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Abstract: Renewable polymers with self-healing ability, excellent elongation, hydrophobicity, and
selective oil absorption attributes are of interest for an extensive range of applications, such as e-skin,
soft robots, wearable devices, and cleaning up oil spills. Herein, two fully renewable eco-friendly
polyamide (PA)-based self-healing elastomers (namely, PA36,IA, and PA36,36) were prepared by a
facile and green one-pot melt polycondensation of itaconic acid (IA), PripolTM 1009, and PriamineTM

1075 monomers. The molecular structures of these PAs were analyzed by FITR, 1H NMR, and 13C
NMR. The distinct structure of these PAs shows superior strain values (above 2300%) and high ambi-
ent temperature autonomous self-healing ability. Interestingly, the synthesized renewable PA36,36
showed zero water absorption values and hydrophobic properties with a contact angle of θ = 91◦

compared to the synthesized PA36,IA and other previously reported PAs. These excellent attributes
are due to the low concentration of amide groups, the highly entangled main chains, the intermolec-
ular diffusion, the manifold dangling chains, and the numerous reversible physical bonds within
the renewable PAs. Furthermore, the hydrophobic properties may aid in the selective oil absorption
of the PA36,36-based foam, for which PA36,36 foam is produced by the green supercritical carbon
dioxide (scCO2) batch foaming process. The PA36,36 foam with a microporous cellular structure
showed better absorption capacity and high stability in repeated use. Due to these advantages, these
bio-based PAs have potential for the production of eco-friendly self-healing materials, superabsorbent
foams, and other polymeric materials.

Keywords: polyamide elastomers; highly stretchable; self-healing; hydrophobic foam; oil absorption

1. Introduction

Recently, active interest in bio-based polymeric materials has increased, making the
innovation of bio-based plastics one of the most fascinating fields in materials science [1].
Bio-based polymers are prepared from monomers derived from biomass feedstock [2,3].
Compared to fossil fuel-based commodity polymers, the use of biomass polymers results
in the reduction in carbon dioxide (CO2) emissions into the atmosphere and oil consump-
tion [4]. Therefore, the growth in these kinds of sustainable polymers not only alleviates the
over-reliance on petroleum feedstock, but also offers new products with a notably improved
ecological footprint and performance compared to their fossil-based counterparts [5].

Service life and implementation are two vital factors affecting the practical applica-
tions of bio-based polymers. Currently, the self-healing effect is considered one of the
most effective methods to extend the life of bio-based polymers. In recent decades, re-
markable advances have been made in the development of self-healing bio-based polymer
elastomers [6,7]. Elastomers are one of the most studied self-healing polymer materials
due to their versatile applications, such as electronic devices, coatings, sealings, clothing,
medical devices, tires, and daily commodities [8–10]. The name “elastomer” is derived
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from rubber, which is typically defined as a highly stretchable material that can retract
forcibly and quickly to maintain its original dimensions while releasing considerable force.
Elastomers are viscoelastic polymers (i.e., characterized by both elasticity and viscosity),
having weak intermolecular forces, commonly high failure strain, and low Young’s modu-
lus compared to other materials. Rubber is an elastic material derived from natural and
petroleum gas (synthetic) or acquired from the exudations of some tropical plants (natural
rubbers). Elastomers and rubbers are commonly used terms to refer to any materials with
rubber-like attributes [11].

A milestone study in self-healable elastomer systems was documented in 2008 [12].
Subsequently, healable elastomer materials have attracted considerable attention because
they can fulfil the needs associated with sustainable growth [13]. The excellent char-
acteristics of self-healing elastomer materials create prospects for their use in high-end
applications, such as wearable devices, electronic skin/smart flexible electronics, and
soft robots [14–18]. Specifically, the properties of autonomous self-healing elastomers are
preferable because they may self-heal without any exterior intervention after experiencing
damage. Self-healing capability elastomers are activated by physical bonds such as van der
Waals forces [19], ionic interaction [20], hydrogen bonds [21], host–guest interaction [22],
metal–ligand interaction [23], the combination of various bonds [24], covalent bonds such
as the disulfide bond [25], the Diels Alder reaction [26], and boronic oxide/ester [27].

However, the integration of most autonomous self-healing elastomeric materials
includes multiple steps using noxious compounds, which are undesirable for green polymer
production, create challenges for scaling up production, and are not cost effective [28].
Furthermore, few fully bio-based autonomous self-healing elastomeric materials have been
reported to date; published studies involve bio-based instances that are not 100% bio-based
or are partially bio-based [29–31]. The most general method employed in the polymer
processing industry is the melting process, which is eco-friendly. Solution polymerization
based on acid chlorides/dimethyl esters results in greater toxic condensates and the raw
materials utilized in this kind of process require additional synthetic steps and work-
up. Additionally, toxic solvents are required to remove the homogeneous catalyst after
manufacturing [32]. Therefore, solvent-free melting polycondensation is one of the most
extensively utilized synthetic methods for the production of commercial engineering
plastics such as polyamides (PAs), polycarbonates (PCs), and polyesters (PEs) [33,34]. In
this melting polymerization, monomers are melted and subjected to a polycondensation
reaction to yield a highly viscous resin, which can be directly processed into the desired
materials. In 1946, Whinfield first developed a melting polymerization path for polyester
production by the transesterification polycondensation of diols with diester monomers [35].
This method is still used for the production of millions of tons of polyester each year.
Moreover, the preparation of healable elastomers via solvent-free melting polymerization
remains a vitally important process. Therefore, interest in self-healing elastomer research
aimed at green, eco-friendly, and energy-efficient manufacturing has increased due to
the scarcity of petroleum-based resources and significant concerns related to the effect of
greenhouse emissions [33].

In addition, significant attention has also focused on using hydrophobic self-healable
polymer foams to produce oil absorbents due to their facile, rapid, and effectual absorption
and oil/water separation capability [35,36]. This is motivated by the large-scale oil spills
that have occurred in line with the development of modern industry, which cause acute
harm to local ecosystems. For instance, more than 600 crude oil barrels spilled into a
river in Santander, Colombia, in March 2018, leading to a catastrophe for the local ecolog-
ical system [37]. To assist with this issue, many innovative polymeric porous materials
with superhydrophobic properties have been developed, including microspheres [38],
aerogels [39], membranes [40], and monoliths [41], which can separate oil from water.
Nonetheless, most research studies have the following issues. First, the manufacturing
process of these products is highly complex and costly, which prevents their large-scale
use. Second, most of the previously mentioned products are composites, thus creating
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issues in the recycling of the products after their use. Ultimately, modern industrial man-
ufacture faces the issue of scarcity of fossil-based non-renewable resources [37]. Hence,
it is considered to be highly attractive to develop a pristine fully bio-based polymeric
elastomer with multifunctional characteristics, such as autonomous self-healing abilities
and oil/water separation properties, which can be easily manufactured and are derived
from green resources.

In this study, we report on the development of two classes of fully biomass-derived
polyamide (PA)-based self-healing thermoplastic elastomers via a green melt-polycondensation
approach without the use of solvents and additives, using bio-based monomers (itaconic
acid (IA) derived from the fermentation of glucose, and PripolTM 1009 and PriamineTM

1075 derived from natural fatty acids). Both PripolTM 1009 and PriamineTM 1075 contain
four methylene chains with a total of 36 carbon atoms. Due to the numerous methylene
dangling chains and long methylene main chains present in PripolTM 1009 and PriamineTM

1075 monomers, it is thought that robust physical and reversible cross-links can be formed
between the methylene chains via van der Waals forces. This produces highly stretchable
and autonomous self-healing polyamide elastomers. Interestingly, PA36,36 exhibits zero
water uptake properties due to the significant content of non-polar parts. Therefore, the
foams were prepared via a green supercritical carbon dioxide (scCO2) process using this
hydrophobic PA36,36 elastomer. As a proof of concept, the use of hydrophobic PA36,36
foams to effectively eliminate oil from water was proven.

2. Experimental Section
2.1. Materials

The fatty dimer diamine under the tradename PriamineTM 1075 (molecular weight
~570; ~99% dimer diamine content; low viscosity liquid, amine value 205 mgKOH/g,
renewable carbon content 100%) and fatty dimer diacid PripolTM 1009 (molecular weight
~570; ~98.7% dicarboxylic acid and ~1.0% tricarboxylic acid; acid value 196 mg·g−1, and io-
dine value 4.5 g/100 g; renewable carbon content 100%) were purchased from Croda
(Netherland) International Plc. Itaconic acid (IA) was procured from Sigma Aldrich
(St. Louis, MO, USA). Chloroform-d (CDCl3, ≥99.8%), deuterium oxide (D2O), and tetrahy-
drofuran (THF, 99.9%, HPLC grade) were purchased from Sigma Aldrich and used as
received. The motor oil and n-hexane oil employed for the absorption experiment was
procured from Sigma Aldrich.

2.2. Synthesis of PA36,IA Thermoplastic Elastomer

The fully bio-based PA36,IA elastomer was synthesized via green one-step melt-
polymerization under a nitrogen gas environment without the use of solvents or additives.
The polymerization reactor used in this work is shown in Figure S1 (Supplementary
Material). A typical synthetic procedure is described as follows (Scheme 1a): IA (1000 mmol,
130 g) and PriamineTM 1075 (1000 mmol, 570 g) were weighed and introduced into a 2 L
polymer reactor equipped with a central mechanical stirrer, a nitrogen gas inlet and outlet, a
distillation setup thermometer, and a vacuum pump connection. To prevent excess foaming
or bubbles, the reaction temperature was gradually increased by 20 ◦C each 25 min until
attaining 220 ◦C. Subsequently, the polymerization was performed for 12 h at 220 ◦C.
After 12 h, the polymerization reaction was continued for 1 h under reduced pressure
(P = 0.7 kPa). The final product was transferred to a storage container from the reactor.
The yield of the final product reached ~97%. The synthesis of PA36,IA was performed
by polycondensation following an aza-Michael addition reaction between the IA and the
PriamineTM 1075.

A schematic of the polycondensation reaction between PriamineTM 1075 and IA is
shown in Scheme 1b. During the polymerization (at 220 ◦C), solitary electrons in the
primary amine group of PriamineTM 1075 nucleophilically attacked the double bond of IA
in the β state to create an enolate intermediate. The protonation of enolate intermediate
produced the new unsaturated carbonyl compound. Then, the amide polycondensation
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reaction continuously increased the polymer chain and formed an IA chain from the
extended PA36,IA elastomer with a pyrrolidone ring structure [42]. The same procedure
and reaction conditions were followed for the synthesis of PA36,36 (Scheme 2), and the
detailed procedure is provided in the Supplementary Material.
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2.3. Supercritical Carbon Dioxide (scCO2) Batch Foaming Process

The PA36,36 foam was prepared by a batch foaming process employing scCO2 as a
green blowing agent. Firstly, the PA36,36 sample (5 cm × 1 cm × 5 cm) was placed into
a high-pressure chamber at a constant temperature of 50 ◦C and saturation pressure of
150 bar. The foaming process was maintained for 1 h. Thereafter, the pressure was abruptly
reduced by releasing scCO2 at 150 bar to 0.1 bar within 3 s to provide the driving force for
cell growth and nucleation. Finally, PA36,36 foam was fabricated.

2.4. Characterization

Fourier transform infrared (FTIR) spectra of PAs were recorded with a Nicolet 5700
(Waltham, MA/Madison, WI, USA) FT-IR spectrometer using a KBr pellet technique with
a resolution of 1 cm−1 over a scan range of 4000–500 cm−1. The number of co-added scans
was 62. The transparency of the PAs was investigated by UV-Visible spectra in the film
state (thickness ~40 µm). The optical transmittance UV-Visible spectra were recorded on a
Shimadzu UV 3101-PC spectrophotometer at ambient temperature.

The proton and carbon environment of PAs was determined by a 1H NMR and 13C
NMR Bruker AVANCE-III 400 MHz spectrometer (Billerica, MA, USA) using CDCl3-d and
D2O-d as the solvents. Data was obtained using MestReNova software and the chemical
shifts are stated in ppm relative to the tetramethylsilane (TMS) standard.

The number-average molecular weight (Mn), polydispersity index (Ð), and weight-
average molecular weight (Mw) of all of the PA elastomer materials were evaluated by gel
permeation chromatography (GPC, JASCO RI-2031). THF was utilized as an eluent with a
0.75 mL/min flow rate. Polymer samples were prepared at a concentration of 2 mg mL−1

in THF eluent. Linear polystyrene was employed as a standard for calibration. A refractive
detector index was operated at 25 ◦C.

Thermal gravimetric analysis (TGA) and derivative thermogravimetry (DTG) analysis
were carried out with a Q50 TGA (TA Instrument, Newcastle, DE, USA) in the presence of
a nitrogen gas flow at a flow rate of 50 mL min−1. The weight loss or thermal behavior of
each PA elastomer (8–10 mg) were collected by heating the PA samples at a constant rate of
10 ◦C min−1 over the temperature range of 30–800 ◦C.

Differential scanning calorimetry (DSC) measurements were performed with a SHI-
MADZU AGS-X 500 N DSC analyzer (Waltham, MA, USA) under a nitrogen gas atmo-
sphere. Approximately 5–8 mg of dried sample (dried at 50 ◦C overnight under vacuum)
was weighed and sealed into an aluminum pan. All of the samples were heated from 0 to
200 ◦C and then cooled from 200 to 0 ◦C, at a heating/cooling rate of 5 ◦C min−1.

Dynamic mechanical analysis (DMA) of the PAs was performed on a DMA Q800
(TA Instrument, Newcastle, DE, USA) model equipped with a cooling liquid-nitrogen
apparatus in compression mode. Each PA sample with a thickness of 5 mm and a diameter
of 7 mm was tested from −70 to 80 ◦C at a 1 Hz frequency with a deformation amplitude
of 3% and a heating rate of 3 ◦C min−1. The Tg of the PAs were created from the tan δ peak
curves, which are the ratio of storage (G’) and loss (G”) moduli.

Tensile attributes were measured using an INSTRON 3800R (Norwood, MA, USA)
universal testing machine with the ASTM D638 standard. Dumbbell-shaped samples
were made by injection molding. The molding process was conducted with the following
conditions: molding temperature, 200 ◦C; injection flow, 90 cm3/s; injection pressure,
500 bar; and holding time 30 s. The tensile analysis was conducted at room temperature
with a crosshead speed of 50 mm min−1. Each test was repeated six times and the average
standard deviations were calculated. A self-healing test was performed by cutting the
original polymers into two parts with a razor blade. The separated polymers were then
immediately reconnected by hand for 1 min at ambient temperature and left for various
periods. Healing efficiency was calculated by the ratio of the strain between the original
polymer and the healed polymer sample. Five samples were tested for each polymer.

Surface analysis of the self-healed PAs (cracks before and after self-healing) was
examined using a Veeco NT9100 polarizing optical microscope (POM, BX-51, Shanghai
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Wumo Optical) equipped with a CCD camera at 25 ◦C. A Hitachi Tabletop Microscope TM
4000 Plus scanning electron microscope (SEM) was used at 12.8 mm × 500 magnification
and 15 kV accelerating voltage to inspect the surface of self-healed elastomers (cracks
before and after self-healing).

The rheological attributes of the PAs were scrutinized using an Anton Paar Physica
MCR-301 rheometer equipped with 25 mm cone-plate geometries. The outcomes of loss
modulus, storage modulus, loss factor, and complex viscosity at an angular frequency from
0.01 to 628 rad/s were obtained at a strain amplitude of 0.5%. Measurements were carried
out at 150 ◦C.

Water absorption of PA samples (dimensions of 3 cm × 2 cm × 3 cm) was attained
by assessing their weights before and after soaking in water at 25 ◦C for 24 h. Following
determination of water absorption, PA elastomers were moderately dried with a tissue to
eliminate water from the PA materials’ surface. Five samples were tested for each PA.

Water absorption (%) =
Wwet − Wdry

Wdry
× 100 (1)

Contact angle analysis was performed with sessile drop using a Biolin Surface Ten-
siometer. A square film of PA material was positioned on the glass slide top. Then, a drop
of 10 µL of water was positioned on top of the elastomer film surface with a 50 µL syringe.
Six different tests were performed on diverse spots of elastomer specimens. The contact
angle was attained from the mean of the right and left angles of the water droplets.

The cellular morphology of PA36,36 foam was examined on a Hitachi Tabletop
Microscope TM 4000 Plus scanning electron microscope (SEM) at a magnification of
12.8 mm × 500 and 15 kV accelerating voltage.

The oil absorption capacity of the PA36,36 foam was tested by dipping foam in oils
(n-hexane or motor oil) for 10 min and weighing. The absorption capacity of the PA36,36
foam was calculated as follows:

Q =
mt

m0
− 1 (2)

where mt and m0 are the weight of the oil-absorbed sample and the initial sample, respec-
tively.

The reusability of PA36,36 foam was measured by the absorption-desorption method.
First, PA36,36 foams were saturated with oils (hexane or motor oils), and then the oils
were eliminated by centrifugation for 20 min. The absorption-desorption test was repeated
5 times in the same foam sample to examine the alteration in the capacity of absorption in
multiple cycles.

3. Results and Discussion
3.1. Design, Synthesis, and Structure Characterization of the Bio-Based Thermoplastic PA
Elastomers

The prime aim of the present work was to synthesize and characterize two types of
fully bio-based PA elastomer derived from renewable monomers, and to apply them to self-
healing and oil absorption applications. The bio-based PAs, namely PA36,IA and PA36,36,
were synthesized by the polycondensation of PriamineTM 1075 with IA or PripolTM 1009
at the temperature of 220 ◦C (Schemes 1 and 2), respectively. Melt-polycondensation was
used to diminish the ecological effect of the synthesis of the preferred PAs. The bio-based
PAs showed a slightly yellow transparent appearance (Figure 1a,b) and high elongation.
The transformation of monomers into bio-based PAs was confirmed by FTIR, 1H NMR,
and 13C NMR spectroscopy.
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Figure 1c–e shows the FTIR spectra of bio-based PA36,IA, and its monomers. The IR
band in the regions of 1437, 1622, and 1695 cm−1 are associated with the =CH2 scissoring
bending vibration, and C=O and C=C stretching vibrations, respectively, and they are
allocated to the chemical structure of the IA monomer (Figure 1c). In the FTIR spectrum
of PriamineTM 1075 (Figure 1d), the bands at 3377 and 3300 cm−1 related to the stretching
vibration of the primary amino group. The band in the region at 3300 cm−1 is related to
the secondary amino group of PriamineTM 1075 [43]. However, in the FTIR spectrum of
PA36,IA (Figure 1e), primary and secondary amino group peaks (3377 and 3300 cm−1)
were not observed and a new broad single absorption peak appeared in the region at
3293 cm−1. This peak is assigned to the amide group (-NH-) in PA36,IA, which indicates
that a successful polycondensation reaction took place between IA and PriamineTM1075.
The single absorption band at 3293 cm−1 also represents the strongest H-bond between the
PA amide groups. The apparent difference between the bands of the carbonyl groups in IA
(Figure 1c) and PA36,IA (Figure 1e) can be witnessed in the FTIR spectra. The characteristic
carbonyl band of IA at 1695 cm−1 has almost completely disappeared, and the carbonyl
bands of amide-I (1645 cm−1) and amide-II (1547 cm−1) were raised in the PA36,IA FTIR
spectrum (Figure 1e), respectively [42]. These outcomes indicate the conversion of the
monomers into bio-based PA36,IA.

For PA36,36 (Figure 1g), the existence of the amide bond was detected in several
wavenumber regions: at 3289 cm−1 (N–H stretching in amide-I); 1641 cm−1 (C=O stretch-
ing in amide-II); 1548 cm−1 (in-plane N–H bending coupled with C–O, and C–N stretch-
ing in amide-III); and 1261 cm−1 (N–H bending in amide-IV), indicated the reaction
between PriamineTM 1075 and PripolTM 1009 monomers. The disappearance of the band at
1710 cm−1 (the C=O stretching of carboxylic acid) (Figure 1f) confirmed that the PripolTM

1009 had been completely amidized [44]. The transparency of the PAs was supported by
the outcomes from the UV-Vis spectrophotometer (Figure S2, Supplementary Material),
which evidence the high optical transparency.
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The 1H NMR spectra of IA, PriamineTM 1075, and PA36,IA are presented in Figure 2.
The chemical shifts at 3.32, 5.77, and 6.26 ppm are allocated to the hydrogen atoms of the
IA (Figure 2a). The chemical shift of proton in the CH2 adjacent to NH2 was witnessed
at 2.67 ppm for the PriamineTM 1075. The peaks in the region at 1.00–1.52 ppm are
assigned to the –CH2 protons in the middle of the PriamineTM 1075 chains. The peak
at 0.89 ppm is related to the –CH3 protons at the end of the PriamineTM 1075 dangling
chains (Figure 2b). In the 1H NMR spectra of PA36,IA (Figure 2c), the chemical shift at
0.89 ppm, and at 1.00–1.52 ppm, are attributed to the aliphatic –CH2 protons of the PA36,IA
segments, whereas the chemical shifts at 2.21 ppm represent the –CH2 proton adjacent to
the pyrrolidone ring. The chemical shifts in the region at 2.91, 3.29, and 3.77 ppm refer to
the protons of the pyrrolidone ring, i.e., the creation of pyrrolidone ring [42]. These results
further support the successful synthesis of the PA36,IA elastomer.
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In the 1H NMR spectrum of PriamineTM 1075 and PripolTM 1009 (Figure 3a,b), the
chemical shift of PripolTM 1009 is similar to that of PriamineTM 1075, with the exception that
the chemical shift of proton in the –CH2 adjacent to –NH2 was witnessed at 2.67 ppm for
PriamineTM1075, and the proton of the CH2 adjacent to –COOH was witnessed at 2.36 ppm
for PripolTM1009. For PA36,36 (Figure 3c), the –CH2 protons adjacent to the –CO and –NH,
which signify the amide linkage, were detected at 2.17 and 3.26 ppm, respectively [45].
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The chemical structures of PA36,IA, and PA36,36 were further supported by the results of
13C NMR (Figure S3, Supplementary Material), which show the chemical shift for the PAs,
providing evidence of the –CO groups and the alkyl dangling chains.

Polymers 2021, 13, 3089  9  of  20 
 

 

ppm for PripolTM1009. For PA36,36 (Figure 3c), the –CH2 protons adjacent to the –CO and 

–NH, which signify the amide linkage, were detected at 2.17 and 3.26 ppm, respectively 

[45]. The chemical structures of PA36,IA, and PA36,36 were further supported by the re‐

sults of 13C NMR (Figure S3, Supplementary Material), which show the chemical shift for 

the PAs, providing evidence of the –CO groups and the alkyl dangling chains. 

 

Figure 3. 1H NMR spectra of (a) PriamineTM 1075, (b) PripolTM 1009, and (c) PA36,36. 

The resulting PAs were  then analyzed by GPC  (Figure 4a) and  the relevant  infor‐

mation is presented in Table 1. The outcomes display that the synthesis led to PA36,IA 

with Mn, Mw, and Ð values of 19,262 g mol−1, 30,889 g mol−1, and 1.60, respectively. For 

PA36,36, the Mn, Mw, and Ð values were 21,045 g mol−1, 32,938 g mol−1, and 1.57, respec‐

tively. The greater reactivity of PripolTM 1009 may be a factor in the Mw gain. 

   

Figure 3. 1H NMR spectra of (a) PriamineTM 1075, (b) PripolTM 1009, and (c) PA36,36.

The resulting PAs were then analyzed by GPC (Figure 4a) and the relevant information
is presented in Table 1. The outcomes display that the synthesis led to PA36,IA with Mn,
Mw, and Ð values of 19,262 g mol−1, 30,889 g mol−1, and 1.60, respectively. For PA36,36,
the Mn, Mw, and Ð values were 21,045 g mol−1, 32,938 g mol−1, and 1.57, respectively. The
greater reactivity of PripolTM 1009 may be a factor in the Mw gain.
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Table 1. The Mw and Mn of the synthesized PAs.

Samples Mw
(g mol−1)

Mn
(g mol−1) Ð

PA36,IA 30,889 19,262 1.60
PA36,36 32,938 21,045 1.57

3.2. Thermal Properties

TGA analysis was performed to study the thermal decomposition behavior of bio-
based PA elastomers. Figure 4b shows the TGA traces of PriamineTM 1075, PripolTM 1009,
IA, and the bio-based PAs (PA36,IA, and PA36,36) derived using solvent and catalyst-free
melt-polycondensation. Greater thermal stability of the bio-based PAs in comparison with
starting monomers indicates the formation of PA elastomers (Table 2). Both PAs show
traces of similar degradation with a single-stage decay profile, denoting similar thermal
decomposition behavior. The initial degradation temperature (Td5%) of the bio-based PAs
begins at 429.3 ◦C for PA36,IA, and 427 ◦C for PA36,36, after which the decomposition
accelerates until there is no remarkable residue. The DTG traces of PA36,IA, and PA36,36
samples (Figure 4c) show that the maximal degradation temperature (Tdmax) occurs at 471
and 470.7 ◦C. In addition, Tdmax is comparable to those of traditional polyamide 11 (PA11),
for which Tdmax is 470 ◦C [46]. Thermal decay of linear bio-based PAs starts either in the
–CH2 group adjacent to –NH or the carbonyl methylene group [47]. Inorganic gases such as
water vapor (H2O), carbon dioxide (CO2), hydrogen cyanide (HCN), and ammonia (NH3)
are the major products of thermal decay in PAs [48]. The high Td5% and Tdmax values of
bio-based PA36,IA, and PA36,36 prove their superior resistance to thermal decay.
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Table 2. Thermal degradation and glass transition temperatures of bio-based PA elastomers.

Samples Tdmax (◦C) Tg (◦C)

IA 217.0 -
Priamine®1075, 356.6 -
PripolTM1009 385.3 -

PA36,IA 471.0 24.0
PA36,36 470.7 11.7

DSC analysis was employed to study the crystallization and thermal transition behav-
iors of bio-based PAs. The DSC thermograms of the bio-based PAs are shown in Figure 4d.
Due to the existence of multiple dangling chains, the PA36,36 is amorphous in nature, with
no Tm and Tc peaks noticed upon heating and cooling by DSC. For the PA36,IA polymer,
the Tm peak at 134.6 ◦C (∆H = 4.3 J g−1) was witnessed and the Tc peak was not observed
because the Tc of PA36,IA is mainly affected by the generation of the pyrrolidone ring and
the concentration of –NH groups, and also affected by the existence of dangling side chains.
First, we observed that it is difficult to determine the Tg of all PA elastomers from DSC
thermograms. This may be because the sensitivity of the DSC thermogram device is not
adequate to detect the Tg characteristics of the amorphous domains. Thus, DMA analysis
was used instead to evaluate Tg.

Figure 5 shows the DMA traces of the PAs as functions of temperature in the range
from −75 to 80 ◦C. There was a distinct variation in the storage modulus (E’) and loss
factor (tan δ) of the PA samples (Table 2). DMA analysis shows a higher storage modulus
value of PA36,IA, and a slightly lower value for PA36,36 (Figure 5a,b). Furthermore, the
small loss factor (dumbing value) of PA36,IA compared to PA36,36 signifies that PA36,IA
is a stiffest material and PA36,36 is a more flexible material. The PA elastomers show
Tg, determined as the maximal peak value of tan δ, of 24 ◦C for PA36,IA and 11.7 ◦C for
PA36,36. The high stiffness of PA36,IA prepared here may be ascribed not only to robust
interchain interaction through -NH bonds but also to the PA36,IA network comprising
a rigid pyrrolidone ring; however, steric hindrance against interchain H-bonding may
be considered by the nonplanar pyrrolidone ring [49]. The Tg of PA is associated with
the monomers’ chain length and the amide group concentration in the polymer chains.
Therefore, longer monomer chains result in greater mobility of PA36,36, meaning it is
much softer [50], so the synthesized bio-based PAs possess much lower Tg values than the
traditional rigid PAs, i.e., PA11 (Tg = 68 ◦C), PA6,6 (Tg = 80 ◦C), and PA6 (Tg = 78 ◦C) [51].
Due to the existence of a rigid pyrrolidone ring in PA36,IA, it exhibits a higher storage
modulus value than PA36,36. This may be due to the presence of a hard pyrrolidone ring
on the PA36,IA backbone. The low Tg value ensures the mobility of the PA elastomers at
room temperature, aiding autonomous self-healing [52,53].

Polymers 2021, 13, 3089  11  of  20 
 

 

4d. Due to the existence of multiple dangling chains, the PA36,36 is amorphous in nature, 

with no Tm and Tc peaks noticed upon heating and cooling by DSC. For the PA36,IA pol‐

ymer,  the Tm peak at 134.6 °C  (∆H = 4.3  J g−1) was witnessed and  the Tc peak was not 

observed because the Tc of PA36,IA is mainly affected by the generation of the pyrrolidone 

ring and the concentration of –NH groups, and also affected by the existence of dangling 

side chains. First, we observed that it is difficult to determine the Tg of all PA elastomers 

from DSC thermograms. This may be because the sensitivity of the DSC thermogram de‐

vice is not adequate to detect the Tg characteristics of the amorphous domains. Thus, DMA 

analysis was used instead to evaluate Tg. 

Table 2. Thermal degradation and glass transition temperatures of bio‐based PA elastomers. 

Samples  Tdmax (°C)  Tg (°C) 

IA  217.0  ‐ 

Priamine®1075,  356.6  ‐ 

PripolTM1009  385.3  ‐ 

PA36,IA  471.0  24.0 

PA36,36  470.7  11.7 

Figure 5 shows the DMA traces of the PAs as functions of temperature in the range 

from −75 to 80 °C. There was a distinct variation in the storage modulus (E’) and loss factor 

(tan δ) of the PA samples (Table 2). DMA analysis shows a higher storage modulus value 

of PA36,IA, and a slightly lower value for PA36,36 (Figure 5a,b). Furthermore, the small 

loss factor (dumbing value) of PA36,IA compared to PA36,36 signifies that PA36,IA is a 

stiffest material and PA36,36 is a more flexible material. The PA elastomers show Tg, de‐

termined as the maximal peak value of tan δ, of 24 °C for PA36,IA and 11.7 °C for PA36,36. 

The high stiffness of PA36,IA prepared here may be ascribed not only to robust interchain 

interaction through ‐NH bonds but also to the PA36,IA network comprising a rigid pyr‐

rolidone ring; however, steric hindrance against interchain H‐bonding may be considered 

by the nonplanar pyrrolidone ring [49]. The Tg of PA is associated with the monomers’ 

chain length and the amide group concentration in the polymer chains. Therefore, longer 

monomer chains result in greater mobility of PA36,36, meaning it is much softer [50], so 

the synthesized bio‐based PAs possess much  lower Tg values than the traditional rigid 

PAs, i.e., PA11 (Tg = 68 °C), PA6,6 (Tg = 80 °C), and PA6 (Tg = 78 °C) [51]. Due to the exist‐

ence of a rigid pyrrolidone ring in PA36,IA, it exhibits a higher storage modulus value 

than PA36,36. This may be due to the presence of a hard pyrrolidone ring on the PA36,IA 

backbone. The low Tg value ensures the mobility of the PA elastomers at room tempera‐

ture, aiding autonomous self‐healing [52,53]. 

 

Figure 5. DMA traces of the prepared bio‐based PAs: (a) tan δ and (b) storage modulus. 

   

Figure 5. DMA traces of the prepared bio-based PAs: (a) tan δ and (b) storage modulus.



Polymers 2021, 13, 3089 12 of 19

3.3. Mechanical Properties

The descriptive stress–strain (S-S) graphs of PA36,IA and PA36,36 are presented in
Figure 6, and the data are summarized in Table 3. The results show an S-S curve shape that
is compatible with the thermoplastic elastomers (TPEs), comprising PA-based TPEs [54].
At plastic deformation, when the stress reaches above a certain value, the value of stress
linearly increases with the strain, causing plastic deformation. Figure 6a also shows that the
stress of each PA continually increases with the strain (strain hardening). The presence of
long alkyl dangling chains and a pyrrolidone ring in the PA backbone enhanced the physical
cross-linking points, van der Waals forces, and hydrogen bonds, thus effectively improving
the strain hardening and leading to the non-linear S-S graphs of PA elastomers. This was
reflected in the S-S graphs by the appearance of the evident plastic deformation and yield
point. Both the bio-based PAs show notable strain values (Figure 6a,b). However, there
was a significant difference in the stress and strain of the PA36,IA and PA36,36 samples.
The PA36,IA sample showed significantly lower strain (2330 ± 112%) and higher strength
(1.29 ± 0.04 MPa) values in comparison with PA36,36 (strain: 2698 ± 108%, strength:
1.22 ± 0.02 MPa). The rigidity of the pyrrolidone ring in the backbone of PA36,IA may
contribute to the higher stress and lower strain values compared to PA36,36. Nonetheless,
PA36,IA also shows outstanding stretchability. The entangled and long methylene chains
with “hidden lengths” present inside the dynamic physical cross-links of PA36,36 confirm
the remarkably higher strain values than those of PA36,IA [55]; when stretched, the long
methylene chains detach, and the physical bonds then break, releasing to further extend
the hidden chains. By comparison, PA36,IA also exhibits outstanding elongation, which
may be due to the existence of long alkyl entangled chains and the formation of the
pyrrolidone ring in the polymer backbone structure, which leads to decreased amide group
concentration and greater elongation. Additionally, the low Mw of PA36,IA is another
reason for the high elongation, which facilitates molecular motion and flexibility.
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Figure 6. (a) Stress–strain curves of PAs and (b) stretching photographic images of dumb-bell-shaped PAs.

The bio-based PA36,IA and PA36,36 possess the greatest strain values among aliphatic
PAs and stretchability that is comparable with that of existing PA-based TPEs. The strain
value was ~600% for fatty dimer acid bio-PAs [44], 245 ± 14.4% for PA10,12, 186 ± 12.3%
for PA6,10, 197 ± 11.7% for PA10,10 [56], and 350–2200% for fossil-based thermoplastic
poly(ether-b-amide) elastomers with diverse PA ratios. The strain was also greater than
that of other dimer acid-based self-healing rubber-like elastomers (strain ~620%) [30].
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Table 3. Tensile properties of fully bio-based PA elastomers.

Sample Strength (MPa) Strain (%)

PA36,IA (original) 1.29 ± 0.04 2330 ± 112
PA36,36 (original) 1.22 ± 0.02 2698 ± 108

PA36,IA (healing for 1 h) 0.39 ± 0.05 1029 ± 217
PA36,IA (healing for 24 h) 1.00 ± 0.11 2206 ± 170
PA36,IA (healing for 48 h) 1.08 ± 0.06 2265 ± 156
PA36,36 (healing for 1 h) 0.35 ± 0.09 1196 ± 195

PA36,36 (healing for 24 h) 1.07 ± 0.13 2502 ± 147
PA36,36 (healing for 48 h) 1.11 ± 0.15 2648 ± 125

3.4. Self-Healing Properties of the Bio-Based PA Elastomers

Another interesting property of PA36,IA and PA36,36 is their ability to self-heal. Tradi-
tional PA-based TPEs are not self-healing and require alteration to have such characteristics.
Both PA36,IA and PA36,36 showed autonomic self-healing properties under ambient tem-
perature, without any alterations or external stimuli. Samples of PA36,IA and PA36,36 were
cut into two parts and then reconnected for 1 min before being left for different times at
room temperature (~20 ◦C) (Figure 7a). The photographs in Figure 7a displayed excellent
autonomic self-healing capability at ambient temperature. Additionally, the self-healing
behavior of bio-based PA elastomers was intuitively monitored by POM (Figure 7b–e and
Figure S4a–d) and SEM (Figure 7f–I and Figure S4e–h). As shown in Figure 7b–i, the
PA36,IA was first cut into two parts with a 0.4 mm razor blade, after which the two parts
were reattached without stress to record the self-healing phenomena using POM and SEM.
Results in Figure 7b–e and Figure S4a–d show that the fracture surfaces were sufficiently
healed such that the gaps disappeared, thus providing robust proof of the effectiveness
of the overall autonomic self-healing process. A similar autonomic self-healing trend was
witnessed in PA36,36, for which the POM and SEM images are presented in Figure S4
(Supplementary Material).
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Next, the self-healing attributes of the bio-based PA elastomers were further elabo-
rated by S-S traces. As demonstrated in Figure 8a,b, the mechanical attributes of the PA
elastomers were recovered with increasing self-healing time. After 1 h, the PA36,IA and
PA36,36 samples were stretched to 1029 ± 217% and 1196 ± 195%, respectively, whereas,
after 48 h, they were stretched to 2265 ± 156% and 2638 ± 147%, which is ~97% of the
average strain value of the original PA specimens, before being cut into two parts (Table 3).
The strain value of self-healed PA36,IA and PA36,36 samples showed a self-healing ability
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of 44% and 44%, respectively, after 1 h, and 97% and 98% after 48 h. This autonomic
self-healing ability is remarkable for fully bio-based polymer materials. The self-healing
attributes of PAs were compared. With an identical healing time (48 h), the healing ability of
the two PAs was almost identical. Interestingly, PA36,IA, which contains a hard pyrrolidone
fraction, also exhibited a healing ability of 97%. The probable cause is a decrease in Mw of
PA36,IA compared to PA36,36, which enhances the intermolecular segment migration.
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Compared with a number of previous studies on bio-based self-healing
polymers [57,58], PA36,IA and PA36,36 displayed advantages in terms of more remarkable
healing ability, shorter healing time, and no need for external stimuli.

As illustrated in Figure 8c, the fatty acid monomer of PA36,IA and PA36,36 consists
of dangling side chains with several alkyl groups. After polycondensation, the key long
methylene and dangling chains in the PA form numerous van der Waals bonds amid the
methylene groups similar to a supramolecular network, which was found to be robust,
reversible, and dynamic [59]. After physical damage to the PA specimens, the van der Waals
bonds break, and the attached chains become free dangling chains leading to an entropic
rise [60]. When the two broken PA elastomer specimen parts are brought back together, the
main and dangling chains spread from one part to the other, and again form robust van der
Waals forces/interactions between the elastomer chains; thus the PA elastomer self-heal
until the entropy of the system returns to equilibrium [61].

3.5. Viscoelastic Properties

The viscoelastic features play a key role in the foaming process. Rheological analyses
were carried out at 150 ◦C to evaluate the viscoelastic attributes of bio-based PAs. Both of
the bio-based PAs are thermostable up to 420 ◦C, which means the PAs do not thermally
decompose during viscoelastic experiments. Complex viscosity (η*), storage modulus
(G’), loss modulus (G”), and loss factor (tan δ) of PA36,IA and PA36,36 were derived as
a function of angular frequency (ω). Both the elastomers acted in a similar way and the
η* values decreased, whereas the G” and G’ values increased with increasing ω. The
rheological properties of molten polymers strongly depend on Mw [62].
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A shear-thinning behavior of bio-based PA elastomers is witnessed in Figure S5a
(Supplementary Material). The η* values of PA36,IA declined compared to those of PA36,36,
resulting from the reduction in Mw. The greater η* values can improve the melting strength
and better inhibit the foam cell rapture throughout the cell growing stage during the scCO2
foaming process. Figure S5b showed the associations of G’ andω. It can be seen that the
G’ curve of PA36,36 is higher than that of PA36,IA due to its higher Mw. A similar trend
was observed for G” values (Figure S5c). The definition of tan δ is the contribution ratio
(G”/G’) at a specific value of ω. For the PA36,IA elastomer, the increasing trend in tan
δ is observed in Figure S5d. It is shown that the melting elasticity deteriorates and the
melting viscosity loss progressively improves. Polymers with higher melting strength are
anticipated to improve the foamability.

3.6. Water Uptake Study

Figure 9a displays the percentage of water uptake of PA36,IA and PA36,36 after being
submerged in water for 24 h compared with other PAs reported in previous literature [51].
PA36,IA displays a water absorption value of 0.2%, and PA36,36 displays water absorption
of zero percent after 24 h of water submersion, representing hydrophobicity. However,
compared to other traditional PAs, our integrated PA36,IA also exhibits a lower water
absorption value, indicating that PA36,IA is significantly less sensitive to water. A lower
ratio of –NH- linkages in the PA chains contributes to reduced water absorption. Based
on the comparatively low –NH– ratio of PA36,36, this polymer has relatively zero water
absorption properties and hydrophobicity. The origin of the monomer is another cause
of the hydrophobicity of PA36,IA and PA36,36. The PriamineTM 1075 and PripolTM 1009
monomers are derived from long-chain fatty acids, which are generally hydrophobic.
PriamineTM 1075 and PripolTM 1009 both comprise non-polar hydrocarbon chains and
polar chain ends, which control water uptake. The water contact angle (θ) measurement
was utilized to affirm the hydrophobicity of PAs (Figure 9b,c). Polymers with θ > 90◦ are
defined as hydrophobic materials. The θ values of PA36,IA and PA36,36 were 84◦ and 91◦.
PA36,36 has a higher θ value compared to other traditional PAs such as PA6, PA66, and
PA6,10 [63].

Polymers 2021, 13, 3089  16  of  20 
 

 

 

Figure 9. (a) Water absorption traces of the synthesized PA elastomers and previously reported dif‐

ferent chain‐length PAs; water contact angle traces of PA36,IA (b) and PA36,36 (c); SEM image of 

PA36,36 foam (d). 

3.7. Absorption Performance 

In  this work, PA36,36 only exhibited higher Mw and hydrophobic attributes com‐

pared to PA36,IA. Therefore, as a proof of concept, PA36,36 was selected as the substrate 

for the production of foam for the oil absorption study. For this test, PA36,36 foams were 

prepared by the scCO2 foaming process. The prepared foam shows a microporous cellular 

structure (Figure 9d). To ensure the use of PA 36,36 foam in the selected oil absorption, 

the wettability test was first performed. After immersion in water, no water was seen to 

be absorbed by the PA36,36 foam (Figure 10a–c, Movie 1 in Supplementary Material). Ac‐

cordingly, the PA36,36 foam has excellent potential for oil absorption applications. To test 

the oil absorption behavior of PA36,36 foam, dyed oils (hexane and motor oils dyed using 

Oil Red O dye and Oil Blue A dye) were used. Figure 10d‐f shows a piece of PA36,36 foam 

entirely absorbed the dyed oils from the surface of the glass. When  in contact with the 

dyed oils, the PA36,36 foams absorbed the oils quickly and entirely. Moreover, PA36,36 

foam  is  expected  to  absorb  oils  easily  from  oil/water mixtures  (Figure  10g–i). Hence, 

PA36,36 foam was also used to selectively absorb dyed hexane on top of the water. This 

absorption process is displayed in Movie 2 (Supplementary Material), in which PA36,36 

foams can be seen to absorb the dyed hexane rapidly from the water. In addition, no water 

was discovered in the PA36,36 foam, and no dripping of absorbed oils was found during 

the absorption process, indicating the high selectivity of the oils. The absorption charac‐

teristics of PA36,36 foam were also estimated by measuring the weight of oil, i.e., the ratio 

of the mass of absorbed oil to the PA36,36 foam. The absorption capacity of hexane and 

motor oils of PA36,36 foam was found to be 2.1 and 1.8 g/g, respectively, depending on 

the viscosity and density of the oils (Figure 10j). Moreover, it is vital to examine the con‐

sistency of the absorption capacity in repeated usage. The PA36,36 foam was deployed to 

absorb hexane and motor oil for five cycles, and the results are presented in Figure 10k. It 

is shown that the absorption capacity of PA36,36 foam was the same when the motor oil 

Figure 9. (a) Water absorption traces of the synthesized PA elastomers and previously reported
different chain-length PAs; water contact angle traces of PA36,IA (b) and PA36,36 (c); SEM image of
PA36,36 foam (d).



Polymers 2021, 13, 3089 16 of 19

3.7. Absorption Performance

In this work, PA36,36 only exhibited higher Mw and hydrophobic attributes compared
to PA36,IA. Therefore, as a proof of concept, PA36,36 was selected as the substrate for the
production of foam for the oil absorption study. For this test, PA36,36 foams were prepared
by the scCO2 foaming process. The prepared foam shows a microporous cellular structure
(Figure 9d). To ensure the use of PA 36,36 foam in the selected oil absorption, the wettability
test was first performed. After immersion in water, no water was seen to be absorbed
by the PA36,36 foam (Figure 10a–c, Movie S1 in Supplementary Material). Accordingly,
the PA36,36 foam has excellent potential for oil absorption applications. To test the oil
absorption behavior of PA36,36 foam, dyed oils (hexane and motor oils dyed using Oil Red
O dye and Oil Blue A dye) were used. Figure 10d-f shows a piece of PA36,36 foam entirely
absorbed the dyed oils from the surface of the glass. When in contact with the dyed oils, the
PA36,36 foams absorbed the oils quickly and entirely. Moreover, PA36,36 foam is expected
to absorb oils easily from oil/water mixtures (Figure 10g–i). Hence, PA36,36 foam was
also used to selectively absorb dyed hexane on top of the water. This absorption process is
displayed in Movie S2 (Supplementary Material), in which PA36,36 foams can be seen to
absorb the dyed hexane rapidly from the water. In addition, no water was discovered in the
PA36,36 foam, and no dripping of absorbed oils was found during the absorption process,
indicating the high selectivity of the oils. The absorption characteristics of PA36,36 foam
were also estimated by measuring the weight of oil, i.e., the ratio of the mass of absorbed
oil to the PA36,36 foam. The absorption capacity of hexane and motor oils of PA36,36 foam
was found to be 2.1 and 1.8 g/g, respectively, depending on the viscosity and density of the
oils (Figure 10j). Moreover, it is vital to examine the consistency of the absorption capacity
in repeated usage. The PA36,36 foam was deployed to absorb hexane and motor oil for five
cycles, and the results are presented in Figure 10k. It is shown that the absorption capacity
of PA36,36 foam was the same when the motor oil and hexane were absorbed. Due to its
eco-friendliness, the bio-based PA36,36 foam holds significant potential for utilization as
an oil absorber in practical use.

Polymers 2021, 13, 3089  17  of  20 
 

 

and hexane were absorbed. Due to its eco‐friendliness, the bio‐based PA36,36 foam holds 

significant potential for utilization as an oil absorber in practical use. 

 

Figure 10. (a–c) Images of the PA36,36 foam being immersed in water; (d–f) absorbing dyed hexane on the glass surface; 

(g–i) absorbing dyed hexane on top of water; (j) absorption capacity of PA36,36 foam towards hexane and motor oil; and 

(k) cyclic absorption traces for PA36,36 foam. 

4. Conclusions 

In summary, highly stretchable, autonomous self‐healing, hydrophobic, and wholly 

renewable  PA‐based  thermoplastic  elastomers were  successfully  prepared  by  one‐pot 

green melt polycondensation under catalyst and solvent‐free conditions. The Mw values 

of the elastomers were above 30,000 g mol−1, and 1H NMR, 13C NMR, and FTIR verified 

their molecular structures. PA36,IA was found to have Tm of 134.6 °C, whereas PA36,36 

showed an amorphous nature, and both elastomers were found to have Td5% above 420 

°C. The elastomers showed low Tg values of 24 °C for PA36,IA and 11.7 °C for PA36,36, 

which aids the autonomous self‐healing capability at ambient temperatures (healing effi‐

ciency of ~97% in 48 h). The stress–strain (S‐S) test revealed that the elastomers had excel‐

lent strain values  (PA36,IA: 2330 ± 112% and PA36,36: 2698 ± 108%). These elastomers 

consisted of an abundance of van der Waals forces from long entangled alkylene chains, 

manifold dangling chains, and intermolecular diffusion, which led to better self‐healing 

behavior. Interestingly, the PA36,36 elastomer is hydrophobic, as confirmed by its water 

contact angle (θ = 91°) and the water absorption study. This is a unique attribute compared 

to traditional water‐absorbing PAs. The high Mw and special hydrophobic attributes of 

the PA36,36 elastomer permit the fabrication of PA36,36 foam. SEM images of the PA36,36 

foam indicate a microporous cellular structure, which assists in better absorption capacity 

and greater stability in the repeated use for selective oil absorption. This novel generation 

of fully renewable elastomers can be rated as a class of renewable eco‐friendly self‐healing 

material, and shows significant potential to replace fossil‐based alternative products. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, The data con‐

tains the files are following: Polymerization reactor image, Mw, Mn and polydispersity, UV‐Visible spec‐

tra, 13C NMR, DMA analysis, POM, SEM, and rheological properties. 

Figure 10. (a–c) Images of the PA36,36 foam being immersed in water; (d–f) absorbing dyed hexane on the glass surface;
(g–i) absorbing dyed hexane on top of water; (j) absorption capacity of PA36,36 foam towards hexane and motor oil; and
(k) cyclic absorption traces for PA36,36 foam.
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4. Conclusions

In summary, highly stretchable, autonomous self-healing, hydrophobic, and wholly
renewable PA-based thermoplastic elastomers were successfully prepared by one-pot green
melt polycondensation under catalyst and solvent-free conditions. The Mw values of the
elastomers were above 30,000 g mol−1, and 1H NMR, 13C NMR, and FTIR verified their
molecular structures. PA36,IA was found to have Tm of 134.6 ◦C, whereas PA36,36 showed
an amorphous nature, and both elastomers were found to have Td5% above 420 ◦C. The
elastomers showed low Tg values of 24 ◦C for PA36,IA and 11.7 ◦C for PA36,36, which
aids the autonomous self-healing capability at ambient temperatures (healing efficiency of
~97% in 48 h). The stress–strain (S-S) test revealed that the elastomers had excellent strain
values (PA36,IA: 2330 ± 112% and PA36,36: 2698 ± 108%). These elastomers consisted
of an abundance of van der Waals forces from long entangled alkylene chains, manifold
dangling chains, and intermolecular diffusion, which led to better self-healing behavior.
Interestingly, the PA36,36 elastomer is hydrophobic, as confirmed by its water contact
angle (θ = 91◦) and the water absorption study. This is a unique attribute compared to
traditional water-absorbing PAs. The high Mw and special hydrophobic attributes of the
PA36,36 elastomer permit the fabrication of PA36,36 foam. SEM images of the PA36,36
foam indicate a microporous cellular structure, which assists in better absorption capacity
and greater stability in the repeated use for selective oil absorption. This novel generation
of fully renewable elastomers can be rated as a class of renewable eco-friendly self-healing
material, and shows significant potential to replace fossil-based alternative products.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/polym13183089/s1, The data contains the files are following: Polymerization reactor image, Mw,
Mn and polydispersity, UV-Visible spectra, 13C NMR, DMA analysis, POM, SEM, and rheological
properties.

Author Contributions: Conceptualization, methodology, validation, software, data curation, formal
analysis, investigation and original draft preparation writing, P.R.; review and editing, C.-W.C.;
methodology, supervision, project administration, and funding acquisition, S.-P.R. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology of Taiwan, grant
number MOST 110-2634-F-027-001.

Institutional Review Board Statement: Not Applicable.

Informed Consent Statement: Not Applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhu, Y.; Romain, C.; Williams, C.K. Sustainable polymers from renewable resources. Nature 2016, 540, 354–362. [CrossRef]
2. Tondi, G.; Schnabel, T. Bio-Based Polymers for Engineered Green Materials. Polymers 2020, 12, 775. [CrossRef]
3. Blondiaux, E.; Bomon, J.; Smolen, M.; Kaval, N.; Lemiere, F.; Sergeyev, S.; Diels, L.; Sels, B.F.; Maes, B.U.W. Bio-based Aromatic

Amines from Lignin-Derived Monomers. ACS Sustain. Chem. Eng. 2019, 7, 6906–6916. [CrossRef]
4. Nakajima, H.; Dijkstra, P.; Loos, K. The Recent Developments in Biobased Polymers Toward General and Engineering Ap-

plications: Polymers that are Upgraded from Biodegradable Polymers, Analogous to Petroleum-Derived Polymers, and Newly
Developed. Polymers 2017, 9, 523. [CrossRef] [PubMed]

5. Miller, S.A. Sustainable polymers: Replacing polymers derived from fossil fuels. Polym. Chem. 2014, 5, 3117–3118. [CrossRef]
6. Qi, X.; Zhang, J.; Zhang, L.; Yue, D. Bio-Based Self-Healing Eucommia Ulmoides Ester Elastomer with Damping and Oil

Re-sistance. J. Mater. Sci. 2020, 55, 4940–4951. [CrossRef]
7. Raut, S.K.; Mondal, P.; Parameswaran, B.; Sarkar, S.; Dey, P.; Gilbert, R.; Bhadra, S.; Naskar, K.; Nair, S.; Singha, N.K. Self-healable

ultrahydrophobic modified bio-based elastomer using Diels-Alder ‘click chemistry’. Eur. Polym. J. 2021, 146, 110204. [CrossRef]
8. Lei, W.; Russell, T.P.; Hu, L.; Zhou, X.; Qiao, H.; Wang, W.; Wang, R.; Zhang, L. Pendant Chain Effect on the Synthesis,

Characterization, and Structure–Property Relations of Poly(di-n-alkyl itaconate-co-isoprene) Biobased Elastomers. ACS Sustain.
Chem. Eng. 2017, 5, 5214–5223. [CrossRef]

9. Yoda, R. Elastomers for biomedical applications. J. Biomater. Sci. Polym. Ed. 1998, 9, 561–626. [CrossRef]

https://www.mdpi.com/article/10.3390/polym13183089/s1
https://www.mdpi.com/article/10.3390/polym13183089/s1
http://doi.org/10.1038/nature21001
http://doi.org/10.3390/polym12040775
http://doi.org/10.1021/acssuschemeng.8b06467
http://doi.org/10.3390/polym9100523
http://www.ncbi.nlm.nih.gov/pubmed/30965822
http://doi.org/10.1039/c4py90017k
http://doi.org/10.1007/s10853-019-04272-3
http://doi.org/10.1016/j.eurpolymj.2020.110204
http://doi.org/10.1021/acssuschemeng.7b00574
http://doi.org/10.1163/156856298X00046


Polymers 2021, 13, 3089 18 of 19

10. Wei, T.; Lei, L.; Kang, H.; Qiao, B.; Wang, Z.; Zhang, L.; Coates, P.; Hua, K.C.; Kulig, J. Tough Bio-Based Elastomer Nano-composites
with High Performance for Engineering Applications. Adv. Eng. Mater. 2012, 14, 112–118. [CrossRef]

11. Koenig, J.L. The Chemical Reactions of Network Structures in Elastomers. Accounts Chem. Res. 1999, 32, 1–8. [CrossRef]
12. Cordier, P.; Tournilhac, F.; Soulié-Ziakovic, C.; Leibler, L. Self-healing and thermoreversible rubber from supramolecular assembly.

Nat. Cell Biol. 2008, 451, 977–980. [CrossRef]
13. Amaral, A.J.R.; Pasparakis, G. Stimuli responsive self-healing polymers: Gels, elastomers and membranes. Polym. Chem. 2017, 8,

6464–6484. [CrossRef]
14. Gerratt, A.P.; Michaud, H.O.; Lacour, S.P. Elastomeric Electronic Skin for Prosthetic Tactile Sensation. Adv. Funct. Mater. 2015, 25,

2287–2295. [CrossRef]
15. Xu, J.; Wang, S.; Wang, G.-J.N.; Zhu, C.; Luo, S.; Jin, L.; Gu, X.; Chen, S.; Feig, V.R.; To, J.W.F.; et al. Highly stretchable polymer

semiconductor films through the nanoconfinement effect. Science 2017, 355, 59–64. [CrossRef]
16. Kim, Y.; Yuk, H.; Zhao, R.; Chester, S.A.; Zhao, X. Printing ferromagnetic domains for untethered fast-transforming soft materials.

Nat. Cell Biol. 2018, 558, 274–279. [CrossRef]
17. Huang, S.; Liu, Y.; Zhao, Y.; Ren, Z.; Guo, C.F. Flexible Electronics: Stretchable Electrodes and Their Future. Adv. Funct. Mater.

2019, 29, 1805924. [CrossRef]
18. Wu, T.; Chen, B. Synthesis of Multiwalled Carbon Nanotube-Reinforced Polyborosiloxane Nanocomposites with Mechani-cally

Adaptive and Self-Healing Capabilities for Flexible Conductors. ACS Appl. Mater. Interfaces 2016, 8, 24071–24078. [CrossRef]
[PubMed]

19. Urban, M.W.; Davydovich, D.; Yang, Y.; Demir, T.; Zhang, Y.; Casabianca, L. Key-and-Lock Commodity Self-Healing Co-polymers.
Science 2018, 362, 220–225. [CrossRef] [PubMed]

20. Hager, M.D. Self-Healing Materials. In Handbook of Solid State Chemistry; John Wiley & Sons: Hoboken, NJ, USA, 2017; pp.
201–225.

21. Liu, J.; Tan, C.S.; Yu, Z.; Li, N.; Abell, C.; Scherman, O.A. Tough Supramolecular Polymer Networks with Extreme Stretch-ability
and Fast Room-Temperature Self-Healing. Adv. Mater. 2017, 29, 1605325. [CrossRef]

22. Kang, J.; Son, D.; Wang, G.J.; Liu, Y.; Lopez, J.; Kim, Y.; Oh, J.Y.; Katsumata, T.; Mun, J.; Lee, Y.; et al. Tough and Water-Insensitive
Self-Healing Elastomer for Robust Electronic Skin. Adv. Mater. 2018, 30, 1706846. [CrossRef]

23. Mozhdehi, D.; Ayala, S.; Cromwell, O.R.; Guan, Z. Self-Healing Multiphase Polymers via Dynamic Metal–Ligand Interactions. J.
Am. Chem. Soc. 2014, 136, 16128–16131. [CrossRef] [PubMed]

24. Wu, J.; Cai, L.H.; Weitz, D.A. Tough Self-Healing Elastomers by Molecular Enforced Integration of Covalent and Reversible
Networks. Adv. Mater. 2017, 29, 1702616. [CrossRef] [PubMed]

25. Li, X.; Yu, R.; He, Y.; Zhang, Y.; Yang, X.; Zhao, X.; Huang, W. Self-Healing Polyurethane Elastomers Based on a Disulfide Bond by
Digital Light Processing 3D Printing. ACS Macro Lett. 2019, 8, 1511–1516. [CrossRef]

26. Nasresfahani, A.; Zelisko, P.M. Synthesis of a self-healing siloxane-based elastomer cross-linked via a furan-modified polyhedral
oligomeric silsesquioxane: Investigation of a thermally reversible silicon-based cross-link. Polym. Chem. 2017, 8, 2942–2952.
[CrossRef]

27. Cash, J.J.; Kubo, T.; Bapat, A.P.; Sumerlin, B.S. Room-Temperature Self-Healing Polymers Based on Dynamic-Covalent Boronic
Esters. Macromolecules 2015, 48, 2098–2106. [CrossRef]

28. Ranganathan, P.; Chen, C.W.; Tasi, M.C.; Rwei, S.P.; Lee, Y.H. Biomass Thermoplastic (Co) polyamide Elastomers Synthesized
from a Fatty Dimer Acid: A Sustainable Route toward a New Era of Uniform and Bimodal Foams. Ind. Eng. Chem. Res. 2021, 6,
12139–12154. [CrossRef]

29. Chen, Z.; Ma, H.; Li, Y.; Meng, J.; Yao, Y.; Yao, C. Biomass polyamide elastomers based on hydrogen bonds with rapid self-healing
properties. Eur. Polym. J. 2020, 133, 109802. [CrossRef]

30. Zhang, R.; Yan, T.; Lechner, B.D.; Schröter, K.; Liang, Y.; Li, B.; Furtado, F.; Sun, P.; Saalwächter, K. Heterogeneity, Segmental and
Hydrogen Bond Dynamics, and Aging of Supramolecular Self-Healing Rubber. Macromolecules 2013, 46, 1841–1850. [CrossRef]

31. Guo, W.; Wang, X.; Lu, X.; Li, X.; Li, Y.; Sun, J. Plant oil and amino acid-derived elastomers with rapid room temperature
self-healing ability. J. Mater. Chem. A 2019, 7, 21927–21933. [CrossRef]

32. Pathan, J.R.; Sureshan, K.M. Solvent-Free and Catalyst-Free Synthesis of Cross-Linkable Polyfumaramides via Topochemical
Azide-Alkyne Cycloaddition Polymerization. ACS Sustain. Chem. Eng. 2021, 9, 9871–9878. [CrossRef]

33. Anantharaj, S.; Jayakannan, M. Polymers from Amino Acids: Development of Dual Ester-Urethane Melt Condensation Ap-proach
and Mechanistic Aspects. Biomacromolecules 2012, 13, 2446–2455. [CrossRef]

34. Whinfield, J.R. Chemistry of ‘Terylene’. Nature 1946, 158, 930–941. [CrossRef]
35. Fu, Y.; Xu, F.; Weng, D.; Li, X.; Li, Y.; Sun, J. Superhydrophobic Foams with Chemical- and Mechanical-Damage-Healing Abilities

Enabled by Self-Healing Polymers. ACS Appl. Mater. Interfaces 2019, 11, 37285–37294. [CrossRef]
36. Wang, X.; Pan, Y.; Shen, C.; Liu, C.; Liu, X. Facile Thermally Impacted Water-Induced Phase Separation Approach for the

Fabrication of Skin-Free Thermoplastic Polyurethane Foam and its Recyclable Counterpart for Oil–Water Separation. Macro-mol.
Rapid Commun. 2018, 39, 1800635. [CrossRef]

37. Wang, X.; Pan, Y.; Liu, X.; Liu, H.; Li, N.; Liu, C.; Schubert, D.W.; Shen, C. Facile Fabrication of Superhydrophobic and Eco-Friendly
Poly(lactic acid) Foam for Oil–Water Separation via Skin Peeling. ACS Appl. Mater. Interfaces 2019, 11, 14362–14367. [CrossRef]

http://doi.org/10.1002/adem.201100162
http://doi.org/10.1021/ar9603118
http://doi.org/10.1038/nature06669
http://doi.org/10.1039/C7PY01386H
http://doi.org/10.1002/adfm.201404365
http://doi.org/10.1126/science.aah4496
http://doi.org/10.1038/s41586-018-0185-0
http://doi.org/10.1002/adfm.201805924
http://doi.org/10.1021/acsami.6b06137
http://www.ncbi.nlm.nih.gov/pubmed/27530233
http://doi.org/10.1126/science.aat2975
http://www.ncbi.nlm.nih.gov/pubmed/30309952
http://doi.org/10.1002/adma.201605325
http://doi.org/10.1002/adma.201706846
http://doi.org/10.1021/ja5097094
http://www.ncbi.nlm.nih.gov/pubmed/25348857
http://doi.org/10.1002/adma.201702616
http://www.ncbi.nlm.nih.gov/pubmed/28799236
http://doi.org/10.1021/acsmacrolett.9b00766
http://doi.org/10.1039/C7PY00215G
http://doi.org/10.1021/acs.macromol.5b00210
http://doi.org/10.1021/acs.iecr.1c01533
http://doi.org/10.1016/j.eurpolymj.2020.109802
http://doi.org/10.1021/ma400019m
http://doi.org/10.1039/C9TA05102C
http://doi.org/10.1021/acssuschemeng.1c02796
http://doi.org/10.1021/bm300697h
http://doi.org/10.1038/158930a0
http://doi.org/10.1021/acsami.9b11858
http://doi.org/10.1002/marc.201800635
http://doi.org/10.1021/acsami.9b02285


Polymers 2021, 13, 3089 19 of 19

38. Gao, J.; Song, X.; Huang, X.; Wang, L.; Li, B.; Xue, H. Facile preparation of polymer microspheres and fibers with a hollow core
and porous shell for oil adsorption and oil/water separation. Appl. Surf. Sci. 2018, 439, 394–404. [CrossRef]

39. Zhang, Y.G.; Zhu, Y.J.; Xiong, Z.C.; Wu, J.; Chen, F. Bioinspired Ultralight Inorganic Aerogel for Highly Efficient Air Filtration and
Oil–Water Separation. ACS Appl. Mater. Interfaces 2018, 10, 13019–13027. [CrossRef] [PubMed]

40. Ma, W.; Samal, S.K.; Liu, Z.; Xiong, R.; De Smedt, S.C.; Bhushan, B.; Zhang, Q.; Huang, C. Dual pH-and Ammonia-Vapor-
Responsive Electrospun Nanofibrous Membranes for Oil-Water Separations. J. Membr. Sci. 2017, 1, 128–139. [CrossRef]

41. Wang, Y.; Wang, B.; Wang, J.; Ren, Y.; Xuan, C.; Liu, C.; Shen, C. Superhydrophobic and superoleophilic porous reduced graphene
oxide/polycarbonate monoliths for high-efficiency oil/water separation. J. Hazard. Mater. 2018, 344, 849–856. [CrossRef]
[PubMed]

42. Chen, J.; Gong, C.; Yang, C.; Yi, C. Flexible preparation of polyamide-6 based thermoplastic elastomers via amide exchange. J.
Mater. Sci. 2021, 56, 12018–12029. [CrossRef]
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