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Abstract — This study aimed to investigate the effect of the partial replacement of polyol polyester with polyol from
soybean oil on the structure and properties of thermoplastic polyurethanes (TPUs) produced by reactive extrusion. The
results showed that when the amount of soy polyol exceeded 5wt.%, there was an increase in molecular mass and gel
formation in TPUs. However, this increase was accompanied by the formation of non-regular structures, which reduced
the hydrogen bonding density without affecting the amount of ringed segments dispersed in the flexible ones.
Additionally, an increase in the glass transition temperature and a smaller phase separation were observed. These findings
can be helpful in the development of PUs with tunable structures.
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Introduction

Segmented thermoplastic polyurethanes (TPUSs) are an important class of polyurethanes (PUs)
composed of thermodynamically incompatible soft segments (SS), derived from macrodiols, and hard
segments (HS), formed by a diisocyanate and a low molecular weight diol (chain extender) [1]. The
polarity, solubility parameters (i), and the number of chemical groups capable of hydrogen bonding
plays a fundamental role in the microphase separation between the HS and SS segments, affecting
the morphology and physicochemical and mechanical properties of the copolymer.

While using renewable sources for PU monomers is not new, the synthesis of TPUs using
renewable source polyols remains challenging due to the conversion of soybean oil-based polyols
obtained by the epoxidation of double bonds into polyfunctional monomers [2-4]. However,
alternative approaches, such as using diacids produced by the Diels—Alder reaction or acids like
ricinoleic acid to obtain suitable polyols for TPUs synthesis and partial substitution of petrochemical
polyols as adjustments in the reaction process, are being explored [5]. Such approaches produce TPUs
with exciting properties, including more excellent hydrolysis resistance than conventional polyesters.
In this work, we investigate the synthesis and phase separation of TPUs using reactive extrusion,
partially replacing the polyol with a renewable source polyol obtained by the epoxidation of soybean
oil.

Experimental
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Materials

The TPUs were synthesized using 4,4'-diphenylmethane diisocyanate (MDI) purchased from
Dow Chemical, Brazil (ISONATE 125M, NCO content = 33.5 wt.%, p = 1.23 g.cm®) as the
isocyanate, and 1,4 butanediol (BDO, p = 1.02 g.cm™®) purchased from Dow Chemical, Brazil as the
chain extender. Polyester polyols (Coating YA7220, p = 1.15 g.cm™, the molecular weight of 2000
g.mol?, hydroxyl index of 55-60 mgKOH.g*) were procured from Coating, China. A renewable
source polyol was also used, which was obtained by epoxidizing soybean oil and had a hydroxyl
index of 90 mgKOH.g-1, p = 0.97 g.cm™, and molecular weight of 2000 g.mol*[2].

Reactive extrusion

The blends of the renewable polyol with a polyester polyol, ranging from 1 to 50 wt.%, were
prepared via mechanical stirring at 80°C for 15 minutes. The pre-polymer was formed in a 5L
stainless steel vessel by adding MDI and incorporating the polyol blends. This mixture was
maintained at 80°C and stirred during the reactive extrusion process. All TPUs were synthesized with
~50 wt.% HS and a functional groups ratio of 1.05/1 NCO/OH. The pre-polymer and chain extenders
were added to maintain a constant production rate of around 2 kg.h"* of TPU in an LTE 16-48 co-
rotating twin-screw extruder (LabTech Engineering Company Ltd., Thailand) with a length-to-
diameter ratio (L/D) of 48. The processing temperature range was between 160 to 220°C, and the
screw speed was set to 250 rpm. The screw had two mixing sections with kneading elements staggered
at 30, 60, and 90°, separated by conveying elements. These processing conditions resulted in an
average residence time of roughly 300 seconds. After extrusion, the polymers were cooled in water
(25°C) and pelletized for subsequent characterization.

Size exclusion chromatography (SEC)

The molecular weight of the TPUs was measured through size exclusion chromatography
(SEC) using dimethylformamide with 1% of BrLi as an eluent in a Perkin-Elmer series 200
chromatograph equipped with a refraction index detector. The samples were prepared at a
concentration of 10 mg.mL™, and a flow rate of 1 mL.min-1 was maintained during analysis. The
injected volume was 10 pL, and the columns temperature was set at 35°C. Calibration curves were
established using polystyrene standards.

Fourier transform infrared spectroscopy (FTIR)

The chemical structure of the TPUs and the impact of the renewable polyol on phase
separation were analyzed using Fourier transform infrared spectroscopy (FTIR, Perkin-Elmer
Spectrum 400 spectrometer) in attenuated total reflection mode (ATR) with a diamond crystal
positioned at 45°. The samples were scanned 32 times across the range of 4000—450 cm™', with a
resolution of 2 cm™!. Additionally, the extent of hydrogen bonding and the dispersion of hard
segments within the soft phase were determined via mathematical deconvolution [3, 6].

Differential scanning calorimetry (DSC)

Differential scanning calorimetry (Mettler Toledo, DSC 822¢e) was employed to determine the
thermal transitions of the polyols and TPUs under a nitrogen atmosphere (50 mL.min™). Samples
weighing 9-10 mg were analyzed from -70 to 240°C, with a heating rate of 10 °C.min. The T4 value
is reported at the onset point, and the variation of heat capacity (ACp) is calculated at the midpoint
(ATg). In addition, model reactions were conducted with MDI-BDO at 80°C, under mechanical
stirring, for 1 hour to identify the specific transition temperatures of the rigid phase.

Results and Discussion

Gel formation was observed in samples containing over 5wt.% soybean oil polyol, rendering
it impossible to solubilize the entire sample. Therefore, for samples containing 10wt.% and 20wt.%,
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the molecular mass values only apply to the non-gelled fractions. Measurements were not possible
for samples containing 50wt.% renewable polyol. For TPU, an Mn value of 70 kg/mol and Mw/M, of
1.74 were observed. When 1wt.% renewable polyol was added, the values remained almost
unchanged at 115 kg/mol and 1.76, respectively. However, with 5wt.% renewable polyol, the molar
mass increased to 136 kg/mol, and the polydispersity was 2.68. For the soluble fractions of samples
containing 10wt.% and 20wt.%, molar masses of 98 kg/mol and Mw/M, of 2.2-2.7 were observed.
Furthermore, adding 1wt.% soybean oil polyol significantly increased the mass with minimal
variation in polydispersity. The increase in Mw/Mn values directly impacts the flow stability during
the reaction, thus making this TPU a promising candidate for extrusion-forming processes [6].

The impact of renewable polyol content was evaluated by analyzing six specific bands in the
1500-1800 cm™ region, as previously established by studies exploring the relative abundance of
hydrogen bonds. Gaussian functions were employed to make mathematical adjustments for each
spectrum. These six bands were identified as: (1) 1675 cm™ for H-bonded urethane carbonyl groups
in the ordered phase of hard segments, (11) 1700 cm™ for H-bonded urethane carbonyl groups in the
disordered phase of hard segments, (I111) 1710 cm™ for H-bonded carbonyl groups in the soft-hard
segment, (1V) 1728 cm™ for free carbonyl from urethane groups in the hard segment, (V) 1740 cm™
for carbonyl-carbony! interactions in the soft segments, and (V1) 1745 cm™ for free carbonyl in the
soft segment. In addition, the weight fractions of hydrogen-bonded urethane groups (Xp), hard
segment dispersed in the soft segment (Wh), mixed-phase weight fraction (MP), soft phase weight
fraction (SP), and hard phase weight fraction (HP) were determined according to literatures [3, 6].
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Fig 1. (a) Carbony!l region of the FTIR spectrum corresponding to the 1780-1660 cm™ was deconvoluted to
identify and separate the different molecular components contributing to the signal. (b) The fraction of
hydrogen bonding present in the samples.

As anticipated, incorporating a renewable polyol source leads to a decrease in the hydrogen-
bonding fraction, Xy, which reflects the higher concentration of polar groups in the flexible phase.
However, it should be noted that there is a relative increase in the band associated with the hydrogen
bonds occurring in the flexible phase when soy polyol is increased, as evidenced by the corresponding
decrease in the band at 1728 cm™. Additionally, the proportion of rigid phase dispersed in the flexible
phase remained relatively constant at ~0.29, as did the mixed phase fraction at about ~0.13. The SP
values of all TPUs were around 0.68, as were the HP values, which were approximately 0.32.

Adding 5wt.% soy polyol to the TPUs initially caused a reduction in their T4 from -18°C to -
24°C. This reduction was due to increased free volume and branching in the main chain. However,
crosslinks would become evident if more than 5wt.% soy polyol were added due to the polyol's
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polyfunctionality. As a result, the Tq would increase significantly to values up to 82°C with 50 wt%
of the polyol. The degree of phase separation (DS) was estimated based on the assumptions of
Camberlin and Pascault [7], and the estimated values showed a linear trend (DS = —0.72 *
polyol (wt.%) + 77.67, R>0.98). This trend indicated a reduction in phase separation, which was a
consequence of the smaller difference in solubility parameters, according to Cruz et al [8].

Conclusions

The structure of the polyol is a crucial factor that affects the properties and structure of
polyurethanes. Generally, the addition of polyol can lead to a reduction in the density of hydrogen
bonds, which may result in a decrease in mechanical properties. However, our results showed that
adding 1wt.% of polyol increased the molecular weight of the polyurethanes, which resulted in
improved rheological stability without forming gels or significant changes in Tq and phase separation.
These findings provide valuable insights into the relationship between the structure and properties of
polyurethanes and can guide the development of polyurethane-based materials with optimized
properties.
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