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Abstract
Non-isocyanate polyurethanes (NIPUs) constitute one of the most prospective groups of eco-friendly materials based on their 
phosgene-free synthesis pathway. Moreover, one of the steps of their obtaining includes the use of carbon dioxide (CO2), 
which allows for the promotion of the development of carbon dioxide capture and storage technologies. In this work, non-
isocyanate polyurethanes were obtained via three-step synthesis pathway with the use of epichlorohydrin. In the I step, the 
addition reaction of epichlorohydrin with polyhydric alcohols was conducted for diglicydyl ethers obtaining. In the II step 
carbon dioxide reacted with diglicydyl ethers to obtain five-membered bis (cyclic carbonate)s in the cycloaddition reaction. 
Then, one-pot polyaddition reaction between bis (cyclic carbonate) and dimerized fatty acids-based diamine allowed for non-
isocyanate polyurethanes (NIPU)s preparation. Three bio-based materials (two semi-products and one bio-NIPU) and three 
petrochemical-based materials (two semi-products and one NIPU) were obtained. The selected properties of the products of 
each step of NIPUs preparation were compared. Fourier transform infrared spectroscopy FTIR and proton nuclear magnetic 
resonance 1H NMR measurements allowed to verify the chemical structure of all obtained products. The average molecular 
masses of the semi-products were measured with the use of size exclusion chromatography SEC. Moreover, thermal stability 
and thermal degradation kinetics were determined based on thermogravimetric analysis TGA. The results confirmed that the 
activation energy of thermal decomposition was lower for semi-products and NIPUs prepared with the use of petrochemical-
based epichlorohydrin than for their bio-based counterparts.

Keywords  Cycloaddition · Non-isocyanate polyurethane · Thermal decomposition · Carbon capture · Bis(cyclic 
carbonate) · Thermal degradation kinetics

Introduction

Over the last half-century, it is very significant to replace 
hazardous chemicals and problematic reaction conditions 
with a more environmentally friendly solution [1]. Apart 
from the traditional method of polyurethane synthesis (with 
the use of diisocyanates), these materials can be obtained by 
isocyanate- and phosgene-free routes. The greatest poten-
tial represents polyaddition of bis(cyclic carbonate)s and 
di- or polyamines leading to non-isocyanate polyurethanes 

(NIPUs) [2]. The advantages include the possibility of using 
bio-based resources such as trimethylolpropane [3, 4], vanil-
lin [5], isosorbide [6], sorbitol, glycerol [3], pentaerythritol 
[3], furfuryl glycidyl ether [7] and polytrimethylene ether 
glycols [8].

Currently, commercially available is also bio-based 
epichlorohydrin, which can pose a primary monomer for 
NIPU synthesis. Epichlorohydrin is an organic chemical 
compound from the group of epoxides containing a side 
chloromethyl group. Under industrial conditions, epichloro-
hydrin is obtained by chlorination of propylene to allyl chlo-
ride followed by epoxidation of the latter. 100% bio-based 
epichlorohydrin is produced using process based on glycerol 
(by-product from biodiesel production). It offers significant 
environmental advantages compared to epichlorohydrine 
from fossil fuel, in example 61% reduction in Global Warm-
ing Potential and 57% less energy consumption [9].
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The impact of the use of monomers with different origin 
in the synthesis of NIPUs on their final properties and also 
on the course of synthesis is an interesting issue in the field 
of polymers. Moreover, the origin of monomers can also 
affect the thermal decomposition mechanism and its activa-
tion energy.

One of the most important information about the thermal 
stability of various polymers is their thermal degradation 
kinetics, which e.g. gives the information about the acti-
vation energy (Ea) of material thermal decomposition. The 
thermal degradation kinetics can be determined based on 
thermogravimetric analysis. The majority of methods which 
allow for thermal decomposition kinetics determination are 
based on reaction models. These methods are difficult to use 
due to the sophisticated thermal degradation mechanisms 
of most polymers. Nevertheless, commonly known are 
also some methods which employ mathematical formulae 
without precise knowledge about decomposition reaction 
mechanisms, e.g. Kissinger [10, 11], Friedman [12, 13] or 
Ozawa, Flynn and Wall methods [14–16]. The last method 
from above-mentioned assumes that with the alteration of 
the heating rate β, the conversion function f (α) stays con-
stant for all values of conversion α. This method consists of 
measurements of the temperatures attributable to the conver-
sion α from experiments carried out at different heating rates 
β (thermogravimetric analysis). The activation energy (Ea) is 
determined according to the plot of ln(β) versus 1/T drawn 
up on the basis of Eq. (1) [17].

where: β – heating rate [K min−1]; A – pre-exponential fac-
tor, that is assumed to be temperature independent; g(α) 
– the integral reaction model; Eapp – the approximate activa-
tion energy [kJ mol−1]; T – temperature [K]; R – gas constant 
[8.314 × 10−3 kJ mol−1 K−1].

Plotting log β versus 1/T creates linear trends at each 
fixed degree of conversion α. The approximate activation 
energy is proportional to the slope of the plot’s best-fit line, 
according to the relation (3):

The main aim of this study was to determine the thermal 
degradation characteristics of the obtained semi-products 
and non-isocyanate polyurethanes on their basis. Thermal 
degradation characteristics was determined using thermo-
gravimetric analysis (TGA). The kinetics of the thermal 
degradation was set according to Ozawa, Flynn, and Wall 
method (OFW). Non-isocyanate polyurethanes were synthe-
sized via polyaddition reaction between bis (cyclic carbon-
ate)s and dimerized fatty acids-based diamine derivatives. 

(1)ln(�) =

[

AEapp

Rg(�)

]

− 0.4567
Eapp

RT
− 2.315

(2)slope = − 0.4567
Eapp

R

The three-step synthesis pathway was carried out with the 
use of bio-based poly (trimethylene glycol) as a starting mol-
ecule. The present paper is also an attempt to bring more 
insight into the comparison and influence of the use of pet-
rochemical-based and bio-based substrates on the selected 
properties, mainly chemical structure and thermal degra-
dation characteristics of the synthesized semi-products and 
final NIPUs.

Materials and methods

Materials

For the syntheses, the following monomers and catalysts 
were used:

–	 bio-based poly(trimethylene glycol) (PO3G), Sensatis® 
(molecular mass: 250 g mol−1), purchased from Allessa 
(Germany),

–	 petrochemical-based epichlorohydrin (ECH; purity 
ca. ≥ 99%; molecular mass: 92.52 g mol−1),

–	 bio-based epichlorohydrin (EPI; molecular mass: 
92.52 g mol−1), purchased from Advanced Biochemical 
(Thailand),

–	 sodium hydroxide (NaOH) purchased from Sigma-
Aldrich,

–	 boron trifluoride-diethyl ether complex (BF3·Et2O) 
(purity ca. ≥ 98%; molecular mass: 141.93 g  mol−1), 
acquired from Sigma-Aldrich,

–	 tetrabutyl ammonium bromide (TBAB) (molecular mass: 
322.38 g mol−1; revealed purity ca. 99%), acquired from 
TCI Chemicals (India),

–	 diamine derivatives of dimerized fatty acids (Pri-
amine®1075), purchased from Croda (Netherlands).

All chemicals and solvents were used as received.

General procedure for the synthesis of diglycidyl 
ethers (ED)

The syntheses of the diglycidyl ethers were performed 
according to the previous study [18]. The dried bio-based 
polyether polyol PO3G250 and BF3·Et2O, as a catalyst 
were first mixed and heated to 80 °C in a 0.5 L glass reactor 
equipped with a mechanical stirrer, Liebig condenser and 
temperature controller. Next, ECH or EPI was continuously 
added, the molar ratio of PO3G to ECH or EPI equaled 1:3, 
and the reaction was stirred at stirring speed of 200 rpm 
and at the temperature of 80 °C. The mixture was cooled 
down to 50 °C after 8 h of reaction and50% w/w aqueous 
solution of NaOH was added dropwise over ca. 5 h. Then, 
the solid precipitate was removed by filtration under reduced 
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pressure. The product was extracted with ethyl acetate and 
then evaporated to remove solvents and unreacted com-
pounds. The product ED250_P was obtained as a colorless 
slightly viscous liquid with the use of petrochemical-based 
epichlorohydrin while ED250_BIO was synthesized using 
bio-based epichlorohydrin. Figure 1 shows the scheme of the 
synthesis of diglycidyl ethers.

The 1H NMR spectra of two different types of epichlo-
rohydrin (ECH and EPI) were compared and no additional 
protons were identified, which confirms the identical chemi-
cal structure of the used compounds.

1H NMR examination of the chemical structure of two 
types of epichlorohydrin was found: ECH (400  MHz, 
DMSO–d6), δ (ppm) = 2.5 (DMSO–d6 solvent signal), 2.7 
(1H, –CH2(O)CH–CH2–Cl), 2.8 (1H, –CH2(O)CH–CH2–Cl), 
3.2 (1H,–CH2(O)CH–CH2–Cl), 3.5 (1H, –CH2–Cl), 3.9 (1H, 
–CH2–Cl);

EPI (400 MHz, DMSO–d6),δ (ppm) = 2.5 (DMSO–d6 
solvent signal), 2.7 (1H, –CH2(O)CH–CH2–Cl), 2.8 (1H, 
–CH2(O)CH–CH2–Cl), 3.2 (1H, –CH2(O)CH–CH2–Cl), 3.5 
(1H, –CH2–Cl), 3.9 (1H, –CH2–Cl).

General procedure for the synthesis of bis(cyclic 
carbonate)s (DC)

Five-membered bis(cyclic carbonate)s were synthesized 
under the reaction of ED250_P or ED250_BIO with CO2. 
The reaction was conducted in 0.5 L three-necked flask 
equipped with a temperature controller, a magnetic stirrer, 
and an inlet of CO2 [18]. The TBAB (0.5 mass%) as a cata-
lyst was added to the reaction mixture and the temperature 
was heated to 110 °C. The reaction was conducted for 30 h 
under atmospheric pressure with a 100 mL min−1 CO2 gas 
flow rate. The obtained product was analyzed in detail and 

used for NIPU preparation without further purification. The 
produced DC250_P and DC250_BIO were colorless liquids 
at room temperature. Figure 2 shows the scheme of the syn-
thesis of bis(cyclic carbonate)s.

General procedure for the synthesis 
of non‑isocyanate polyurethanes (NIPUs)

One-pot polyaddition reaction between DC and dimer-
ized fatty acids-based diamine derivatives (Priamine 1071, 
amine value of 193 mg KOH g−1, [18], dimer/trimer content 
of 3/1 and average amine functionality of 2.2 [19]) were 
used for NIPUs preparation. The mixture of DC250_P or 
DC250_BIO and Priamine 1071 in molar ratio 1:1.2, was 
mechanically stirred for 3 h at 110 °C. Then, the reactive 
mixture was placed into a mold and cured at 110 °C for 48 h 
in a laboratory oven. The prepared NIPU was denoted as 
NIPU250_P and NIPU250_BIO. Figure 3 shows the scheme 
of the synthesis of non-isocyanate polyurethanes.

Measurements

Fourier transform infrared spectroscopy (FTIR)

The chemical structure of the obtained semi-products and 
NIPUs was verified by means of a Nicolet 8700 FTIR Spec-
trophotometer (Thermo Electron Corporation, USA) with 
the attenuated total reflection sampling technique ATR. All 
samples were measured at room temperature in the wave-
number range from 4500 to 500 cm−1. The spectra were 
collected using 64 scans with a resolution of 4 cm−1.

Nuclear magnetic resonance (1H NMR)

1H NMR spectra allowed for semi-products and NIPUs 
chemical structure confirmation and were recorded on 

Step I Epoxidation of hydroxyl groups
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Fig. 1   Scheme of the synthesis of diglycidyl ethers in the reaction 
between bio-based polyether polyol and epichlorohydrin

Step II Formation of bis(cyclic carbonate)
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Fig. 2   Scheme of the synthesis of bis (cyclic carbonate)s in the 
cycloaddition of CO2 into diglycidyl ether
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Varian Mercury Vx spectrometer. All samples were meas-
ured at ambient temperature with a frequency of 400 MHz. 
DMSO-d6 was used as a solvent and TMS as an external 
standard.

Size exclusion chromatography (SEC)

To determine the number (Mn) and mass (Mw) average 
molecular masses, as well as the dispersity of the obtained 
semi-products and NIPUs, the size exclusion chromatogra-
phy was performed. A chromatographic system equipped 
with a refractive index detector (Shodex, Japan), UV–Vis 
detector (l ¼ 254 nm, LCD 2084; Ecom, Czech Republic) 
and a set of three columns (PL gel with a particle size of 
10 mm, pore size: 50/ 10E3/10E4 Å, 7.5 mm, Polymer 
laboratories, UK) was used. The samples were analyzed as 
a solution in THF at 30 °C and a flow rate of 1 mL min−1. 
Samples were filtered before testing using 2  μm pore 
size nylon filters. The elution times were converted to 
molecular mass using a calibration with polystyrene (PS) 
standard.

Thermogravimetric analysis (TGA)

Thermogravimetr ic Analysis was realized using 
NETZSCH TG 209 F3 Thermogravimetric Analyzer. The 
samples (ca. 10 mg) were placed in a corundum cruci-
ble and heated from room temperature to 700 °C at vari-
ous heating rates: 5, 10, and 20 °C min−1. The measure-
ments were realized under continuous nitrogen flow (N2). 
Under these conditions, the experiments were sufficiently 
reproducible.

Results and discussion

Chemical structure characterization (FTIR, 1H NMR)

The chemical structures of the synthesized compounds were 
analyzed by FTIR and 1H NMR methods. The FTIR spectra 
(Fig. 4) have confirmed the successful epoxidation reaction 
which is due to the appearance of two bands at 908 cm−1 
(νC–O of the oxirane group) and 841 cm−1 (νC–O–C of the 
oxirane group). The disappearance of the absorption band 
characteristic for the vibrations of the hydroxyl groups pre-
sent in the polyol structure is also visible (3590–3310 cm−1). 
Spectra of diglycidyl ethers (ED) also contained typical 
bands of asymmetric and symmetric stretching vibrations 
of C-H groups (ν–CH2– and ν–CH3) at 2930 and 2850 cm−1 
and ether group stretching vibrations (ν–C–O–C–) at 
1100 cm−1. The epoxy band characteristic for the diglycidyl 
ethers chemical structure (epoxy region) was recognized on 
both spectra, regardless of the used epichlorohydrin (bio-
based or petrochemical-based one). According to 1H NMR 
examination of the chemical structure of diglycidyl ether 
was found:

ED_250_BIO (400  MHz, DMSO-d6), δ (ppm) = 1.7 
(m, 10H, –CH2–polyol chain), 2.55 (m, 2H, –CH2(O)
CH–epoxy group, estimated values, overlapped with sol-
vent signal), 2.72 (m, 2H, –CH2(O)CH-epoxy group), 
3.08 (m, 1.89H, –CH2(O)CH-epoxy group), 3.2 (m, 1.4H, 
–CH2(O)CH–CH2–O–), 3.95–3.26(m, 89.5H, –CH2(O)
CH–CH2–O–,–O–CH2–CH2–CH2–O–polyol chain, overlapped 
with H2O and side products);

ED_250_P (400 MHz, DMSO-d6), δ (ppm) = 1.7 (m, 
10H, –CH2–polyol chain), 2.56 (m, 2H, –CH2(O)CH–epoxy group, 
estimated values, overlapped with solvent signal), 2.72 
(m, 2H, –CH2(O)CH–epoxy group), 3.09 (m, 2H, –CH2(O)

Fig. 3   Scheme of the synthesis 
of non-isocyanate polyure-
thanes in the reaction between 
bis(cyclic carbonate) and dimer-
ized fatty acids-based diamine 
derivatives
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CH–epoxy group), 3.6 (m, 1.5H, –CH2(O)CH–CH2–O–), 
3.95–3.26 (m, 111.52H, –CH2(O)CH–CH2–O–, 
–O–CH2–CH2–CH2–O–polyol chain, overlapped with H2O and 
side products), 5.27 (d, 0.5H, –OHside product).

All resonance signals have been assigned to the corre-
sponding protons based on the integration values. In our 
previous studies, we proved that besides the main product, 
additional by-products were identified to have formed during 
the epoxidation, as evidenced by the signal at the chemical 
shift δ = 5.27 in the case of ED_250_P [8]. This signal is not 
identified for ED_250_BIO sample.

The cycloaddition of CO2 into diglycidyl ethers, which 
led to bis (cyclic carbonate)s, was performed under opti-
mized conditions determined in our previous studies 
[8, 18, 20]. The FTIR spectra of the DC_250_BIO and 
DC_250_P samples demonstrate disappearance of the 
band at915 cm−1which proves that CO2 is incorporated 
into the epoxy groups in the chemical structure of diglyci-
dyl ethers. The complete disappearance of this band cannot 
be confirmed due to the overlap of the band characteristic 
of in-plane bending vibration of methyl group [21]. Spec-
tra also contained a typical distinctive absorption peak 
at 1800 cm−1 corresponding to the stretching vibration 
of carbonyl groups (νC = O) which confirms the forma-
tion of the assumed structure of cyclic carbonates (cyclic 
carbonate groups). According to 1H NMR examination of 
the chemical structure of bis(cyclic carbonate)s was found: 
DC_250_BIO (400 MHz, DMSO–d6), δ (ppm) = 1.7 (m, 
10.36H, –CH2–polyol chain), 2.5 (DMSO–d6 solvent sig-
nal), 3.27–3.94 (m, 99.93H, cyclic carbonate–CH2–O–, 
–O–CH2–CH2–CH2–O–polyol chain, overlapped with H2O 
and side products), 4.26 (m, 2H, –CH2O–cyclic carbonate), 

4.53(m, 2H, –CH2O–cyclic carbonate), 4.91 (m, 2H, 
–CHO–cyclic carbonate), 5.25 (d, 0.27H, –OHside product); 
DC_250_P (400 MHz, DMSO-d6), δ (ppm) = 1.71 (m, 
11.26H, –CH2–polyol chain), 2.5 (DMSO–d6 solvent sig-
nal), 3.27–3.94 (m, 119.52H, cyclic carbonate–CH2–O–, 
–O–CH2–CH2–CH2–O–polyol chain, overlapped with H2O 
and side products), 4.26 (m, 2H, –CH2O–cyclic carbonate), 
4.52 (m, 2H, –CH2O–cyclic carbonate), 4.91 (m, 2H, 
–CHO–cyclic carbonate), 5.26 (d, 1.43H, –OHside product).

FTIR analysis was also used to confirm the final struc-
ture of non-isocyanate polyurethanes. The characteristic 
absorption bands of functional groups were identified. Both 
synthesized materials showed the characteristic groups for 
polyurethanes, suggesting a quite similar chemical struc-
ture. Almost complete disappearance of the typical carbonyl 
group stretching vibration absorption band at 1790 cm−1 was 
observed. It indicates that during the reaction bis(cyclic 
carbonate)s quantitatively convert into polyurethane 
materials [22]. The appearance of new urethane linkage 
bands, i.e. C = O (1695 cm−1), N–H (1535 cm−1) and C-N 
(1367 cm−1), and the C–O asymmetric stretching vibration 
band of N–CO–O and C–O–C linkages at about 1258 cm−1 
also verified the complete conversion of cyclic carbonate 
groups [1, 3]. The broad absorption bands at 3333 cm−1are 
related to the O–H and N–H stretching vibrations [23]. 
New peak appearing at around 1098 cm−1 corresponds to 
the C–O–C (polyether polyol chain) vibration of the polyol 
chain. According to FTIR spectra, the final conversion of the 
cyclic carbonate groups was estimated to 92% and 89% for 
NIPU_250_BIO and NIPU_250_P, respectively. The conver-
sion was estimated by the relative absorption intensity of the 
carbonyl (νC = O) to methyl groups (νC–H) vibrations in 

Fig. 4   The FTIR spectra of 
diglycidyl ethers, bis(cyclic 
carbonate)s and non-isocyanate 
polyurethanes synthesized using 
two types of epichlorohydrin—
ECH and EPI
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the chemical structure of bis(cyclic carbonate)s and NIPU 
materials [24].

Molecular mass characterization

The number and mass average molecular masses and disper-
sity of the semi-products for NIPUs obtainment were deter-
mined with the use of size exclusion chromatography. The 
number average molecular mass is defined as the total mass 
of the polymer divided by the total number of molecules. 
Therefore, the theoretical Mn of the synthesized bis(cyclic 
carbonate)s was calculated from the Mn values of the initial 
bio-based poly(trimethylene glycol), PO3G250. The calcula-
tion was performed based on the assumption of full conver-
sion and occurrence of no side reactions. Table 1 presents 
the values of theoretical number average molecular mass, 
number and mass average molecular masses and dispersity.

Experimentally determined Mn values are in good agree-
ment with the theoretical Mn. The difference in molecular 
mass verifies the occurrence of side reactions as confirmed 
by FTIR and NMR analyses. The differences between the 
theoretical and determined Mn molecular mass were higher 
in the case of bio-based semi-products than ED650, which 
agrees well with the above-mentioned findings that the side 
reactions proceed to a higher extent during DC250 synthesis. 
Nevertheless, in the second NIPUs synthesis step, obtained 
bis(cyclic carbonate)s characterized lower values of dis-
persity, which may indicate that the reaction of the second 
stage of the synthesis occurs in the direction of products 
with similar average molar mass.

Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed to evaluate the 
thermal properties of the synthesized materials. The results 
confirmed their high thermal stability. Figure 5 presents 
the thermogravimetric curve (the TGA curve) and the first 
derivative of the TGA curve (the DTG curves) for relevant 
materials. The results confirmed one-step mechanism of the 
thermal degradation of semi-products and two-step degrada-
tion mechanism for the obtained NIPUs. The use of mono-
mers with different origins – bio-based and petrochemical-
based, visibly affects the course of the thermogravimetric 
curves, which make differences in the thermal stability 
characteristics (Table 2). All measured materials were ther-
mally stable up to ca. 200 °C with the initial decomposition 
temperature (T5%) of 203 and 220 °C for ED_250_P and 
ED_250_BIO, respectively, 241 and 246 °C for DC_250_
BIO and DC_250_P, respectively, and 263 and 274 °C for 

Table 1   Theoretical number (Mn) average molecular mass, number 
(Mn) and mass (Mw) average molecular mass and dispersity (Đ) from 
SEC measurements of the synthesized diglycidyl ethers ED250 and 
bis(cyclic carbonate)s DC250

Sample Mn /Da 
(theoreti-
cal)

Mn /Da /SEC Mw /Da /SEC Ð [− /SEC

ED_250_BIO 362 575 770 1.3
ED_250_P 524 740 1.4
DC_250_

BIO
450 755 917 1.2

DC_250_P 747 905 1.2

Fig. 5   TG and DTG curves of 
the semi-products and obtained 
NIPUs
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NIPU_250_P and NIPU_250_BIO, respectively. The ther-
mal degradation of NIPU_250 was shown to proceed in two 
main steps, typical for these types of polyurethane materials 
[17, 25]. The first mass loss occurs at ca. 313 °C for both 
obtained NIPUs and corresponds to the degradation of the 
urethane linkages, while the second mass loss is attributed 
to the decomposition of soft segments – poly(trimethylene 
oxide) chains and occurs at 453 and 463 °C (Tmax2) for 
NIPU_250_P and NIPU_250_BIO, respectively [8].

Moreover, there are visible differences related to the 
intensity of the DTG curves, what gives information about 
the rate of mass loss of materials. For products of the 
first step of the NIPU synthesis, the petrochemical-based 
diglycidyl ether ED_250_P degrades faster than their bio-
based counterparts. For bis(cyclic carbonate)s, it was bio-
based DC_250 in which the rate of mass loss was higher. 
In the case of NIPUs, which are characterized by two-step 
decomposition, at the first decomposition step at ca. 313 °C 
NIPU_250_BIO revealed a higher rate of mass loss related 
to the degradation of the urethane linkage. In the second 
degradation step, at 463 and 453 °C, for NIPU_250_BIO 
and NIPU_250_P, respectively, soft segments from petro-
chemical-based NIPU revealed a higher speed of mass loss.

Thermal degradation kinetics

Thermal degradation kinetics of the products from each step 
of the three-step synthesis of NIPUs were determined with 
the use of model-free Ozawa, Flynn and Wall method. Fig-
ure 6 shows the Ozawa, Flynn and Wall plots prepared for 
diglycidyl ethers—ED_250_P and ED_250_BIO, bis(cyclic 
carbonate)s—DC_250_P and DC_250_BIO and obtained 
NIPUs—NIPU_250_P and NIPU_250_BIO. The straight 
lines are given which slope is proportional to the activation 
energy (-Ea/R). When the activation energy Ea increases 
with the increase of the conversion degree, the complex 
reaction mechanism can be confirmed. The single-step reac-
tion can be verified if the determined activation energy Ea 
is the same for the different α conversion values [14, 26].

Table  3 presents the activation energy, Ea, for all 
described materials with various degradation conversion, 
α. The presented findings demonstrate that the activation 

energy determined by OFW method shows a distinct depend-
ence on the NIPU synthesis step. An increase in activation 
energy values for the degradation conversion α equaling 
0.05, was observed with each subsequent step in the syn-
thesis of NIPUs. This means that at each subsequent stage 
of the synthesis, materials with higher activation energy of 
the thermal degradation reaction were obtained. The changes 
in this trend are visible at α equaling 0.95. For this value 
of conversion, NIPUs revealed lover activation energy, Ea, 
then products from the second step of synthesis—bis(cyclic 
carbonate)s.

Moreover, based on the results shown in Table 3, it is vis-
ible that semi-products obtained with the use of bio-based 
monomers revealed higher values of activation energy, 
Ea of thermal decomposition in the initial range of deg-
radation conversion, α, (from 0.05 to 0.2) than their pet-
rochemical countertype. Bis(cyclic carbonate)s based on 
bio-based monomers characterized higher values of Ea in 
full range of α. The change at the Ea values for diglycidyl 
ethers occurs when higher values of the degradation conver-
sion, α are reached, higher than 0.5. The change at the Ea 
values for NIPUs occurs when the degradation conversion, 
α reached higher values than 0.3. Then the petrochemical 
products show higher Ea values with successive α. At the 
initial stage of distribution for NIPUs, Ea remains high val-
ues which are associated with the dissociation of urethane 
bonds [27–29]. The highest value of Ea in this area was 
recorded for NIPU_250_BIO material which may suggest a 
higher content of urethane bonds in the polyurethane chemi-
cal structure. For bond dissociation reactions in the range 
of 0.3–0.5 conversion corresponds to a single dominant 
kinetic process associated with decomposition of soft seg-
ments. After exceeding 0.5 of degradation conversion, there 
was registered a significant increase in Ea for NIPU_250_P 
related to a dissociation energy of chemical bonds of the 
compounds produced by the secondary reactions during the 
decomposition of the structure of PUR. Nevertheless, after 
exceeding 0.5 of degradation conversion, for NIPU_250_
BIO there was registered a decrease in Ea. The results may 
suggest that secondary reactions do not occur in this case or 
the activation energy of these reactions has been achieved 
in the range of lower values of degradation conversion, α. 

Table 2   Summary of the 
thermal degradation behaviors 
of the obtained diglycidyl 
ethers, ED_250, bis(cyclic 
carbonate)s, DC_250 and 
the prepared non-isocyanate 
polyurethanes, NIPU_250

Sample T5% /°C T50% /°C T90% /°C Tmax1 /°C Tmax2 /°C Solid residue 
at 650 °C /%

ED_250_BIO 220 330 365 350 – 4.4
ED_250_P 203 373 408 383 – 6.1
DC_250_BIO 241 336 361 346 – 2.0
DC_250_P 246 3414 369 351 – 2.0
NIPU_250_BIO 274 294 474 313 463 0.8
NIPU_250_P 263 288 419 313 453 0.1
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Typically, Ea maximized at end of conversion (in the range 
of α between 0.7 to 0.9) which is related with C–C bond dis-
sociation. This phenomenon is visible for diglycidyl ethers 
and bis(cyclic carbonate)s. Interesting is the fact that for 
NIPUs, in the range of α between 0.7 and 0.9 the Ea val-
ues decrease. For bio-based NIPU, Ea at the value of α at 
0.9, equaled 168.7 kJ mol-1, when for petrochemical-based 

NIPU, Ea equaled 397.3 kJ mol-1 at the same conversion. 
The higher value of Ea for NIPU_250_P during heating 
might be related to higher heat absorption process, result-
ing due to the presence of higher NCO groups. Probably, in 
this material, the mobility of macromolecules was reduced, 
and higher energy level was needed for their vibration [30].
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Fig. 6   Ozawa, Flynn and Wall plots of the semi-products and prepared NIPUs
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Figure 7 shows the dependence of the activation energy 
(Ea) on the relative extent of degradation conversion, as cal-
culated with OFW methods for all described materials. The 
comparison confirmed the similarity at the curve courses 
for plots characterizing the same material groups – simi-
lar curve curses for diglycidyl ethers, bis(cyclic carbonate)
s and NIPUs. Noteworthy is the fact that the profiles of the 
wave forms of the characteristic curves for the same group 
of compounds, i.e. diglycidyl ethers, bis(cyclic carbonate)s 
and NIPUs are similar.

The comparison of the activation energy of the obtained 
NIPUs with the polyurethane materials obtained via iso-
cyanate route revealed differences in the values of Ea at 
the beginning of thermal decomposition (α in the range 
between 0.1 and 0.3) which are usually in the range from 
100 to 200 kJ mol−1 for typical polyurethanes [31, 32]. The 
obtained NIPUs characterized higher activation energy, 
Ea at the beginning of thermal decomposition which can 

be related to that the higher energy must be achieved for 
the dissociation of urethane bonds. The Ea values for the 
polyurethane materials obtained via isocyanate route at the 
end of thermal decomposition (α in the range between 0.7 
and 0.9) ranged between 150 and 350 kJ mol−1 [33]. This 
range is similar to bio-based non-isocyanate polyurethanes 
but lower than Ea-characterized petrochemical-based NIPU. 
The results prove that more energy is needed to degrade 
NIPU_250_P material to a greater degree of conversion.

Based on the thermal decomposition kinetics study 
results, it can be conclude that bio-based NIPUs are com-
petitive with their petrochemical counterparts due to higher 
activation energy at the beginning of thermal decomposition 
and lower Ea at the end of the thermal degradation than 
petrochemical-based NIPU.

Conclusions

In this work, bio-based monomers such as bio-polyether 
polyol, bio-epichlorohydrin, and bio-based amine hardener 
were utilized in order to develop a green route to fully bio-
based non-isocyanate polyurethanes. Two types of epichlo-
rohydrin were compared in this research work—ECH and 
EPI. The first one is obtained on an industrial scale by the 
traditional method of using petrochemical-based resources 
(ECH), while the second one is synthesized using waste 
glycerin from biodiesel production (EPI). The chemical 
structure of the obtained intermediates and the final mate-
rials was compared with the use of spectroscopic meth-
ods. It was found that in both cases epoxidation reactions 
revealing the formation of epoxy groups (ED_250_P and 
ED_250_BIO samples) were successfully performed. More-
over, the chemical fixation of CO2 into the chemical struc-
ture of diglycidyl ethers was carried out with great success. 
It is worth noting that the proposed method of bis(cyclic 
carbonate)s synthesis does not require the use of increased 

Table 3   Energy of thermal 
degradation activation of the 
products of three steps of NIPU 
production

Degradation 
conversion, α

Thermal degradation activation energy, Ea, /kJ mol−1

ED_250_BIO ED_250_P DC_250_BIO DC_250_P NIPU_250_BIO NIPU_250_P

0.05 56.2 16.9 122.7 94.9 177.2 153.9
0.1 74.9 33.4 98.3 95.0 257.5 194.5
0.2 90.2 47.5 177.8 137.0 296.4 249.2
0.3 103.7 73.7 242.2 177.8 171.1 230.2
0.4 119.4 105.7 313.6 197.6 233.8 530.2
0.5 132.4 149.2 299.7 210.6 339.6 374.5
0.6 160.9 169.1 327.1 217.3 175.0 407.9
0.7 168.0 187.9 289.9 248.1 157.9 384.4
0.8 192.4 223.4 348.0 267.4 171.0 372.4
0.9 204.6 241.3 346.5 322.3 168.7 397.3
0.95 180.9 242.7 306.7 415.2 105.3 357.3
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Fig. 7   Dependence of the activation energy (Ea) on the relative extent 
of degradation (α), as calculated with OFW method for products 
obtained from three steps of the NIPUs synthesis
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pressure and toxic organic solvents. The high potential of the 
obtained cyclic carbonates in the synthesis of polyurethanes 
has also been demonstrated. FTIR analysis was confirmed 
the final intended structure of crosslinked NIPUs.

The results of size exclusion chromatography verified 
similarity in the number and mass average molecular mass of 
the synthesized semi-products for NIPUs obtainment. Bio-
based or petrochemical-based epichlorohydrin did not affect 
significantly the semi-products molecular masses and their 
dispersity. Diglycidyl ethers—ED_250_P and ED_250_BIO, 
revealed the number average molecular mass at ca. 550 Da, 
when bis(cyclic carbonate)s—DC_250_P and DC_250_
BIO, characterized number average molecular mass at ca. 
750 Da. Higher values of Mn for these products are related 
probably to side reactions that can occur during diglycidyl 
ethers and bis(cyclic carbonate)s synthesis.

Thermogravimetric analyses confirmed the thermal sta-
bility of the semi-products above 200 °C. Moreover, NIPUs 
materials revealed two-step decomposition which is char-
acteristic of polyurethane materials. Based on the thermal 
decomposition kinetics results it can be concluded that bio-
based NIPUs are competitive with their petrochemical coun-
terparts due to higher activation energy, Ea at the beginning 
of thermal decomposition than petrochemical epichlorohy-
drin-based NIPUs.
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