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Abstract

Application of bio-based diisocyanates with low volatility instead petrochemical diisocyanates has positive impact on
environment by reduction of hazardous effects on living organisms and lead to bio-based polyurethanes (bio-PUs) with
good usage properties. This work was focused on the synthesis and chosen properties examination of partially bio-based
thermoplastic polyurethane elastomers (bio-PUs) obtained using diisocyanate mixtures, polytetrahydrofurane (PolyTHF)
and bio-1,3-propanediol (bio-PDO). Two types of diisocyanate mixtures were prepared as follows: aliphatic—aliphatic based
on hexamethylene diisocyanate with partially bio-based aliphatic diisocyanate Tolonate™ X FL.O 100 (HDI-FLO) and aro-
matic—aliphatic based on diphenylmethane diisocyanate with partially bio-based diisocyanate (MDI-FLO) with reduction
of 25 mass% of petrochemical diisocyanate. Bio-PUs were obtained via prepolymer method. Thermoplastic polyurethane
elastomers have been examined in the terms of chemical structure and thermal, thermomechanical, mechanical and physico-
chemical properties. Bio-PU based on HDI-FLO diisocyanate mixture exhibited higher thermal stability. The beginning of
thermal decomposition took a place at lower temperature ca. 30 °C) and lower rate than the MDI-PU based materials. DMA
analysis showed that HDI-FLO based polyurethanes exhibited greater capacity to accumulate energy and higher stiffness.
Both materials characterized similar tensile strength and hardness, but with difference that TPU based on HDI-FLO relieved
greater elongation at break about 360% reached 813%. Taking into account versatile properties of bio-TPU, these material
can find application in many branches of industry.

Keywords Environmental friendly synthesis - Thermoplastic polyurethane elastomers - Bio-based diisocyanates -
Diisocyanate mixtures - Low volatility diisocyanate

Introduction

Incontestably polyurethanes belong to the one of the most
investigated polymers which have a wide range of applica-
tion due to their unique mechanical, physical, chemical and
biological properties. These materials combine durability
and hardness of metals with elasticity of rubber. Currently,
the trends in the developments of polyurethane materials
synthesis include application of products from recycling
or raw materials of vegetable origin, and the fabrication of
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polyurethanes composites with different fillers usage [1].
Because of growing interest in an environment friendly poly-
meric materials, many scientist works are focused on conver-
sion polyurethanes into theirs bio-analogue called bio-based
polyurethanes (bio-PUs) by using bio-based components to
their synthesis. The most significant advantage of bio-PUs is
the fact that they can be obtained with the usage of different
polyols and isocyanates which resulted in their various types
or forms. Typically, polyurethanes properties can be easily
modified by changes in their chemical composition by for-
mulation changes or processing conditions. As a result, PUs
can be divided into several groups: rigid and elastic foams,
thermoplastics, elastomers, coatings, adhesives and fibers.
The scientific works focused on environmentally-friendly
substrates used for the polyurethane production are actually
related with bio-based polyols, bioglycols and the methods
of their synthesis [1-8]. However, in the case of bio-based
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isocyanates or more environment-friendly methods of PU
production are not so common [9]. The most popular and
commercially available method of synthesis of isocyanates
is phosgene route [5]. It consists in the reaction of phosgene
(carbonyl dichloride) with amines, amine hydrochlorides,
amides, sulfonamides, urea and other nitrogen compounds.
Using the phosgene route involves some negative aspects.
First of all, phosgene is characterized by high toxicity and
the whole process causes formation of hydrogen chloride.
Moreover, phosgenation is usually connected with using
volatile compounds as solvents. These elements cause
major problems with work safety and environment protec-
tion issues [5]. Another essential aspect related with iso-
cyanates production is the volatility of petroleum prices.
Economic and political issues highly influence the prices
of petroleum and petroleum-based compounds, includ-
ing isocyanates. Only in the first quarter of 2017 the price
of diphenylmethane diisocyanate (MDI), one of the most
commonly used in industry, increased about 30% and the
growth proceeded in the next months. In January 2018 the
MDI price growth was also noticeable [10] and reached the

N-bromosuccinimide in CCl,

highest value in October. Then the consistent downtrend was
observed because of high supply of MDI in the market [11].
The situation has been change in 2020 because of the coro-
navirus pandemic and its associated impact on the economy
(e.g. reduced demand) lead to prices of MDI to record lows
in second quarter [12]. All of mentioned factors caused that
new, more environment-friendly isocyanates should replace
synthetic ingredients (even partially) for PUs production.

As alternative raw materials for polyurethane production
and the most suitable are vegetable oils (soybean, palm) and
fatty acids (oleic) due to their high availability, low price,
low toxicity and the most important: susceptibility to chemi-
cal modification. Presence of double bonds, ester groups
or allylic positions enables obtaining substrates for further
synthesis. So far, they have been mainly used in polyol syn-
thesis, but there is also a possibility to convert them into
bio-based isocyanates [3, 9].

One of the method for bio-based isocyanate preparation
is focused on two step process. In this method the allylic
position of fatty acid is brominated and then the product
of bromination reacted with AgNCO according to follow-
ing scheme (1). This method allowed to obtain isocyanate
groups in soybean oil structure [3, 9].

AgNCO inTHF

—_

Br

= (1)

NCO

CH,Cl,, 0,, -78°C, Me, S

o CuCl, CH,CN, t-BuOOH
Oleic acid

s HOOC—R—COOH

In the second method (scheme 2), oleic acid was con-
verted into diacid and then, as a result of reaction with var-
ious compounds, heptamethylene diisocyanate (HPMDI)
and 1,16-diisocyanatohexadec-8-ene (HDEDI) were pro-
duced [3, 9].

Et,N, THF

Ethyl chloroformate, NaN, OCN—R NCO @

NH,NH,, ethanol

Third method is based on transformation methyl diester
into dihidrazide and then into acyl diazide. In the next
stage, as a result of Curtius rearrangement, isocyanate is
formed. This method enabled production of octamethylene
diisocyanate (ODI) from castor oil [13].

CH,COOH/HCI

H;COOC—R——COOCH; — g Hy,NHNOC—R——CONHNH, ———

THF
N3OC—R——CONgz —» OCN—R——NCO

NaNO,, 0-5°C 3)
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Not only vegetable oils or fatty acids can be used in iso-
cyanates synthesis, but also carbohydrates or amino acids.
Starch contained in wastes from industrial crops and food
production was used in bio-based pentamethylene diisocy-
anate (PDI) production. Combination of chemical and bio-
technological processes with gas phase technology enabled
to obtain the product with 71% of renewable carbon [14].
Amino acids were also applied in bio-based isocyanate
synthesis. The example is L-Lysine that was successfully
converted into L-Lysine ethyl ester diisocyanate (LDI).
Initial substrate to this reaction was L-Lysine monohy-
drochloride that was transformed into ester using ethanol.
Then, reaction with triphosgene resulted in obtaining the
bio-based diisocyanate [15].

Research of [16, 17] showed that polyurethanes
obtained using bio-based diisocyanates can equal in the
terms of properties with their petrochemical counterparts.
Polyurethanes based on bio-based HPMDI exhibit similar
mechanical properties and thermal stability in regard to
polyurethanes obtained using petrochemical hexamethyl-
ene diisocyanate (HDI). Application of HDEDI resulted
in production of materials with even better properties. Pri-
marily, tensile strength increased due to higher crosslink-
ing density through hydrogen bonds. Furthermore, PUs
synthesized with using bio-based HDEDI were character-
ized by lower modulus and higher elongation that arose
from longer diisocyanates chains.

Application of such bio-based diisocyanates is limited.
The main reason is their aliphatic structure, resulting in
low reactivity [6]. One of the solution could be preparing
mixtures of bio-based diisocyanates with aromatic diisocy-
anates commonly used in industry like toluene diisocyanate
(TDI) or diphenylmethane diisocyanate (MDI). Diisocyanate
mixtures are not commonly used in industry and literature
regarding to this topic is also limited. One of the examples
is application of diisocyanate mixture in the synthesis of
polyurethane adhesive/aluminum laminate composites for
automotive industry. Mixture of diphenylmethane diisocy-
anate (MDI) and 4,4'-dicyclohexylmethane diisocyanate
(H;,MDI) was applied. Obtained composites were character-
ized by good mechanical properties and high thermal stabil-
ity [18]. Other example of diisocyanate mixtures using that
production of waterborne polyurethanes [16]. The subject
of research were diisocyanates commonly used in coatings
and adhesives production: isophorone diisocyanate (IPDI),
xylene diisocyanate (XDI) and hydrogenated xylene diiso-
cyanate (HyXDI). Polyurethanes based on IPDI and HyXDI
exhibit good resistance to weather conditions but have low
peel strength. In order to improve this parameter, mixtures
with XDI—compound improving durability were prepared.
The highest tensile strength was obtained using single IPDI,
but the highest elongation corresponded to mixture IPDI-
HXDI-XDI with equal amount of every compound [19].

@ Springer

Prisacariu et al. [20] also examined the topic of diisocy-
anate mixtures. In their work diisocyanates with different
geometry were used: diphenylmethane diisocyanate (MDI)
and 4,4'-dibenzyl diisocyanate (DBDI). In MDI aromatic
rings are connected by one methyl group and it exhibits no
symmetry, while in DBDI there are two methyl groups—
rotation around bond between these groups enables change
of geometry, which results in tendency to crystallization.
Five types of polyurethanes were prepared: based on single
MDI, single DBDI and three mixtures of them with different
order of introduction (first MDI, first DBDI, both diisocy-
anates at the same time). Thermal and mechanical properties
of obtained materials were examined. Polyurethanes based
on single DBDI were characterized by the lowest glass tran-
sition temperature and the best thermal stability due to the
highest degree of crystallinity (50%). On the other hand,
polyurethanes based on the mixture of MDI and DBDI intro-
duced at the same time, obtained the highest tensile strength
and the lowest residual elongation. Inelastic phenomena
(highest stiffness, hysteresis and residual elongation) were
mostly highlighted when single DBDI was used. Using the
diisocyanate mixture allowed to reduce these parameters.

Application of diisocyanate mixtures can also have a good
influence on economic and environmental issues. Partial
replacement of more expensive diisocyanate with cheaper
one, without appreciable decrease in properties, may result
in reducing production costs. Environmental issues refer to
application of bio-based diisocyanates. Partial replacement
of petrochemical diisocyanate with bio-based diisocyanate
will lower the utilization of petroleum and limit negative
influence on environment. That is why, the aim of the pre-
sented research was to examine the chemical structure, ther-
mal, thermomechanical, mechanical and physic-chemical
properties of partially bio-based thermoplastic polyurethane
elastomers obtained using diisocyanate mixtures including
partially bio-based diisocyante. Two types of diisocyanate
mixtures were prepared: bio-based aliphatic diisocyanate
with petrochemical aliphatic diisocyanate or petrochemical
aromatic diisocyanate respectively.

Experimental
Materials

Polyetherol as polytertahydrofurane (PolyTHF 2000) with
a molecular weight of ~2000 g/mol and a hydroxyl value of
56 mg KOH/g was purchased from BASF (Germany). Pet-
rochemical aromatic diisocyanate—diphenylmethane diiso-
cyanate (MDI) was provided by BorsodChem (Hungary).
Petrochemical aliphatic diisocyanate—hexamethylene diiso-
cyanate (HDI) with NCO content of 49.9 wt% and partially
bio-based diisocyanate derived from palm oil—Tolonate™
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X FLO 100 (coded FLO) with NCO content of 12.46 wt%
were supplied by Vencorex Chemicals (France) [21]. As a
chain extender bio-based 1,3-propanediol (Susterra® Pro-
panediol, DuPont, USA) was used. Organotin catalyst—
dibutyltin dilaurate (DBTDL) was provided by Sigma-
Aldrich (Poland).

Sample Preparation

The procedure of partially bio-based thermoplastic polyu-
rethane elastomers preparation was analogous regardless of
the type of diisocyanate mixtures: HDI—Tolonate™ X FLO
100 (HDI-FLO) and MDI—Tolonate™ X FL.O 100 (MDI-
FLO). Partially bio-based polyurethanes were obtained via
prepolymer method. Initially, polyol was dried and degassed
in temperature 90 °C for 2 h. Next polyol was cooled to
60 °C and then diisocyanate mixture was added (HDI-FLO
or MDI-FLO). Diisocyanate mixtures were prepared with
the weight ratio of petrochemical diisocyanate to bio-based
diisocyanate equaled 4:1. The prepolymerization reaction
was conducted at 80 °C for 2 h. After prepolymerization
reaction the free isocyanate group (NCO) content in the
urethane bio-based prepolymer has been determined and
was equaled 7.76 and 7.10 for bio-based prepolymer based
HDI-FLO and MDI-FLO respectively. In the second stage
of the process bio-based prepolymers were cooled to 60 °C
and then mixed with bio-based 1,3-propanediol as a chain
extender and with DBTDL catalyst. Samples were prepared
in [NCOJ,repotymer/ [OH]chain extender Molar ratio equaled 1:1.
Reaction mixtures were degassed under vacuum and gravity
cast into heated molds. To complete polymerization process
all samples were cured for 24 h at 100 °C.

Measurements

Chemical structure of obtained materials was examined
by Fourier Transform Infrared Spectroscopy using ATR
technique. Analysis was carried out in room temperature
by means of Nicolet 8700 spectrophotometer. Spectra were
registered in wavenumbers range from 4500 to 500 cm™! at
4 cm™! resolution. The degree of phase separation (DPS)
was determined as R/(R+ 1), where R is a carbonyl hydro-
gen bonding index and expressed as a ratio of absorption
intensity of hydrogen-bonded carbonyl and absorption inten-
sity of free carbonyl.

Thermogravimetric analysis (TGA) was performed using
a TG 209 F1 Libra Netzsch analyzer under nitrogen atmos-
phere at a heating rate of 10 K/min and temperature range
from 25 to 700 °C. Mass of each sample was about 10 mg.

Dynamical mechanical analysis (DMA) was carried out
using TA DMA Q800 analyzer. Measurements were per-
formed with operating frequency of 10 Hz. Samples were
examined in temperature range from — 120 to 150 °C with a

heating rate of 4 °C/min. Rectangular shaped samples with
dimensions of ca. 18 X 10 x3 mm were used. The storage
modulus (E’), loss modulus (E") and tand including glass
transition temperature of elastic segments (T,) of partially
bio-based polyurethanes were determined.

Hardness of obtained materials was examined in room
temperature according to the PN-EN ISO 868:2005 with
using Zwick/Roell HPE Shore D durometer. Each sample
was tested ten times and the final results were averaged.

Tensile test in static conditions was performed in room
temperature with using Zwick/Roell Z020 tensile-test-
ing machine according to EN ISO 527-1:1996 and 527-
2:1996. Dumbbell-shaped samples of normal dimensions
with 25 mm measuring section were stretched at a rate of
100 mm/min. Tensile strength (R,,), elongation at break (g,),
Young’s modulus (E), stresses corresponding to 50% 100%,
200% and 300% of strain as a modulus elongation (Msg,
M 00%> Magoss M3go¢, Tespectively) as average of three meas-
urements for ach sample determined.

Density of materials was determined by means of Radwag
hydrostatic balance according to PN-EN ISO 1183-1:2013-
06. Measurements were conducted using methanol as an
immersion liquid. The analysis was carried out in tempera-
ture of 24 °C. The results were determined as the average of
three measurements for each sample.

Equilibrium swelling in toluene was performed according
to the procedure described in PN-74/C-04236. The speci-
mens with the average dimensions of 10X 10 x4 mm were
weighted and then immersed in toluene. All the measure-
ments were taken at room temperature for 7 days. During
this period, at regular intervals, samples were taken out from
toluene and weighted. On the basis of results, swelling index
(S) was calculated, according to the Eq. (4):

-
= — % 100%
e+ 100% )

where: m;—mass of sample after specified time of exposi-

tion in toluene [g], my—mass of sample before immersion
in toluene [g].

Results and Discussion
Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared Spectroscopy is widely used in
the analysis of chemical structure of chemical compounds.
In this work, the FTIR-ATR spectroscopy was conducted
to indicate and confirm the presence of absorption peaks
mandatory for urethane group in the structure of obtained
materials. Based on the FTIR-ATR spectra (Fig. 1) main
functional groups presented in the structure of partially
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Fig. 1 FTIR-ATR spectra of
partially bio-based thermoplas-
tic polyurethane elastomers
obtained using diisocyanates
mixtures
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bio-based thermoplastic polyurethane elastomers were also
recognized.

The FTIR-ATR spectra for both bio-PUs materials (MDI-
FLO and HDI-FLO) are similar taking into account the
occurring of urethane group, but different in the intensity
and small location shift of each absorption peaks. In both
cases, peak at 2260 cm™~! wasn’t observed, what confirmed
that all of free -NCO groups reacted fully with low molecu-
lar weight chain extender as bio 1,3-propanediol [22, 23]
Stretching vibrations of -NH groups occurred at 3321 cm™
for sample MDI-FLO and 3317 for HDI-FLO, which indi-
cates on the formation of hydrogen bonds in obtained par-
tially bio-based polyurethanes [23, 24]. In the range of the
stretching vibrations occurrence of CN bands are visible
also the NH bending vibrations (Il amide) at the wavenum-
ber 1533 cm™' for MDI-FLO and 1537 cm™' for HDI-FLO
[23, 25]. The wavenumber range of 1730-1680 cm™! was
assigned to stretching vibrations of C=0 groups. Peaks
have the form of multiplet, where higher wavenumbers
from this range (1730 cm™' for MDI-FLO, 1718 cm™" for
HDI-FLO) correspond to free C=0 groups and lower val-
ues (1703 cm™! for MDI-FLO, 1684 cm™! for HDI-FLO)
to hydrogen-bonded C=0 groups in urethane groups. The
shifting of C=0 peaks towards lower wavenumber in HDI-
FLO polyurethanes compared to MDI-FLO polyurethanes
indicates greater number of hydrogen bonds that were
created [22, 23]. It is in accordance with the analysis of
intensity of peaks. As can be seen in Fig. 1 the intensity
ratio of hydrogen-bonded to non-hydrogen-bonded peaks is
higher for HDI-FLO polyurethanes, what confirms creation
of higher amount of hydrogen bonds [26]. A wavenumber
range of 1100-1000 cm™" is attributed to the stretching
vibrations of C—O—C groups. The region of 2780-2940 cm™!
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indicates symmetric and asymmetric stretching vibrations
of C-H bonds, while the range of 1480-1300 is assigned
to deformation vibrations of the same bonds. thermoplastic
polyurethane elastomers synthesized with using MDI-FLO
mixture exhibited one additional peak at 1600 cm™!, which
corresponds to stretching vibrations of aromatic ring bonds.
The majority of corresponding peaks for both materials are
slightly shifted. Presence of aromatic rings in polyurethanes
synthesized with using MDI-FLO mixture causes slightly
shifting the peaks locations to lower wavenumbers, compar-
ing to bio-PUs based on HDI-FLO mixture.

Based on the FTIR spectra the degree of phase separation
have been calculated as a ratio of carbonyl peak absorb-
ance of bio-PU obtained using HDI-FLO mixture has higher
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Fig.2 TG curves of the partially bio-based thermoplastic polyure-
thane elastomers obtained using diisocyanates mixtures
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Fig.3 DTG curves of the partially bio-based thermoplastic polyure-
thane elastomers obtained using diisocyanates mixtures.

index of degree of phase separation, DPS, ca.0.649+0.015
while bio-PU based MDI-FLO mixture ca.0.29 +0.002.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) gives an information
of thermal properties of the analyzed material, including
the determination of temperature of beginning or rate of
thermal degradation. In this work, TGA was used to indi-
cate the differences in thermal properties of partially bio-
based thermoplastic polyurethane elastomers obtained using
diisocyanates mixtures and determine the onset of thermal
decomposition of obtained materials. Mostly, the thermal
decomposition in the case of PUs occurs in two main steps
and is related with the dissociation of urethane group and
polyol residue and also pointed on the phase separation in
the material [7, 27]. The onset and rate of the decomposition
depend on many factors such type of used substrates in the
synthesis of PU and their molar ratio. In the Figs. 2 and 3 TG
and DTG curves were presented. It is visible that the thermal
decomposition of partially bio-based polyurethanes obtained
using diisocyanates mixtures took a place in the three stages.
First and second step is related with the decomposition of
hard segments of obtained partially bio-based polyurethanes,
while the third step of soft segments. Depends on the type
of diisocyante mixture (aliphatic—aliphatic or aromatic—ali-
phatic) the thermal stability of partially bio-based polyure-
thanes has been changed. Hard segments in the materials
based on MDI-FLO mixture decomposed rapidly in lower
temperature and higher rate than polyurethanes based on
HDI-FLO mixture (Fig. 3). The two-step decomposition of
hard segment is a consequent of the usage of diisocyanate
mixture. In the chemical structure of FLO diisocyanate
occurs the residue of fatty acid and the same is characterized
by higher weight equivalent in comparison to petrochemical

Table 1 Tand, Tg, E’' and E” of partially bio-based thermoplastic pol-
yurethane elastomers

Sample tand, T, [°C] E’ E”
[MPa] [MPa]
HDI-FLO 0,15 —-472 1776 115
MDI-FLO 0.38 —34.7 2910 212
10000

1000

LogE' [MPa]
=
o

—HDI-FLO
——MDI-FLO

-120 -70 -20 30 80 130
Temperature [°C]

Fig.4 The log E’ as a function of the temperature of partially bio-
based thermoplastic polyurethane elastomers obtained using diisocy-
anates mixtures

250
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£
=)
i, 100
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50 —MDIFLO
0
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Temperature [°C]

Fig.5 The E” as a function of the temperature of partially bio-based
thermoplastic polyurethane elastomers obtained using diisocyanates
mixtures

diisocyanates, the part of the hard segments build of FLO
residue decomposed in higher temperature than hard seg-
ments build from HDI and MDI.

In the case of the decomposition of soft segments of bio-
PU based on MDI-FLO mixture the third step is shifted to
the higher temperature with the comparable rate to the sam-
ples based on HDI-FLO mixture (Fig. 3).
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Fig.6 Tand as a function of the temperature of partially bio-based
thermoplastic polyurethane elastomers obtained using diisocyanates
mixtures

Dynamic Mechanical Analysis (DMA)

Dynamical mechanical analysis provides a good deal of
interesting information about material. On the basis of
storage modulus (E") the amount of energy accumulated
in material and its stiffness can be defined. Loss modulus
(E") informs about energy dissipated as a heat and loss fac-
tor (tand) provides information about the macromolecular
mobility [27]. Plots of storage modulus (E’), loss modulus
(E") and tand as a function of temperature were presented
in Figs. 5, 6 and 7, while maximum values of tand, Tg (as
the temperature at the maximum of tand), E' and E” were
presented in Table 1.

Analysis showed that type of diisocyanate mixture has
an influence on thermomechanical properties of partially
bio-based thermoplastic polyurethane elastomers. In the
temperature range from — 100 to — 50 °C, significantly
higher value of E’ is assigned to bio-PU based on MDI-
FLO (the difference is about 1134 MPa, see Table 1). In
the case of both materials, temperature rise causes the drop
of storage modulus, what is related to glass transition of
soft segments of polyurethanes (Fig. 4). At the room tem-
perature, polyurethanes obtained using HDI-FLO exhibit
higher value of E’ (about 100 MPa). Obtained results
indicate that bio-PUs based on HDI-FLO possess greater
capacity to accumulate energy and higher stiffness in room
temperature. Above 100 °C for sample HDI-FLO it can

Table 3 The elongation modulus Myyg, M 04, Magge and Mzgyq of
partially bio-based thermoplastic polyurethane elastomers obtained
using diisocyanate mixtures

Sample Msyq [MPa] M40 [MPa] Myygq [MPa] M;,q [MPa]

HDI-FLO 6.3+0.1
MDI-FLO 4.6+0.1

7.1+04
6.1+0.2

8.8+0.2
8.5+0.2

10.3+0.2
11.8+0.3

Stress [MPa]

—HDI-FLO
—MDI-FLO

0 200 400 600 800
Strain [%]

Fig. 7 Stress—strain curves of partially bio-based thermoplastic poly-
urethane elastomers obtained using diisocyanates mixtures

be observed rapid decreases in storage modulus which
indicted on the thermoplastic character of this material
and melting of hard segments.

The curves of loss modulus as a function of temperature
display single peak in the temperature range from — 70
to — 30 °C (Fig. 5). In this region, polyurethanes based on
MDI-FLO exhibit higher E” about 60 MPa than bio-PU
based on HDI-FLO. It indicates that they are characterized
by higher irreversible energy loss. In room temperature,
values of loss modulus are nearly equal for both materials.

Loss factor tand characterizes dumping properties of
materials. It is calculated as a ratio of energy dissipated to
energy accumulated in a process [28]. In the temperature
range from — 60 to 0 °C, bio-PUs based on MDI-FLO
exhibit nearly two times higher value of tand that bio-PUs
based on HDI-FLO (Fig. 6). It is connected with better
dumping properties of this material [27]. On the basis
of maximum of loss factor, glass transition temperatures
(T,) of soft segments of polyurethanes were determined.
In both cases these values are significantly lower than

Table 2 Results of mechanical

- > - Sample E R,, [MPa] €, Hardness [°Sh D] Density [g/cm?]
analysis of partlally bio-based [MPa] (%]
thermoplastic polyurethane
elastomers HDI-FLO 80.1+10.5 29.3+0.7 813+8 324+1.1 1.051+0.002
MDI-FLO 19.6+1.9 26.0+3.1 454+18 27.5+1.2 1.068 +0.003
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Fig.8 Swelling degree as a function of time of partially bio-based
thermoplastic polyurethane elastomers obtained using diisocyanates
mixtures

room temperature, which is characteristic for elastomeric
materials. HDI-FLO based PU exhibit elastic properties
in the broader range of temperatures what was confirmed
by lower value of glass transition temperature. Higher T,
of bio-PU based on MDI-FLO indicated on increase phase
mixing and poor phase separation between soft and hard
segments in thermoplastic polyurethane elastomer what
was also confirm by FTIR (DPS value) and thermogravi-
metric measurements.

Mechanical Properties

In order to determine the future application of new materials,
tensile properties belong to the most crucial factors. The val-
ues of tensile strength (R,,), elongation at break (g,), Young’s
modulus (E) and stresses corresponding to 50%, 100%, 200%
and 300% of strain (Msp, My Myg, M3q) were presented in
Tables 2 and 3 evaluated, while the stress—strain curves were
shown in Fig. 7.

In general, the type of diisocyanate mixture had a sig-
nificant influence on the properties in tensile test. Bio-PU
obtained using HDI-FLO mixture exhibited slightly higher
value of tensile strength. Stresses at 50%, 100%, 200% and
300% strain confirmed that this material is able to transfer
higher loads at the same strain as bio-PU based on MDI-FLO
(Tab.3). The results are in accordance with Young’s modu-
lus, which is the factor of proportionality between stress and
strain in the resilience region. The Young’s modulus value
for polyurethanes obtained using MDI-FLO is lower about
60 MPa. These results were confirmed by DMA analysis at
the room temperature region. Higher crosslinking density
of HDI-FLO polyurethanes causes higher stiffness, tensile
strength and Young’s modulus at room temperature [7, 29].
Elongation at break was distinctly higher for HDI-FLO based

PU about 360% in accordance to MDI-FLO material. HDI-
FLO based polyurethanes also demonstrated higher percent
of residual elongation. It means that polyurethanes obtained
using HDI-FLO are capable of bigger deformations, but more
percent of them are inelastic.

Difference between both materials is not so visible in
terms of hardness and density. Densities of both materials
are similar, at the range of 1.051-1.068 g/cm®. HDI-FLO
based bio-PU demonstrated hardness of 32.4°Sh D and
MDI-FLO based bio-PU 27.5°Sh D, which is only 5°Sh D
lower.

Equilibrium Swelling in Toluene

Equilibrium swelling enables to determine the resistance of
material to the specific solvent and in the case of crosslinked
materials it helps to assess crosslinking density and molec-
ular weight between nodes of network [30]. The swelling
ratios of samples during exposition in toluene were pre-
sented in Fig. 8.

For both materials the similar weight changes have been
observed. During first 2-3 h of bio-PU exposition in toluene
the linear growth of the samples weight were noted. At that
time, for MDI-FLO based PUs swelling degree was higher
than for HDI-FLO based bio-PUs. After 25 h of exposition,
saturation of toluene between polymer macromolecules is
observed and the swelling ratios are almost constant.

Maximum swelling ratio is different for both mate-
rials. PUs based on MDI-FLO exhibit higher value ca.
99%, while polyurethanes obtained with HDI-FLO have
Am = 87%. These results are correlated with crosslinking
density of materials. The higher crosslinking density of
material, the less space for solvent molecules to penetrate
the network [31, 32]. That is the explanation why the
swelling ratio is lower.

Conclusion

This work was connected with environmental friendly
route for synthesis of novel bio-based thermoplastic poly-
urethane elastomers obtained by using diisocyanate mix-
tures which contained low volatility partially bio-based
diisocyante derived from palm oil fatty acids. Partially
bio-based thermoplastic polyurethane elastomers syn-
thesized with using different diisocyanate mixtures were
successfully prepared and analyzed. The results indicated
that the type of diisocyanate mixture had an influence on
the structure and properties of partially bio-based polyu-
rethanes. Differences in structure were demonstrated on
FTIR spectra especially in the wavenumber region of
1730-1680 cm™!. The shifting of C=0 peaks towards
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lower wavenumber in HDI-FLO bio-PU and intensity of
them indicated greater number of hydrogen bonds that
were created in this material. Generally bio-PU based on
HDI-FLO diisocyanate mixture has higher thermal stabil-
ity and decomposed at lower rate than the MDI-PU based
PU what is advantage. DMA analysis showed that HDI-
FLO based polyurethanes exhibited greater capacity to
accumulate energy and higher stiffness. They were also
characterized by lower glass transition temperature and
higher crosslinking density than MDI-FLO based bio-
PU, but possess worse dumping properties. Tensile test
indicated that PUs obtained using HDI-FLO mixture have
better mechanical properties. They exhibit higher tensile
strength, modulus elongation at 50%, 100%, 200% and
300%, Young’s modulus and elongation at break. Hardness
and density of both type of bio-PU are similar. MDI-FLO
based bio-PU was characterized by higher swelling degree
in toluene than materials based on the HDI-FLO mixture.
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