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Abstract: The subject of research presented in this article are the semi-rigid polyurethane foams
(SRFPUR) produced with a formula developed by the company FAMPUR. It consisted of replacing the
petrochemical polyol with two types of rapeseed oil-based polyols of different viscosity. Foams were
characterized using such techniques as infrared spectroscopy, thermogravimetric analysis, differential
scanning calorimetry. With the use of scanning electron microscope changes in the structure of materi-
als were analyzed. In addition, the apparent density, number of closed cells, and properties of materials
during compression tests were determined.
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Pélsztywne pianki poliuretanowe z poliolem rzepakowym o réznej lepkosci

Streszczenie: Na podstawie receptury opracowanej przez firm¢ FAMPUR wytworzono potsztywne
pianki poliuretanowe (SRFPUR). Poliol petrochemiczny zastapiono dwoma réznigcymi sie lepkoscia ty-
pami polioli z oleju rzepakowego. Pianki scharakteryzowano za pomoca spektroskopii w podczerwieni,
analizy termograwimetrycznej i roznicowej kalorymetrii skaningowej. Zmiany struktury materiatow
badano metoda mikroskopii skaningowej. Oznaczono tez gestos¢ pozorna, liczbe komoérek zamknie-

tych oraz wlasciwosci wytworzonych pianek w prébie sciskania.

Stowa kluczowe: potsztywne pianki poliuretanowe, poliole roslinne.

In recent years, researchers have shown great interest in
the application of natural raw materials for the preparation
of different groups of polymeric materials. Their applica-
tion aims at reducing the use of fossil fuels, mainly petro-
leum [1]. In 2014, the production of polymers from renew-
able raw materials equaled 1.7 million tones, it is expected
that by 2019 it will amount to 7.8 million tones [2]. The in-
troduction of renewable raw materials for production also
concerns polyurethanes. Polyurethanes (PUR) fall under
a category of polymers, among which the most common-
ly used are polyurethane foams. These are both flexible
and rigid foams. These materials are used as mattresses,
insulation, container fillers, and packaging. Other applica-
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tions of PUR are fibers, elastomers, coatings, and adhesives.
For the production of most of these materials two main
groups of substrates are used: component A (containing
NCO groups) and component B, which is mainly made up
of a mixture of polyol and other additives containing OH
and NH, groups [3]. So far, the most commonly used poly-
ols are those derived from petrochemical sources. In 2008,
at a price of $150 per barrel of crude oil it was assumed
that it would be beneficial to replace petrochemical poly-
ols with those obtained from renewable raw materials. In
July 2016, the price of oil was approximately $50 per barrel
and yet traders were still interested in purchasing polyols
from natural raw materials (biopolyols). Biopolyols’ prop-
erties are comparable to those of petrochemical polyols [4].
Of extreme importance is the impact of these materials on
the environment. The replacement of 1 kg of petrochemi-
cal polyol with 1 kg of polyol from renewable raw materials
may take away approximately 5 kg of CO, from the atmo-
sphere [4]. In 2006, one of the essential renewable raw ma-
terials used in the manufacture of polyurethanes were veg-
etable oils, out of which biopolyols are produced [5]. The
most commonly used vegetable oils are: rapeseed, sunflow-
er, soybean, linseed, efc., in order to produce polyols they
undergo epoxidation process [6, 7]. Commercially available
plant polyols are mostly produced from soybean oil [8, 9],
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Table 1. Characteristics of the used biopolyols

Sample Epoxy value Hydroxyl value Acid value Viscosity Content of water
P mol/100 mg KOH/ mg KOH/ mPa - s wt %
8 ) ) ) )
Biopolyol 1 (BP1) 0 176.7 2.23 2207 0.16
Biopolyol 2 (BP2) 0 153.9 1.50 607 0.09

castor [10] and palm [11-15] based polyols. These polyols
are used in the manufacture of flexible foams, as well as the
rigid ones [16-19]. The subject of the article are semi-rigid
foams from polyols obtained from rapeseed oil. The aim of
the research presented in the article is the evaluation of ap-
plication the two kinds of polyols from this oil, differing in
viscosity, for the manufacture of semi-rigid polyurethane
foams (SRFPUR). Intended application of these materials is
used in cosmetics as pumice.

EXPERIMENTAL PART
Materials

In the synthesis of semi-rigid polyurethane foams
(SRFPUR), the following substrates have been used:

— Ongronat® 2500 [oligomeric methylene diphenyl di-
isocyanate (MDI), containing 31.6 wt % of free isocyanate
groups as supplied by BorsodChem company];

— ARCOL® Polyol 1374 (a reactive polyether triol)
with a hydroxyl value of 27.2 mg KOH/g, water content
of 0.10 wt % and viscosity 1150 mPa - s as supplied by
Covestro, Germany;

— ARCOL® Polyol HS 100 [an inactive polyether poly-
ol modified with a styrene-acrylonitrile (SAN) poly-
mer with a solid content of approx. 45 % by weight]
with a hydroxyl value of 28.5 mg KOH/g, water content
of 0.05 wt % and viscosity 3250 mPa - s as supplied by
Covestro, Germany;

— catalysts system know how;

— water was used as a blowing agent;

— two types of rapeseed polyol.

Rapeseed polyol was synthesized by a two-step meth-
od: epoxidation of the double bonds of rapeseed oil and
reaction of opening the oxirane rings by using diethylene
glycol [19, 20]. The characterization of polyols was listed
in Table 1.

Preparation of foams

A one-step method was used in the synthesis of the
porous polyurethane materials. Both types of PUR foams
were obtained in a free rise process. Polyols and the mod-
ifiers (polyol premix) were mixed using a mechanical
stirrer at 1000 rpm for 60 s. In the polyol mixture, petro-
chemical polyols were replaced with rapeseed biopolyol.
When calculating the foams’ formula biopolyol charac-
teristics were considered. Subsequently, the isocyanate
was added and the mixture was stirred at 1000 rpm for
8 s. The mixtures were poured to open molds where free

rise foaming occurred in a vertical direction. The syn-
thesis of SR1-x (the BP1 series) of samples was carried
out at 18 °C while SR2-x (the BP2 series) at 21 °C (Table 2).
The resulting foams were annealed for 30 min at 70 °C.
The materials were then conditioned at 22 °C and 50 %
relative humidity for 24 h. The resulting foams were re-
moved from the molds and cut into smaller samples after
two weeks. In order to obtain non-collapsing and stable
foams, the isocyanate index was adjusted to the level of
100. The synthesis of the SRFPUR was performed in the
laboratory of the FAMPUR Adam Przekurat company.

Table 2. Type and content of the biopolyol in the prepared

foams
. Type Amqunt
ample of the biopolyol of the bxczpolyol
wt %
SR1-0 BP1 0
SR1-10 BP1 10
SR1-20 BP1 20
SR1-30 BP1 30
SR2-0 BP2 0
SR2-10 BP2 10
SR2-20 BP2 20
SR2-30 BP2 30
Methods of testing

— The chemical constitution of the SRFPUR was de-
termined based on the infrared absorption spectra re-
corded using a Nicolet 6700 spectrophotometer (Thermo
Electron Corporation) equipped with an ATR (attenuated
total reflection) unit. Each sample was scanned 64 times
in the wave number range of 4000-400 cm™. The hydro-
gen bonding index (R) and the degree of phase separation
(SSF) of the examined SRFPURs were calculated based
on the FT-IR spectroscopy results in order to describe
the content of rigid segments hydrogen-bonded to oth-
er parts of the polymer matrix [19, 21]. The results were
analyzed using Omnic Spectra 2.0 software (Thermo Ni-
colet).

— The structure of synthesized foams was also inves-
tigated using indirect methods: differential scanning cal-
orimetry (DSC) and thermogravimetric analysis (TGA).
DSC measurements were performed using the differential
scanning calorimeter DSC Q1000 (TA Instruments) under
a helium atmosphere and using hermetic aluminum pans.
Samples (5 + 0.2 mg) were heated at the 10 deg/min rate
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Fig. 1. The SEM images of microstructure of foam unmodified and modified with biopolyol
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then cooled at the 5 deg/min rate and finally heated at the
10 deg/min rate in the temperature range -90 °C to 220 °C.
TGA analysis was performed with the Q500 analyzer (TA
Instruments) using 10 + 1 mg of samples which were heat-
ed from 25 °C to 1000 °C at the rate of 10 deg/min. The re-
sults were processed using the Universal Analysis 2000
software (4.7A version, TA Instruments).

— The porous structure of the composites was ana-
lyzed using scanning electron microscopy (SEM Hitachi
TM3000). The 50 x 50 x 0.3 mm samples were dusted with
gold using the Polaron SC7640 sputter coater in order to
introduce the necessary electron conductivity for SEM im-
aging. The dusting was performed for 100 s at 6 mA cur-
rent intensity. Observation of the samples was performed
using the acceleration voltage of 5 keV.

— The apparent density tests were performed in accor-
dance to the PN-EN ISO 845:2010 standard. Water absorp-
tion was determined using the PN-C-89084:1993 standard.

— The compressive strength was determined accord-
ing to the PN-93/C-89071 (ISO 844) standard. Samples
were subjected to a compressive deformation of 10 %. The
50 x 50 x 25 mm samples were tested in the orientation
parallel to the foam growth direction.

— Closed cells content was determined in accordance
with PN-EN ISO 4590:2005. This method consists of de-
termining the volume of the gas ejected from the sample,
after placing it in the test chamber, on the basis of chang-
es in the air pressure surrounding the sample, where it
is increased by set volume (expansion to a set volume).

— Evaluation of bacteria adhesion. Applied in test-
ing was a standard strain of Staphylococcus aureus ATCC
25923. After 24-hour cultivation, a bacterial suspension
with a density of 10® cells/cm® (0.5 Mc Farland) upon a
liquid Luria-Bertani (LB) Broth ground was prepared.
The prepared suspension was used for further research.
In order to measure the adhesion of bacteria to the sur-
face, foam samples in the form of discs with a diameter
of 16 mm and height of 5 mm were adopted. Samples
were then subjected to radiation sterilization at a dose of
25 kGy. Prepared foam samples were placed in 2 cm?® of
bacterial suspension and incubated for 24 hours at 37 °C.
Next, to remove non-adherent bacteria, sponge samples
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Fig. 2. Results of analysis of content of cells closed in prepared
foams

were washed three times with 10 cm?® of PBS (PBS - buf-
fered saline solution) accompanied by gentle shaking. To
dislodge the bacterial cells, test samples were transferred
to 10 cm? sterile PBS and shaken vigorously for 1 minute
and sonicated for 10 seconds [22]. Afterwards, the num-
ber of alive in the test samples was determined by meth-
ods of dilution and plating on LB agar plates.

RESULTS AND DISCUSSION

The application of rapeseed oil biopolyol affects the
course of the foaming process. Starting time of foams in-
creases slightly in the range of 19-26 s, rise of foams in
the range of 60 to 86 s, and the gelling time between 75
and 105 s with an increase of vegetable oil polyol content
in the mixture for the SRFPUR preparation.

Apparent density and cell morphology

The cellular structure of the materials obtained de-
pends on various parameters, including the apparent
density, reactivity, viscosity, or the process conditions
[3]. As a result of synthesis foams were obtained, whose
structure was shown in Fig. 1.

Modification of foams with biopolyol affects the pore
size of the analyzed foams. SR2-x foams were produced
at a temperature of about 3 °C higher than SR1-x foams,
which results in larger pores in SR2-x foams. Foams with
BP2 of lower viscosity have more regular cell shape struc-
ture. Figure 1 shows the SR1-x embedded in the struts be-
tween cells. Modification with biopolyol of lower viscos-
ity produced at higher temperature triggers the creation
of a smaller amount of closed cells in foams (Fig. 2). The
amount of closed cells in foams initially increases upon
introducing 10 wt % biopolyols to eventually decrease
when it exceeds 10 wt %. The introduction of biopolyols
results in a systematic increase in their apparent density
(Fig. 3).

SR2-x foams are characterized by a slightly higher ap-
parent density than SR1-x foams (Fig. 3). As the amount
of biopolyols introduced into foams increases, so does
their apparent density. A slightly higher foam density in
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Fig. 3. Results of apparent density of prepared foams
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SR2-x may be due to less pore formation in these foams.
SEM images of foams show this cause of density changes

(Fig. 1).
IR analysis

To explain the reasons behind changes in the proper-
ties of foams an analysis into their chemical structure
changes was conducted on the basis of ATR-FTIR anal-
ysis. Figure 4 compares the spectra of foams with and
without the addition of biopolyol BP1.

In the image of spectra, bands characteristic of poly-
urethanes may be seen (Fig. 4).

FT-IR spectrum showed characteristic bands of ure-
thane groups at 3223-3225 cm™ (N-H stretching). Intro-
duction of biopolyol causes significant changes in the
image of the spectrum in the range of wave numbers
2820-3000 cm”, as shown in Fig. 5 with the example of
foams SR1-x. In this range, what can be observed are the
CH symmetric and asymmetric stretching vibrations of
CH, groups observed at 29202925 and 2853-2868 cm, re-
spectively. Also present are the absorption bands at 2965—
2970 cm™ the C-H bending deformation.
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Fig. 4. Comparison of the ATR-FTIR spectra of foams without
and with the addition of 10 wt % biopolyol BP1
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Fig.5. Comparison of ATR-FTIR spectra of foams with addition
of various amounts of biopolyol BP1
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Fig. 6. Comparison of ATR-FTIR spectra of foams containing
30 wt % biopolyol BP1 or BP2

3.0
R-SR1-x
25
1 R-SR2-x
2.0
T SSF-SR1-x
215
o SSF-SR2-x
h--czze@-mm-en &=
05 =~
0.0
0 10 20 30 40

Biopolyol content, wt %

Fig. 7. Results of hydrogen bonds index (R) and the degree of
phase separation (SSF) in foams with both types of biopolyols

What becomes visible is a characteristic peak obtained
in the polyurethanes produced with an excess of isocya-
nate at wave number of approx. 2272 cm™ (Fig. 4). The oth-
er peaks observed were assigned as: 1707-1714 cm™ (C=O
bond); 1599 cm™ (aromatic ring); 1507 cm™ (C-N deforma-
tions); 1440 cm™ (CH, bending vibration); 1370, 1317 cm!
(CH, wagging); the peak 1215-1225 cm™ corresponding
to the C=O bond in urethane (NHCOO) group. C-O-C
stretching absorption band corresponding to linkage be-
tween OH and NCO groups to form urethane bond in
the range 1015-1085 cm™ also provide strong evidence for
the formation of PUR. Comparison of ATR-FTIR spectra
of foams SR1-x and SR2-x (Fig. 6) indicates that a change
in the type of biopolyol only affects a significant change
in intensity of bands of CH symmetric and asymmet-
ric stretching vibrations of CH, groups (2920-2925 and
2853-2868 cm™, respectively).

Aside from the differences in the structure of foams’
pores, the second reason for changes in the properties of
foams can alsobe a change in the amount of hydrogen bonds
being created during the hard phase of foams after the in-
troduction of biopolyols. Changes in the levels of hydrogen
bonds formed in the hard phase of foams, after examining
the bands in the wave number range 1640-1760 cm™ are
shown in Fig. 7. The introduction of 10 wt % of biopolyols
into foams may increase the amount of hydrogen bonds
formed in the hard phase of foams. A further increase of
biopolyols does not bring significant changes to the num-
ber of hydrogen bonds formed in these foams.

Mechanical properties

The mechanical properties of polyurethane foams
are crucial parameters to evaluate their usability. In this
work mechanical measures have been conducted to study
the effect of type and content of biopolyol on compres-
sive strength at 10 % strain (Fig. 8). In case of synthesis
with biopolyol of higher viscosity (BP1) what is obtained
are foams of higher resistance towards foam increase in
comparison with foams of lower viscosity. A specifically
notable increase in resistance is observed for foams of 20
and 30 wt % of biopolyol for foams of higher viscosity.
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Thermal properties

The foam analysis was performed using DSC ther-
mal analysis, whose results are shown in Fig. 9. On DSC
curves obtained during the first heating cycle, glass
transition was observed (7;1) at temperature of -63 °C
and the endothermic peak at temperature (T) of approx.
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80 °C and enthalpy change (AH) about 40 J/g for SR1-x
foams, while for SR2-x foams the temperature T, was
approx. -64 °C, T -80 °C and AH - approx. 30 J/g. In the
cooling cycle T, of soft phase are similar. In the second
heating cycle changes were observed in the presence of
two glass transitions T , at approx. -64 °C and -65 °C re-
spectively for series of polyols BP1and BP2 as well as T},
at approx. 110 °C for both foam groups. The difference i m
the soft phase characteristics of the two groups of foams
(Tgl and 7;;2) is small, which indicates that despite the use
of polyols of different characteristics the soft phase prop-
erties are similar. In contrast, the hard phase transforma-
tion occurs at a similar temperature, but the enthalpy is
different. In the case of foams with biopolyols of higher
viscosity (BP1) the enthalpy transition is approx. 25 %
higher than when applying biopolyols of lower viscos-
ity (BP2), it occurs thus in a much more difficult way.
This transformation is related to the changed order in
foams leading to the arrangement of the hard phase and
the creation of more hydrogen bonds linking rigid seg-
ments of foams. This change causes the separation of
the hard phase characterized by glass transition at tem-
perature T .
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DSC analysis is complemented with thermogravimetric
analysis. As a result of this analysis, among others, deriva-
tive curves of changes in mass as a function of tempera-
ture (DTG) were obtained. Following the analysis of DTG
curves it was found that there were marked differences
in the course of degradation of the hard phase (T, and T)
and soft phase (T}), both in case of foams with a polyol BP1
and BP2 (Figs. 10a and 10b) compared to foams without
biopolyols. There was no difference between the course
of degradation of foams containing 30 wt % BP1 and BP2.

Bacterial adhesion evaluation
Foams with biopolyol BP1 of higher viscosity are char-

acterized by a higher ability of bacterial adhesion than
foams from BP2 (Fig. 11).
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Fig. 11. Results of evaluation of bacterial adhesion to the surface
of prepared foams

The results of bacteria adhesion indicate that a de-
crease in the hydrogen bonds content (molecular disor-
der) in the hard segment can reduce extent of a bacteria
cell adhesion to the surface of SRFPUR in vitro. Similar
influence of molecular disorder on the blood compatibil-
ity have hypothesized Takahara ef al. [22].

CONCLUSIONS

In the study on the introduction of biopolyols for the
production of foams attention is paid to the differences
in the characterization of polyols derived from different
renewable raw materials. However, publications seldom
present results of studies analyzing the impact of these
differences on the properties of foams. The article focuses
on the impact of differences in viscosity of rapeseed oil
biopolyol on the selected properties of semi-rigid foams.

As aresult of applying biopolyol foams of lower viscos-
ity (BP2), foams of a more regular pore shape and size,
with a reduced content of open pores than those of foams
of BP1 were obtained. The introduction of both types of
biopolyols triggers an increase in the apparent density
of foams with a higher biopolyol content. The increase
in density is due to changes in the size and number of
pores created in biopolyol foams. There was a slight in-

crease in the degree of phase separation in foams after
biopolyols were introduced, but it did not undergo signif-
icant changes with increased amounts of foam biopolyols
brought in. In the case of biopolyol foams with higher
viscosity, a significant increase was seen in the strength
of foams during the compression test when biopolyol BP1
content was greater than 10 wt %. As a result of thermal
analysis of foams it was found that the differences in soft
phase properties of biopolyol foams were negligible. In
contrast, there was increased thermal resistance of the
soft phase of biopolyol foams compared to foams with-
out biopolyol. Both types of foams differ in the number of
hydrogen bonds formed within them. In foams with bio-
polyol of higher viscosity (BP1) more of them are formed,
which makes it difficult to arrange these phases during
the foam heating process. However, it does not affect the
differences in the course of foam thermal degradation
by various types of biopolyol. An increased propensity
of bacterial adhesion to the surface was observed with
biopolyol foams of greater viscosity.

The study has been financed by the National Research
and Development Centre within the framework of the project
EPURNAT PBS1/B5/18/2012.
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