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Thermal Stability of Polyurethanes from Soybean Oil as Natural
Source and its Chemical Modifications
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Abstract: In this contribution, a summary of recent publications about the thermal stability of polyurethanes from
soybean oil as natural source for polyols was made. From the review, it can be concluded that polyurethanes from
natural oil-derived polyols decomposed at a temperature up to 30°C higher than petrochemically-based polyurethanes.
Chemical modification of soybean oil for polyol synthesis is mainly based on epoxidation. However, we highlighted the
possibility of functionalizing soybean oil by maleinization, a route that was very scarcely studied. Maleinization allows the
introduction of labile reactive hydrogen to react with isocyanates for polyurethane synthesis with a broad range of

properties.
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1. INTRODUCTION

Polyurethanes are derived from petrochemically
based raw materials, as polyols and isocyanates, as
such, they are non-degradable and represent an
environmental issue. Soybean oil is a readily available
renewable resource. South American countries such as
Brazil and Argentina are the third and fourth world
producers of soybean oil, respectively; after China and
the United States. Considering these reasons, it is of
great relevance to find applications for natural oils such
as soy oil other than edible feeding sources. One of
this is its use as sources for natural-derived polyols for
the manufacture of PUs in general and PU elastomers
in particular.

The main components of polyurethane elastomers
include polyether and polyester diols, diisocyanates
and chain extenders. Polyether starting materials can
be poly(oxypropylene diol)s or poly(oxytetramethylene
diol)s, giving elastomeric properties with toluene
diisocyanate (TDI) and amine chain extenders.
Polyester PUs have very good general properties and
are derived from polyester polyols. These later are
required to form the soft segments and are commonly
prepared from adipic acid and simple glycols.

As it is known, PUs are segmented polymers,
consisting of hard (isocyanate and chain extender) and
soft segments (polyols). The degree of segregation
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between these segments is directly related to their
thermal and mechanical properties. Physical and
chemical interactions within hard segments mostly
determine thermal resistance [1,2]. Polyurethanes
prepared from vegetable oils have numerous
advantages properties due to cost, availability and
facility of obtention of polyols [3] and because of the
hydrophobic nature of ftriglycerides used in its
manufacture [4].

Among the well-known methods of synthesis of bio-
based polyols several can be found: epoxidation and
ring opening reaction, hydrogenation, halogenation,
transesterification, and also microbiological methods [5]
together with more complex hydroformylation [6].
Hydroformylation is a process with high conversion of
vegetable oils to polyols. The process involves reaction
of hydrogen and carbon monoxide with double bonds
to give aldehydes, which are then converted to alcohols
by hydrogenation. Hydroformylation of soybean oil was
performed and polyols were reacted with
diphenylmethane diisocyanate (MDI) to obtain
polyurethanes of different crosslinking density [7]. The
same research group performed hydrogenation after
hydroformylation of soybean oil and verified a higher
reactivity respect to epoxidized and formylated polyol.
PU foams obtained by reaction with a polyisocyanate
were more rigid that hydroformylated/hydrogenated
polyol [8].

Regarding PUs from natural oils, the first
comprehensive report was published twenty years ago
by leading work from Petrovi¢ group: a series of
polyurethanes from polyols derived from soybean,
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corn, safflower, sunflower, peanut, olive, canola, and
castor oil were prepared, and their thermal stability in
air and nitrogen was examined. These authors found
that PU from natural oil-derived polyols decomposed
25-30°C higher than polypropylene oxide based PUs
(375 and 400-405°C, respectively). They concluded
that if weight loss at a higher conversion is taken as the
criterion of stability, then natural oil based polyol
polyurethanes have better thermal stability, both in air
and in nitrogen [9]. The same group also reported the
effect of halogenation of epoxidized soybean oil
(ESBO) reacted with two commercial isocyanates on
PU properties, finding that PUs with brominated and
chlorinated polyols had comparable glass transition
and strength [10]. They have also studied the effect of
OH/NCO molar ratio on properties of soy-based
polyurethane networks [11].

As mentioned above, other natural based oils were
used for PU preparation, although the number of
studies for soybean oil based PUs is higher than from
other natural oils. For example, PU based on castor oil
cured with toluene diisocyanate, isophorone
diisocyanate or hexamethylene diisocyanate were
prepared by Jadhav [12] as early as almost 35 years
ago. Considering the temperature for 98% weight
loss, Tose,, TDI-cured PUs begun to degrade 30°C lower
than the other systems. Tsqq, ranged from 373 to 385°C.
These values are similar to those seen as a mean for
soybean oil based polyols, although slightly lower.

In another example, PU from canola oil based
polyols was compared to PU from soybean oil based
polyol. The TGA thermographs showed two well-
defined steps of degradation for these elastomers. In
the first step, up to 30% weight loss was recorded, the
fastest loss rate was found at 345°C for canola oil
based PU, while soybean oil-based PU lost most of its
weight in the second step [13].

2. THERMAL STABILITY OF POLYURETHANES
FROM MODIFIED SOYBEAN OIL

Soybean oil has been employed extensively in
polyurethane manufacturing, mainlyafter its
transformation in epoxidized soybean oil (ESBO) [14,
15].

Several factors that influence the thermal stability of
PU in general and particular those obtained from
polyols coming from natural sources. The length of
alkyl fatty acid chain in natural oil influences the
elasticity of prepared or modified polymer. The content

of unsaturated groups per polyol molecule influences
the functionality of the obtained oil. Polyurethanes
obtained from polyols with primary hydroxyls are
generally more stable than those from secondary
hydroxyls.

Heterogeneity of functionalities in polyols had no
negative effect on properties of glassy polyurethanes,
but caused low strength and elongation of rubbery PUs
[16]. The functionality of these polyols increased
linearly with molecular weight to very high values,
resulting eventually in their high crosslinking power
[17].

Degradation of PUs obtained from soybean and
castor oil polyols without solvent and catalyst was
observed at temperatures between 200°C and 300°C
by TGA. These signals can be attributed to the
decomposition of labile urethane groups, while those
observed in the temperature range from 300°C to
450°C resulted from chain scission in the soybean oil
[18].

PU obtained from soybean oil polyol reacted with
4,4’-diphenylmethane diisocyanate (MDI) and chain
extended with ethylene glycol decomposed in four
sequential steps, being the third decomposition step
the one that showed maximal weight loss at values of
380-390°C, as seen by Ryszkowska group in Poland
[19]. More recently, the same group determined the
influence of used soybean oil based-polyol on the
thermal properties of PU elastomers, with a different
value of isocyanate index (Inco).- Thermal properties,
determined by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) showed that the
highest Inco caused an increase in hydrogen bonds in
PU and a higher thermal stability. Peak at 380°C
resulted from the degradation of the ester bonds in the
soft segments, while the decomposition of the aromatic
compounds begun at the remarkably high temperature
of 480°C [20]. They have also concluded that the
increasing number of isocyanate groups during the
production of elastomeric PU with soybean oil derived-
polyol changed the number of hydrogen bonds and
degree of phase separation, improving thermal
resistance properties (higher mass loss by TGA at
400°C) [21].

Another polish group obtained a PU from a mixture
of petrochemically based polyol and hydroxylated
soybean oil, chain extended with 1,2-bio-propanediol,
which was advantageous in comparison to bio-based
1,3-propanediol,and exhibited elastomeric properties.
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However, in this case, only glass transition
temperatures were reported, which were reported to
depend on the type of polyol mixture and chain
extenders used [22].

3. MODIFICATION OF SOYBEAN OIL FOR
POLYURETHANE OBTENTION

Polyurethanes, being hydrocarbon polymers, have
limitations in terms of adhesion and compatibility with
mineral fillers, as well as with polar resins such as
epoxy, polyesters and polyamides. Therefore, two main
approaches arise to enhance their properties: by
means of additives, or by coupling new functional
groups. The first approach was attempted since the
start of polymer practice and is a specific area of
research [23, 24] so we will focus on the second
approach. The coupling of new functional groups to the
hydrocarbon chains of unsaturated hydrocarbon
skeleton can be done by grafting polar monomers that
confer a new chemical reactivity, or by reacting the
unsaturations (if present) according to the chemistry of
the alkenes: this is, modifying them directly by carrying
out reactions such as electrophilic addition and
epoxidation.

A recent thorough and comprehensive review work
summarized that a variety of new structures suitable for
PU synthesis are available nowadays, as follows: (a)
polyether polyols accessible via ring-opening
polymerization of epoxy fatty acids and subsequent
reduction of ester groups, (b) polyester polyols, that
can be obtained from w-hydroxy fatty esters via poly
condensation or by ring-opening of epoxidized oils with
a variety of nucleophiles, (c) diols of different chain
lengths, accessible from fatty acids via metathesis or
ozonolysis reactions followed by reduction of ester
groups, (d) aromatic polyols prepared using transition-
metal catalyzed cyclotrimerization of alkyne fatty acid
derivatives and (e) silicon containing polyols prepared
through hydrosylilation coupling [25]. Among these
routes, modifications of fatty acids seem to us as the
most attractive, at least in terms of costs.

Following this synthetic strategy, vegetable oils are
the most obvious source of fatty acids. Vegetable oils
are considered non-reactive raw materials and in order
to make them reactive, functional groups have to be
introduced. Among ways to functionalize vegetable oils,
grafting with a polar monomer such as maleic
anhydride is a well-known and old approach, although
very efficient and utilized [26]. This is a type of reaction
in which the T electrons of the double bond are not

rearranged to form a new single bond (or sigma bond)
with an electronegative atom that changes position in
the molecule. The monomer to graft interacts with a
simple C-H bond located in an allylic position, that is,
neighboring an unsaturation. Therefore, an Alder-ene
reaction like maleinization, unlike a Diels-Alder
reaction, requires more drastic conditions, not only a
strong dienophile as maleic anhydride but
temperatures above 160°C and often longer residence
times.

Maleinization process can be done by thermal
initiation. This consists of heating the reaction mixture
at 150 to 250°C but preferably between 180 and 230°C
under nitrogen for a couple of hours. A gel inhibitor
such as organic copper salt must be added to avoid
premature gelation and further solidification [27].

After maleinization, the maleinized soybean oil
(SOMA) together with ESBO can be used to obtain
non-isocyanate PU with good properties [28]. SOMA
can be also polymerized with diols to obtain soft,
flexible solids or viscous oily polymers [29] which could
be a route to novel natural-based PU, labile hydrogens
are available to react with isocyanates.

Finally, for setting a standard parameter, high
temperature resistance was defined as the ability of a
polymer, after first being exposed to moisture and then
temperatures of from 163°C to 218°C for about 1 hour,
to retain more of its physical properties. High
temperature resistance was further was expanded to
include the ability of a polymer to display surface
defects, such as blistering when subjected to heat and
moisture [29]. Following these definitions, we can
conclude that PUs derived from natural oils as resistant
to high temperatures in comparison to conventional
polyurethanes.

CONCLUSIONS

As a result of this short review in the subject of
thermal properties of natural based PUs, the main
driven conclusion is that natural oil-based polyol
polyurethanes have better thermal stability than
conventional PUs from polyether and polyester polyols.
As a general rule of thumb, PU from natural oil-derived
polyols decompose temperature up to 30°C higher than
petrochemically-based PUs. These findings clearly
justifies a continued research in this area, specially
when a change towards sustainable materials is
foreseen in next years to come.
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Thermal and mechanical results reviewed showed
that the natural based PUs exhibited higher glass
transition temperatures, better mechanical properties
and higher thermal stability. These facts can be
attributed mainly to the higher degree of cross-linking in
the natural polyols.

Lastly, respect to among chemical modification
routes of soybean oil for PU manufacture, epoxidation
emerges as the most followed one. On the other side,
maleinization of soybean oil has been only very
scarcely studied, although being a straightforward
chemical route, possibly because of harsher reaction
conditions than epoxidation, which limits now its
industrial applications.

REFERENCES

[1] Mark H, Bikales N, Overberger C, Menges G. Polyurethanes.
In Encyclopaedia of Polymer Science and Engineering 1988;
Volume 13, Edition. John Wiley and Sons.

[2] Prisacariu C. Polyurethane Elastomers. From Morphology to
Mechanical Aspects. Springer-Verlag/Wien 2011.
https://doi.org/10.1007/978-3-7091-0514-6

[3] Swain S, Biswal S, Nanda P. Biodegradable Soy-Based
Plastics: Opportunities and Challenges. Journal of Polymers
and the Environment 2004; 12: 35.
https://doi.org/10.1023/B:JOOE.0000003126.14448.04

[4] Monteavaro L, da Silva E, Costa E. Polyurethane networks
from formiated soy polyols: Synthesis and mechanical
characterization. J Amer Oil Chem Soc 2005; 8(2): 365.
https://doi.org/10.1007/s11746-005-1079-0

[5] Li Y, Fu L, Lai S, Cai X, Yang L. Synthesis and
characterization of cast resin based on different saturation
epoxidized soybean oil. Eur J Lipid Sci Technol 2010; 112:
511-516.
https://doi.org/10.1002/€jlt.200900191

[6] Hong J, Radoj¢i¢ D, Yang X, Wan X, Petrovi¢ Z. Tough
thermosetting polyurethanes and adhesives from rubber
seed oil by hydroformylation. Journal of Applied Polymer
Science 2019; 48509.
https://doi.org/10.1002/app.48509

[7] Petrovi¢ Z, Guo A, Javni |, Cvetkovi¢ |, Hong D. Polyurethane
networks from polyols obtained by hydroformylation of
soybean oil. Polymer International 2007; 57(2): 275-281.
https://doi.org/10.1002/pi.2340

[8] Guo A, Zhang W, Petrovic ZJ. Mater Sci 2006; 41: 4914.
https://doi.org/10.1007/s10853-006-0310-6

[9] Petrovi¢ ZS, Guo A, Zhang W. Structure and properties of
polyurethanes based on halogenated and nonhalogenated
soy-polyols. Journal of Polymer Science Part A: Polymer
Chemistry 2000; 38(22): 4062-4069.
https://doi.org/10.1002/1099-
0518(20001115)38:22<4062::AID-POLA60>3.0.CO;2-L

[10] Javni |, Petrovi¢ ZS, Guo A, Fuller R. Thermal stability of
polyurethanes based on vegetable oils. Journal of Applied
Polymer Science 2000; 77(8): 1723-1734.
https://doi.org/10.1002/1097-
4628(20000822)77:8<1723::AID-APP9>3.0.CO;2-K

[11] Petrovi¢ ZS, Zhang W, Zlatanic A, Lava ChC, llavsky M.
Effect of OH/NCO molar ratio on properties of soy-based

polyurethane networks. J Polym Environ 2002; 10: 5-12.
https://doi.org/10.1023/A: 1021009821007

[12]

(3]

[14]

(18]

[16]

7]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

(25]

[26]

[27]

Jadhav J. Castor Oil Based Prepolymers and Thermoplastic
Urethane Polymers. International Journal of Polymeric
Materials 1986; 11(3): 151-158.
https://doi.org/10.1080/00914038608078657

Narine S, Kong X, Bouzidi L, Sporns P. Physical Properties
of Polyurethanes Produced from Polyols from Seed Oils: I.
Elastomers. Journal of the American Oil Chemists’ Society
2016; 84(1): 55-63.
https://doi.org/10.1007/s11746-006-1006-4

Datta J, Gtowinska E. Chemical modifications of natural oils
and examples of their usage for polyurethane synthesis.
Journal of Elastomers & Plastics 2012; 46(1): 33-42.
https://doi.org/10.1177/0095244312459282

Sangeetha J, Retna A, Jasmala Y, Sophia A. A review on
advanced methods of polyurethane synthesis based on
natural resources. Journal of Chemical and Pharmaceutical
Sciences 2014; 7(3): 242-249.

Gama N, Ferreira A, Barros-Timmons A. Polyurethane
Foams: Past, Present, and Future. Materials 2018; 11(10):
1841.

https://doi.org/10.3390/ma11101841

Petrovi¢ Z, Javni |, Jing X. Dong Effect of Hyperbranched
Vegetable Oil Polyols on Properties of Flexible Polyurethane
Foams. Materials Science Forum 2017; 555: 459-465.
https://doi.org/10.4028/www.scientific.net/MSF.555.459

Zhang C, Xia Y, Chen R, Huh S, Johnston PA, Kessler MR.
Soy-castor oil based polyols prepared using a solvent-free
and catalyst-free method and polyurethanes therefrom.
Green Chemistry 2013; 15(6): 1477.
https://doi.org/10.1039/c3gc40531a

Mizera K, Ryszkowska J. Polyurethane elastomers from
polyols based on soybean oil with a different molar ratio.
Polymer Degradation and Stability 2016; 132: 21-31.
https://doi.org/10.1016/j.polymdegradstab.2016.05.004

Mizera K, Ryszkowska J. Thermal properties of polyurethane
elastomers from soybean oil-based polyol with a different
isocyanate index. Journal of Elastomers & Plastics 2018;
009524431877232.
https://doi.org/10.1177/0095244318772323

Mizera K, Ryszkowska J. Thermal properties of polyurethane
elastomers from soybean oil-based polyol with a different
isocyanate index. Journal of Elastomers & Plastics 2018.
https://doi.org/10.1177/0095244318772323

Datta J, Gtowinska E. Effect of hydroxylated soybean oil and
bio-based propanediol on the structure and thermal
properties of synthesized bio-polyurethanes. Industrial Crops
and Products 2014; 61: 84-91.
https://doi.org/10.1016/j.indcrop.2014.06.050

Agrawal A, Kaur R, Walia RS. Investigation on flammability of
rigid polyurethane foam-mineral fillers composite. Fire and
Materials 2019.

https://doi.org/10.1002/fam.2751

Rothon R. Particulate Fillers in Elastomers. In: Rothon R.
(eds) Fillers for Polymer Applications. Polymers and
Polymeric Composites: A Reference; Series. Springer, Cham
2014.

https://doi.org/10.1007/978-3-642-37179-0_9-1

Lligadas G, Ronda JC, Galia M, Cadiz V. Plant Oils as
Platform Chemicals for Polyurethane Synthesis: Current
State-of-the-Art. Biomacromolecules 2010; 11(11): 2825-
2835.

https://doi.org/10.1021/bm100839x

Eren T, Kusefoglu S, Wool R. Polymerization of maleic
anhydride-modified plant oils with polyols. Journal of Applied
Polymer Science 2003; 90(1): 197-202.
https://doi.org/10.1002/app.12631

Blank W. Rubbery Polymeric Mixtures Comprising a
Maleinized Type Oil 1973; USP 3,719,623A.




98 Journal of Research Updates in Polymer Science, 2019, Vol. 8

Néstor Mariano Santucho Weimer

[28] Lee A, Deng Y. Green polyurethane from lignin and soybean
oil through non-isocyanate reactions. European Polymer
Journal 2015; 63: 67-73.

Chemical Society Reviews 2007; 36(11): 1788.
https://doi.org/10.1039/b703294c

) ’ ) [30] Porter J. High Temperature Resistant Polyurethanes 2013;
https://doi.org/10.1016/j.eurpolymj.2014.11.023 USP 6.613.864.
[29] Meier MAR, Metzger JO, Schubert U. Plant oil renewable
resources as green alternatives in polymer science.
Received on 02-12-2019 Accepted on 15-12-2019 Published on 20-12-2019

DOL: https://doi.org/10.6000/1929-5995.2019.08.11

© 2019 Néstor Mariano Santucho Weimer; Licensee Lifescience Global.

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in

any medium, provided the work is properly cited.



