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Abstract: A literature review and own investigations have been a base for presenting various methods
of the synthesis of bio-polyols from renewable raw materials as well as their potential applications in the
formulations of flexible and rigid polyurethane foams (Table 1). A characteristics of selected bio-polyols
(Table 2) and their effect on foaming process of different polyurethane compositions are shown (Fig. 1,
Table 3). Examples of the influence of selected bio-polyols on cell structures and physical and mechani-
cal properties of both flexible (Fig. 2) and rigid (Table 4) foams are also presented.
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Porowate tworzywa poliuretanowe wytwarzane z udzialem bio-polioli z su-
rowcow odnawialnych

Streszczenie: Na podstawie przegladu literatury i badan wiasnych omowiono rézne metody wytwarza-
nia bio-polioli z surowcoéw odnawialnych oraz mozliwosci ich zastosowania w syntezie elastycznych
isztywnych pianek poliuretanowych (tabela 1). Zaprezentowano charakterystyke wybranych bio-polioli
(tabela 2) oraz ich wptyw na przebieg procesu spieniania réznych kompozycji poliuretanowych (rys. 1,
tabela 3). Podano przyklady wptywu wybranych bio-polioli na strukture komdrkowsa i wlasciwosci
fizyczne i mechaniczne modyfikowanych pianek elastycznych (rys. 2) i sztywnych (tabela 4).

Stowa kluczowe: bio-poliol, modyfikacja, poliuretan, proces spieniania, pianka elastyczna i sztywna.

Polyurethanes (PUR) are classified as polymeric materi-
als, which are produced in a polyaddition reaction of mul-
tifunctional isocyanates with polyols. PUR materials may
be obtained in the form of solid or foamed products with
desired properties. Currently, PUR are produced on a large
industrial scale and widely used in daily life due to their
various and universal properties [1]. PUR most often are
used in the furniture, automotive, footwear, construction,
and refrigeration industries [2]. There are multiple applica-
tions in which they appear in the form of foamed materials
as flexible, viscoelastic, semi-rigid, and rigid foams [3, 4].

PUR foams are mostly synthesized using a one-step
method from two-component systems, in which compo-
nent A is a so-called polyol premix and component B is an
isocyanate. Polyol premixes contain also other additives as
catalysts, surface-active and foaming agents, fillers, flame
retardants, etc. The synthesis of PUR foams is based on
two main processes. The first one is gelation of reaction
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mixtures as an effect of polymerization reactions leading
to mainly urethane and urea bonds as well as allopho-
nate, biuret and isocyanurate bonds, which create three-
-dimensional structures. Parallel foaming processes take
place and in these a physical blowing agent is evaporated
and/or a chemical blowing agent (mostly carbon dioxide)
is generated causing an expansion of reaction mixtures [2].

Current legislative requirements and limited crude oil
resources are main reasons of the trends observed in the
industry to use raw materials derived from renewable
sources in the synthesis of polymeric materials. In the
case of PUR foams, among mostly used renewable com-
ponents, there are bio-polyols derived mainly from veg-
etable oils as well as biomass [5-12].

In this paper, various methods of the synthesis of bio-
-polyols from renewable raw materials as well as different
effects of their application in the formulations of flexible
and rigid polyurethane foams are shown and discussed
on the base of literature review and own investigations.

BIO-POLYOLS FROM RENEWABLE RAW
MATERIALS

A wide range of vegetable oil derivatives has been
considered for the preparation of PUR materials. The
most important oils are highly unsaturated ones, such as
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mainly soybean, rapeseed, and sunflower oils, as well as
castor and palm oils [13-15]. A typical soybean oil has an
average of 4.5 double bonds per molecule, which can be
transformed to hydroxyl groups. Moreover, natural oils
contain in their structures reactive ester bonds allowing
their modification to reactive compounds [14].

Among various methods, ozonolysis is one of the pro-
cesses which make it possible to obtain bio-polyols with
primary OH groups [16]. In this reaction, double bonds
are oxidized into aldehyde groups, followed by reduc-
tion to OH groups. Such bio-polyols have a maximal
functionality (fn) of 3, while bio-polyols obtained using
other methods are characterized by fn of ca. 4.5 or higher
[17]. Narine et al. [18-19] obtained bio-polyols based on
soy and canola oils with hydroxyl values (OHV) 152.4 and
62.2 mg KOH/g, respectively. Petrovic et al. [17] applied the
ozonolysis method to synthesize bio-polyols with higher
OHYV (228 and 260 mg KOH/g), using soy and canola oils,
respectively. The fn values of those polyols were 2.6 and
2.8, while viscosities 680 and 810 mPa - s, respectively.

Bio-polyols can also be obtained by hydroformylation
of fatty acid esters followed by a reduction reaction to
introduce hydroxymethyl groups [20]. Guo et al. [21] con-
verted double bonds of soybean oil to aldehydes, which
next were hydrogenated to OH derivatives. The OHV and
fn of the bio-polyols obtained were dependent on the cat-
alyst. In the case of the rhodium process, these param-
eters were 230 mg KOH/g and 4.1, respectively, while for
the cobalt process 160 mg KOH/g and 2.7. Generally, the
fn of the bio-polyols obtained using the hydroformylation
method can be adjusted from 2.5 to 5.0.

Epoxidation of double bonds and oxirane rings open-
ing is another important method to obtain bio-polyols
with primary and secondary OH groups. Using this
method, double bonds in triglycerides can be convert-
ed to epoxy groups in the reaction of a peroxyacetic or
peroxyformic acid in the presence of homogeneous or
heterogeneous catalysts as well as a chemoenzymatic
process [22-25]. Such a method makes the synthesis of
bio-polyols with various chemical structures possible by
using different ring-opening reagents. Epoxidized veg-
etable oils have high reactivity of oxirane rings, which
easily react with compounds containing an active hydro-
gen atom. The cheapest ring-opening agent is water. The
reaction of an epoxidized natural oil with water could
be conducted using the same catalyst as in the case of
the epoxidation reaction. When the epoxidation reaction
is completed, hydrolysis of epoxy groups could be per-
formed by increasing temperature up to 70-90 °C [26, 27].
Theoretically, one oxirane group generates two second-
ary OH groups in the reaction with water.

Using monoalcohols or diols, this process leads to a for-
mation of bio-polyols with secondary OH groups only or
both primary and secondary, respectively [28, 29]. Wang
et al. [30] prepared a series of bio-polyols through open-
ing epoxidized soybean oil with methanol, ethylene gly-
col, and 1,2-propanediol. In their work, a bio-polyol with

the lowest OHV (174 mg KOH/g) and fn (3.2) was obtained
using methanol as the ring-opening agent. Bio-polyols
with ethylene glycol and 1,2-propanediol were charac-
terized by similar OHV (240 and 246 mg KOH/g) and fn
(4.6 and 4.9). Pawlik and Prociak [29] obtained palm oil-
-based bio-polyol with OHV =110 mg KOH/g and fn =2.5
in the reaction of epoxidized palm oil and hexameth-
ylene glycol as the reactive alcohol. Ji et al. [31] described
bio-polyols from epoxidized soybean oil by oxirane ring
opening with methanol, phenol, and cyclohexanol with
OHYV in the range 150-175 mg KOH/g [31]. Honghai Dai
et al. [32] reported soy-based polyols obtained through
opening ring reactions with methanol, 1,2-ethanediol,
and 1,2-propanediol. The viscosities, molecular weights
and melting points of the samples increased with a high-
er number of carbons in the ring-opening agent.

Guo et al. [33] synthesized bio-polyols by oxirane ring
opening in epoxidized soybean oil with hydrochloric
acid, hydrobromic acid, methanol, and hydrogen. The
brominated bio-polyol had fn = 4.1, whereas the other
three bio-polyols had a slightly lower value of this pa-
rameter. The densities, viscosities and molecular weights
of the polyols decreased in the following order:

brominated > chlorinated > methoxylated > hydroge-
nated.

Examples of the bio-polyols described in the literature
and their characteristics are shown in Table 1.

Bio-polyols can also be obtained by a modification
of ester bonds to compounds containing OH groups
[10, 40, 41]. Stirna et al. [42] synthesized bio-polyols from
rapeseed oil by transamidization and transesterification
using diethanolamine and triethanolamine, respectively.
Bio-polyols obtained through those methods were char-
acterized by OHV in the range 302-416 mg KOH/g and
fn =2.0-2.3 [42]. The functionality of bio-polyols based
on palm oil with a low iodine value can be increased by
a three-step reaction: transesterification of vegetable oil,
epoxidation and ring opening of oxirane groups. Arni-
za et al. [43] synthesized palm oil-based polyol accord-
ing to such a method. The bio-polyols based on palm oil
obtained using the transesterification process had OHV
values between 300 and 330 mg KOH/g and the average
molecular weight 1000-1100. A bio-polyol based on palm
kernel oil with similar OHV (301 mg KOH/g) was synthe-
tized by Septevani et al. [44].

A new approach in the synthesis of bio-polyols from
epoxidized natural oils is an introduction into their struc-
ture atoms acting as flame retardants. Zhang et al. [45, 46]
firstly conducted a transesterification reaction of castor
oil with glycerol and in the next stage epoxidation of such
derivatives. Final flame-retardant bio-polyols were ob-
tained through a ring-opening reaction of oxirane rings
with diethyl phosphate.

Bio-polyols can be obtained from waste glycerol (gen-
erated by biofuel industries) through its polymerization.
Such a solution allows obtaining bio-polyols with differ-
ent OHV, for example 190 and 290 mg KOH/g and the
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Table 1. Characteristics of selected bio-polyols obtained from vegetable oils
Oil type Ring-opening agents OHV, mg KOH/g fn Potential applications References

Palm hexamethylene glycol 110 2.5 FPURF? and VPURF? [29]
Soybean water 231 - RPUREF? [27]
Soybean methanol 175 3.49 RPURF [31]
Soybean phenol 164 3.78 RPURF [31]
Soybean cyclohexanol 150 3.84 RPURF [31]
Rapeseed diethylene glycol 114-196 2.5-5.6 FPURF [34, 35]
Rapeseed diethylene glycol 219-303 5.2-7.7 RPURF [10, 11, 36-38]
Soybean methanol 180 - Cast [32]
Soybean 1,2-ethanediol 253 - Cast [32]
Soybean 1,2-propanediol 289 - Cast [32]
Soybean hydrochloric acid 197 3.8 - [33]
Soybean hydrobromic acid 182 41 - [33]
Soybean methanol 199 3.7 - [33]
Soybean hydrogen 212 3.5 - [33]
Soybean H,PO, 240 - RPURF [39]

9 FPUREF - flexible polyurethane foams.
P VPUREF - viscoelastic polyurethane foams.
9 RPUREF - rigid polyurethane foams.

molecular weight 3300 and 4520, which can be used in a
synthesis of PUR foams [47, 48].

From bio-polyols reactivity point of view, thiol-ene re-
actions are interesting due to the simple single-step re-
action which can be utilized to introduce primary OH
groups into vegetable oils. The OHV of a hyperbranched
bio-based polyol (402 mg KOH/g) was close to a commer-
cial hyperbranched petrochemical polyol [49]. Alagi et
al. [50] obtained a bio-polyol using a one-step thiol-ene
click reaction between soybean oil and 2-mercaptoetha-
nol. They reported the bio-polyols with OHV values in
the range 119-198 mg KOH/g and the number average
molecular weight 2000-2250.

FLEXIBLE POLYURETHANE FOAMS

Nowadays, more and more petroleum polyols used
in the synthesis of PUR are replaced with bio-polyols
due to their specific properties [14]. The harmful effect
of petrochemical polyols on the environment can be re-
duced by replacing them with renewable raw materials
[13-15]. Moreover, natural vegetable origin fillers, which
are cheap and easily available, can also be used in or-
der to increase the content of renewable raw materials
and to improve the properties of flexible polyurethane

foams (FPURF) [51-53]. Petrochemical polyols used to
produce FPURF usually have the molecular weight in
the range 1000-6500, fn = 2.0-3.0 and OHV in the range
of 8-160 mg KOH/g [54]. As it was shown in Table 2 the
chemical properties of bio-polyols depend not only on
the type of vegetable oil and fatty acids contained there-
in, but also on the synthesis method [55].

The chemical structure, viscosity, molecular weight, fn
of the OH groups contained in bio-polyols directly af-
fect the properties of PUR foams synthesized with their
participation [19, 56, 57]. Bio-polyols are usually charac-
terized by a higher viscosity as compared to respective
petrochemical polyols used in the synthesis of FPURF
[2, 58]. Most of oil-based polyols contain secondary hy-
droxyl groups and dangling chains. Such bio-polyols are
less reactive toward polyaddition reactions and can lead
to incomplete crosslinking [13, 57]. The regions where
dangling chains are present do not support stress when
the sample is loaded and act as a plasticizer that reduces
the rigidity of the polymer matrix [19, 57]. It was found
that bio-polyols change both physical and mechanical
properties of FPURF and result in a modification of the
cellular structure of foams [29, 59, 60]. In the literature, ex-
amples of a substitution of up to 100 % of petrochemical
polyols by various bio-polyols are described [54, 61, 62].

Table 2. Chemical properties of vegetable oil-based bio-polyols (according to [55])

Synthesis method OH group type fn OHV, mg KOH/g Molecular weight Dangling chains
Epoxidation primary/secondary 3-4 150-200 900-1100 Yes
Transesterification primary 2-2.5 250-300 350-450 Yes
Hydroformylation primary >4 >200 900-1100 Yes
Ozonolysis primary >3 200-300 500-700 No
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An addition of a bio-polyol to a PUR formulation has
an influence on the reaction speed. Increasing the bio-
-polyol content in a PUR formulation usually results in
an elongation of the rise, gelling, and cream times due to
their low reactivity. Bio-polyols contain secondary OH
groups, which are located in the middle of triglyceride
chains, whereas petroleum polyols contain highly reac-
tive primary OH groups at the ends of chains. The re-
action rate of the primary OH group toward isocyanate
is about 3 times higher than that of the secondary OH
group [54, 58, 63—65]. Sometimes a replacement of a part
of a petrochemical polyol with a bio-polyol without other
formulation changes is impossible. In the case of foams
that contain bio-polyols, some structure defects such as
collapsing or tearing were observed due to lower reac-
tivity of bio-polyols [6]. The temperature changes in PUR
reaction mixtures depend on the content of bio-polyol,
what is shown in Fig. 1. The bio-polyol content in the for-
mulation is higher the core temperature is lower [65].

............ Rz/iP13  ---- Rz/iP 18

Rz/iP 22

Temperature

0 2(I)0 4(I)0 600
Time, s

Fig. 1. Temperature profiles of core of foams synthetized using

the bio-polyol from rapeseed oil (Rz) and isopropanol (iP)

(Rz/iP 13; Rz/iP 18; Rz/iP 22 - symbols of foam with 13, 18 and

22 wt % of the bio-polyol Rz/iP in polyol premix, respectively,

according to [6])

Other defects, such as the shrinkage phenomenon,
were reported by Pawlik when more than 15 wt % of
palm oil-based polyol was incorporated in the formula-
tion [29]. Srihanum et al. [66] observed that a use of more
than 10 wt % of palm oil polyol caused that the cell struc-
ture was not regular.

Companella et al. [67] synthesized FPURF with soy-
-based bio-polyols obtained using different methods. The
reactivity of the bio-polyols was as follows:

soybean oil monoglyceride > soybean methanol polyol
> hydroxylated soybean polyol.

The changes in the soybean-based bio-polyols’ reac-
tivity were related to a different content of primary OH
groups. All bio-polyols were less reactive than petro-
chemical polyol [67].

Apparent density is one of the most important of all
foam properties. The apparent density is a function of

the basic components used to produce foams as well as
additives included in a final product. FPURF having an
apparent density of 22-40 kg/m? are the most common. In
contrast, the apparent density of VPUREF is usually in the
range of 40-90 kg/m? [2]. The apparent density of foams
modified by bio-polyols is usually slightly higher (by ca.
10 %) than in the case of reference foams obtained using
petrochemical polyols [29, 56, 58, 59, 61, 65, 68]. The effect
noticed for bio-polyol modified foams can be probably
related to higher viscosity of bio-polyols (even 7 times)
comparing to the viscosity of the replaced petrochemi-
cal polyols [29, 61]. Another reason of such trends in the
apparent density changes of the foams with bio-polyol
could be their lower reactivity. Companella et al. [67]
obtained foams with soybean-based bio-polyol and ob-
served that the density increased from 200 kg/m? for the
reference foam to 280 kg/m? for the foam modified with
less reactive bio-polyol. This is due to the fact that the re-
action of isocyanate with OH groups is slower than the
reaction of isocyanate with water, and the foam begins
to deteriorate before the polymer solidifies [67]. Gu et al.
[56] observed that soy-based bio-polyol with high OHV
provided a small increase of the foam’s apparent density
comparing to the foams modified with the soy-based bio-
-polyol of low OHV. Researchers applying 10 and 30 wt %
of soybean bio-polyol in the polyol premix obtained
foams having the same apparent density as the reference
foam using exactly the same amount of water as a chemi-
cal blowing agent [69]. In some cases it happens that the
reference foam has a higher apparent density than the
foam with a bio-polyol. This is due to a higher content of,
for example, a catalyst in the formulation of foams modi-
fied by less reactive bio-polyols [6].

The cell structure has an important influence on the
physical and mechanical properties of FPURF. A micro-
scopic analysis showed that the incorporation of bio-
-polyols to foam formulations led to an increased number
of closed cells comparing to the reference foam [54, 63].
Soybean bio-polyol based foam had more pinholes and
more partially opened cell windows rather than com-
pletely opened cells. These differences might be attrib-
uted to the bulky crosslinked structure of the soybean
bio-polyol that hinders the foaming process. Moreover,
the viscosity of bio-polyols is usually higher than that
of petrochemical polyols, which means that the matrix
viscosity will be higher at the time of cell opening. High-
er matrix viscosity will thus slow down the rapture of
thinner windows. Another reason of no tendency for cell
opening might be lower temperatures of reaction mix-
tures modified with bio-polyols [54]. However, a replace-
ment of petrochemical polyols with bio-polyols, gener-
ally allows obtaining foams with a lower average cell size
[6,29, 34, 58, 65, 66] but various cell size distributions [69].
Different effects were observed for various formulations.
For example, size and shape of the cells were less uni-
form for soybean bio-polyol based foams compared to
the reference foam based on petrochemical polyol [54]. In
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another case, Pawlik et al. [29] observed that an increase
of the palm oil bio-polyol content allowed a creation of
cells with a more uniform size. This could be an effect
of higher viscosity of the palm bio-polyol in comparison
to the viscosity of the replaced petrochemical polyol. A
finer cellular structure is due to the fact that bio-polyols
act as additional surface active agents [6, 34, 65].

The resilience of FPURF reflects their elasticity and
mostly ranges from ca. 20 to 80 %. VPURF exhibit very
low resilience, that is affected by the morphology of the
foam, specifically by the ratio of the soft and hard seg-
ments [29]. An addition of bio-polyols usually decreas-
es the foam’s resilience [6, 59, 61, 65, 66]. An addition of
50 wt % of rapeseed bio-polyol could lead to an about
50 % decrease of resilience. An increased content of bio-
-polyols in the polyol premix reduces the elasticity of the
foam as an effect of a shorter distance between OH groups
and a higher hard segment content in the PUR matrix.
Petrochemical polyols used to obtain FPURF have OH
groups at the end of polymeric chains, while bio-polyols
have OH groups in the middle of fatty acid chains. There-
fore, they have a shorter and less flexible soft segment.
What is more, a higher OHV of bio-polyols in compari-
son to petrochemical polyols causes that there is a need
to use more isocyanate to prepare foams with bio-polyols
[61, 65]. Lower resilience of foams with bio-polyols hav-
ing higher OHV can be explained by the so-called relax-
ation effect, known for VPUREF. Low resilience is caused
by the presence of soft segments with a different length
in the PUR network, which have different mobility. The
variety in the chains’ mobility leads to better energy ab-
sorption, resulting in lower resilience [29, 34]. Higher re-
silience of the foams modified with bio-polyols may be
also explained as a result of a higher closed cell content
in these foams, which allows for faster response due to
the compressed air closed in such cells [29].

Hysteresis determines a foam’s ability to retain its orig-
inal firmness properties. As it is shown in Fig. 2, the high-
er the content of bio-polyols is, the greater the hysteresis
loss occurs, which means that these materials have bet-
ter energy damping properties [61, 63, 65]. Much more
energy is required during the loading of the foams that
contain bio-polyols than in the case of reference materi-
als. This is probably due to the effect of good mixing of
hard and soft segments, as well as their more beneficial
ratio [65].

Foam cell morphology has a direct influence on
the foam mechanical properties, such as compressive
strength. Both petroleum and bio-polyol based FPURF
have similar compression behaviors. However, as the
compression deformation reaches 10 %, a higher com-
pressive strength is necessary for further deformation
in the case of FPURF containing bio-polyols [56, 70].
Hardness of FPUREF is reported as a strength required to
achieve 40 % compression of tested foams. The higher the
content of bio-polyols, the higher the value of hardness
was observed [29, 34, 59, 61, 63—65, 68-70].

— FPUREF based on petrochemical polyol
—-==-= FPURF modified with bio-polyol
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Fig. 2. Hysteresis loops of PUR foams (according to [70])

The ability of a foam to provide deep down support is
called support factor (SF). Mostly, SF value of foams rang-
es from about 1.5 to 3.0 [63]. A higher SF of a foam means
a better ability to provide support at 65 % deformation. SF
increases slightly but systematically with an incorpora-
tion of bio-polyols due to a larger number of closed cells,
among others reasons [63, 65].

A replacement of petrochemical polyol with bio-polyols
significantly affects the foam’s behavior during stretching.
The tensile strength of foams modified with palm bio-poly-
olis higher by 10-50 % in comparison to the reference mate-
rial which is an effect of a higher content of hard segments
in the PUR matrix. The higher the content of bio-polyols
is, the higher the values of tensile strength are noticed
[29, 34, 59, 61]. In the case of foams which contain bio-poly-
ols, a decrease of elongation at break is observed. However,
areplacement of petrochemical polyol up to 30 wt % usually
makes it possible to keep the elongation at break over 100 %
[29, 34, 59, 61]. The decrease of elongation at break can be ex-
plained by substituting long and flexible soft segments of
petrochemical polyetherol with a greater amount of shorter
soft segments of bio-polyols. As a result, the PUR matrix
modified with bio-polyols contains more urethane and urea
bonds than the petrochemical PUR matrix, which decreases
the elongation while retaining good tensile strength. Petro-
vicet al. [14, 71] found that the elongation at break decreased
as the content of OH groups increased.

The range of thermal decomposition of FPUREF is
strongly influenced by the physical characteristics of
the PUR matrix, mainly, internal crosslinking, hydrogen
bonds and the inner crystalline structure [72]. The ther-
mal decomposition of the PUR matrix occurs in random
places by one or more of the following three mechanisms
[61, 73]:

— depolymerization (dissociation to the isocyanate and
polyol precursors),

— dissociation (to a primary amine, an olefin and CO,),

— elimination of CO, leading to the replacement of the
urethane bond by secondary amine groups.

Foams modified with bio-polyols show a higher abil-
ity to absorb energy and are more thermally stable in
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comparison to the reference materials [61]. Pechar et al.
[74] found that toluene diisocyanate (TDI) based net-
work displayed a lower glass transition temperature (T)
than diphenylmethane diisocyanate (MDI), when a soy-
bean bio-polyol was used in the foam synthesis. It was
also observed that T increased with the polyol function-
ality. A linear increase of T, with the functionality of a
polyol due to a higher degree of crosslinking was found
[67, 71, 74, 75]. In the case of foams modified with palm
bio-polyol, T, has a tendency to be lower as the effect of a
higher content of palm bio-polyol in the PUR foam. The
T, value of foam samples decreased from -35 °C for the
reference foam to -42 °C for the foam with 15 % of bio-
-polyol. It may be the result of plasticization effects of dan-
gling chains of fatty acids contained in the bio-polyol [29].

RIGID POLYURETHANE FOAMS

Many studies have been carried out to obtain RPURF
using bio-polyols [8, 11, 13, 38, 76]. RPURF are mostly
synthetized using highly branched polyols of a low
molecular weight. The foaming process is the most im-
portant stage in obtaining RPURF. This process has a
decisive influence on the cellular structure of foamed
materials. The cellular structure determines both ther-
mal insulation properties and mechanical properties of
RPURE. Kuraniska and Prociak [37] analyzed the impact
of rapeseed bio-polyols on the foaming process using
different contents of bio-polyols in the polyol premix (30,
50 and 70 wt %). From the results collected in Table 3 it
can be concluded that the replacement of a petrochemi-
cal polyol with a rapeseed bio-polyol reduced the reac-
tivity of the system modified. It was confirmed by lower
maximal temperatures and a slower decrease of the di-
electric polarization of the reaction mixtures modified
with bio-polyols comparing to the reference formulation
based on the petrochemical polyols only. Changes of the
temperature and dielectric polarization of reaction mix-
tures reflect the gelling and foaming processes of PUR
systems [37]. Moreover, replacing petrochemical polyols
with bio-polyols caused higher pressure exerted on the
mould’s walls which is associated with a longer curing
time [41].

Dielectric polarization of a PUR system decreases as
the effect of reactions’ progress. Similar effects have been
observed by Tu et al. [77], despite higher OHV value of
soybean bio-polyol (403 mg KOH/g) used for a modifi-
cation of foams in comparison to OHV value of rape-
seed bio-polyol (276 mg KOH/g) applied in the works of
Kuranska et al. [41]. Fan et al. [78] also confirmed lower re-
activity of natural oil-based polyol through a decrease of
temperature during the foaming process for foams modi-
fied with bio-components. Such an effect is caused by
the presence of less reactive secondary OH groups in the
structure of the bio-polyols used comparing to primary
OH groups in petrochemical polyols.

Arbenz et al. [79] modified rigid polyurethane-poly-
isocyanurate (PUR-PIR) foams with tannin bio-polyols
obtained by the oxypropylation of gambier tannin. They
also noticed a decrease of temperature maximum during
the foaming process with an increase of the bio-polyol
content in the PUR system, that was probably due to the
high fn of the bio-polyol (14.5) leading to some steric hin-
drances. Narine et al. [13] modified RPURF with three
types of bio-polyols characterized by different chemical
structures: bio-polyol with terminal primary hydroxyl
groups synthesized from canola oil by the ozonolysis
and hydrogenation method, commercially available soy-
bean bio-polyol and crude castor oil. Authors analyzed
the foaming process by measuring processing param-
eters such as cream, rising, and gel times. The reactiv-
ity of the PUR systems based on the soybean and castor
bio-polyols was lower than in the case of the PUR sys-
tem modified with the canola bio-polyol. The different
reactivity of the systems modified is associated with the
chemical structure of the bio-polyols used. The canola-
-based bio-polyol contained only primary OH groups
at the end of fatty acids chains. However, the soybean
bio-polyol and castor oil contained secondary functional
OH groups located in the middle of the fatty acid chains
which caused higher steric hindrance during polymer-
ization reactions. Additionally, the soybean bio-polyol
contains also nonfunctional groups (-OCH,) which in-
creases steric hindrance.

A lower reactivity of foams modified with bio-polyols
has an influence on the cellular structure of final RPUREF.

Table 3. Parameters of foaming process of PUR formulation modified with rapeseed oil-based bio-polyol (according to [37])

Content of bio-polyol, wt %
Parameter

0 30 50 70
Start time, s 13 14 15 23
Rise time, s 108 170 221 269
Gel time, s 19 27 48 81
Maximal temperature, °C 171 166 160 150
Time occurring of maximal temperature, s 252 273 317 342
Maximal pressure, Pa 522 533 767 1214
Time occurring of maximal pressure, s 236 326 525 843
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The content of closed cells is one of the most important
features of RPURF taking into account their heat insu-
lating applications. Kuranska et al. [41] observed that
a replacement of petrochemical polyol with rapeseed
bio-polyols in an amount of 30-70 wt % decreases the
content of closed cells from 96 % (for the reference foam)
to 88 % (for the foams modified with 70 wt % of rape-
seed oil-based polyol). Tu et al. [80] and Fan et al. [78] ob-
served similar effects for foams modified with soybean
bio-polyols.

Higher OHV values of bio-polyols improve the compres-
sive strength of the foams modified [81]. In the case of PUR
foamed using water as a chemical blowing agent generat-
ing carbon dioxide in the reaction with isocyanates, the re-
placement of the bio-polyol of OHV =290 mg KOH/g with
the bio-polyol having OHV = 670 mg KOH/g increased the
compressive strength of the foams from 0.92 to 1.48 MPa.
Lower OHV values of bio-polyols than in the case of typi-
cal petrochemical polyols used to synthesize RPURF af-
fected their apparent density. A decrease of the foams’ ap-
parent density is observed with an increasing content of
bio-polyol in the polyol premix, despite the use of the same
amount of a blowing agent in the compared formulations
[37, 41, 78]. The changes of the foams’ apparent density are
related to the reduced amount of isocyanate due to the low-
er OHV of bio-polyols. Another tendency was observed by
Zhang and Kessler [58]. Although the weight of the PUR
matrix was reduced due to the fact that for the formulation
with higher content of soy bio-polyol a smaller amount of
the isocyanate component is necessary, the apparent densi-
ty of the foams increased. Such an effect can be associated
with a slower polymer-forming reaction rate and a lower
temperature of reaction mixtures containing bio-polyols.
Moreover, cells in such a PUR matrix have a tendency to
brake as a consequence of a weak three-dimensional PUR
network. The cells ruptured during the foaming reaction
and carbon dioxide was emitted, which resulted in a de-
creased volume of the PUR foams [58]. Narine ef al. [13]
also analyzed the effect of bio-polyols” chemical structure
and found no significant influence on the apparent density
of the foams modified. Fan et al. [78] investigated select-
ed properties of water-blown RPURF synthetized using
petrochemical polyether polyol and soybean bio-polyol
(0-50 wt %) of high viscosity (13-30 Pa - s). The apparent
density of those foams decreased as the soybean bio-poly-
ol percentage increased.

Mechanical properties of RPURF such as compres-
sive strength [38, 82] are closely related to their appar-
ent density. Septevani et al. [44] concluded that increas-
ing the content of palm kernel oil-based polyester polyol
in RPUREF caused a decrease of the compressive strength
and Young’s modulus [44]. Such an effect is associated
with a lower crosslinking density caused by low fn of
palm bio-polyol. Additionally, the plasticizing effect of
dangling chains in the vegetable oil-based bio-polyol
molecules contributed to the inferior mechanical prop-
erties [58]. Therefore, glycerol is sometimes added into

the reaction mixture in order to increase the crosslinking
density of the PUR matrix [83]. The results show that an
addition of glycerol to the foam formulation increases the
modulus and yield stress of final products [38]. However,
Arbenz et al. [79] observed an increase of the compressive
strength of RPURF modified with tannin polyol. In their
research, the highest compressive strength was obtained
for foams based on only tannin bio-polyol in comparison
to the foams modified with 25, 50 or 75 wt % of this bio-
-polyol. Such changes were probably the effect of a cross-
linking density increase due to the high fn and presence
of aromatic structures in tannin bio-polyol.

Selected examples of the effect of the bio-polyol type
on the apparent density and compressive strength of the
foams modified are shown in Table 4.

RPUREF are currently among the most effective heat in-
sulating materials. They are characterized by very low
thermal conductivity allowing a reduction of the thick-
ness of an insulating layer [84]. Kuranska et al. [5] ob-
tained rigid PUR-PIR foams based on three type of bio-
-polyols with different chemical structures. The apparent
densities of the materials obtained were in the range of
41-45 kg/m?® and their thermal conductivity varied from
23.1 to 24.5 mW/(m - K). Similar results were also shown
by Tan et al. [86] and Prociak [87]. It was found that an ap-
plication of bio-polyols in the synthesis of RPURF makes
it possible to obtain foams with more beneficial heat insu-
lating properties comparing to reference materials based
only on petrochemical polyols.

The thermal properties of rigid PUR-PIR foams depend
mainly on the isocyanate index which characterizes the
excess of isocyanate groups in relation to OH groups.
Thermal degradation of such foams starts with the dis-
integration of urethane bonds in the temperature range
of 200-300 °C. In the next stages, the breakdown affects
chains of polyols and isocyanurate groups [5, 88, 89].

An increase of the bio-polyol content in foam formu-
lations causes a decrease of polyol blend OHV and a re-
duced content of urethane bonds in the PUR matrix,
which result in an improved thermal stability in the
first stage of foam degradation. Zieleniewska et al. [11]
observed that both T,,, (temperature corresponding to a
mass loss of 2 %) as well as T,,, (temperature correspond-
ing to a mass loss of 5 %) were rising with an increasing
content of rapeseed oil-based polyol in the PUR foam for-
mulation.

Zhang and Kessler [58] observed an increase of the
temperature degradation of 10 % of samples from 270 °C
(reference foam) to 305 °C for foams modified by replac-
ing 80 wt % of petrochemical polyol with soybean bio-
-polyol. Arbenz et al. [79] concluded that the modifica-
tion of rigid PUR-PIR foams with tannin oil-based polyol
has no significant effect on their thermal decomposition.
A similar effect was observed by Zhang and Luo [90] for
foams modified with soy-based bio-polyol characterized
by a higher apparent density than in the case of commer-
cial PUR foams.
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Table 4. Apparent density and compressive strength at 10 % for foams modified with selected bio-polyols

. Content of Apparent density Compressive

Type of bio-polyol bio-polyol, wt % OHV, mg KOH/g of foams, kg/m? strength, kPa References
20 46.4 83
40 50.2 75

Soy 148 [58]
60 53.3 60
80 62.0 25

Rapeseed 50 266 73.5 350-560 [8]
25 32.0 213
50 33.0 251

Tannin 388 [79]
75 33.0 244
100 35.0 262
25 95 680-750
50 96 630-760

Rapeseed 282 [11]
75 88 590-670
100 89 580-690

Rapeseed 100 323 80 180 [84]
30 94.7 798

Palm 40 300-330 83.8 623 [43]
50 78.3 465

Rosin 100 392 37.0 92.9-197 [85]

Kuranska et al. [10] also noticed a considerable effect of
the different chemical structure of bio-polyols on the ther-
mal decomposition of PUR-PIR foams containing up to
70 wt % of bio-polyols in polyol premixes. The degradation
of the foam modified with the bio-polyol synthesized by
epoxidation and opening of oxirane rings with diethylene
glycol occurred in two stages as compared to the three-
-stage process that was characteristic for the materials in-
volving bio-polyols obtained by transesterification with tri-
ethanolamine and transamidization with diethanolamine.
The thermal decomposition of rigid PUR-PIR foams syn-
thesized with bio-polyols using amines occurs in a wider
temperature range than that of the foams modified with
bio-polyol without amines. It was also noticed that the tem-
peratures of 25 and 50 % weight loss increase along with
an increasing isocyanate index. The solid residue after the
thermal degradation also has a greater value with an in-
crease of the isocyanate index of the PUR system.

RPUREF are ignitable and can be additional fire fuel
sources in case of fire. An improvement in the thermal
stability of PUR foams may be achieved through an in-
troduction of isocyanurate rings into the PUR matrix. Iso-
cyanurate rings, from the thermodynamic point of view,
are more thermally stable than urethane bonds (urethane
dissociates at approximately 200 °C as opposed to 350 °C
for polyisocyanurates) [41]. Kuranska et al. [10] showed
that it is possible to obtain environmentally friendly and
dimensionally stable PUR-PIR foams using different bio-
-polyols based on rapeseed oil. The increase of isocyanate
index allowed the synthesis of rigid foams with increased

thermal stability, improved mechanical properties and
decreased flammability but those properties were also
dependent on the type of bio-polyols. The PUR-PIR sys-
tems modified with the bio-polyol synthesized in the re-
action of epoxidation and oxirane ring opening had the
largest number of isotropic cells, while the foams modi-
fied with the bio-polyols being the products of the trans-
esterification and transamidization reactions were char-
acterized by lower flammability.

A replacement of a petrochemical polyol (25, 50, 75 or
100 wt %) in polyol premix with the phosphorus-contain-
ing polyol resulted in an increase of the oxygen index
from 20.1 to 24.3 %, and an improvement of other thermal
as well as mechanical properties of the resulting foam
materials [46].

Arbenz et al. [79] on the basis of the UL 94 HB test con-
cluded that the flame resistance behavior of RPURF mod-
ified with tannin bio-polyol is improved. Tests show that
the propagation rate of flame decreases in the presence
of tannin-based bio-polyol due to its particular aromatic
structure. The total heat release evaluated by cone calo-
rimeter analyses increases slightly with an increasing
tannin polyol content in the foams modified. Such an
effect could be caused some combustible gases released
during the degradation of the bio-polyol. The effective
heat of combustion was similar for foams modified with
different ratios of tannin polyol and petrochemical poly-
ol. However, the total smoke release increased as an effect
of higher content of the aromatic structures in the PUR-
-PIR matrix that came from bio-polyol.
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CONCLUSIONS

The studies on using hydroxyl derivatives of bio-based
raw materials show that it is possible to partially substi-
tute non-renewable petrochemical polyols in the formu-
lations of polyurethane foams. A modification of poly-
urethane formulations with bio-polyols from natural
resources primarily affects the foaming process and the
foams’ apparent density and their cell structure. More-
over, the application of bio-polyols significantly influence
on the thermal and mechanical properties of both rigid
and flexible polyurethane foams.

In some cases, the bio-based foamed products exhib-
it improved properties. Using different bio-polyols, it is
possible to produce flexible foams with more beneficial
mechanical properties and comfort factor. In the case of
rigid foams a partial replacement of petrochemical poly-
ols with bio-polyols allows improving thermal and heat
insulating properties of modified products.

A part of the works described in this paper was financially
supported by the National Research and Development Centre
in the frame of the project EPURNAT PBS1/B5/18/2012.

REFERENCES

[1] Ibrahim S., Ahmad A., Mohamed N.: Bullettin of Ma-
terials Science 2015, 38, 1155.
http://dx.doi.org/10.1007/s12034-015-0995-8

[2] Prociak A., Rokicki G., Ryszkowska ]J.: ,,Materiaty po-
liuretanowe”, Wyd. Naukowe PWN, 2014.

[3] Prociak A.: “Bio-based polyurethane foams” in “Bio-
foams — Science and Applications of Bio-Based Cellu-
lar and Porous Materials” (Eds. [annace S., Park C.B.),
CRC Press, Boca Raton 2016, pp. 267-285.

[4] Tejas S.G., Mayank R.P, Bharatkumar Z.D.: Journal of
Polymer Engineering 2015, 35, 533.
http://dx.doi.org/10.1515/polyeng-2014-0176

[5] Kuranska M., Prociak A., Cabulis U., Kirpluks M.:
Polimery 2015, 60, 705.
http://dx.doi.org/10.14314/polimery.2015.705

[6] Malewska E., Bak S., Prociak A.: Journal of Applied
Polymer Science 2015, 132, 42 372.
http://dx.doi.org/10.1002/app.42372

[7] Kuranska M., Prociak A., Kirpluks M., Cabulis U.:
Composites Science Technology 2013, 75, 70.
http://dx.doi.org/10.1016/j.compscitech.2012.11.014

[8] Prociak A., Kuraniska M., Malewska E. et al.: Polimery
2015, 60, 592.
http://dx.doi.org/10.14314/polimery.2015.592

[9] Kuranska M., Prociak A.: Composites Science Technol-
ogy 2012, 72, 299.
http://dx.doi.org/10.1016/j.compscitech.2011.11.016

[10] Kuranska M., Prociak A., Kirpluks M., Cabulis U.:
Industrial Crops and Products 2015, 74, 849.
http://dx.doi.org/10.1016/j.indcrop.2015.06.006

[11] Zieleniewska M., Leszczynski M.K,, Kuraniska M. et

al.: Industrial Crops and Products 2015, 74, 887.
http://dx.doi.org/10.1016/j.indcrop.2015.05.081

[12] Kuranska M., Prociak A.: “Bio-Based Polyurethane
Foams for Heat-Insulating Applications” in “Nano
and Biotech Based Materials for Energy Building Ef-
ficiency” (Eds. Torgal F.P, Buratti C., Kalaiselvam S.,
Grangvist C.G., Ivanov V.), Springer International
Publishing, Switzerland 2016, pp. 357-373.

[13] Narine S.S., Kong X., Bouzidi L.: Journal of the Ameri-
can Oil Chemists” Society 2007, 84, 65.
http://dx.doi.org/10.1007/s11746-006-1008-2

[14] Petrovi¢ Z.S.: Polymer Reviews 2008, 48, 109.
http://dx.doi.org/10.1080/15583720701834224

[15] Sharma C., Kumar S., Raman U.A. et al.: Journal of Ap-
plied Polymer Science 2014, 131, 8420.
http://dx.doi.org/10.1002/app.40668

[16] Miaoa S., Wang P, Su Z., Zhang S.: Acta Biomaterialia
2014, 10, 1692.
http://dx.doi.org/10.1016/j.actbio.2013.08.040

[17] Petrovic Z.S., Zhang W., Javni L: Biomacromolecules
2005, 6, 713.
http://dx.doi.org/10.1021/bm049451s

[18] Narine S.S., Kong X., Bouzidi L., Sporns P.: Journal of
the American Oil Chemists” Society 2007, 84, 55.
http://dx.doi.org/10.1007/s11746-006-1006-4

[19] NarineS.S., Yue J., Kong X.: Journal of the American Oil
Chemists’ Society 2007, 84, 173.
http://dx.doi.org/10.1007/s11746-006-1021-5

[20] Datta J., Glowinska E.: Journal of Elastomers & Plastics
2014, 46, 33.
http://dx.doi.org/10.1177/0095244312459282

[21] Guo A., Demydov D., Zhang W., Petrovic Z.S.: Journal
of Polymers and the Environment 2002, 10, 49.
http://dx.doi.org/10.1023/A:1021022123733

[22] Patil H.,, Waghmare ].: Discovery 2013, 3, 10.

[23] Goud VV,, Patwardhan AV, Dinda S., Pradhan N.C.:
Chemical Engineering Science 2007, 62, 4065.
http://dx.doi.org/10.1016/j.ces.2007.04.038

[24] Hilker D., Pruk J., Warnecke H.].: Chemical Engineer-
ing Science 2001, 56, 427.
http://dx.doi.org/10.1016/S0009-2509(00)00245-1

[25] Milchert E., Smagowicz A.: Journal of the American Oil
Chemists” Society 2009, 86, 1227.
http://dx.doi.org/10.1007/s11746-009-1455-7

[26] Sharmin E., Ashraf S.M., Ahmad S.: International
Journal of Biological Macromolecules 2007, 40, 407.
http://dx.doi.org/10.1016/j.ijbiomac.2006.10.002

[27] Allauddin S., Somisetti V., Ravinder T. et al.: [ndustrial
Crops and Products 2016, 85, 361.
http://dx.doi.org/10.1016/j.indcrop.2015.12.087

[28] Caillol S., Desroches M., Boutevin G. et al.: European
Journal of Lipid Science and Technology 2012, 114, 1447.
http://dx.doi.org/10.1002/ejlt.201200199

[29] Pawlik H., Prociak A.: Journal of Polymers and the En-
vironment 2012, 20, 438.
http://dx.doi.org/10.1007/s10924-011-0393-2

[30] Wang C.S., Yang L.T.,, NiB.L., Shi G.: Journal of Applied


http://dx.doi.org/10.1007/s12034-015-0995-8
http://dx.doi.org/10.1515/polyeng-2014-0176
http://dx.doi.org/10.14314/polimery.2015.705
http://dx.doi.org/10.1002/app.42372
http://dx.doi.org/10.1016/j.compscitech.2012.11.014
http://dx.doi.org/10.14314/polimery.2015.592
http://dx.doi.org/10.1016/j.compscitech.2011.11.016
http://dx.doi.org/10.1016/j.indcrop.2015.06.006
http://dx.doi.org/10.1016/j.indcrop.2015.05.081
http://dx.doi.org/10.1007/s11746-006-1008-2
http://dx.doi.org/10.1080/15583720701834224
http://dx.doi.org/10.1002/app.40668
http://dx.doi.org/10.1016/j.actbio.2013.08.040
http://dx.doi.org/10.1021/bm049451s
http://dx.doi.org/10.1007/s11746-006-1006-4
http://dx.doi.org/10.1007/s11746-006-1021-5
http://dx.doi.org/10.1177/0095244312459282
http://dx.doi.org/10.1023/A:1021022123733
http://dx.doi.org/10.1016/j.ces.2007.04.038
http://dx.doi.org/10.1016/S0009-2509(00)00245-1
http://dx.doi.org/10.1007/s11746-009-1455-7
http://dx.doi.org/10.1016/j.ijbiomac.2006.10.002
http://dx.doi.org/10.1016/j.indcrop.2015.12.087
http://dx.doi.org/10.1002/ejlt.201200199
http://dx.doi.org/10.1007/s10924-011-0393-2

362

POLIMERY 2017, 62, nr 5

Polymer Science 2009, 114, 125.
http://dx.doi.org/10.1002/app.30493

[31] JiD,, Fang Z., He W. et al.: Industrial Crops and Products
2015, 74, 76.
http://dx.doi.org/10.1016/j.indcrop.2015.04.041

[32] DaiH.,, Yang L., Lin B. et al.: Journal of the American Oil
Chemists” Society 2009, 86, 261.
http://dx.doi.org/10.1007/s11746-008-1342-7

[33] Guo A., Cho Y., Petrovic Z.S.: Journal of Polymer Sci-
ence: Part A: Polymer Chemistry 2000, 38, 3900.
http://dx.doi.org/10.1002/1099 -
0518(20001101)38:21<3900:: AID-POLA70>3.0.CO;2-E

[34] Rojek P, Prociak A.: Journal of Applied Polymer Science
2012, 125, 2936.
http://dx.doi.org/10.1002/app.36500

[35] Zieleniewska M., Auguscik M., Prociak A. et al.: Poly-
mer Degradation and Stability 2014, 108, 241.
http://dx.doi.org/10.1016/j.polymdegrad-
stab.2014.03.010

[36] Kuranska M., Michatowski S., Radwanska ]J. et al.:
Przemyst Chemiczny 2016, 95/2, 256.
http://dx.doi.org/10.15199/62.2016.2.14

[37] Kuranska M., Prociak A.: Industrial Crops and Products
2016, 89, 182.
http://dx.doi.org/10.1016/j.indcrop.2016.05.016

[38] Mosiewicki M.A., Rojek P,, Michatowski S. et al.: Jour-
nal of Applied Polymer Science 2015, 32, 41602.
http://dx.doi.org/10.1002/app.41602

[39] Fan H., Tekeei A., Suppes G.J., Hsieh F.H.: Interna-
tional Journal of Polymer Science 2012, 2012, ID 907049.
http://dx.doi.org/10.1155/2012/907049

[40] Kirpluks M., Cabulis U., Kuranska M., Prociak A.:
Key Engineering Materials 2013, 559, 69.
http://dx.doi.org/10.4028/www.scientific.net/
KEM.559.69

[41] Kuranska M., Cabulis U., Auguscik M. et al.: Polymer
Degradation and Stability 2016, 127, 11.
http://dx.doi.org/10.1016/j.polymdegrad-
stab.2016.02.005

[42] Stirna U., Fridrihsone A., Lazdin B. et al.: Journal of
Polymers and the Environment 2013, 21, 952.
http://dx.doi.org/10.1007/s10924-012-0560-0

[43] Arniza M.Z., Hoong S.S., Idris Z. et al.: Journal of the
American Oil Chemists” Society 2015, 92, 243.
http://dx.doi.org/10.1007/s11746-015-2592-9

[44] Septevani A.A., Evans D.A.C,, Chaleat C. et al.: Indus-
trial Crops and Products 2015, 66, 16.
http://dx.doi.org/10.1016/j.indcrop.2014.11.053

[45] Zhang L., Zhang M., Zhou Y., Hu L.: Polymer Degrada-
tion and Stability 2013, 98, 2784.
http://dx.doi.org/10.1016/j.polymdegrad-
stab.2013.10.015

[46] Zhang L., Zhang M., Hu L., Zhou Y.: Industrial Crops
and Products 2014, 52, 380.
http://dx.doi.org/10.1016/j.indcrop.2013.10.043

[47] Piszczyk L., Hejna A., Danowska M. et al.: Journal of
Reinforced Plastics and Composites 2015, 34, 708.

http://dx.doi.org/10.1177/0731684415579089

[48] Piszczyk L., Strankowski M., Danowska M. et al.: Eu-
ropean Polymer Journal 2014, 57, 143.
http://dx.doi.org/10.1016/j.eurpolym;.2014.05.012

[49] Omrani I, Farhadian A., Babanejad N. et al.: European
Polymer Journal 2016, 82, 220.
http://dx.doi.org/10.1016/j.eurpolym;.2016.07.021

[50] Alagi P, Choi Y.J.,, Hong S.C.: European Polymer Jour-
nal 2016, 78, 46.
http://dx.doi.org/10.1016/j.eurpolym;.2016.03.003

[51] Quirino R.L., Silva T.E,, Payne A.: Coatings 2015, 5,
528.
http://dx.doi.org/10.3390/coatings5030527

[52] XieJ., Qi ], Hse Ch.-Y., Shupe ET.: Bioresources 2014,
9, 578. http://dx.doi.org/10.15376/biores.9.1.578-588

[53] Orgilés-Calpena E., Aran-Ais F., Torré-Palau A.M.,
Orgilés-Barcelo C.: Polymers from Renewable Resources
2014, 5, 100.

[54] Singh A.P., Bhattacharya M.: Polymer Engineering &
Science 2004, 44, 1977.
http://dx.doi.org/10.1002/pen.20201

[55] Bassam N., Candy L., Blanco ]. et al.: Macromolecules
2013, 46, 3771.
http://dx.doi.org/10.1021/ma400197c

[56] Gu R., Konar S., Sain M.: Journal of the American Oil
Chemists’ Society 2012, 898, 2103.
http://dx.doi.org/10.1007/s11746-012-2109-8

[57] Zlatanic A., Petrovic Z.S., Dusek K.: Biomacromole-
cules 2002, 3, 1048.
http://dx.doi.org/10.1021/bm020046f

[58] Zhang Ch., Kessler M.R.: ACS Sustainable Chemistry
& Engineering 2015, 3, 743.
http://dx.doi.org/10.1021/acssuschemeng.5b00049

[59] Dworakowska S., Bogdal D., Prociak A.: Polymers
2012, 4, 1462.
http://dx.doi.org/10.3390/polym4031462

[60] Pawlik H., Prociak A., Pielichowski J.: Czasopismo
Techniczne-Chemia 2009, 106, 111.

[61] Prociak A., Rojek P, Pawlik H.: Journal of Cellular Plas-
tics 2012, 48, 489.
http://dx.doi.org/10.1177/0021955X12446210

[62] Ugarte L., Sarelegi A., Fernandez R. et al.: Industrial
Crops and Products 2014, 62, 545.
http://dx.doi.org/10.1016/j.indcrop.2014.09.028

[63] Das S., Dave M., Wilkes G.: Journal of Applied Polymer
Science 2009, 112, 299.
http://dx.doi.org/10.1002/app.29402

[64] Aremu M.O., Ojetade ].O., Olaluwoye O.S.: Chemical
and Process Engineering Research 2015, 35, 24.

[65] Michalowski S., Prociak A.: Journal of Renewable Ma-
terials 2015, 3, 14.
http://dx.doi.org/10.7569/JRM.2014.634131

[66] Srihaum A., Ismanil TN.M.T,, Noor N.M. et al.: Ad-
vance in Material Science and Engineering 2016, 2016,
ID 4316424. http://dx.doi.org/10.1155/2016/4316424

[67] Campanella A., Bonnailie L.M., Wool R.P.: Journal of
Applied Polymer Science 2009, 112, 2567.


http://dx.doi.org/10.1002/app.30493
http://dx.doi.org/10.1016/j.indcrop.2015.04.041
http://dx.doi.org/10.1007/s11746-008-1342-7
http://dx.doi.org/10.1002/1099-0518(20001101)38:21<3900::AID-POLA70>3.0.CO;2-E
http://dx.doi.org/10.1002/1099-0518(20001101)38:21<3900::AID-POLA70>3.0.CO;2-E
http://dx.doi.org/10.1002/app.36500
http://dx.doi.org/10.1016/j.polymdegradstab.2014.03.010
http://dx.doi.org/10.1016/j.polymdegradstab.2014.03.010
http://dx.doi.org/10.15199/62.2016.2.14
http://dx.doi.org/10.1016/j.indcrop.2016.05.016
http://dx.doi.org/10.1002/app.41602
http://dx.doi.org/10.1155/2012/907049
http://dx.doi.org/10.4028/www.scientific.net/KEM.559.69
http://dx.doi.org/10.4028/www.scientific.net/KEM.559.69
http://dx.doi.org/10.1016/j.polymdegradstab.2016.02.005
http://dx.doi.org/10.1016/j.polymdegradstab.2016.02.005
http://dx.doi.org/10.1007/s10924-012-0560-0
http://dx.doi.org/10.1007/s11746-015-2592-9
http://dx.doi.org/10.1016/j.indcrop.2014.11.053
http://dx.doi.org/10.1016/j.polymdegradstab.2013.10.015
http://dx.doi.org/10.1016/j.polymdegradstab.2013.10.015
http://dx.doi.org/10.1016/j.indcrop.2013.10.043
http://dx.doi.org/10.1016/j.eurpolymj.2014.05.012
http://dx.doi.org/10.1016/j.eurpolymj.2014.05.012
http://dx.doi.org/10.1016/j.eurpolymj.2016.07.021
http://dx.doi.org/10.1016/j.eurpolymj.2016.03.003
http://dx.doi.org/10.3390/coatings5030527
http://dx.doi.org/10.15376/biores.9.1.578-588
http://dx.doi.org/10.1002/pen.20201
http://dx.doi.org/10.1021/ma400197c
http://dx.doi.org/10.1007/s11746-012-2109-8
http://dx.doi.org/10.1021/bm020046f
http://dx.doi.org/10.1021/acssuschemeng.5b00049
http://dx.doi.org/10.3390/polym4031462
http://dx.doi.org/10.1177/0021955X12446210
http://dx.doi.org/10.1016/j.indcrop.2014.09.028
http://dx.doi.org/10.1002/app.29402
http://dx.doi.org/10.7569/JRM.2014.634131
http://dx.doi.org/10.1155/2016/4316424

POLIMERY 2017, 62, nr 5

363

http://dx.doi.org/10.1002/app.29898

[68] Malewska E., Budny P, Prociak A.: Modern Polymeric
Materials for Environmental Applications 2016, 6, 231.

[69] Zhang L., Jeon H., Malsam J. et al.: Polymer 2007, 48,
6656.
http://dx.doi.org/10.1016/j.polymer.2007.09.016

[70] Malewska E., Bak S., Kuraniska M., Prociak A.: Po-
limery 2016, 61, 799.
http://dx.doi.org/10.14314/polimery.2016.799

[71] Petrovic A.S., Zhang W., Zlatanic A. et al.: Journal of
Polymers and the Environment 2002, 10, 5.
http://dx.doi.org/10.1023/A:1021009821007

[72] Pielichowski K., Kulesza K., Pearce E.M.: Journal of
Applied Polymer Science 2003, 88, 2319.
http://dx.doi.org/10.1002/app.11982

[73] Ravey M., Pearce E.M.: Journal of Applied Polymer Sci-
ence 1997, 63, 47.
http://dx.doi.org/10.1002/(SICI)1097-
4628(19970103)63:1<47::AID-APP7>3.0.CO;2-S

[74] Pechar TW., Wilkes G.L., Zhou G.L., Ning B.: Journal
of Applied Polymer Science 2007, 106, 2350.
http://dx.doi.org/10.1002/app.26569

[75] Zlatanic A., Lava C., Zhang W., Petrovic Z.S.: Journal
of Polymer Science Part B: Polymer Physics 2004, 42, 809.
http://dx.doi.org/10.1002/polb.10737

[76] Javni I, Zhang W., Petrovic Z.S.: Journal of Polymers
and the Environment 2004, 12, 123.
http://dx.doi.org/10.1023/B:JOOE.0000038543.77820.be

[77] Tu Y.C,, Fan H., Suppes G.J., Hsieh E.H.: Journal of Ap-
plied Polymer Science 2009, 114, 2577.
http://dx.doi.org/10.1002/app.3043

[78] Fan H., Tekeei A., Suppes G.J., Hsieh E.H.: Journal of
Applied Polymer Science 2013, 127, 1623.
http://dx.doi.org/10.1002/app.37508

[79] Arbenz A., Frache A., Cuttica F., Averous L.: Polymer
Degradation and Stability 2016, 132, 62.

http://dx.doi.org/10.1016/j.polymdegrad-
stab.2016.03.035

[80] Tu Y.C., Suppes G.J., Hsieh EH.: Journal of Applied
Polymer Science 2008, 109, 537.
http://dx.doi.org/10.1002/app.28153

[81] Seo W.J., Park J.H., Sung Y.T. et al.: Journal of Applied
Polymer Science 2004, 93, 2334.
http://dx.doi.org/10.1002/app.20717

[82] Weiflenborn O., Ebert Ch., Gude M.: Polymer Testing
2016, 54, 145.
http://dx.doi.org/10.1016/j.polymertesting.2016.07.007

[83] Pillai PK.S., Li S., Bouzidi L., Narine S.S.: Industrial
Crops and Products 2016, 84, 273.
http://dx.doi.org/10.1016/j.indcrop.2016.02.021

[84] Kairyte A., Vejelis S.: Industrial Crops and Products
2015, 66, 210.
http://dx.doi.org/10.1016/j.indcrop.2014.12.032

[85] Jin J.F,, Chen Y.L., Wang D.N. et al.: Journal of Applied
Polymer Science 2002, 84, 598.
http://dx.doi.org/10.1002/app.10312

[86] Tan S., Abraham T., Forence D., Macosko Ch.: Polymer
2011, 52, 2840.
http://dx.doi.org/10.1016/j.polymer.2011.04.040

[87] Prociak A.: Polimery 2008, 52, 196.

[88] Jiao L., Xiao H., Wang Q., Sun ].: Polymer Degradation
and Stability 2013, 98, 2687.
http://dx.doi.org/10.1016/j.polymdegrad-
stab.2013.09.032

[89] Levchik S.V., Weil D.E.: Polymer International 2004, 53,
1585.
http://dx.doi.org/10.1002/pi.1314

[90] Zhang F., Luo X.: Industrial Crops and Products 2015,
77, 175.
http://dx.doi.org/10.1016/j.indcrop.2015.08.058

Received 12 X 2016.

Tematyka konferencji:

Zaklad Inzynierii i Technologii Polimerdéw,
Wydzial Chemiczny Politechniki Wroctawskiej
zapraszajq do udziatu w

XXIIT KONFERENC]JI NAUKOWE]
MODYFIKACJA POLIMEROW
Kotlina Ktodzka, 11-13 wrzesnia 2017 r.

Przewodniczacy Komitetu Naukowego: prof. dr hab. inz. Ryszard Steller
Wiceprzewodniczacy Komitetu Naukowego: prof. dr hab. inz. Jacek Pigtowski

— Modyfikacja chemiczna i reaktywne przetwarzanie polimeréw

— Modyfikacja fizyczna i kompozyty/nanokompozyty polimerowe

— Nowe lub specjalne zastosowania oraz metody badan polimeréw

— Recykling i tworzywa polimerowe z surowcéw odnawialnych lub wtérnych

Program naukowy konferencji: referaty plenarne i sekcyjne oraz sesje plakatowe.

Zgloszenia prosimy przesyla¢ na adres Sekretarza: grazyna.kedziora@pwr.edu.pl
Szczegodty organizacyjne zostana podane na www.pwr.edu.pl, w zaktadce konferengje.



http://dx.doi.org/10.1002/app.29898
http://dx.doi.org/10.1016/j.polymer.2007.09.016
http://dx.doi.org/10.14314/polimery.2016.799
http://dx.doi.org/10.1023/A:1021009821007
http://dx.doi.org/10.1002/app.11982
http://dx.doi.org/10.1002/(SICI)1097-4628(19970103)63:1<47::AID-APP7>3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1097-4628(19970103)63:1<47::AID-APP7>3.0.CO;2-S
http://dx.doi.org/10.1002/app.26569
http://dx.doi.org/10.1002/polb.10737
http://dx.doi.org/10.1023/B:JOOE.0000038543.77820.be
http://dx.doi.org/10.1002/app.3043
http://dx.doi.org/10.1002/app.37508
http://dx.doi.org/10.1016/j.polymdegradstab.2016.03.035
http://dx.doi.org/10.1016/j.polymdegradstab.2016.03.035
http://dx.doi.org/10.1002/app.28153
http://dx.doi.org/10.1002/app.20717
http://dx.doi.org/10.1016/j.polymertesting.2016.07.007
http://dx.doi.org/10.1016/j.indcrop.2016.02.021
http://dx.doi.org/10.1016/j.indcrop.2014.12.032
http://dx.doi.org/10.1002/app.10312
http://dx.doi.org/10.1016/j.polymer.2011.04.040
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.032
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.032
http://dx.doi.org/10.1002/pi.1314
http://dx.doi.org/10.1016/j.indcrop.2015.08.058
mailto:grazyna.kedziora@pwr.edu.pl
http://www.pwr.edu.pl

