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ABSTRACT: Polyurethanes can be prepared using polyols ob-
tained from vegetable oils in natura, such as castor oil, or from
functionalized vegetable oils, such as hydroxylated soybean oil.
These polyurethanes have different valuable properties, deter-
mined by their chemical composition and cross-linking density.
In this study, soy epoxy polyols with different OH contents were
prepared through a one-step reaction using the method of in situ
performic acid generation. Polyols with OH functionalities from
1.9 to 3.2 were reacted in bulk with different diisocyanates at a
NCO/OH molar ratio of 0.8 and 60°C for 24 h. Mechanical prop-
erties of the polyurethanes were determined by dynamic mechan-
ical thermal analysis, hardness (Shore A), and swelling measure-
ments. Polymer networks with glass-transition temperatures (T,)
from —13 to 48°C were obtained. We observed that the higher the
OH functionality of the polyols, the higher the T, and cross-link-
ing density of the polyurethane network. The influence of diiso-
cyanate structure (rigid or flexible chain), curing temperature, and
curing reaction time on mechanical properties was also investi-
gated.
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The use of renewable resources has attracted the attention of
many researchers because of their potential to replace petro-
chemical derivatives (1-3). Soybean oil is an inexpensive,
readily available, renewable resource and provides an excel-
lent platform for polymeric materials. Soybean oil is mainly
composed of TG molecules derived from unsaturated FA such
as oleic acid (22%), linoleic acid (55%), and linolenic acid
(7%). Although they possess double bonds, which are the reac-
tive sites for coatings and paints, they need to be functional-
ized to prepare polymers (4). Polyurethanes (PU) have been
prepared from vegetable oils in natura, such as castor oil, or
from polyols obtained from vegetable oils, such as corn, sun-
flower, and soybean oils, and show a number of excellent prop-
erties because of the hydrophobic nature of TG (5,6). To use
natural oils as raw materials for PU production, multiple hy-
droxyl functionalities are required. Usually these are obtained
by reacting epoxidized oils with low-M.W. mono- or polyfunc-
tional alcohols or acids.
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Recently, Petrovic et al. (7) reported the effect of the
NCO/OH molar ratio on soy-based PU network properties
using a methoxylated soy polyol (OH functionality = 3.7) and
4,4’-methylenebis(phenyl isocyanate) (MDI). Glassy polymers
were produced when the NCO/OH ratio was between 0.8 and
1.05. Higher cross-linking densities, glass-transition tempera-
tures (Tg), and tensile strengths were observed as the NCO/OH
ratio increased. The influence of the diisocyanate structure on
the properties of these soy-based PU was also investigated (8).

Guo et al. (9) reported the physical and mechanical proper-
ties of soy polyol-derived PU prepared by the hydrogenation
of hydroformylated soybean oil. When the hydroformylation
reaction was rhodium catalyzed, an OH functionality of 4.1
was obtained, yielding a rigid PU after reaction with MDI. On
the other hand, a cobalt-catalyzed hydroformylated polyol pre-
sented an OH functionality of approximately 2.7, resulting in a
polymer with poorer mechanical properties.

Javni et al. (10) also prepared a series of PU from halo-
genated, hydrogenated, methoxylated, epoxidized soybean oil
with an average OH functionality of 3.8. PU based on nonhalo-
genated soy polyols showed higher thermal stability but lower
Tg and mechanical properties.

Our group has studied different methods of functionalizing
vegetable oils to obtain new raw materials for the preparation
of biorenewable materials (11,12). In this study, we prepared
formiated epoxy soy polyols in a one-step synthesis and inves-
tigated their influence on the mechanical properties of PU net-
works. Soy polyols having OH functionalities from 1.9 to 3.2
were reacted with different diisocyanates at a constant
NCO/OH molar ratio. The effect of the diisocyanate structure
and the PU curing conditions (time and temperature) also were
investigated.

EXPERIMENTAL PROCEDURES

Materials. 2,4-Toluene diisocyanate (TDI) was purified by dis-
tillation under reduced pressure. MDI and 1,6-hexamethylene
diisocyanate (HDI) were used as received but were degassed.
All diisocyanates were supplied by Bayer AG (Leverkusen,
Germany). The NCO index was determined according to
ASTM D5155-96 (13). Toluene (Merck, Darmstadt, Germany)
was dried under sodium and distilled before use under a nitro-
gen atmosphere.

Soy polyol synthesis. Fifty grams (0.26 mol of double
bonds) of degummed soybean oil (MM = 868 g/mol and 4.5
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mol of double bonds) supplied by Oleoplan Ltda. (Veranépo-
lis, Brazil) was mixed with 13 mL (0.78 mol) of formic acid
(Synth, Séo Paulo, Brazil). A solution of 30% H,0, (29 mL,
0.39 mol; Nuclear, Sao Paulo, Brazil) was slowly added to the
mixture at room temperature for 30 min under strong mechani-
cal stirring. When the H,0O, addition was completed, the mix-
ture was heated to 65°C for different lengths of time, depend-
ing on the hydroxylation level to be reached. After the required
time, heating was removed and a 10% wt/vol sodium bisulfide
solution was added to the mixture and stirred for at least 30 min
to eliminate excess peroxide. Ethyl ether (from Nuclear) was
then added, and the organic layer was washed with a 10%
wt/vol sodium carbonate solution until neutralized. The organic
layer was dried with sodium sulfate overnight, and the solvent
was removed under vacuum.

PU preparation. The soy polyols were maintained under
vacuum for 2 h before polymerization. PU were prepared by
mixing the soy polyols with diisocyanate at a NCO/OH ratio
of 0.80 at 60°C and placed into molds. Samples were then
maintained at 60 or 100°C for 24 h to complete curing. The PU
curing reaction was monitored by the disappearance of iso-
cyanate absorption at 2270 cm™! in the IR spectrum.

Characterization methods. The soy polyols were analyzed
by IR and '"HNMR spectroscopy. The IR spectra were obtained
with a Shimadzu FTIR spectrophotometer, Model 8300, using
KBr crystals. The 'H NMR spectra were obtained with a Var-
ian Inova 300, 300 MHz, using CDC]3 as solvent and tetra-
methylsilane as standard. The viscosity was measured at 30°C
in a Brookfield viscometer, model LVDV-II, serial no.
RT57729. The OH content of the soy polyol was determined
according to AOCS Official Method Tx 1a-66 (14).

The PU obtained from soy polyols were characterized by
the following methods and techniques: DSC experiments were
carried out using a PerkinElmer DSC-4 differential scanning
calorimeter in a nitrogen atmosphere at a heating rate of
10°C/min.

Size exclusion chromatography (SEC) was performed in
THF as the eluent on a Waters GPC equipped with a differen-
tial refractometer detector (Waters 410) and PS/DVB columns
(linear, 10° s 104, and 103 A Waters Styragel; Waters, Milford,
MA). A calibration curve with polystyrene standards was used.

Dynamic mechanical measurements were carried out on PL-
DMTA MKII equipment. The storage modulus, E’, and loss
modulus, E”, as well as the loss factor, tan 8, were determined
from —100 to 200°C at a heating rate of 2°C/min at 1 Hz. Tg
was determined as the temperature at the maximum of the tan
d vs. temperature curve.

PU densities were measured by immersion in butyl acetate
according to the method ASTM D 792-91 (15).

Network cross-linking density (v,) was calculated by the
following equation, derived from the theory of rubber elastic-
ity (16):

E =3vRT (1]

where E’ is the storage modulus of the thermoset in the rubbery
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plateau region at Tg +40°C, R is the gas constant, and 7 is the
absolute temperature.

From the cross-linking density, the number-average M. W.
between cross-linking (M) can be determined through the
equation

M. =plv, [2]

Swelling experiments were performed in toluene at 30°C.
Three weighed and previously dried samples of each PU were
placed in excess of dry toluene for 4 d at room temperature. On
day 5, the samples were maintained at 30°C for 8 h, then re-
moved from the toluene and weighed. The soluble fraction (W)
for each sample was calculated by the weight difference be-
tween the dry sample before (w)) and after (w,) toluene extrac-
tion, according to the following equation:

Wg=(w, —wy)lw, (3]

The volume fraction of the polymer in the swollen sample, ®,,
was calculated as

@, = Wa/py)
2 W-W, W [4]

p P2

where w is the weight of the solvent absorbed by the sample, p
is the solvent density, and p, is the density of the PU.

The degree of swelling was then determined from the in-
verse of the volume fraction of the polymer in the swollen sam-
ple:

Degree of swelling = < [5]
@,

Hardness was determined with a Shore A Durometer ac-
cording to the method ASTM D 2240-97 (17). Measurements
were made at 3, 15, and 30 s at six different points on the sam-
ple surface. The average value was taken as the hardness value.

RESULTS AND DISCUSSION

Soy polyol synthesis. Low-M.W. liquid epoxy polyol esters or
ethers from vegetable oils can be used as polyols for PU sys-
tems. Usually, hydroxyl groups have been introduced through
a two-step synthesis involving the epoxidation of the unsatu-
rated sites with formic acid and hydrogen peroxide, followed
by epoxy ring opening with mono- or polyfunctional alcohols,
amino alcohols, or acids (5). Depending on the reaction condi-
tions, polyols with high OH functionality (complete reaction)
or epoxy polyol esters with remaining epoxy groups (partial
conversion) are obtained. The latter (epoxy polyol esters) are
also interesting because of their better oxidative stability (18).
In this study, formiated epoxy soy polyols were prepared by
a one-step synthesis using the formic acid/H,0, system. Ini-
tially, the best molar proportion of soybean oil double
bonds/formic acid/H,0, (1:3:1.5) was determined in order to
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TABLE 1
Characterization of Formiated Epoxy Soy Polyol as a Function
of Reaction Time?

Time Acid value OH number Viscosity
Reaction (min) (mg KOH/g) (mg KOH/g) (cP at 30°C)
1 20 1.8 53 230
2 60 1.8 64 621
3 80 1.8 98 1398
4 100 2.2 125 3617
5 120 1.8 137 2933
6 150 2.0 158 5718
7 240 1.2 162 9844

41 mol of double bonds/3 mol of formic acid/1.5 mol of H,0,, at 65°C.

have a total conversion of the double bonds. The hydroxyla-
tion reaction was carried out at a constant temperature (65°C),
and by increasing the reaction time, it was possible to prepare
soy polyols with OH numbers from 53 to 162 mg KOH/g, as
can be seen in Table 1.

Figure 1 shows the IR and '"H NMR spectra of the soy
polyol with an OH value of 162 mg KOH/g. In the IR spectrum,
besides the appearance of a large band around 3400 em™!,
assigned to OH stretching, and two small bands at 877 and 925
cm™, assigned to the epoxy groups, the disappearance of the
3010 cm™! band, corresponding to the hydrogen of the =CH
group, also can be observed.

In the 'H NMR spectrum, the major changes observed were
the appearance of hydrogen signals assigned to the formiate
group (HCOO-, 8.15 ppm) and epoxy groups [-CH(O)CH-,
2.8-3.2 ppm], and methinic protons attached to the hydroxyl
and formiate groups (-CH(OH), 3.8—4.2 ppm). In the charac-
teristic unsaturated bond region (5.2-5.5 ppm), only the signal
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corresponding to the methinic proton of the glycerol unit
(ROOCH,),CH(OOR) was observed.

The increase in viscosity was also expected since the pres-
ence of polar groups increases interaction between the mole-
cules.

It is important to point out that in epoxy polyol esters from
vegetable oils, the distribution of OH groups is not homogene-
ous. In fact, the OH value determined for each sample is an av-
erage distribution of OH groups present in the TG, which are
composed of glycerol triesters of different saturated and unsat-
urated FA. This nonhomogeneous distribution is responsible
for the different properties and characteristics of the vegetable
polyols compared with petrochemical ones. Figure 2 shows the
idealized structure of a formiated epoxy soy polyol with an OH
functionality of approximately 3.0 having a saturated hydro-
carbon structure, with one OH and one formiate group per dou-
ble bond and one residual epoxy group.

Table 2 shows the characterization of formiated epoxy soy
polyol used in PU preparation. Soy polyols having OH func-
tionalities between 1.9 and 3.2 and acid values lower than 2.5
mg KOH/g were obtained. The OH functionality was calcu-
lated based on the OH number and the extension of the epoxy
ring opening, p (hydroxylation reaction), as follows:

[OH functionality] =
OH number/56,100 x [MM (soybean oil)
+4.546+16)xp+4.5x 16 x (1 —p)] [6]

The number-average M.W., M e determined by SEC measure-
ments, increases with the OH functionality and is higher than
the calculated MM. However, these values should be viewed
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FIG. 1. FTIR (KBr film) and '"H NMR (CDCl,, 300 MHz) spectra of the formiated epoxy soy polyol (162 mg KOH/g).
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FIG. 2. Idealized structure of a formiated epoxy soy polyol.

with caution since they are obtained using a polystyrene stan-
dard calibration curve and also because TG are not linear mol-
ecules.

The soybean oil used in this work had 4.5 mol of double
bonds, and after the reaction they were totally converted—part
of them in OH/formiate groups and the rest in epoxy groups—
resulting in a formiated epoxy polyol. Polymerization of the
epoxy groups was not observed by SEC measurements. How-
ever, etherification and esterification of the epoxide groups can-
not be ruled out, since the epoxide contents of the polyols, de-
termined by 'H NMR measurements, were lower than the the-
oretical ones.
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PU preparation and characterization. PU were prepared by
curing soy epoxy polyols with three diisocyanates in different
conditions, as shown in Table 3. We used a NCO/OH ratio of 0.8
(excess of OH groups) to guarantee that the NCO groups reacted
to completion. In this way, the known difference in NCO reac-
tivity, in the case of TDI, would not significantly affect the prop-
erties of the resulting material. The parameters investigated were
the influence of the OH functionality (PUO1-PUO04), the effect
of the diisocyanate structure (PUO1, PUOS, and PU06), the influ-
ence of the curing temperature (PUO1, PUO08), and the effect of
the curing time (PUO7-PU09) on the properties of PU. The com-
plete curing of PU was monitored by IR, through the disappear-
ance of the isocyanate absorption band at 2270 cm™', and was
confirmed by DSC analysis, where the exothermic curing reac-
tion peak was not observed after the curing treatment.

Table 3 also shows the characterization data of the prepared
PU, namely, glass-transition temperature (Tg), density (p), stor-
age modulus (E”), cross-linking density (v ), M.W. between
cross-linking (M), soluble fraction (W), degree of swelling
(DS), and hardness (H).

We observed that the T, and p of the PU increased with the
increase in the polyol functionality. Petrovic et al. (6) reported
a similar result for different vegetable polyols.

TABLE 2
Characterization of the Formiated Epoxy Soy Polyols Used in Polyurethane Preparation
OH number Epoxide Acid value Average MMmP M, €

Soy polyol  (mg KOH/g) content? (%) (mg KOH/g) functionality (f (g/mol) (g/mol)

01 104 49 2.0 1.9 1027 1882

02 136 27 1.8 2.5 1055 2075

03 152 7 2.1 2.9 1073 2306

04 162 NDY 2.5 3.2 1086 2404

aDetermined by "H NMR.

bCalculated according to the relation: MM = 868 + f(46 +16) + (4.5 — f) (16).

‘Determined by size-exclusion chromatography using a polystyrene standard calibration curve.

dCould not be determined.
TABLE 3
Curing Conditions and Characterization of Polyurethanes (PU) Prepared from Soy Epoxy Polyols

Curing
Soy polyol conditions Characterization Data”
Average Temp Time T 4 p Ve, M. W,

PU functionality  Isocyanate? (°Q) (h) (°0) (MPa) (g/cm®  (mol/m?)  (g/mol) (%) DS H
01 1.9 TDI 60 24 1 0.678 1.052 87 12100 23.6 3.62 29
02 2.5 TDI 60 24 21 1.426 1.076 171 6300 133 2.56 44
03 29 TDI 60 24 42 3.754 1.096 424 2600 5.2 2.09 55
04 3.2 TDI 60 24 48 3.978 1.102 442 2500 0.2 1.95 74
05 1.9 HDI 60 24 =13 0.539 1.032 73 14100 33.2 4.25 26
06 1.9 MDI 60 24 4 0.800 1.050 101 10400 28.2 3.21 35
07 1.9 TDI 100 15 7 1.406 1.056 176 6000 20.2 3.21 45
08 1.9 TDI 100 24 6 1.441 1.051 181 5800 18.2 3.09 46
09 1.9 TDI 100 48 9 1.412 1.050 176 6000 15.4 3.02 48

9TDI, 2,4-toluene diisocyanate; MDI, 4,4’-methylenebis(phenyl isocyanate); HDI, 1,6-hexamethylene diisocyanate; NCO/OH ratio, 0.80.
bt glass-transition temperature; E’, storage moduli at T = Tg +40°C; p, density; v, cross-linking density; W,, soluble fraction; DS, degree of swelling; H,

hardness (Shore A, 15 s).
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As expected, the PU based on polyols with higher OH func-
tionalities presented a higher v, and consequently a smaller M,
value. T, values of the soy polyol networks increased linearly
with the logarithm of v , according to Nielsen’s empirical equa-
tion (19):

4
;3910

g fgo M 7

where T, is the glass-transition temperature of a non-cross-
linked polymer with the same chemical composition as the
cross-linked polymer. In the present study, a linear relation was
obtained, with a correlation parameter of 0.995. It is known that
the higher the v, the higher the Tg of the polymer, because of
the restrictions imposed on the molecular chain motions.

The content of W was only 0.2% for PU04 but increased
with decreasing OH functionality. The soluble fraction was also
investigated by NMR, IR spectroscopy, and SEC and was char-
acterized as a urethane with a weighted-average M.W. (M, =
4100 g'mol_l) higher than the soy polyol weight (M|, = 2800
g-mol_l).

The DS values observed in toluene are consistent with the
results obtained for the v, since lower DS would be expected
at higher v . The H values are also consistent with the results
obtained, since higher OH-functionality PU showed higher v,
and were therefore stiffer.

The nature of the diisocyanate also influenced the Tg, as can
be seen by comparing the data obtained for PUO1, PUOS, and
PUO6. Networks prepared from aromatic diisocyanates (TDI,
MDI) showed higher Tg than those prepared from HDI, which
has a more flexible chain.

On the other hand, the v B increased moderately. We ob-
served that the PU obtained from MDI (PU06) had a higher v,
than the PU obtained from TDI (PUO1) or HDI (PUO5).

As noted previously, PU networks with higher v, have lower
DS. PU prepared from MDI (PU06) presented lower DS than
those from TDI or HDI. It is important to mention here that the
presence of aromatics in the PU can contribute to a higher elas-
tic modulus because of their more rigid structure, resulting in a
higher v, as obtained experimentally. However, higher aro-
matic contents are also expected to increase the solubility in
toluene, giving higher DS at the same v ,, which was not ob-
served in this work.

Figure 3 shows the dependence of temperature on the stor-
age modulus (E”) for the PU obtained at 60°C (PU01-PU06).
As observed, E’ remained constant at lower temperatures for
all PU. As the temperature increased, the E” dropped abruptly,
between —40 and 80°C, according to the material. Even at
higher temperatures, the apparent constant modulus indicated
the existence of stable cross-linked networks in the bulk poly-
mer. All samples showed an increase in the rubbery modulus
with temperature because of the contraction of molecular coils
(8). As expected, the rigidity of the PU increased with increas-
ing polyol OH functionality. For example, PUO4 (OH function-
ality = 3.2) had an elastic plateau at £ of 4 MPa, whereas PUO1
(OH functionality = 1.9) showed poor thermomechanical prop-
erties and a lower E’ (0.7 MPa). Despite this polyol having an
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FIG. 3. Temperature dependence of the storage modulus (E’) for
polyurethane (PU) networks (PU0T-PU06) cured at 60°C for 24 h. PUOT1
(soy polyol OH number = 104 mg KOH/g and TDI), PUO2 (soy polyol
OH number = 136 mg KOH/g and TDI), PUO3 (soy polyol OH number
= 152 mg KOH/g and TDI), PU04 (soy polyol OH number = 162 mg
KOH/g and TDI), PUO5 (soy polyol OH number = 104 mg KOH/g and
HDI), PUO6 (soy polyol OH number = 104 mg KOH/g and MDI). TDI,
2,4-toluene diisocyanate; MDI, 4,4’-methylene-bis(phenyl isocyanate);
HDI, 1,6-hexamethylene diisocyanate; NCO/OH ratio, 0.80.

average OH functionality lower than 2, it also had a thermoset
mechanical behavior, which we attributed to the heterogeneous
composition of the TG molecules of the soybean oil.

Zlatanic et al. (20) prepared PU with MDI and triolein poly-
ols with an OH functionality of 3.14, having a higher E’ (6.17
MPa) than that of the PU04 (3.98 MPa) prepared in this study
using a soy polyol with almost the same OH functionality (3.2).
The higher E” obtained by Zlatanic et al. can be attributed to
the use of MDI as the diisocyanate, the homogeneous polyol
composition, and the different curing conditions, such as a
higher NCO/OH ratio and temperature.

Very similar mechanical behavior was observed in the PU
obtained from polyol with an average OH functionality of 1.9
and diisocyanates TDI, HDI, and MDI (respectively, PUOI,
PUOS, and PUO6). The networks prepared from MDI and TDI
showed an elastic plateau at a higher E” than that prepared from
HDI, which has a more flexible chain. The same influence was
verified recently by Javni et al. (8), although in this study we
did not observe an increase in E” at T in the samples prepared
with aromatic diisocyanates (PUOS and PU06).

Figure 4 presents the tan § vs. temperature curves for
PUO1-PUO6. A tan d peak was observed for all networks and was
associated with the o relaxation temperature corresponding to the
Tg of the cross-linked polymer network. A less pronounced peak
around —70°C, corresponding to molecular motions in the polyol
chains (B transition), was observed only in the log E” plot. For
PUO1, PUOS, and PUO6, prepared from soy polyol of a 1.9 OH
functionality, a shoulder was observed at a lower temperature,
which can be attributed to the presence of nonreticulated PU, ac-
cording to the higher values of the W_ for these PU (Table 3).
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FIG. 4. Temperature dependence of the loss factor, tan §, for the PU
networks (PUOT-PUO06) cured at 60°C for 24 h. PU 01 (soy polyol OH
number = 104 mg KOH/g and TDI), PU 02 (soy polyol OH number =
136 mg KOH/g and TDI), PU 03 (soy polyol OH number = 152 mg
KOH/g and TDI), PU 04 (soy polyol OH number = 162 mg KOH/g and
TDI), PU 05 (soy polyol OH number = 104 mg KOH/g and HDI), PU
06 (soy polyol OH number = 104 mg KOH/g and MDI). NCO/OH ratio,
0.80. For abbreviations, see Figure 3.

Comparing the data obtained for PUO1 and PUOS, we can see
the remarkable effect of increasing the curing temperature from
60 to 100°C. The PU network obtained from the same polyol and
diisocyanate but at a higher curing temperature (PUOS) had a
much higher £” and v, than PUO1, cured at 60°C for 24 h. Con-
sequently, the PUOS had a lower M_, W, and DS and greater H.
This result could be attributed to a polymerization reaction that
could occur at a higher temperature between the remaining

epoxy groups of the soy polyol.
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FIG. 5. Temperature dependence of £’ for PU networks cured at 100°C
for 15 (PU07), 24 (PU08), and 48 h (PU09). For comparison, the curve
corresponding to PUOT (cured at 60°C, 24 h) was also included. The PU
were prepared from a soy polyol with OH number = 104 mg KOH/g and
TDI using an NCO/OH ratio of 0.80. For abbreviations, see Figure 3.
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FIG. 6. Temperature dependence of tan & for PU networks cured at
100°C for 15 (PU07), 24 (PU08), and 48 h (PU09). For comparison, the
curve corresponding to PUO1 (cured at 60°C, 24 h) was also included.
The PU were prepared from a soy polyol with OH number = 104 mg
KOH/g and TDI using an NCO/OH ratio of 0.80. For abbreviations, see
Figures 3 and 4.

The reaction time showed a slight influence on the mechan-
ical properties of the PU systems cured at 100°C, as can be seen
in Table 3 when comparing the data for the PUO7, PUOS, and
PUQ9 systems.

Figures 5 and 6 show the temperature dependence of E” and
tan O for the networks cured at 100°C and reaction times of 15,
24, and 48 h. As mentioned, no significant variation of Tg was
observed for PU cured at different reaction times. When the Tg
values of PUO1 and PUOS8 are compared, however, one can see
that a higher Tg was obtained for the polymer cured at the high-
est temperature. Also, in comparison with the PU cured at
100°C, the shoulder in the tan & vs. temperature curve for
PUOS, cured at 60°C, was not more pronounced (Fig. 6), which
could be evidence of a polymerization reaction between the
residual epoxy groups.
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