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Abstract
The aim of this work is to evaluate the influence of bio-polyol synthesized from used cooking oil on selected properties of 
rigid polyurethane foams. Application of bio-polyol allows utilization of used cooking oil in the preparation of polyurethane 
foams according to circular economy. In our work, bio-polyurethane foams were obtained by replacing 20, 60 and 100% of 
petrochemical polyol with bio-polyol from waste oil. It was observed that the introduction of the bio-polyol caused an increase 
in the reactivity of the polyurethane system during the foaming process, which was also confirmed by dielectric polarization 
changes. A complete replacement of petrochemical polyol with the bio-polyol caused cell opening in the foams. A replace-
ment of 20 wt% of petrochemical polyol with the bio-polyol allowed preparation of polyurethane foams with improved 
thermal insulating properties. The introduction of 20% of the bio-polyol resulted in an increase of the compressive strength 
in a parallel direction compared to the reference material. The dimensional stability of bio-foams was very high since none 
of the dimensions differed by more than 0.5% upon treatment with an elevated temperature (70 °C).

Keywords  Polyurethane · Foams · Cellular structure · Bio-polyols · Thermal insulation · Circular economy

Introduction

In recent years, the use of polyurethane (PUR) materials 
has been attracting increasing attention, especially in such 
industry branches as: construction, refrigeration, automo-
tive, aviation, mining and medicine [1–5]. In 2017, almost 
17 million tons of PUR were produced and it is estimated 
that in 2021 the consumption of PUR will exceed 21 Mt. The 
interest in PUR is a result of their versatile properties that 
can be tailored by rational selection of substrates, fillers and 
processing methods, which leads to obtaining solids, porous 
materials, adhesives, fibers, varnishes and coatings [6, 7]. 
The highest share in the PUR materials market is related to 
PUR foams, which are divided into flexible, semi-rigid and 
rigid. Rigid foams are mainly used to fill empty spaces in 
building constructions, doors and window frames, for the 

production of insulating construction panels, the insulation 
of pipelines, cold stores, tanks, for the reinforcement of floor 
and ceiling constructions as well as for heat and sound insu-
lation systems [7, 8]. Rigid foams with a closed-cell struc-
ture are mainly used as insulation materials due to the low 
thermal conductivity coefficient (lower than that of foamed 
polystyrene or mineral wool), high dimensional stability, 
good mechanical properties and low apparent density [9].

The high demand for PUR materials results in an ongo-
ing search for new solutions related to the acquisition of 
raw materials for the PUR production in accordance with 
the policy of sustainable development [10]. The substitu-
tion of petrochemical derivatives with renewable resources 
has become more and more significant over the last dec-
ade. This is related to the current trend for the develop-
ment of environmentally-friendly materials as well as to 
the high prices of petrochemical derivatives resulting from 
the continuous reduction of fossil fuel reserves [11–15]. 
The dependence on fossil resources and their deriva-
tives causes a lot of socio-economic and environmental 
problems, such as: global warming, accumulation of non-
biodegradable products, reduction of forest areas, pollu-
tion of natural resources and international controversy 
[16]. Therefore, vegetable oils are a great alternative to 
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petrochemical products in the production of bio-polyols 
[17, 18].

Recently, scientists have been making substantial efforts 
to partially or completely replace polyols of petrochemi-
cal origin with vegetable polyols. There have been many 
publications on synthesizing PUR foams using bio-based 
polyols from vegetable oils such as soy, palm, linseed, sun-
flower, rapeseed, tung and castor oil [19–24]. Currently, 
the synthesis of polyols from waste is of great interest to 
many researchers. The waste materials used for the syn-
thesis of polyols are of different origins such as polylactide 
waste, used cooking oil, polycarbonate and polyethylene 
terephthalate waste, lignin and cashew nut shell liquid 
[25–30].

The methods for obtaining bio-polyols from vegeta-
ble oils include: epoxidation and opening oxirane rings, 
hydroformylation and reduction of aldehyde groups, 
transesterification, addition of halogens and reaction with 
hydroxyl-containing amines, ozonolysis and hydrogena-
tion as well as microbiological conversion [23, 31, 32].

The aim of this work is to obtain rigid PUR foams using 
bio-polyols from waste cooking oil in various weight pro-
portions and evaluation of the influence of such a bio-
based component on the foaming process as well as on the 
cell structure an thermal and physical-mechanical proper-
ties of the modified materials.

Materials and Methods

Raw Materials for Preparation of Foams

Bio-polyol (PWCO) from waste cooking oil was synthesized 
at Cracow University of Technology using a two-step method 
of double bond epoxidation and oxirane ring opening with 
diethylene glycol [25]. The characteristics of the PWCO and 
petrochemical polyol with the trade name Rokopol RF-551 
used in the experiment are shown in Table 1.

Polymeric diphenylmethane 4,4′-diisocyanate (PMDI) 
was purchased from Minova Ekochem SA, Poland. The 
content of free isocyanate groups of PMDI was 31 wt%. 
and the average functionality was 2.7. As a catalyst, Polycat 
9 (1,3-propanodiamina) was used, purchased from Evonik 
Industries, Germany. Niax Silicone L6633, purchased from 
Momentive Performance Materials Inc., Germany, was used 
as a silicone surfactant. Distilled water played the role of a 
chemical blowing agent.

Preparation of Rigid Polyurethane Foams

The synthesis of rigid PUR foams was performed using a 
single-step method by mixing the polyol premix with the 
isocyanate component. The polyol premix consisted of the 
petrochemical polyol (Rokopol® RF551) and/or the bio-pol-
yol from waste cooking oil as well as the catalyst (Polycat 
9), the surfactant (Niax Silicone L6633) and the chemical 
blowing agent (water). The isocyanate component and the 
polyol premix were mechanically stirred and the mixture was 
poured into an open vertical mold. The isocyanate index for 
all the formulations was 1.1. A schematic representation of 
the composite synthesis process was shown in our earlier 
publication [27]. Next, the foams were seasoned for 24 h at 
room temperature. The recipes of these rigid PUR foams are 
presented in Table 2.

Characterization of Foaming Process and Foam 
Properties

The foaming process was analyzed using the foam qualifi-
cation system FOAMAT which allows determining on line 

Table 1   Characteristics of polyols used in synthesis of PUR foams

Property PWCO RF-551

Hydroxyl value (mgKOH/g) 295 428
Number average molar mass (g/mol) 1049 625
Dispersity 6.35 1.46
Functionality 5.52 4.77
Content of water (wt%) 0.43 0.10
Viscosity (mPa s) 15306 4000

Table 2   Recipes of rigid PUR 
foams synthesized with different 
contents of bio-polyol PWCO

Raw material (g) PU_0_PWCO PU_20_PWCO PU_60_PWCO PU_100_PWCO

Rokopol® RF551 100 80 40 0
PWCO 0 20 60 100
Polycat 9 1.5 1.5 0.7 0.7
Niax Silicone L6633 1.5 1.5 1.5 1.5
water 3.50 3.50 3.45 3.40
PMDI 185.7 177.1 158.9 140.8
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characteristic parameters during the process such as dielec-
tric polarization, temperature, height, velocity and pressure. 
The morphology of cells was analyzed using optical micro-
scopes and the software Aphelion. The thermal conductivity 
coefficients were determined using a Laser Comp Heat Flow 
Instrument Fox 200. The measurements were made at an 
average temperature of 10 °C (temperature of cold plate 0 
°C and warm plate 20 °C).

The following properties of the foams were measured in 
accordance with ISO Standard tests: ISO 845—the apparent 
density (kg/m3); ISO 844—the compressive strength at 10% 
deformation (kPa) (the mechanical properties of the foams 
were evaluated in two directions, parallel and perpendicu-
lar to the foam rise direction); ISO 4590—the closed cells 
content (%).

The thermogravimetric analysis (TGA) was performed 
with a Q500 analyzer (TA Instruments) using 10 ± 1 mg 
samples which were heated from 25 to 1000 °C at the rate 
of 10 °/min. The results were processed using the Universal 
Analysis 2000 software (4.7A version, TA Instruments). The 
measurements were performed in an air atmosphere.

The dimensional stability was calculated using the for-
mula according to the PN-92/C-89083 standard. The dimen-
sional stability of the RPU foams was measured after 24 h 
of keeping the samples at + 70 °C.

Results

The foaming process is an important stage during the prepa-
ration of porous PUR materials. At this stage, the porous 
structure is formed and has an influence on the physical-
mechanical properties, such as thermal conductivity [33, 
34]. A modification of a reference system with bio-polyols 
based on fresh natural oil or fillers has an influence on the 
foaming process as we reported in our earlier work [35–37]. 
In the experiment described in this paper, the introduction 
of the waste cooking oil-based polyol into the PUR com-
position resulted in a change in the foaming process and 
an increase of the mixture reactivity. The influence of the 
bio-polyol on the dielectric polarization, temperature, veloc-
ity, rise height and pressure of the PUR reaction mixture is 
presented in Fig. 1.

Dielectric polarization is one of the parameters charac-
teristic for the reactivity of a PUR system. The value of 
this parameter decreases with the reaction progress. Fig-
ure 1a shows the change in the dielectric polarization of the 
PUR reaction mixtures analyzed in this work. This behav-
iour is evidence for slightly higher reactivity of the modi-
fied systems comparing to PU_0_PWCO. The introduction 
of PWCO causes that the foaming and gelation reactions 

proceed faster than in the reference material. Interestingly, 
this effect is in contrast to the previously reported data con-
cerning an introduction of a rapeseed oil-based polyol [34], 
which led to a decrease of the mixture reactivity. The effect 
observed here might be related with the higher viscosity of 
the bio-polyol used.

The bio-polyol from our earlier work was characterized 
by lower viscosity (4890 mPa s) than the bio-polyol used 
now (15306 mPa s). The effect of higher viscosity is also 
reflected by a lower value of the rise height of the foam 
during the foaming process. The higher the viscosity of the 
PUR system, the less weight of the PUR system is poured 
into the cup in a fixed time. The pouring time was the same 
for each composition. It was also observed that in the case 
of PU_60_PWCO and PU_100_PWCO the velocity of the 
foaming system growth was higher comparing to the refer-
ence system and the system modified with 20% of PWCO. 
The maximum velocity of PU_60_PWCO and PU_100_
PWCO was achieved almost after a 50% shorter time than 
for the reference system and the one modified with 20% of 
PWCO. This result correlates with the time when the maxi-
mum temperature was recorded. Due to the higher viscosity 
of the bio-polyol, a greater temperature increase is observed 
during the component mixing process (after 30 s the tem-
perature of PU_60_PWCO and PU_100_PWCO was much 
higher than for system PU_0_PWCO and PU_20_PWCO) 
and as a consequence the maximum temperature of the reac-
tion mixture was reached in a shorter time than for the refer-
ence system (Table 3).

The introduction of the waste cooking oil-based polyol 
into the PUR composition did not significantly affect the 
maximum temperature of the foaming process (Fig. 1b), 
which is also different compared to the previous reports in 
this area, indicating that the vegetable polyol additive low-
ered the maximum foaming temperature [34].

Moreover, the introduction of the bio-polyol had an 
impact on the internal pressure during the foaming process 
(Fig. 1e). As observed, the addition of up to 60% of the 
bio-polyol caused an increase of the maximum pressure dur-
ing the foaming process, which agrees with previous stud-
ies [34]. However, using 100% of the bio-polyol resulted in 
lowered maximum foaming pressure and this effect might be 
related to the foam cell opening during the foaming process 
(Table 4).

The most important properties of rigid PUR foams, i.e. 
thermal conductivity and dimensional stability, depend on 
their cellular structures. Table 4 shows the anisotropy coef-
ficients of the cells in the foams prepared in this experiment 
as well as their cell density and cell average cross-section 
area determined in directions both parallel and perpendicular 
to the foam growth direction.
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Fig. 1   Changes in dielectric polarization (a), temperature (b), velocity (c), height (d) and pressure (e) vs. time, for reference system and formula-
tions modified with bio-polyol PWCO

Table 3   Selected properties of 
foaming process

Symbol Max. veloc-
ity (mm/s)

Time of max. 
velocity occurrence 
(s)

Temperature 
at 30 s (°C)

Max. 
temperature 
(°C)

Time of max. tem-
perature occurrence 
(s)

PU_0_PWCO 8 50 23 164 392
PU_20_PWCO 10 48 25 160 368
PU_60_PWCO 12 28 34 161 326
PU_100_PWCO 14 23 49 158 343
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The shape of the observed cells depends on the direction 
of the cross-section (Fig. 2).

The parallel cross-sections (b) corresponded to more iso-
tropic shapes compared to the ones observed in the direc-
tion perpendicular (a) to the foam growth, which were elon-
gated in the foam growth direction. The data presented in the 
Table 4 indicate that the anisotropy coefficient in the parallel 
direction increases with the content of the bio-polyol, which 
is a result of higher initial viscosity and the enhanced reac-
tivity of the reaction mixture. Replacing the petrochemical 
polyol with 60% of the bio-polyol resulted in the formation 
of an increased number of small-area cells, which is similar 
to the effect observed previously in the literature [38]. The 
cause of this effect might be the PWCO polyol acting as a 
surfactant with the ability to lower the surface tension due to 
the presence of ester groups, ether DEG chains and hydroxyl 
groups as hydrophilic parts as well as hydrocarbon chains 
and fatty acids as hydrophobic parts [38]. The total replace-
ment of the petrochemical polyol with the bio-polyol PWCO 
resulted in a low number of large-area cells observed in the 
material PU_100_PWCO.

As far as thermal insulation is concerned, the key prop-
erty of the rigid polyurethane foams is their heat conductiv-
ity, which is related to the apparent density and content of 
closed cells. These parameters have been analyzed for the 
samples containing the bio-polyol and the results are pre-
sented in Fig. 3.

The results in Fig. 3 indicate that a relatively small 20% 
addition of PWCO leads to a slight improvement in the 
thermal insulation properties of the resulting PUR foam, 
however, these values are within the standard deviation. 
The thermal conductivity coefficient of PU_20_PWCO is 
lower (24.78 mW/m K) compared to that of the reference 
material (25.29 mW/m K). Further introduction of PWCO 
into the polyurethane composition resulted in an increase 
of the thermal conductivity coefficient, which was minor 
for PU_60_PWCO, but significant for PU_100_PWCO. 
The reference material as well as the foams containing 
20% and 60% of the PWCO had similar apparent densities 
and closed-cell contents. However, the closed-cell content 

Table 4   Influence of bio-polyol PWCO on foam cellular structures, 
perpendicular (a), parallel (b)

Symbol Closed-cell 
content (%)

Average cell 
area (mm210− 2)

Anisotropy 
coefficient

PU_0_PWCO 85.6 ± 0.2 a 0.40 ± 0.03 0.95 ± 0.01
b 0.63 ± 0.11 1.18 ± 0.03

PU_20_PWCO 85.9 ± 3.3 a 0.39 ± 0.01 0.94 ± 0.02
b 0.60 ± 0.04 1.31 ± 0.08

PU_60_PWCO 85.3 ± 0.3 a 0.34 ± 0.02 0.97 ± 0.03
b 0.52 ± 0.01 1.44 ± 0.06

PU_100_PWCO 9.1 ± 2.6 a 0.47 ± 0.03 0.91 ± 0.08
b 0.60 ± 0.10 1.48 ± 0.02

PU_0_PWCO PU_20_PWCO PU_60_PWCO PU_100_PWCO

a

b

Fig. 2   Microscope images of rigid polyurethane foams containing PWCO, perpendicular (a), parallel (b)
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of the PU_100_PWCO material is very low (Table 3) and 
this fact explains why the thermal conductivity properties 
of this material are poor. Moreover, the PU_100_PWCO 
foam has a high apparent density and this is probably 
related to cells opening in the synthesis process trigger-
ing a partial collapse of the foam during growth.

Given the anisotropic character of the PUR foams, the 
investigation of the compressive strength properties was 
carried out in both parallel and perpendicular directions 
to the foam growth direction (Fig. 4).

The introduction of 20% of the bio-polyol resulted in an 
increase of the compressive strength in a parallel direction. 
The material prepared using 60% of PWCO had a similar 
compressive strength in a direction parallel to the reference 
material, while its compressive strength in a perpendicular 
direction was lower by ca. 20%. Increasing the content 
of the bio-polyol characterized by a lower hydroxyl num-
ber compared to RF551 caused a decrease in the share of 
rigid segments in the PUR material. This was a result of a 
reduced content of the isocyanate component (while main-
taining the same level of the isocyanate index). The lower 
share of the rigid segments and the plasticizing effect of 
the dangling chains of PWCO led to lower compressive 
strength (PU_60_PWCO compared to PU_0_PWCO). 
In the case of PU_20_PWCO and PU_100_PWCO, this 
effect is balanced by a higher apparent density. The high-
est apparent density of PU100 is a result of a higher initial 
viscosity of the system and a higher initial temperature of 
the PUR system, which results in a shorter gel time of the 
mixture and limits its expansion.

The complete replacement of the petrochemical polyol 
with PWCO resulted in an increase in the compressive 

strength of the material, which is related to the increase 
of its apparent density.

Table 5 shows the results of our study of the dimen-
sional stability of the PUR foams. No evident impact of 
the bio-polyol on the foam properties was observed since 
both the reference material and all of the PWCO-including 
samples exhibited excellent dimensional stability at an 
elevated temperature (70 oC).

Materials for applications in the construction industry 
have to meet specific thermal requirements. TGA is a use-
ful technique to analyze the thermal degradation of poly-
mers. For all the PUR foams analyzed in this work, the 
temperatures corresponding to the loss of 2%, 5% and 50% 
of mass (T2%, T5%, T50%) as well as the temperatures of 
the maximum degradation rate (Tmax1, Tmax2, Tmax3) were 
determined (Table 6; Fig. 5).

The results of the analysis, summarized in Table 6, 
indicate clearly that the introduction of PWCO resulted 
in significant changes in the thermal degradation process. 
Both the T2% and T5% values decreased upon the introduc-
tion of the bio-polyol into the PUR composition. Moreo-
ver, the introduction of PWCO caused an increase of the 
temperature corresponding to the 50% mass loss, which 
is related to a higher temperature of the maximum deg-
radation rate of PWCO compared to the Rokpol®RF551 
polyol [38]. The course of the degradation curve results 
from the differences in the structures of the polyols used. 
The ether bonds in the structures of petrochemical polyols 
are less thermally stable than the ester bonds present in a 
bio-polyol molecule. The material PU_0_PWCO exhib-
ited two degradation steps: the first was observed in the 
temperature range 150–430 °C with a maximum degrada-
tion rate at 352 °C (Tmax2), and the second was observed 
in the temperature range 430–550 °C with a maximum at 
488 °C (Tmax3). The first degradation step is a result of 
the thermal decomposition of the rigid segments of the 
PUR in the temperature range 150–300 °C and the thermal 
degradation of the flexible segments in the temperature 
range 300–430 °C. The second step of the thermal deg-
radation observed in the DTG curve is attributed to the 
thermolysis of the organic residues. The number of max-
ima on the DTG curve increases with a growing content 
of PWCO in the PUR composition and the flexible phase 
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0

50

100

150

200

250

300

350

400aPk ,noita
mrofed fo 

%01 ta htgnerts evisserp
mo

C
 Parallel direction
 Prependicular direction

Fig. 4   Influence of bio-polyol additive on compressive strength of 
PUR foams

Table 5   Dimensional stability of PUR foams

Symbol Thickness (%) Width (%) Length (%)

PU_0_PWCO 0.2 − 0.1 − 0.2
PU_20_PWCO − 0.1 − 0.1 − 0.3
PU_60_PWCO 0.2 0.0 − 0.4
PU_100_PWCO − 0.2 − 0.1 − 0.4
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decomposition is shifted towards higher temperatures, 
which is related to the PWCO decomposition in the tem-
perature range 320–480 °C. During the thermal degrada-
tion of the PU_100_PWCO material, a significant amount 
of this phase is decomposed in the second degradation step 
with a maximum rate at 461 °C (Tmax3) (Fig. 5).

Conclusion

In conclusion, waste cooking oil, being common municipal 
waste, can be successfully applied as a raw material for the 
synthesis of polyol components used for the preparation of 
rigid polyurethane foams.

In our experiment, an introduction of a polyol from 
waste cooking oil into a polyurethane recipe resulted in 
increased reactivity of the modified mixtures. A replace-
ment of 20 wt% of petrochemical polyol with the bio-
polyol allowed preparation of polyurethane foams with 
improved thermal insulating and mechanical properties 
compared to the reference material.

An introduction of 60% of the bio-polyol favors the 
formation of a small-cell structure in the modified mate-
rial. Moreover, the materials with a total replacement of 
the petrochemical polyol by the waste cooking oil-based 
polyol exhibited an open-cell structure in contrast to the 
other foams. The cell-opening tendency in the case of 
the foams obtained with 100% bio-polyol share led to an 
increase of the apparent density and thermal conductivity. 
The dimensional stability of all the materials was very 
high since none of the dimensions differed by more than 
0.5% upon treatment with an elevated temperature (70 °C).
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Fig. 5   TGA thermograms of PUR foams

Table 6   Summary of TGA 
results for PUR foams

Symbol T2% (°C) T5% (°C) T50% (°C) Tmax1 (°C) Tmax2 (°C) Tmax3 (°C)

PU_0_PWCO 244 ± 2 274 ± 2 357 ± 1 – 352 ± 2 488 ± 1
PU_20_PWCO 233 ± 1 264 ± 1 357 ± 1 – 348 ± 1 480 ± 2
PU_60_PWCO 234 ± 2 265 ± 1 369 ± 1 308 ± 2 345 ± 1 475 ± 1
PU_100_PWCO 229 ± 2 260 ± 2 409 ± 2 308 ± 1 336 ± 1, 375 ± 1 461 ± 1
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