes of cells’ shape. Slight elongation of cells along the 
foaming direction was observed, which was associated with 
the accelerated evaporation of physical blowing agent dur-
ing reaction. Such effect was related to the increased heat 
generation during polymerization, as a result of cross-link 
density increasing with the content of biopolyol. It was 
later confirmed by swelling test and FTIR analysis. Similar 
effect was observed by Zieleniewska et al. [34], when using 
rapeseed oil-based biopolyol. Anisotropy of the struc-
ture had also noticeable impact on the static and dynamic 
mechanical properties of obtained rigid PIR foams, which 
can be seen further.

In Table 4 there are also presented values of sol fraction 
of PIR foams determined during swelling test. As it can be 
seen, increasing share of CG biopolyol in polyol mixture 
resulted in decrease of sol fraction, which can be associ-
ated with the increased cross-link density, later confirmed 
by the FTIR analysis of foams. Such effect may be related 
to the higher hydroxyl value of CG biopolyol in compari-
son to Lupranol 3300, and hence, higher spatial density of 
urethane bonds in structure of analyzed materials.

The FTIR spectra of analyzed foams are presented 
in Fig.  4. Absorption band characteristic for stretch-
ing vibrations of N-H groups (in urethane linkages) was 
observed in the range 3290–3320  cm−1. Bands attributed 
to the bending vibrations of these groups were observed 
at 1510–1520  cm−1 [35]. The absorption maxima at 
1705–1715  cm−1 were corresponding to the stretching 
vibrations of C=O bonds. Signals at 1200–1215 cm−1 can 
be associated with stretching vibrations of C–N bonds in 
urethane linkages [36]. The aforementioned absorption 
bands confirm the presence of urethane bonds in the inves-
tigated material. In the Fig. 5 it can be seen that the magni-
tude of those peaks is increasing with the share of biopol-
yol in polyol mixture. It can be related to the increased 
cross-link density of material, confirmed by swelling tests, 
responsible for enhanced mechanical performance. The 
signals at 2860–2870 and 2960–2975 cm−1 were attributed 
to the symmetric and asymmetric stretching vibrations of 
C–H bonds in CH2 groups present in aliphatic chains and 
CH3 end groups. Low intensity peaks at 2260–2280 cm−1 
resulted from the presence of unreacted –N=C=O groups, 
due to the excess of isocyanate used in the synthesis of 
foams [37]. Magnitude of these peaks is decreasing with 

the increasing share of biopolyol on behalf of previously 
mentioned peaks responsible for bonds present in urethane 
groups and peaks present at 1410–1415 cm−1, which were 
assigned to the presence of isocyanurate rings, products of 
the isocyanate trimerization [38]. Multiplet bands in the 
range of 1000–1090  cm−1 were associated with the pres-
ence of δ bonds between carbon and oxygen atoms (in the 
case of ether bonds), which is related to the structure of 
used polyols [39].

Mechanical Properties of Rigid PIR Foams

As mentioned before, apparent density has a great influ-
ence on the properties of foamed materials. During com-
pression the stiffness of the material arises from buckling 
of cell walls and higher density is obviously related to the 
more compact cellular structure [40]. In the Fig.  6 there 
are presented values of compressive strength and modulus 
of investigated rigid PIR foams. It can be seen that incor-
poration of crude glycerol-based biopolyol resulted in the 
improvement of foams’ mechanical strength, which can 
be associated with the increased cross-link density. Also 
stiffness of the structure was enhanced, which was later 
confirmed by the results of dynamic mechanical analysis. 
Compression tests were conducted in two directions, paral-
lel and perpendicular to the direction of foam rise, in order 
to determine the effect of foams’ structural anisotropy on 
their mechanical properties. Figure 6 shows that anisotropy 
of the cellular structure corresponds with the anisotropy 
in compressive performance of foams, which confirms the 
results presented by other researchers [3, 41].

In Table 5 and Figs. 7 and 8 there are presented results of 
dynamic mechanical analysis of prepared rigid PIR foams. 
It can be seen that storage modulus of foams (E′) is increas-
ing with the share of CG biopolyol in foams, which con-
firmed results of compression tests. As mentioned before, 

Fig. 4   FTIR spectra of prepared rigid PIR foams
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such effect is associated with the increase of cross-link den-
sity with share of CG biopolyol in polyol mixture, which 
hindered the molecular motion [42]. The highest values of 
E′ were observed for sample containing only petrochemical 

polyols, which was characterized by higher value of sol 
fraction, suggesting lower cross-link density. As a result, 
strain inside the material was lower and E′ value was simul-
taneously higher. Slight rise of E′ value with temperature 
was observed below 120 °C. Such effect was related to the 
acceleration of atoms’ movement with temperature, which 
increased the stress inside the material. Nevertheless, the 
polymer chains were frozen below glass transition tempera-
ture, resulting in an almost unchanged strain. Hence, stor-
age modulus, which is directly proportional to stress and 
inversely proportional to strain, was increasing below Tg 
[43]. The biggest rise of E′ was observed for sample 0CG, 
which can be associated with the lowest cross-link density, 
hence higher mobility of polymer chains, even below Tg. 
Moreover, for foams characterized with higher cross-link 
density, the increase of modulus below Tg was observed 
at higher temperatures, which is also related to molecular 
motions hindered by cross-links. When Tg was reached and 
exceeded mobility of polymer chains increased and rapid 
drop of E′ value was observed.

Loss modulus (E″) is a measure of the energy lost due 
to the internal friction. It can be seen that the E″ value 
increases with the temperature and reaches the maximum 
value around glass transition region, which is related to 
the mobility of molecular chains. Peaks observed on loss 
modulus curves were broadening with the increase of 

Fig. 5   Detailed FTIR spectra of investigated rigid PIR foams

Fig. 6   Values of a compressive strength and b compressive modulus 
of prepared rigid PIR foams

Table 5   Results of dynamic mechanical analysis of prepared PIR 
foams

Sample E′ at 25 °C 
(MPa)

E″ at 25 °C 
(MPa)

tan δ at 25 °C Tg (°C)

0CG 0.65 0.07 0.11 214.6
17.5CG 1.71 0.16 0.11 217.0
35CG 2.22 0.20 0.09 217.5
52.5CG 3.39 0.27 0.08 221.1
70CG 4.70 0.36 0.08 224.5
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CG polyol share. Such effect is related to the increasing 
heterogeneity of structure and molecular weights of pol-
yol chains, due to the incorporation of biopolyol, whose 
structure is different than for Lupranol 3300. Used pet-
rochemical polyol is polyether, while CG biopolyol con-
tains in its structure also ester groups, which show differ-
ent behavior, during DMA analysis [44]. Other important 
factor is increasing cross-link density of foams [45, 46].

Decreasing values of loss tangent are in line with the 
increasing cross-link density of analyzed PIR foams. 
The lower value of tan δ, the more elastic is the material, 
high values are typical for materials with a high, non-
elastic strain component, which show enhanced possibil-
ity for energy dissipation by molecular motions [47]. In 
the Fig.  8 there are also presented plots of loss tangent 
(tan δ) of foams as function of temperature. Position of 
the peaks seen in the plot can be used to determine the 
glass transition temperature of material, which was pre-
sented in Table 5. It can be seen that the increasing share 
of biopolyol in polyol mixture resulted in the shift of Tg 
towards higher temperatures, from 214.6  °C for sample 
0CG to 217.5 and 224.5  °C, respectively for 35CG and 
70CG foams. Such effect can be related to the changing 
structure of polyol chains between crosslinks, increas-
ing the amount of ester groups, which are present in CG 
biopolyol, in contrary to Lupranol 3300, resulted in the 
shift of Tg. Obtained results are in line with the results 
of swelling test and values of loss tangent and storage 
modulus at ambient temperature. Similar results related 
to the incorporation of bio-based polyols into rigid PIR 
foams were observed at other works [48]. Authors related 
increasing Tg to the flexibility of hydrocarbon chain of 
biopolyol lower than in case of petrochemical polyol, due 
to the increasing content of high order hydroxyl groups, 
which enhanced cross-link density of foams. In case of 
investigated materials values of Tg can be affected, by 
thermal decomposition of foams starting slightly below 
glass transition temperature, however the relationship 
between Tg value and CG biopolyol content is in line 
with the results of other performed analyses.

Nevertheless, it can be seen that investigated modifica-
tion of foams not only shifts the temperature position of 
tan δ peak, but also increases height of the peak, which 
can be associated with the nature of polymeric material 
and its ability to dissipate energy by internal friction and 
molecular motions. In contrary to the ambient tempera-
ture, at glass transition region increasing share of biopol-
yol is enhancing the magnitude of tan δ peak, which can 
be related to structural changes of material, associated 
with thermal decomposition of foams containing CG 
biopolyol, starting at the range of 205–225 °C, which was 
concluded from TGA results.

Fig. 7   Plots of a storage modulus and b loss modulus as a function 
of temperature for prepared rigid PIR foams

Fig. 8   Plot of loss tangent of rigid PIR foams as a function of tem-
perature
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Thermal Properties and Flammability of Rigid PIR 
Foams

As mentioned before, rigid PIR foams are commonly 
used as thermal insulation materials. This application 
is very important from the energetic and environmental 
point of view. It is estimated that globally around 40% of 
energy is used for maintaining the proper temperature in 
rooms, either through heating, as well as air conditioning. 
It shows how important thermal insulation is in construc-
tion of buildings. One of the most important parameters of 
PIR foams, often determining their application, is thermal 
conductivity, which is strictly associated with the cellular 
structure of material. Thermal conductivity is expressed 
in the form of thermal conductivity coefficient, noted as λ, 
and consists of following elements: λgas, λPIR, λradiation and 
λconvection [49]. Hence, it can be stated, that thermal conduc-
tivity coefficient strongly depend on the apparent density 
of foamed material, since it is associated with the share of 
gas and solid PU in total volume of material. Obviously, 
lower density increases the influence of λgas on total λ value 
and gases present in pores of the foam have lower thermal 
conductivity coefficient than solid PU, which can be seen 
in Table 6. As a result, foams with relatively low apparent 
density are most often used as thermal insulation materi-
als. Moreover, high values of closed cell content are also 
beneficial for the insulation properties, because physical 
blowing agents or carbon dioxide generated during chemi-
cal foaming are then trapped into closed cells, while in case 
of open-cell structure exchange of these gases with air, pos-
sessing higher λ value, occurs much faster.

Except the actual content of cells in total volume of 
foam, which is related to the density of the material, also 
properties of these cells are very important for the insula-
tion properties of foam. According to Kurańska et  al. [3] 
increase of cross section area of cells by 5% resulted in rise 
of λ value by 5%, at the same level of closed cell content. 
Randall and Lee noted 50% increase of thermal conduc-
tivity coefficient for cell diameter increase from 0.25 to 
0.60 mm [50]. Such a strong impact of cell size on λ value 
is associated with one of its constituents—λradiation, which 

can be mathematically expressed using following equations 
[51] (5 and 6):

where:

where σ is Stefan–Boltzmann constant and equals 
5.67 × 10−8 W/m2K4; T is temperature; K means Rosse-
land mean extinction coefficient; fs is fraction of polymer in 
struts; ρf and ρp density of foam and polymer, respectively; 
and d is cell diameter.

Basing of presented equations it is clear that the increase 
of cell size cause simultaneous increase of λradiation and 
therefore increase of total λ value of foam.

Other mechanism of heat transfer is convection. It is 
related to the displacement of substance in liquid or gase-
ous state as a result of gradient of temperatures in any vol-
ume. Convection can be also described by mathematical 
formula (7):

where q is the heat transferred per unit time, h is the heat 
transfer coefficient, A is the area implied in the heat trans-
fer process and ΔT is the difference in temperatures causing 
convection.

It can be seen that the heat convection is strongly related 
to the area through which convection occurs. Therefore, 
crucial parameter for this type of heat transfer in foams is 
content of closed cells. Their increasing content notice-
ably decreases area of convection, in case of high value of 
closed cell content conductivity through convection can be 
even omitted [52].

In the Fig. 9 there is shown the effect of prepared biopol-
yol content in polyol mixture on the closed cell content 
and thermal conductivity coefficients of resulting rigid 
PIR foams. Incorporation of CG biopolyol up to 52.5 wt% 
slightly increased the amount of closed cells inside foam 
from 93.2 to 94.5%, while further increasing of biopolyol 
share led to deterioration of foam’s cellular structure and 
decrease of closed cell content to 88.2%. Similar effects 
related to the application of crude glycerol-based polyol 
were observed in other work [27].

Changes in the closed cell content, as well as in the size of 
the pores, caused by substitution of petrochemical polyol with 
CG biopolyol, resulted in noticeable changes in thermal insu-
lation properties of prepared rigid PIR foams. Incorporation 
of 17.5 and 35 wt% of biopolyol reduced λ value from 25.2 to 
22.6 and 22.2 mW/(m K), respectively, which can be associ-
ated with the reduction of average cell size and slight increase 

(5)�radiation =
16�T3

3K

(6)K = 4.1 ⋅

√

fs
�f

�p

d

(7)q = hAΔT

Table 6   Values of thermal conductivity coefficients of foam constit-
uents [50]

Constituent Thermal conductiv-
ity coefficient [mW/
(m K)]

Solid PIR 220.0
Solkane 365/227 10.6
Carbon dioxide 15.3
Air 24.9
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of closed cell content. Addition of 52.5 wt% of biopolyol led 
to slight increase of thermal conductivity coefficient compar-
ing to lower shares, however foam 52.5CG showed better 
insulation properties than reference sample, with λ value of 
24.4 mW/(m K). Significant deterioration of thermal conduc-
tivity in case of 70CG sample is obviously related to the dis-
ruption of cellular structure and decreased content of closed 
cells inside foam. As a result, during measurement, share of 
air in the gaseous mixture filling the pores is higher than in 
foams with lower content of biopolyol. As mentioned before 
λ value of used physical foaming agent is almost 2.5 times 
lower than λ value of air.

Very important, from the application point of view is sta-
bility of thermal insulation properties of rigid PIR foams, 
which is related to the changes in thermal conductivity coef-
ficient of foam over time. Such changes are associated with 
the fact that gases strive to achieve equilibrium between con-
centration inside and outside of the foam, hence diffusion of 
gases occurs between the material and surrounding atmos-
phere. Blowing agents used during manufacturing of foam 
are escaping from cells, while atmospheric gases are pen-
etrating the foam. Differences in λ value between these gases 
are leading to deterioration of insulation properties. Accord-
ing to Graham’s law of effusion, transport of gases through 
the porous material is strictly correlated with their molecular 
weight according to the formula (8):

where rate is the rate of gas effusion; M is molecular weight 
and subscripts 1 and 2 are describing two gases, which are 
compared by equation.

(8)
rate1

rate2
=

√

M2

M1

According to this formula, effusion of water, nitro-
gen and oxygen occurs 2.89, 2.31 and 2.17, respectively, 
times faster than blowing agent used during foam’s man-
ufacturing. Values of λ for these gases are around 18, 24 
and 24 mW/(m K), respectively. It means that penetration 
of atmospheric gases inside the foam has stronger effect 
on thermal aging than escaping of blowing agent. How-
ever these assumptions, based on Graham’s law are true 
only for porous material and it is important to remember 
that investigated rigid PIR foams have high content of 
closed cells, which as it can be seen in the Fig. 9 exceeds 
90% (except 70CG). As a result, Fick’s law should be 
more appropriate to describe the diffusion of gases dur-
ing thermal aging of foam [53], according to the Eq. (9):

where ϕ is the concentration; t is time and D is the diffu-
sion coefficient.

According to Singh et  al. [53], value of the diffusion 
coefficient of cyclopentane in PIR rigid insulation boards 
is from 30 to even 100 times lower in comparison to air, 
thus also water vapor, depending on the manufacturer of 
foam. It can be assumed that D values for other physi-
cal blowing agents are in the same order of magnitude, 
which strongly indicates that the main factor affecting 
thermal conductivity coefficient over time is the amount 
of water vapor surrounding foam.

Murphy [54] investigated thermal aging of rigid PIR 
foams depending on the storage conditions. Foams were 
stored at 25 °C in desiccator, at 25 °C and relative humid-
ity of 50%, and at 70  °C and relative humidity of 95%. 
Thermal conductivity coefficient increased by around 6, 8 
and 15%, respectively, after 7 days and 6, 11 and 22% after 
14 days of storage. These results confirm that humidity of 
foam’s surrounding has crucial impact on its thermal aging.

In the Fig.  9 there are presented values of thermal 
conductivity coefficients of analyzed foams 1 and 8 days 
after their manufacturing. Noticeable increase of λ value 
was observed for all investigated materials, however the 
lowest increase was noted for sample 35CG. Such deteri-
oration of insulation properties can be related to the stor-
age conditions of foams, especially to relative humidity 
of the environment, which was around 80%. In the light 
of above mentioned studies, it can be stated that deterio-
ration of insulation properties of investigated foams could 
be noticeably slowed down by improving storage condi-
tions. Detailed influence of the storage conditions on the 
thermal insulation properties of crude glycerol-based PIR 
foams would be topic of further studies.

Thermal degradation of PU materials is very com-
plex process, due to the complexity of their structure. In 

(9)
��

�t
= D

�2�

�x2
Fig. 9   Values of closed cell content and thermal conductivity coef-
ficients of rigid PIR foams
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presented study, it was investigated using thermogravim-
etry. In Table  7 there are presented temperature values 
corresponding to onset of decomposition, 5 and 10% 
mass loss, as well as values of Tmax 1, Tmax 2, Tmax 3 and 
Tmax 4, which are related to the temperature positions of 
peaks on differential thermogravimetric (DTG) curves. 
At these temperatures rate of thermal degradation is the 
highest. In the Figs.  10 and 11 there are also presented 
DTG curves for Lupranol 3300, CG biopolyol, as well as 
samples 0CG, 35CG and 70CG, which can better visual-
ize the changes in thermal decomposition pathway.

Incorporation of crude glycerol-based polyol resulted in 
noticeable increase of the temperature related to the onset 
of thermal degradation, which can be related to the decrease 
of the amount of easily volatilized products [55]. No dete-
rioration of thermal stability, often related to the incorpo-
ration of bio-based materials into polyurethane foams, was 
observed [56]. Next step of degradation (Tmax 1), associ-
ated with the 5 wt% mass loss was related to the thermal 
decomposition of TCCP used during synthesis (decom-
poses at 244 °C), value of mass loss corresponds with the 
amount of TCPP added to polyol mixture. Subsequently, 
around 300  °C decomposition of rigid segments begins 
(Tmax 2), which involves dissociation of biuret, allophanate 

and urethane bonds, followed by thermal decomposition 
leading to the formation of amines, small transition com-
ponents and carbon dioxide [57, 58]. In case of foams 
with lower content of CG biopolyol, peak at DTG curve 
characteristic for rigid segments degradation (Tmax 2) is 
overlapping with the peak responsible for thermal decom-
position of soft segments comprised from Lupranol 3300 
(around 350  °C). For samples 52.5CG and 70CG, peak 
related to degradation of soft segments containing of CG 
polyol chains was noted around 395 °C (Tmax 3). It can be 
clearly seen that pathway of soft segments’ decomposition 
depends on the structure of used polyols. Moreover, this 
step is relatively slower than the first one [59, 60]. Finally, 
around 475 °C (Tmax 4) thermolysis of the organic residues 
from previous steps occurred [61]. It can be seen that the 
increase of biopolyol share in polyol mixture resulted in 
shift of DTG peaks towards higher temperatures, which can 
be associated with the enhanced thermal stability of foams.

Important property of rigid PIR foams used as ther-
mal insulation is their flammability, which directly affects 
the safety of their use in construction industry. In order to 
investigate the fire performance of crude glycerol-based 
foams they were examined using cone calorimeter. Such 
measurements are one of the most important methods of 

Table 7   Characteristics of 
thermal degradation of rigid 
PIR foams

Sample Onset of degra-
dation (°C)

Mass loss (%) Tmax 1 (°C) Tmax 2 (°C) Tmax 3 (°C) Tmax 4 (°C)

5 10

Temperature (°C)

0CG 209.2 233.8 274.2 230.5 325.2 – 479.6
17.5CG 212.7 239.4 282.0 233.8 328.4 – 475.6
35CG 215.3 241.9 280.1 236.1 327.3 – 477.5
52.5CG 214.9 242.6 276.1 241.6 330.1 393.1 468.0
70CG 223.1 254.6 279.2 – 332.9 395.1 473.6

Fig. 10   Differential thermogravimetric curves of applied polyols Fig. 11   Differential thermogravimetric curves of rigid PIR foams
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assessing the fire behavior of materials by allowing deter-
mination of various parameters characterizing combustion 
of material, such as heat release rate (HRR), amount of 
released heat and smoke, yield of gases generated during 
combustion and others. In cone calorimetry, analyzed sam-
ples are subjected to heat irradiation, which should have 
intensity at the similar level as experienced in fire situation, 
in the range of 25 to 75 kW/m2 [62]. Results of performed 
analysis are presented in Table 8 and Fig. 12.

As mentioned above, flammability is very important fea-
ture of rigid PIR foams used as thermal insulation material. 
The most important, measurable, single parameter describ-
ing the safety of the use of any material is its HRR [63]. 
Many fire hazard variables are correlated with the HRR, 
which can be considered as the engine driving the fire. It 
directly affects the speed of fire spread and thus the size of 
fire, mass loss rate, amount of toxic gases generated during 
fire and others. Plots of HRR over time are directly related 
to the type of material. In the Fig.  12 it can be observed 
that investigated foams belong to the group of thick char-
ring materials. For such materials, initial increase of heat 
release rate is observed, until efficient char layer is formed, 
which noticeably inhibits the fire spread. Further peaks on 
the HRR curves are associated with the crack formation in 
char layer and resulting diffusion of oxygen inside the sam-
ple [64]. According to Qian et  al. [65], unmodified rigid 
PIR foams used as thermal insulation materials show value 
of HRR above 300  kW/m2, while for all analyzed sam-
ples did not exceed 190 kW/m2. Moreover, it can be seen 
that content of CG biopolyol did not have straightforward 
impact on the peak height, values of pHRR are maintained 
at almost the same level, only for 70CG sample decrease 
was observed. It means that char layer formation on the 
surface of burning foam was fairly quick.

Furthermore, incorporation up to 35 wt% of crude 
glycerol-based biopolyol into rigid foams did not change 

HRR plots. In case of higher shares second peak on HRR 
curve, resulting from crack formation, was higher and 
broader, which elongated burning time and increased the 
total heat release value (THR). As a result of elongated 
combustion, total smoke release (TSR) value was also 
increased for samples 52.5CG and 70CG, while for foams 
with lower content of CG biopolyol TSR was maintained 
at similar level, when considering standard deviation.

Moreover, it can be seen that incorporation of crude 
glycerol-based biopolyol resulted in the reduction of car-
bon dioxide and carbon monoxide emission. Latter com-
pound, generated during incomplete combustion of PIR 
foam is considered toxic, hence its limited emission can 
be considered very beneficial from the environmental 
point of view.

Summarizing cone calorimetry results, foams con-
taining up to 35 wt% of CG biopolyol show similar fire 
performance as reference sample, only higher contents 
resulted in unfavorable changes in combustion pathway.

Table 8   Parameters describing flammability of prepared rigid PIR foams

a Peak heat release rate
b Total heat release
c Total smoke release
d Average yield of carbon oxide
e Average yield of carbon dioxide

Sample pHRRa (kW/m2) THRb (MJ/m2) TSRc (m2/m2) COYav
d (kg/kg) CO2Yav

e (kg/kg) Char residue (wt%)

0CG 181.2 ± 7.5 16.7 ± 0.3 772 ± 15 0.2 ± 0.0 3.0 ± 0.3 10.6 ± 1.1
17.5CG 179.7 ± 3.2 16.8 ± 0.1 791 ± 13 0.2 ± 0.0 2.9 ± 0.1 12.6 ± 2.0
35CG 182.8 ± 0.8 16.8 ± 0.8 798 ± 52 0.2 ± 0.0 2.8 ± 0.0 13.8 ± 3.9
52.5CG 183.6 ± 1.0 19.1 ± 1.2 972 ± 14 0.1 ± 0.0 2.6 ± 0.1 14.7 ± 1.4
70CG 171.5 ± 3.8 19.7 ± 0.3 1078 ± 18 0.1 ± 0.0 2.5 ± 0.2 15.1 ± 0.9

Fig. 12   Plots of HRR for prepared PIR foams
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Conclusions

Rigid PIR foams were prepared by partial substitution 
(0–70 wt%) of commercially available petrochemical pol-
yol, with previously synthesized biopolyol based on crude 
glycerol. Formulations of foams were adjusted to provide 
similar apparent density of analyzed materials. Incorpora-
tion of 70 wt% of biopolyol decreased amount of hydro-
fluorocarbon blowing agent used in foams’ manufacturing 
by more than 50%, which can be considered beneficial 
from the economic and technological point of view. Incor-
poration of CG biopolyol showed beneficial influence on 
the morphology of analyzed foams. Up to 52.5 wt% con-
tent of biopolyol, average cell size was reduced by over 
30% and closed cell content was slightly increasing, which 
resulted in the decrease of thermal conductivity coefficient 
from 25.2 to 24.4  mW/m  K. The best thermal insulation 
performance (λ = 22.2 mW/m K) and the best resistance for 
thermal aging was shown by foam containing 35 wt% of 
bio-based polyol. Moreover, for increasing biopolyol share, 
elongation of cells in rise direction was observed, due to 
the increased heat generation associated with increased 
crosslink density. Changes in cellular structure and cross-
link density were correlated with the results of compression 
tests. With increasing share of CG biopolyol, compres-
sive strength and stiffness of foams were enhanced. Mate-
rials containing 70 wt% of biopolyol showed compres-
sive strength increased by 121%, while the modulus was 
increased by 170%. Incorporation of crude glycerol-based 
polyol resulted in increase of the temperature (by ~14  °C 
for 70 wt% content) related to the onset of thermal degra-
dation and in shift of DTG peaks towards higher tempera-
tures. Increasing share of CG polyol up to 35 wt% did not 
lead to noticeable changes in combustion pathway, which 
can be considered beneficial for the human safety, since 
values of pHRR, THR, TSR and yield of toxic carbon mon-
oxide were maintained at the same level. Only higher con-
tents of biopolyol resulted in unfavorable changes in com-
bustion pathway.

Summarizing, this work confirms that crude glycerol, 
as by-product of biodiesel production, can be successfully 
applied in production of biopolyols for PIR foams, which 
can be low-cost alternative for conventional, petroleum-
based polyols. It can be considered very beneficial from the 
ecological and economical point of view, due to the utiliza-
tion of low-cost waste material from renewable raw mate-
rials processing. Moreover, obtained results and present 
state-of-the-art indicate that further studies on that field 
should focus on: (i) evaluation of the impact of crude glyc-
erol impurities on manufacturing and properties of rigid 
PIR foams; (ii) examination of aging of crude glycerol-
based rigid PIR foams; (iii) evaluation of influence of the 
storage conditions on the thermal insulation properties of 

crude glycerol-based PIR foams; (iv) reduction of flamma-
bility of crude glycerol-based PIR foams, with environmen-
tally friendly flame retardants.

Open Access  This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, 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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