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Abstract: A series of polyurethane (PU) elastomers were synthesized using methoxylated vegetable oils as chain extend-
ers to investigate the effects of their content on the mechanical properties and biodegradability of the resulting PUs. The
tensile strength of the chain-extended PU exhibited a maximum at 15 wt% of the methoxylated vegetable oil content, fol-
lowed by a significant decrease. Conversely, the hardness gradually decreased with increasing content of the methox-
ylated vegetable oil. Biodegradation tests using Pseudomonas aeruginosa E7 revealed that the chain-extended PU with
15 wt% of methoxylated sunflower oil (MSR), methoxylated corn oil (MCN), methoxylated castor oil (MCR), and
methoxylated canola oil (MCA) exhibited biodegradation rates of 16.1, 15.2, 14.2, and 13.6%, respectively, without any

initial lag phase.
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Introduction

The environmental impact of non-degradable synthetic poly-
mers, coupled with dwindling fossil fuel resources, has spurred
interest in sustainable alternatives." As the demand for eco-
friendly products grows, the development of biodegradable
and recyclable polymers has become increasingly important.”

Naturally occurring vegetable oils offer a sustainable and
cost-effective renewable resource, providing a versatile starting
point for developing innovative products with diverse func-
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tional and structural properties.' Especially epoxidation of them
is a common technique for producing epoxides, highly reactive
compounds that readily undergo ring-opening reactions under
acidic conditions. This process is frequently employed in the
synthesis of diols and polyols, which serve as valuable pre-
cursors for a wide range of hydroxyl-functional compounds
and polymers.’

Polyurethane (PU), a versatile man-made polymer derived
from the reaction between polyisocyanates and polyols, is used
in a wide variety of products in the medical, automotive, food,
and industrial fields.*® However, its high resistance to degra-
dation leads to environmental accumulation. This persistent waste
poses risks to human health and ecosystems. Traditional dis-
posal methods like landfill and incineration harm the environ-
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ment. Biodegradation is emerging as a sustainable alternative
for PU waste treatment.’

In this study, a series of biodegradable PU were obtained by
chain extension of prepolymer with the addition of methoxyl-
ated vegetable oils. The vegetable oils used in this study were
castor oil (CR), sunflower oil (SR), corn oil (CN), and canola
oil (CA) (Scheme 1). The influence of the chain extender con-
centration on the mechanical properties and biodegradability of
the prepared PU was evaluated. The epoxidation of four veg-
etable oils was carried out using peroxyacid generated in-situ
by reacting concentrated hydrogen peroxide (H,O,) with formic
acid. Methoxylated vegetable oil polyols were then synthesized
by ring opening of epoxidized vegetable oils in the presence of
fluoboric acid (Scheme 2).” Biodegradability tests were per-
formed in liquid medium using Pseudomonas aeruginosa E7 (P
aeruginosa E7), isolated from petroleum-contaminated soil.®

Experimental

Materials. CN, SR, and CA oils were manufactured by
Haepyo, Korea and purchased from grocery stores. CR was
extracted from the seeds of the Castor plant. Fluoboric acid,
poly(tetramethylene ether) glycol (PTMG, M, =2000), 1,4-
phenylene diisocyanate (PDI), and tin(Il) 2-ethyl-hexanoate
(TEH) were supplied by Sigma-Aldrich. Table 1 summarizes the
percent fatty acid composition by weight of four vegetable oils.

Instrumentation. Proton nuclear magnetic resonance (‘H
NMR) spectra recorded at room temperature on a Bruker AC-
250 Fourier transform nuclear magnetic resonance (FI-NMR,
Germany) spectrometer and analyzed using commercial soft-
ware.
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Table 1. Composition of Vegetable Oils

Composition (wWt%)

Fatty acids

CR SR CA CN
Palmitic acid 2.0 6.3 4.1 11.3
Stearic acid 1.6 5.7 1.9 1.9
Oleic acid 6.4 20.6 65.1 29.4
Linoleic acid 12.0 66.2 18.7 55.6
Linolenic acid 1.0 1.2 10.2 1.8

Ricinoleic acid 77.0 - - -

The surface of the cryogenic-fractured PU sample was mea-
sured using a Hitachi S-4300 (Japan) scanning electron micro-
scope (SEM).

Fourier transform infrared (FTIR) spectra of oil samples
were measured in the wavenumber range of 4000-400 cm’
using a PerkinElmer Spectrum 2000 IR spectrometer (USA)
and analyzed using commercial software.

The tensile test of the IEC 60811-1-1 type dumbbell speci-
men was performed at a crosshead speed of 50 mm/min using
a DEC-AS500TC (Dawha Test Machine, Korea) universal test-
ing machine (UTM).

Thermal decomposition of oil samples was determined by
Q50 thermogravimetric (TG) analyzer (TA instrument, USA).

Epoxidation of Vegetable Oil. H,O, (12 g) was added dropwise
to a mixture of vegetable oil (50 g) and formic acid (12 g) over
5 hat 50 C. The reaction mixture was stirred for an additional
5 h, then diluted with ethyl acetate and water. The aqueous layer
was separated, and the organic layer was concentrated under
reduced pressure.

Synthesis of Methoxylated Vegetable Oil. Epoxidized
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Scheme 1. Idealized chemical structures of the (a) CA; (b) SR; (b) CN; (¢) CR.
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Scheme 2. Idealized schematic diagram of the epoxidation and methoxylation of CA.
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Scheme 3. Preparation of the PU prepolymer.

vegetable oil (10 g) was added dropwise over 10 min to a mix-
ture of fluoboric acid (0.4 g), methyl alcohol (10 mL), water (1 g),
and isopropyl alcohol (30 mL) maintained at 40 C. The mixture
was stirred at 50 C for 1 h, at which stage ammonium hydrox-
ide (0.6 mL) was added to stop the reaction. Then concentrate
the reaction mixture using a rotary evaporator under reduced

pressure.

Preparation of PU. PDI (8 g, 0.05 mol), PTMG (45 g, 0.0225
mol), TEH (0.05 mL), and toluene (50 g) were added to a reactor
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equipped with a reflux condenser, nitrogen inlet, and mechan-
ical stirrer. The reaction mixture was stirred continuously at 80
rpm for 2 h at 60 C, yielding a light yellow, low-viscosity lig-
uid (Scheme 3).

To prepare the PU formulations, 11.12 (10 wt%), 17.65 (15
wt%), and 25.00 (20 wt%) parts by weight of each methoxylated
vegetable oil were premixed with 100 parts by weight of pre-
polymer, followed by the addition of 0.32 parts of TEH. The
resulting mixtures were stirred for 10 min, poured into glass
Petri dishes, and cured at 60 C for 2 h.

Modified Sturm Test. Biodegradation of the PU samples was
assessed using the Modified Sturm test (ASTM D 5209-91) at
37 C and 100 rpm. CO,, a byproduct of microbial degradation
of the samples by P. aeruginosa E7, was absorbed by 0.025 N
barium hydroxide and quantified through titration with 0.05 N
hydrochloric acid.®
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Figure 1. '"H NMR spectra of the (a) CR; (b) SR; (c) CN; (d) CA (1: pure, 2: after epoxidation, and 3: after methoxylation).
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Results and Discussion

Synthesis of Epoxidized- and Methoxylated Oils. Figure 1
displays the '"H NMR spectra of the pure oil (Figure 1-1),
epoxidized oil (Figure 1-2), and methoxylated oil (Figure 1-3)
at ambient temperature. The "H NMR spectrum shows peaks at
0.87 and 1.25 ppm, corresponding to terminal methyl and methy-
lene groups of fatty acid chains, respectively. Allylic protons of
fatty acid chains appear at 2.0 ppm, while protons adjacent to
ester linkages are observed at 2.3 ppm.' Additionally, peaks at
4.1-4.3 and 5.3-5.6 ppm are assigned to methylene groups in
the glyceride unit and unsaturated carbons, respectively.

Following the procedure outlined in Scheme 2, four vege-
table oils were epoxidized and subsequently methoxylated. Upon
epoxidation, the distinctive 'H NMR peaks (5.3-5.6 ppm) cor-
responding to olefinic protons in four oils were significantly
attenuated (Figure 1-1), while new peaks emerged at 2.8-3.2 ppm
(Figure 1-2), characteristic of newly formed epoxy groups.

l

T T T T T
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'H NMR spectral analysis of the epoxidized and methoxyl-
ated oils revealed a significant structural change. The disappear-
ance of the epoxy group peak centered around 2.8-3.2 ppm
(Figure 1-2), coupled with the appearance of a new peak at 3.4
ppm (Figure 1-3) corresponding to the methoxy group's methyl
ester protons, confirms the conversion of the epoxy ring to a
methoxy group.' The epoxy group content and degree of unsat-
uration were quantified using 'H NMR spectroscopy.

Based on '"H NMR analysis, the residual unsaturation per
molecule was determined to be 0.1 for the methoxylated CR
(MCR) and 0.2 for the methoxylated CA (MCA). The methox-
ylated SR (MSR) and methoxylated CN (MCN) exhibited sim-
ilar amounts of residual unsaturation (1.9 and 1.8, respectively).
The MSR, MCN, MCA, and MCR under investigation had
approximately 2.5, 2.5, 2.2, and 2.7 hydroxyl groups per mol-
ecule, respectively.

FTIR spectroscopy was employed to further characterize the
epoxidized and methoxylated vegetable oils, and the results are

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

(b) SR

4000 3500 3000 2500 2000 1500 1000 500
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(d)CA

Figure 2. FTIR spectra of the (a) CR; (b) SR; (c) CN; (d) CA (1: pure, 2: after epoxidation, and 3: after methoxylation).

Za)v, A)4978 A|335, 2025



Preparation and Properties of Polyurethane Using Methoxylated Vegetable Oil as Chain Extender 289

presented in Figure 2. The FTIR spectrum of the pure oils
(Figure 2-1) exhibits characteristic peaks at 3008, 1650, and
720 cm™, corresponding to the stretching vibrations of =C-H,
-C=C-, and -CH=CH-, respectively.” Following epoxidation
(Figure 2-2) at 50 C for 10 h, the peak at 3008 cm™, indicative
of double bonds, nearly vanished. Additionally, the emergence
of a new peak at 831 cm™, attributed to the epoxy group, con-
firmed the successful epoxidation of the four vegetable oils.

Compared to the FTIR spectrum of epoxidized oils, the FTIR
spectra of the methoxylated oils (Figure 2-3) exhibited the dis-
appearance of the epoxy group peak and the emergence of a
hydroxyl group peak at approximately 3470 cm™, indicative of
ring-opening reaction. From Figure 2b-2, 2c-2, and 2d-2, the
hydroxyl functional groups were observed in the epoxy prod-
ucts. The presence of the hydroxyl group peak in the spectra of
the epoxidized products suggests that partial epoxy ring-open-
ing reactions may have occurred. The presence of water from
the aqueous H,0, solution used during epoxidation could have
facilitated acid-catalyzed ring-opening reactions.'

Thermal Degradation of Pure, Epoxidized- and Methoxylated
Oils. As shown in Figure 3, the TGA curves of CN, SR, and
CA have similar characteristics with two thermal decomposition
steps in the range of 320 to 550 C, and no residue remains at
800 C. Typically, vegetable oil thermal degradation involves
three phases: polyunsaturated fatty acid breakdown (230-380 ),
monounsaturated fatty acid decomposition (380-480 C), and
saturated fatty acid degradation (480-550 C)." However, the
thermal decomposition of CN, SR, and CA occurred in only two
steps (approximately 286-460 C and 460-550 C) likely due
to the superposition of the steps. Conversely, CR exhibits a
three-step degradation pattern. The initial decomposition stage
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Figure 3. TGA traces of the CR, SR, CN and CA obtained by heat-
ing from 20 to 800 C at a rate of 5 C/min under N, atmosphere.

commences at 210 C, followed by a rapid weight loss phase
extending to 460 ‘C. The final stage, spanning 460-550 C,
involves the complete decomposition of the intermediate pyroly-
sis product."

Based on the weight loss at 320 ‘C obtained from the TGA
curves, it can be established that CA (98.0 %) had a higher
thermal stability than that observed for CN (97.2%), SR (96.3%),
and CR (90.5%). The thermal instability of vegetable oils is
attributed to the presence of double bonds in the fatty acid chains
and the B-hydrogen atoms in the glycerol backbone. The dou-
ble bonds are particularly reactive and readily undergo oxida-
tion reactions with atmospheric oxygen, while the f-hydrogen
atoms are easily abstracted, leading to the cleavage of ester
linkages and the formation of olefins and acids."

Thus, the thermal stability of CN, SR, and CA is dependent
on the composition of the fatty acids. The low concentrations
of linolenic acid besides the high content of oleic acid assure
thermal stability to the CA. Highly polyunsaturated CN and
SR are prone to rapid deterioration at elevated temperatures.

The low thermal stability of CR may be due to the presence
of a secondary hydroxyl group of ricinoleic acid, besides the
presence of small amounts of oleic acid. This indicates that
hydroxyl moieties in unsaturated ricinoleic acid may impart
mild pro-oxidant behavior to CR. The secondary hydroxyl group
is thermally unstable and easily undergoes dehydration."'*

TGA of epoxidized- and methoxylated oils was carried out
under similar conditions (Figure 4). The thermal degradation
processes of epoxidized CR (ECR), SR (ESR), CN (ECN), and
CA (ECA) are very similar, and there are three distinct and
well-separated turns in the TGA curves. Volatile compounds,
constituting approximately 90% of the epoxidized oils compo-
sition, decompose at temperatures around 470 C. The remaining
10% comprised highly viscous pyrolysis products, which under-
went further decomposition up to 550 C. All samples were
completely oxidized and volatilized upon heating to 800 C
(Figure 4-2).

The thermal decomposition of methoxylated CA (MCA) started
at a lower temperature than that of methoxylated CR (MCR),
SR (MSR), and CN (MCN), as shown in Figure 4-3, Thermally,
it is stable up to 229.3 C and undergoes three stages decom-
position at 228.3 to 550.0 C with total weight loss of 99.9%.

As depicted in Figures 4a-3, 4b-3 and 4¢-3, the MCR, MSR
and MCN exhibit thermal stability up to 247.4, 259.8, and 257.6 C,
respectively. Beyond this temperature, a three-stage decompo-
sition process (MCR: 247.4-396.6, 396.6-460.4, 460.5-550.0, MSR:
259.8-414.7, 414.7-467.8, 467.8-550.0, MCN: 257.6-418.6,

Polym. Korea, Vol. 49, No. 3, 2025
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Figure 4. TGA traces of the (a) CR; (b) SR; (¢) CN; (d) CA (1: pure,

418.6-466.5, 466.5-550.0 C) ensues, leading to a total weight
loss of approximately 96.9%-99.8% by 550 ‘C. The initial weight
loss of about 13.7% can be ascribed to the removal of moisture
and other volatile substances present in the MCR.

TGA analysis revealed a downward shift in the onset tem-
perature of weight loss when compared to both the pure and
epoxidized oil samples. The oil's decreased thermal stability is
attributed to the introduction of secondary hydroxyl groups."
After epoxidation and methoxylation, SR, CN, and CA develop
molecular structures similar to CR, with a residual double bond
and secondary hydroxyl group (Scheme 1(c)). Consequently,
their thermal degradation behaviors become similar to that of
CR in Figure 3.

Biodegradability of Pure, Epoxidized- and Methoxylated
Oils. Figure 5 illustrates the results of the Modified Sturm test,
which assesses the extent of biodegradation of four vegetable
oils by P. aeruginosa E7 over a specific timeframe. As depicted in
Figure 5, the degradation curves follow a characteristic expo-
nential growth profile, culminating in an asymptotic plateau.
The observed initial rapid degradation rate is likely due to the
concomitant increase in microbial biomass and the availability

Za)v, A)4978 A|335, 2025
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2: after epoxidation, and 3: after methoxylation).

of nutrients. This observation aligns with previous studies, which
have demonstrated that the addition of nutrients can significantly
enhance biodegradation rates.'> However, the provision of veg-
etable oil as the sole carbon source is insufficient, as microorgan-
isms necessitate a diverse range of nutrients, including phosphorus,
nitrogen, sodium, iron, sulfur, and magnesium.'®

The biodegradation rate of CR was the highest among the
tested vegetable oils, while the CA showed the lowest biodeg-
radation rate. SR and CN were mineralized 32.1 and 27.3%,
respectively, after 31 days in Modified Sturm stock inoculated
with the P. aeruginosa E7. Mineralization of CR and CA totaled
36.4 and 19.7% after 31 days of incubation, respectively. The
biodegradation order is CR > SR > CN > CA.

The elevated biodegradability of CR may be attributed to the
presence of hydroxyl groups, which can promote oxidative
degradation by facilitating the generation of free radicals.'” The
initial stage of vegetable oil biodegradation involves the enzymatic
cleavage of ester linkages between glycerol and fatty acids. A
diverse range of microorganisms produce enzymes, such as
esterases and lipases, that catalyze this biodegradation reac-
tion." Lipases catalyze the hydrolysis of ester bonds in tri-, di-,
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Figure 5. Modified sturm test results of the (a) pure oil (CR, SR,
CN, and CA); (b) epoxidized oil (ECR, ESR, ECN, and ECA); (c)
methoxylated oil (MCR, MSR, MCN, and MCA) using P. aerugi-
nosa E7.

and monoacylglycerols.”” Once triacylglycerols are hydrolyzed,
the released free fatty acids are transported into cells and metab-
olized to CO, through f-oxidation and the incorporation of
acetate into the tricarboxylic acid cycle.’

On the other hand, the highest oleic acid content CA showed
the lowest biodegradability. This is because oleic acid was more
saturated than linoleic acid thereby less prone to degradation.

291
Table 2. Results of Tensile and Hardness Tests
Tensile properties Hardness
Sample
TS (MPa) EB (%) (shore A)
PU 202 £ 1 1529 + 51 674 + 04
PU-MSR10 wt% 217 £ 1 1288 + 32 619+ 03
PU-MSR15 wt% 33.6 £2 1322 + 43 60.7 £ 0.5
PU-MSR20 wt% 10.7 £ 2 1103 + 52 573+ 04
PU-MCA10 wt% 194 £ 1 1177 + 46 63.5+03
PU-MCAIS5 wt% 297 £ 2 1160 £ 35 62.1 £ 0.1
PU-MCA20 wt% 8.6 1 1042 + 42 587+ 03
PU-MCR10 wt% 209 + 1 1279 + 39 628 £ 04
PU-MCR15 wt% 31.8 £2 1230 + 65 61.6 £ 0.5
PU-MCR20 wt% 9.6 £ 1 1091 + 45 583 £ 0.1
PU-MCNI10 wt% 187 £ 1 1283 + 35 623 +0.2
PU-MCNI5 wt% 33.0£1 1357 + 42 612+ 04
PU-MCN20 wt% 105 £2 1045 + 49 579+ 03

The major abundant fatty acid found in CA is oleic acid, while
SR and CN are predominantly linoleic acid. CN has less linoleic
acid values and slightly higher oleic acid values compared to SR
(Table 1). The oxidation stability of vegetable oils is inversely
proportional to the degree of fatty acid unsaturation.

Oleic acid, an 18-carbon fatty acid with a single double bond
located at the w-9 position, exhibits more oxidation stability
compared to linoleic acid, an 18-carbon fatty acid with two double
bonds at the w-6 position. As an illustration, oleic acid is approx-
imately 10 times more oxidation-resistant than linoleic acid,
which, in turn, is twice as stable as linolenic acid.”!

MSR and MCN were biodegraded faster and more efficiently
than their corresponding parent oils (Figure 5(a), (c)). Moreover,
the epoxidized SR (ESR) and epoxidized CN (ECN) have sim-
ilar biodegradation behavior to the parent oils. These results
indicated that P. aeruginosa E7 prefers hydroxyl fatty acids
containing both a hydroxyl group and a double bond. The molec-
ular structure of a partially methoxylated linoleic acid resem-
bles a ricinoleic acid.

In sharp contrast, ECR, MCR, and MCA exhibited signifi-
cantly different biodegradation behavior under the same con-
ditions. The significant drop in biodegradability of ECR, MCR,
and MCA could be explained by the reduction in residual unsat-
uration content and the increase in viscosity. CR, CA, and
epoxidized CA (ECA) appear as a very pale yellow liquid at
room temperature. However, ECR, MCR, and MCA are solid
at room temperature and melt in the temperature range ~40 C.

Polym. Korea, Vol. 49, No. 3, 2025
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Higher viscosity can lead to decreased bioavailability and slower
biodegradation.”

Preparation and Properties of PU. To obtain PU, 11.12
parts (10 wt%) by weight of PTMG and 0.32 parts by weight
of TEH were added to 100 parts by weight of the PU prepolymer,
mixed thoroughly, poured into a glass Petri dish, and cured at
60 C for 2 h. For chain-extended PU, 11.12 parts by weight of
PTMG was replaced with 11.12 (10 wt%), 17.65 (15 wt%), or
25.00 (20 wt%) parts by weight of methoxylated vegetable oil
and prepared under the same conditions.

An optimal composition ratio was selected for PU to ensure
both mechanical properties and biodegradability, based on our
previous work.” Compositions with over 25 wt% methoxylated
oil showed a significant decrease in mechanical properties,
while those below 10 wt% had little impact on biodegradability.
Consequently, these compositions were excluded from this study.

The influence of MSR, MCN, MCR, and MCA content on
the mechanical properties of PU was assessed using UTM and
Shore A durometer measurements. These properties are sum-
marized in Table 2. In the case of PU chain-extended with 10
wt% methoxylated oil, the tensile strength (TS) did not show
much difference from PU, while the elongation at break (EB)
decreased by more than 16%. Furthermore, the TS of the pre-
pared PU significantly increased up to 15 wt% of methoxylated
vegetable oils, while it significantly decreased as the methox-
ylated vegetable oil content increased beyond that.

Notably, the PU-MCA system exhibited lower tensile prop-
erties compared to the other systems. When the TS of PU-
MCA 15 wt% was compared with PU-MSR 15 wt%, PU-
MCN 15 wt%, and MCR 15 wt%, it was found to be approx-
imately 13, 11, and 17% lower, respectively. Likewise, EB
decreased by approximately 14, 17, and 10% in the same order.
The EB of PU-MCA and PU-MCR gradually decreased as the
MCA and MCR contents increased to 20 wt%, respectively.
On the other hand, the EB of PU-MSR and PU-MCN showed
the same behavior as their TS.

The -NCO/-OH ratio decreases in the order of PU-MCA,
PU-MSR, PU-MCN, and PU-MCR, with values of 2.17, 1.93,
1.92, and 1.87, respectively. This is because the hydroxyl func-
tional group of MCA is 2.2, which is low compared to other
methoxy oils, and the optimal -NCO/-OH ratio has not yet
been reached.

However, the incorporation of 20 wt% methoxylated oil resulted
in a rapid decrease in TS and EB for all chain-extended PUs
by approximately 68% and 10%, respectively, than that of add-
ing 15 wt%.

Za)v, A)4978 A|335, 20254

The hardness of PU decreased progressively with increasing
content of methoxylated oil, irrespective of the specific oil type.
The addition of 20 wt% of MSR, MCN, MCR, or MCA led to
a substantial 7% reduction in hardness compared to the addi-
tion of 10 wt%.

In this study, five polyols (MSR, MCN, MCR, MCA, and
PTMG) were used to synthesize PU. In theory, the optimal NCO/
OH ratio for achieving maximum molecular weight and desired
properties was found to be 1:1. PTMG a semi-crystalline polymer,
possesses two functional groups per molecule.”® This charac-
teristic ensures the formation of linear PU during the prepoly-
mer reaction, irrespective of the -NCO/-OH ratio (Scheme 3).

Although MSR, MCN, MCR, and MCA exhibit an amorphous
structure, they contain multiple functional groups.* When using a
chain-extender with a functional group larger than 2, a partial
cross-linking reaction is likely to occur even if the -NCO/-OH ratio
is low. The introduction of partial cross-linking enhances rubber
elasticity, resulting in an increase in TS and a decrease in hardness.

Conversely, as the -NCO/~OH ratio approaches equiva-
lence, cross-linking density increases, and the crystalline phase
decreases with higher chain-extender content. Despite a higher
NCO/OH ratio in PU-MSR20 wt% (1.45), its TS decreased
by 68.2% compared to PU-MSR15 wt%. The addition of
20 wt% chain-extender hindered PTMG crystallization. This
loss of crystallinity resulted in a decrease in rubber elasticity,
leading to softer, tackier materials.

Figure 6 illustrates representative stress-strain curves for PU
as a function of methoxylated vegetable oil content. PU, PU-
MSR, PU-MCN, PU-MCR, and PU-MCA exhibited predom-
inantly elastic behavior. These materials demonstrated excep-
tional elongation, exceeding 1000%, and significant strain recovery
upon unloading. Despite the significant deformation, the most
prominent feature of the stress-strain curves is their nonlinear
nature. A yield point is evident, indicating a localized, hetero-
geneous transition from elastic to plastic deformation.

Further, PU-MSR15, PU-MCN15, PU-MCR15, and PU-MCAI5
exhibit crystallization at high strains (Figure 6(b)). It is import-
ant to note that strain-induced crystallization is particularly
pronounced in certain elastomers, and filler reinforcement can
mitigate or eliminate this effect entirely. As shown in Figure
6(c), when the methoxylated oil content increased to 20 wt%,
the overall stress—strain curve appearance was the same as that
of PU, but it can be seen that their ultimate stress and elongation
were greatly reduced.

Figure 7 illustrates the differential scanning calorimetry
(DSC) melting and cooling curves of PU and chain-extended
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Figure 6. Stress—strain curves of the prepared PU with methoxyl-
ated oil content of (a) 10; (b) 15; (c) 20 wt%.

PU. The first-scan DSC curve of PU revealed two distinct
melting peaks at 8.0 and 167.3 C. These peaks were attributed
to the melting of soft-segment (77,;;) and hard-segment crystals
(Tr12), respectively, which formed during the curing process at
60 C. The T,,, peak disappeared in the second-scan DSC
thermogram. This can be attributed to the higher polarity of
hard-segments compared to soft-segments, leading to rapid
interaction and less stable crystal formation. Consequently,
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Figure 7. DSC thermograms of the (a) PU; (b) PUMSR10 wt%; (c)
PUMSRI15 wt%; (d) PUMSR20 wt% samples.

only the soft-segments, capable of forming more stable crys-
tals, remained detectable in the second-scan curve.

From Figure 7(d), adding 20 wt% of the MSR as a chain
extender causes the T, peak in the first-scan DSC curve to
disappear. This is because the isocyanate group at the end of
the PU prepolymer reacts with the hydroxyl group in the
methoxylated oil to form a cross-linking point and inhibit the
interaction of the hard-segments. Therefore, as the methoxyl-
ated oil content increases, the PU molecules gradually convert
into an amorphous form due to the cross-linking reaction.®

In the DSC cooling curve, PU showed split crystallization
peaks at approximately -15.1 and -8.2 C. It is inferred that this
appears in the soft-segments of the area where the chain has
been extended by PTMG and the parts that have not. Likewise,
PU-MSR10 wt% showed split crystallization peaks at -16.9
and -10.8 C. These split crystallization peaks merge into one
at -19.1 when the MSR content is 15 wt% and completely dis-
appear when the MSR content increases to 20 wt%.

Figure 8 illustrates SEM images of the cryogenic fracture
surfaces of PU, PU-MSR10 wt%, and PU-MSR20 wt% sam-
ples. PU exhibited a pronounced phase-separated morphology,’
resulting from the incompatibility between PTMG soft-segments
and PDI hard-segments (Figure §(a)). A continuous phase, pre-
dominantly composed of the amorphous region of the soft-seg-
ments, is clearly visible in the SEM image. Dispersed phase
particles, formed by the hard-segments and the crystalline regions
of the soft-segments, are encapsulated within this continuous
phase.

As shown in Figure 8(b), PU-MSR10 wt% has a similar
morphology to PU, but the particle size of the dispersed phase
is greatly reduced. On the other hand, PU-MSR20 wt% has a
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very smooth surface with no phase separation due to low crys-
tallinity and a less regular arrangement of soft-segments (Figure
8(c)). This represents the valley-like surface that occurs when
cutting highly elastic or amorphous materials.® These results
agree well with the DSC analysis.

Meanwhile after 31 days of incubation, the biodegradability
of PU was very low, reaching approximately 5% (Figure 9).
Additionally, it can be seen that there is a time lag of 7 days
during which biodegradation hardly occurs.

Hydrolysis of polymers by microbial enzymes occurs in a
two-step process. An enzyme binds to the polymer substrate
then subsequently catalyzes a hydrolytic cleavage. Microbial
degradation of polyester type PUs proceeds preferentially by
hydrolysis of ester bonds by esterase enzymes.* The resulting
low molecular weight oligomers are consumed by microor-
ganisms and generate CO,.

The 7 days time delay that occurs in the biodegradation of
PU is probably due to the time taken by the enzyme of P. aeru-
ginosa E7 to hydrolyze the ester bond in the PTMG soft-seg-
ment.
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Figure 9. Results of modified Sturm test of the PU ([]); MCR15 wt%
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degraded by P. aeruginosa E7.
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Figure 8. SEM image of cryogenic fracture surfaces of the (a) PU; (b) PU-MSR10 wt%,; (c) PU-MSR20 wt%.

However, the PU containing 15 wt% of MSR, MCN, MCR,
and MCA showed an enhanced biodegradation rate from the
initial phase of the experimental trial. Unlike PU, 15 wt% of
MSR, MCN, MCR, and MCA containing PUs show no time
lag for biodegradation and were asymptotically approaching
biodegradation of approximately 16.1, 15.2, 14.2, and 13.6%,
respectively. This is consistent with the decreasing order of TS
(Table 2) and biodegradability of methoxylated oils (Figure 5(c)).

Microbial degradation of PU is influenced by factors such as
crystallinity, cross-linking density, molecular orientation, and
chemical group composition, which affect the accessibility of
degradative enzymes.* As shown in Figure 7, increasing MSR
content leads to the merging or disappearance of PU-MSR's
split crystallization peaks, indicating a decrease in PTMG crys-
tallinity. The amorphous regions, with their loose molecular pack-
ing, are more susceptible to degradation. Conversely, crystalline
regions exhibit higher resistance to degradation. Since enzymes
primarily target amorphous domains, crystallinity is a crucial
factor affecting biodegradability.”

Conclusions

A series of PU elastomers were synthesized using methox-
ylated vegetable oils (MSR, MCN, MCR, or MCA) as chain extend-
ers. An isocyanate-terminated prepolymer, prepared from PDI
and PTMG, was chain-extended with the respective methox-
ylated oil to yield the resulting PU. The TS of chain-extended
PUs peaked when the methoxylated oil content was 15 wt%
and decreased significantly thereafter. However, as the methoxyl-
ated oil content increased, their hardness gradually decreased.

After incubation for 31 days, the biodegradability of PU was
very low, reaching approximately 5%. Additionally, it can be
seen that there is a lag of 7 days during which biodegradation
hardly occurs. However, the chain-extended PU with 15 wt% of
MSR, MCN, MCR, and MCA showed improved biodegrada-
tion rates than pure PU, with no time delay for biodegradation.
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This is consistent with the decreasing order of TS of chain-
extended PU and biodegradability of methoxylated oil.

SEM analysis revealed that PU-MSR10 wt% exhibited sig-
nificant phase separation between hard- and soft-segments, similar
to pure PU. Conversely, PU-MSR20 wt% displayed a smooth
surface without discernible phase boundaries. DSC analysis
indicated that increasing MSR content led to the merging or
disappearance of the split crystallization peaks of PU-MSR,
suggesting a reduction in the PTMG crystalline phase. These
findings support the notion that elevated MSR content diminishes
the PTMG crystalline phase and compromises rubber elasticity.
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