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Polyurethane (PUR) plastic sheets were prepared by reacting polyols synthesized from canola oil with aromatic
diphenylmethane diisocyanate. The properties of the material were measured by dynamic mechanical analysis
(DMA), differential scanning calorimetry (DSC), and thermogravimetric analysis (TGA) as well as tensile properties
measurements. The effect of stoichiometric balance (i.e., OH/NCO molar ratio) on the final properties was evaluated.
The concentration of elastically active network chains (EANCs),νe, of the polymer networks was calculated
using rubber elasticity theory. The glass transition temperatures (Tg) for the plastic sheets with OH/NCO molar
ratios of 1.0/1.0, 1.0/1.1, and 1.0/1.2 were found to be 23, 41, and 43°C, respectively. The kinetic studies of the
degradation process of the PUR plastics showed three well-defined steps of degradation. The PUR plastic sheets
with OH/NCO molar ratio 1.0/1.1 had the highestνe, lowest number-average molecule weight between cross-
links, MC, and excellent mechanical properties, indicating that this is the optimum ratio in the PUR formulations.

Introduction

Polyurethanes (PURs) are one of the most interesting classes
of copolymers, which can vary from rubbery materials to glassy
thermoplastics and from linear polymers to thermosetting
plastics.1 The production of PUR is based on the reaction of
organic isocyanates with compounds containing active hydroxyl
groups such as polyols.2 The investigation of structure-property
relationships in PUR has gained great practical and theoretical
importance, due to their various applications. As it is well-
known,2 many factors influence the physical, chemical, and
thermal properties of PUR. These include the volume fractions
of the soft and hard segments, the chemical compositions of
these segments and distribution of each segment, and the degree
of cross-linking. These factors could be manipulated by varying
the stoichiometric balance of the components in the reaction
(polyol/isocyanate or OH/NCO ratio).

PUR are traditionally industrially produced by reacting
petroleum-based polyols with isocyanates. With the realization
that oil resources are becoming increasingly hard to find and
expensive to produce, researchers have sought different ways
and technologies to viably produce plastics from renewable
resources.3-12 As an inexpensive, readily available candidate,
attention has been paid to vegetable oils which are abundant
and varied as a source for polymeric materials. To produce
valuable polymeric materials from vegetable oils, functional
groups such as hydroxyl, epoxy, or carboxyl groups have to be
introduced to the fatty acid chains of the vegetable oils.3-13

Höfer and co-workers, for example, have produced polyols and
polymers from renewable resources that are successfully com-
mercialized.5,7,12

Our research effort is part of the growing worldwide interest
in the development of vegetable-oil-based polyurethanes. Ozo-
nolysis technology has been industrially established and has been
used to produce azelaic acid and pelargonic acid from com-

mercial-grade oleic acid.14 Generally, the process of producing
acids is carried out in carboxylic acid. To produce alcohols using
this technology, the conversion of the ozonide to acids during
ozonolysis should first be prevented. In our case, this has been
achieved to great extent by using a nonacid solvent. The
products of such ozonolysis (the ozonide) have been further
reduced to aldehyde using a reductive agent and subsequently
hydrogenated to produce the alcohols.

We have used this ozonolysis- and hydrogenation-based
technology to produce polyols with terminal hydroxyl groups
from vegetable oils15-17 and used them successfully to produce
PUR elastomers and foams which had better thermomechanical
and mechanical properties than the corresponding PUR made
from commercially available biobased polyols.15,16 This first
generation of polyols was not suitable to produce PUR plastics
due to their relatively high acidity content. Recently, we have
improved the technology and optimized the process and
produced a new generation of polyols from canola oil with lower
acidity and hydroxyl number close to what is theoretically
achievable. The polyols were suitable for the production of a
wider range of PUR materials including PUR plastics.

In this paper, we report on the properties of PUR plastic sheets
prepared using the new generation of polyols synthesized from
canola oil. The stoichiometric balance (i.e., OH/NCO molar
ratio), a particularly important parameter, was used to control
the final properties of the material. The physical and thermal
properties were studied using dynamic mechanical analysis
(DMA), differential scanning calorimetry (DSC), and thermo-
gravimetric analysis (TGA) techniques. The concentration of
elastically active network chains (EANCs),νe, of the polymer
networks was calculated using rubber elasticity theory. The
effects of OH/NCO molar ratio on the properties of PUR are
also discussed.

Experimental Section

Materials. The canola vegetable oil used in this study was a “100%
Pure Canola” supplied by Canbra Foods Limited, Lethbridge, AB,
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Canada. Raney nickel 2800 (slurry in water) catalyst was obtained from
Sigma-Aldrich Co., Milwaukee, WI. Ethyl acetate (reagent grade) and
zinc (30 meshes, granular) were obtained from Fisher Scientific. The
aromatic diphenylmethane diisocyanate (MDI, Mondur MRS) was
sourced from Bayer Corp., Pittsburgh, PA. NCO content of MDI was
31.5 wt %, and its functionality was 2.6 as provided by the supplier.

Synthesis of Polyol.Canola-oil-based polyol has been synthesized
using ozonolysis- and hydrogenation-based technology. Canola oil in
the ethyl acetate (volume of 1:4) was ozonized (20% volume solution)
at 10°C and 5 L/min O2 flow rate (with the concentration of ozone of
62 g/m3) for 1 h. The ozonolysis product was reduced by zinc (molar
ratio of 1:1.2 of equivalent weight) at room temperature, followed by
hydrogenation at 70°C and with 100 psi with Raney nickel as catalyst.
Finally, the solvent was removed by rotary evaporation and the low
molecular byproducts were removed by wiped blade molecular distil-
lation. The reaction scheme is illustrated in Figure 1 using triolein as
an example. Due to the nature of the starting materials, the obtained
material was a typical polyester polyol.

Preparation of the Plastics.The PUR plastic sheets were prepared
by reacting the polyols with aromatic diphenylmethane diisocyanate.
Three different molar ratios of the OH group to the isocyanate (NCO)
group (Mratio), i.e. OH/NCO of 1.0/1.0, 1.0/1.1, and 1.0/1.2, were chosen
for the formulations. The desired OH/NCO molar ratio satisfies the
following equation:

HereWpolyol is the weight of the polyol, EWpolyol is the equivalent weight
of polyol, WPU is the total weight of PUR to produce, and EWisocyanate

is the equivalent weight of the isocyanate.
The equivalent weight for the isocyanate was provided by the

supplier and is EWisocyanate) 133 g/mol. The equivalent weights of
polyol were determined using the following equation:

The weight of the polyol and isocyanate were calculated using the above
calculated equivalent weight.

Suitable amounts of polyol and MDI were weighed in a plastic
container and stirred slowly for 2 min. The mixture was cast directly
into a metallic mold previously greased with silicone release agent and
placed in an oven at 60°C for polymerization. The samples were
postcured at 60°C for 48 h. The plastic sheets were 100× 100 × 2
mm, ready for further characterization.

Rheometeric Measurements.Viscosity of the polyol was measured
in shearing mode with the TA Advanced Rheometer AR 2000 using a
constant shearing rate of 51.6 s-1.

Density Tests.The density of the PUR plastic sheets with different
molar ratio was determined according to ASTM D 792-00 standard.

FTIR. The FTIR spectra were recorded on a Nicolet Magna 750
FTIR, equipped with an MCT-A detector and a Nicolet Nic-Plan IR
microscope used in transmission mode. The spectra were recorded in
the range 650-4000 cm-1 with a nominal resolution of 4 cm-1. A
background spectrum was first collected before each absorbance
spectrum. A total of 128 interferograms were coadded before Fourier
transformation using the Nicolet Omnic software.

Thermal Properties.DSC measurements were carried out on a DSC
Q100 (TA Instruments), equipped with a refrigerated cooling system.
All the DSC measurements were performed following the ASTM
E1356-03 standard procedure. The samples were heated at a rate of 10
°C/min from 25 to 80°C to erase thermal history, cooled to-40 °C at
a cooling rate of 5°C/min, and then heated again to 80°C at a heating
rate of 10°C/min. The second heating stage was selected to be analyzed
for the collection of melting data. All the procedures were performed
under a dry nitrogen gas atmosphere.

DMA measurements were carried out on a DMA Q800 (TA
Instruments) equipped with a liquid-nitrogen cooling apparatus in the
single cantilever mode, with a constant heating rate of 1°C/min from
-120 to 80°C. The size of the samples was 18× 7 × 2 mm. The
measurements were performed following ASTM E1640-99 standard
at a fixed frequency of 1 Hz and a fixed oscillation displacement of
0.015 mm. In the case of multiple isothermal oscillation experiments,
the isothermal evolution of rheological parameters was recorded as a
function of frequency ranging from 0.1 to 100 Hz. The measurements
were performed, every 5°C, 30 °C below and above glass transition
temperature.

TGA was carried out on a TGA Q50 (TA Instruments) following
the ASTM D3850-94 standard. The sample was ground to a powder
after chilling with liquid nitrogen, and approximately 20 mg of the
specimen was loaded in the open platinum pan. The samples were
heated from 25 to 600°C under dry nitrogen at constant heating rates
of 2.5, 5, 10, 15, and 20°C/min.

All the samples were run in triplicate for thermal property
measurements. The reported errors are the subsequent standard devia-
tions.

Mechanical Properties.Specimens for tensile measurements were
cut out from the PUR plastic sheets using an ASTM D638 type V cutter.
The tests were performed at room temperature using an Instron (MA)
tensile testing machine (model 4202) equipped with a 500 Kgf load
cell and activated grips which prevented slippage of the sample before
break. The used cross-head speed was 100 mm/min, as suggested by
the above-mentioned ASTM standard. At least five identical dumbbell-
shaped specimens for each sample were tested, and their average
mechanical properties are reported. The reported errors are the
subsequent standard deviations.

Figure 1. Reaction scheme of polyol using triolein as an example. The individual curves are labeled (a) PUR plastic sheets with OH/NCO
molar ratio 1.0/1.0, (b) PUR plastic sheets with OH/NCO molar ratio 1.0/1.1, and (c) PUR plastic sheets with OH/NCO molar ratio 1.0/1.2.

Mratio )
Wpolyol/EWpolyol

(WPU - Wpolyol)/EWisocyanate

(1)

EWpolyol ) molecular weight of KOH× 1000
OH no.

)

56110
OH no.

g/mol of hydroxyl groups
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Results and Discussion

The hydroxyl and acidity values of the polyol were deter-
mined according to ASTM titration methods D1957-86 and
ASTM D4662-98, respectively. The average values and standard
deviations of triplicate measurements are reported in Table 1.
As listed in Table 1, the hydroxyl number (235 mg of KOH/g)
is close to the maximum value of 251 mg of KOH/g theoretically
obtainable when producing polyol by assuming that all the
double bonds are cleaved.18 The use of a mild solvent (ethyl
acetate) and zinc reduction procedure has greatly improved the
ozonolysis- and hydrogenation-based technology and yielded a
polyol with higher hydroxyl value and lower acidity content
than that of the polyol previously made. The composition of
the polyol was determined by an analysis protocol developed
in our laboratory on the basis of the HPLC procedure developed
by Elfman-Borjesson and Harrod19 for the analysis of lipid
derivatives. The polyol contained about 60%, 26%, and 5% (on
a mass basis) of triol, diol, and monool, respectively. The
remaining were saturated triacylglycerols (TAGs). The produc-
tion of monool and diol is unavoidable since the starting oil
contains TAGs (20.6%)18 that have a mixture of saturated fatty
acids (which cannot be functionalized) and unsaturated fatty
acids. Monool and diol can also be produced if the ozonolysis
reaction does not cleave all the double bonds on all the fatty
acid chains.

Due to oxidation, either during or after ozonolysis, part of
the ozonide was oxidized to carboxylic acid which could not
be hydrogenated.20 The polyol ended up with relatively high
acid number (16( 2 mg of KOH/g). Despite the relatively high
acid content, the polyol was still capable of producing PUR
plastics, as long as a relatively higher isocyanate content was
used in the formulation to compensate for the detrimental effect
of the acid. Note that one can minimize further the acids content
by taking the following precautions: (1) dry the solvent (here
the ethyl acetate) by using for example molecular sieve to get
rid of the moisture; (2) perform ozonolysis reaction at lower
temperature.

The FTIR spectra of the three PUR plastics with different
OH/NCO molar ratios are shown in Figure 2. A strong 3340
cm-1 absorbance band characteristic of the N-H group and an
absorbance band characteristic of the CdO group centered
around 1700 cm-1 are present in all the FTIR spectra demon-
strating the formation of urethane linkages in all the samples.
As shown in Figure 2, the intensities of the N-H group
absorption band increase with decreasing OH/NCO molar ratio.
This evidenced that the concentration of the urethane linkages
in the PUR plastics with OH/NCO molar ratio 1.0/1.2 is much
higher than those of the other two formulations. Furthermore,
the -NCO group absorption band centered at 2270 cm-1 is
clearly missing in the case of OH/NCO molar ratio 1.0/1.0, while
it increases significantly with decreasing OH/NCO molar ratio,
indicating that PUR plastics with OH/NCO molar ratio 1.0/1.2
contained more unreacted-NCO groups than the other two.

FTIR spectroscopy gives useful qualitative information about
the molecular structure of the PUR, but to obtain quantitative

information, other methods, such as DMA which could be used
to determine the concentration of EANCs in the network, are
needed.

The elastic behavior of polymer networks can be described
by either the affine or the phantom network models.

In the affine network model,21 the storage shear modulusG′
is given by

whereR is the gas constant,νe the concentration of EANCs,T
the absolute temperature,MC the number-average molecular
weight between cross-links, andF the density of the PUR plastic
sheets.

The phantom network model,22 which usually describes the
elasticity of perfect networks, considers the effect of elastically
active junctions. However, in real PURs, most of the networks
have less than perfect elasticity. For example, nonidealities such
as dangling chains will decreaseνe and entrapped entanglements
will increase it. The molecular chains will also interact with
each other and reduce the junction fluctuations.

In the case of strong interactions, the junctions do not fluctuate
at all and are displaced affinely with macroscopic strain.23

Because of the strong interactions between molecular chains in
the PUR network, the storage shear modulusG′ of the PUR
network could be related toνe using the affine network model
(eq 2). Using the time-temperature superposition principle,24

it is possible to characterize the viscoelastic behavior of a
polymer at various temperatures over an experimental unap-
proachable time or temperature range.

Isothermal oscillation measurements were performed in the
Tg region. The isothermal storage moduli (E′) were obtained as
a function of frequency. The curves obtained at different
temperatures were superposed in the standard manner into
respective master curves using the time-temperature superposi-
tion principle. Figure 3 shows the master curve ofE′ at a
reference temperature ofTg + 5 °C for PUR plastic sheet with
OH/NCO molar ratio 1.0/1.2. The extended frequency range
obtained by the superposition is 10-5-109 Hz. The pseudoequi-
librium modulus of the cross-linking network,G′ (G′ ) E′/3),
is related toνe through eq 2.F was determined according to
ASTM D 792-00 standard and assumed to be a constant when
theMC was calculated at temperature ofTg + 5 °C. The results
are listed in Table 2.

Table 1. Polyols and Diisocyanate Parameters Used in the
Formulations To Prepare the PUR Plastic Sheetsa

type
equiv wt
(g/mol)

OH no.
(mg of KOH/g)

acidity no.
(mg of KOH/g)

viscosity at 25 °C
(Pa·s)

polyol 239 235 ( 5 16 ( 2 0.9860 ( 0.0005
MDI 133

a Errors are standard deviations; n ) 3.

Figure 2. FTIR spectra of the PUR plastic sheets. The individual
curves are labeled (a) PUR plastic sheets with OH/NCO molar ratio
1.0/1.0, (b) PUR plastic sheets with OH/NCO molar ratio 1.0/1.1, and
(c) PUR plastic sheets with OH/NCO molar ratio 1.0/1.2.

G′ ) E′
3

) νeRT) FRT
Mc

(2)
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The PUR plastic sheets withMratio ) 1.0/1.1 has the highest
νe and lowestMC. For Mratio ) 1.0/1.0 andMratio ) 1.0/1.2,νe

and MC of the plastic sheets remained almost the same. This
indicated that only reasonable excess of isocyanates can improve
the network structure by increasing the concentration of EANCs
in the network. Too much off-stoichiometry resulted in incom-
plete conversion of isocyanates, which is the main reason for
the formation of imperfect structures and the decrease of the
concentration of EANCs in the networks.25,26

Tg was investigated using both DSC and DMA. The DSC
curves of the PUR plastic sheets with different molar ratios,
shown in Figure 4, display a single feature: a glass transition
in the range 20-45 °C. Tg was determined from the shift of
heat capacity with temperature. Figures 5 and 6 show the
changes in the storage (E′) and loss (E′′) moduli of the PUR
plastic sheets with temperature, obtained from DMA carried
out at frequency of 1 Hz, respectively.Tg values as determined
from the inflection point ofE′ vs temperature are higher than

those determined by DSC by about 5-10 °C (see Table 2) as
generally found in the literature.9 The trend is however the
same: the lowestTg was recorded for the PUR plastic sheet
with the OH/NCO molar ratio 1.0/1.0 and the highestTg was
recorded for the PUR plastic sheet with the OH/NCO molar
ratio 1.0/1.2. TheTg value for the OH/NCO molar ratio 1.0/1.1
sample is close to that of the OH/NCO molar ratio 1.0/1.2
sample.

The glass transition of a polymer network is affected by the
concentration of EANCs as well as the chemical structure. In
principle, increased aromatic content should result in higherTg,
and reducedνe would affect it oppositely.10 The relatively large
increase ofTg (∼20 °C) whenMratio decreased from 1.0/1.0 to
1.0/1.1 indicated that the flexibility of the polymer chains was

Figure 3. Master curve of E′ at a reference temperature of Tg + 5
°C for PUR plastic sheet with OH/NCO molar ratio 1.0/1.2.

Table 2. Tg (°C) Obtained by DSC and DMA, Density, and Parameters of Cross-Linking Networks of the PUR Plastic Sheets

molar ratio (OH/NCO) Tg (°C) from DSC Tg (°C) from DMA E′ (MPa)a F at 23 °C (g/cm3) νe (mol/cm3) MC (g/mol)

1.0/1.0 15.3 ( 0.6 22.7 ( 0.6 5.1 1.133 6.8 × 10-4 1662
1.0/1.1 34.3 ( 0.6 41.3 ( 0.6 8.3 1.145 1.0 × 10-3 1217
1.0/1.2 36.7 ( 0.6 43.0 ( 1.0 6.1 1.156 7.6 × 10-4 1682

a E′ at rubbery plateau from master curve.

Figure 4. MDSC curves of the PUR plastic sheets. The individual
curves are labeled (a) PUR plastic sheets with OH/NCO molar ratio
1.0/1.0, (b) PUR plastic sheets with OH/NCO molar ratio 1.0/1.1, and
(c) PUR plastic sheets with OH/NCO molar ratio 1.0/1.2.

Figure 5. Storage moduli vs temperature, obtained from DMA carried
out at a frequency of 1 Hz. The individual curves are labeled (a) PUR
plastic sheets with OH/NCO molar ratio 1.0/1.0, (b) PUR plastic sheets
with OH/NCO molar ratio 1.0/1.1, and (c) PUR plastic sheets with
OH/NCO molar ratio 1.0/1.2.

Figure 6. Changes in the loss (E′′) moduli with temperature, obtained
from DMA carried out at frequency of 1 Hz. The individual curves
are labeled (a) PUR plastic sheets with OH/NCO molar ratio 1.0/1.0,
(b) PUR plastic sheets with OH/NCO molar ratio 1.0/1.1, and (c) PUR
plastic sheets with OH/NCO molar ratio 1.0/1.2.
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reduced for the higher cross-linked networks, shifting the
rubbery state to higher temperatures. This could be explained
by the high value ofνe for the sample withMratio of 1.0/1.1 as
mentioned earlier. However, when the OH/NCO molar ratio
further decreased from 1.0/1.1 to 1.0/1.2,Tg remained almost
the same. This is thought to be due to several competing factors
including primarily: (1) lowerνe of the PUR plastic sheets with
OH/NCO molar ratio 1.0/1.2; (2) increased phenyl-ring content
produced by larger amount of isocyanate in the later formulation.

A weak transition at about-70 °C was also observed for all
our samples as illustrated by the first peak in the loss moduli
curves (arrow 1 in Figure 6). This transition which has been
detected in PUR produced from other vegetable oils13 has been
identified as theâ transition. Theâ transition may be related
to the movements of a chain part containing the urethane group
attached to cross-linker27 or to the motion of the backbone chain
of the short groups in the fatty acid chains.28

The height and width of tanδ peaks may also be analyzed
for each PUR plastic sheet to observe trends in the concentration
of EANCs and network homogeneity.29,30 As shown in Figure
7, the height of the tanδ peak measured by DMA is the lowest
(0.98) for OH/NCO molar ratio 1.0/1.1 and has approximately
the same value for the two other formulations (1.02 for OH/
NCO molar ratio 1.0/1.0 and 1.03 for OH/NCO molar ratio 1.0/
1.2). The full width at half-maximum of tanδ peak is 19, 21,
and 22°C for samples with OH/NCO molar ratio 1.0/1.0, 1.0/
1.1 and 1.0/1.2, respectively. Because tanδ is the ratio of
viscous to elastic components of the modulus, it can be
speculated that its decreasing height is related to lower segmental
mobility and thus indicative of a higherνe. The evolution of
tanδ peak height with OH/NCO molar ratio reflects that ofνe

and demonstrates consistency with what has been discussed in
light of the theory of rubber elasticity. On the other hand, the
slight broadening of the tanδ peak with decreasing OH/NCO
molar ratio is probably due to the excess of isocyanate which
may have reacted with the amine (produced by the side reactions
of the isocyanate with moisture or carboxylic acids) to form
urea. The formation of urea linkages increases the number of
cross-linking joints and results in a wider distribution of network
structures.

TGA curves of the PUR plastic sheets with different OH/
NCO molar ratios at 5°C/min heating rate and their derivatives
(DTGA) are shown in Figure 8a,b, respectively. For all the

formulations, the decomposition started at approximately 200
°C and ended at 500°C. The shapes of the weight loss curves
were similar in the whole temperature range. DTGA curves
revealed three main degradation processes. In the first step the
sample lost 20% of its weight, in the second step it lost 20-
70%, and in the third it lost its remaining weight.

Kinetic studies of the degradation process were performed
to better understand the thermal degradation behavior of the
PUR plastic sheets. The kinetic data for thermal degradation,
namely, the activation energyE, depends on heating rate.31

Because the kinetics of degradation is so complex, different
methods applied to real polymers give substantially different
results.32 The values obtained for the activation energy depend
significantly on the mathematical treatment used for the
calculations as well.33

In this study, the Kissinger method34 based on multiple heat-
ing rates was applied to analyze TGA kinetic data. This method
involves the temperature values,Tm, at the maxima of the first
derivative weight loss of the DTGA curves. Kissinger assumed
that pseudo-first-order kinetics for the thermal decomposition
could be used such that the following expression could be
derived:

Figure 7. Temperature dependence of tangent δ (tan δ) measured
by DMA for the PUR plastic sheets. The individual curves are labeled
(a) PUR plastic sheets with OH/NCO molar ratio 1.0/1.0, (b) PUR
plastic sheets with OH/NCO molar ratio 1.0/1.1, and (c) PUR plastic
sheets with OH/NCO molar ratio 1.0/1.2.

Figure 8. (a) TGA curves of the PUR plastic sheets at 5 °C/min
heating rate. (b) TGA derivative (DTGA) curves of the PUR plastic
sheets at 5 °C/min heating rate. The individual curves are labeled
(a) PUR plastic sheets with OH/NCO molar ratio 1.0/1.0, (b) PUR
plastic sheets with OH/NCO molar ratio 1.0/1.1, and (c) PUR plastic
sheets with OH/NCO molar ratio 1.0/1.2.

d[ln(â/Tm
2)]

d(1/Tm)
) -E

R
(3)
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Here â is the heating rate,R the gas constant, andE the
activation energy. Thus, a plot of ln(â/Tm

2) vs 1/Tm allows one
to calculate the activation energies for the main stages of
decomposition. The values of activation energy obtained using
five different rates (2.5, 5, 10, 15, and 20°C/min) are listed in
Table 3.

As indicated by the Kissinger method, all the PUR plastic
sheets decomposed in multiple stages. The first stage (R < 0.2)
which is associated withE values in the range of 110-140 kJ/
mol can be assigned to the cleavage of the urethane linkages.32

The calculated activation energies for the intermediate stage (R
) 0.2-0.7) is in the range 140-180 kJ/mol. In the last
decomposition stage (R ) 0.7-0.9), theE values calculated
are fairly high (approximately 270 kJ/mol) close to the C-C
bond dissociation energy of 348 kJ/mol suggesting a probable
C-C bond cleavage.35 The wide variation ofE with R is
expected to be due to the continuous change of the degradation
mechanism, suggesting the complexity of the thermal degrada-
tion of these polymers. This implies thatE is not only a function
of chemical structure of polymers but also changes with
conversion for a single polymer. It provides, however, an
additional parameter for the assessment of the thermal stability
of these polymers.

The stress vs strain curves for the PUR plastic sheets with
different OH/NCO molar ratios are shown in Figure 9. In the
case of PUR plastic sheet with OH/NCO molar ratio 1.0/1.0,
the tensile strength at break is 14( 2 MPa and maximum
elongation is 75( 10%. PUR plastic sheet with OH/NCO molar
ratio 1.0/1.1 displays a yield point with yield strength 18( 1
MPa followed by a slight decrease and then increase until break
at elongation of 39( 3%. The PUR plastic sheet with OH/
NCO molar ratio 1.0/1.2 is more rigid but brittle with tensile
strength at yield 32( 2 MPa and elongation at break of 8(
1%. Again this is probably due to the excess of aromatic content
in this series as mentioned before. SinceTg (23 °C) of the PUR

plastic sheet with OH/NCO molar ratio 1.0/1.0 coincides with
the measuring temperature (25°C), this polymer behaved as a
hard rubber. If this product have been measured at a temperature
significantly below it isTg, it would have typical mechanical
properties36 of rigid plastics as the other two types of plastic
sheets withTg around 40°C.

It is worth mentioning that ozonolysis as a low-cost and easily
run technology, combined with the utilization of cheap and mild
solvent, provides a great opportunity to industrially commercial-
ize vegetable-oil-based polyol. It is reasonable to believe that
the vegetable-oil-based PUR could be a potential candidate to
replace or partially replace petroleum-based PUR, in sensitive
and high end applications such as in the biomedical area. To
this end, our group is currently engaged in further studies of
PUR made from vegetable-oil-based polyols investigating their
various properties and functionalities and comparing them with
those of petroleum-based PUR.

Conclusions

Polyurethane plastic sheets have been prepared by reacting
polyols with terminal primary functional groups synthesized
from canola oil with aromatic diphenylmethane diisocyanate.
The Tg of the plastic sheets increased as the OH/NCO molar
ratio was decreased. Three well-defined steps of degradation
of the PUR plastics were observed by TGA, and the degradation
process was analyzed using a model-free kinetic approach
(Kissinger model). The properties of PUR plastic sheets were
mainly governed by the stoichiometric balance of the compo-
nents in the reaction and the degree of cross-linking. The PUR
plastic sheets with OH/NCO molar ratio 1.0/1.1 had the highest
νe, lowest number-average molecule weight between cross-links
MC, and excellent mechanical properties, indicating that this is
the optimum ratio in the PUR plastics formulation.
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