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ABSTRACT

Creating new bio-based sustainable polymeric materials with similar or
better performance than the petroleum-based counterparts has recently
received considerable attention. It will have a significant positive
impact on the environment and the sustainable polymer industry. This
review article shows a relatively new method based on simultaneous
in-situ polymerization and compatibilization of bio-based plant oil and
biodegradable thermoplastic polymer to prepare semi-interpenetrating
polymer networks (SINs) with unusual nano-scale morphology and
interconnected porous structure will be summarized. The SINs were
synthesized via cationic polymerization of tung oil in a homogenous
solution of poly(e-caprolactone) as a biodegradable, semi-crystalline,
and biocompatible thermoplastic polymer. The degrees of miscibility,
nanostructure morphology, and crystallinity was found to be composition-
dependent. This relatively new blending method created a two-phase
nanoscale morphology as small as 100 nm for blends with PCL contents
of 20 and 30 wt.%. For higher PCL contents (e.g., 50 wt.% PCL blend),
a co-continuous, interconnected microscale two-phase morphology
was detected. The microporous structure of the SINs was also changed
as a function of composition. For example, the interconnectivity and
pore size was considerably decreased with increasing PCL content.
Furthermore, a considerable decrease in the crystallization kinetics of
PCL was observed as the PCL content is higher than or equal to 30
wt.%. While on the other hand, the crystallization kinetics accelerated
significantly for 50 wt.%. This novel, low-cost strategy for preparing
bio-based SINs with nanoscale morphology and interconnected three-
dimensional cluster structures and desired properties should be widely
used for creating new polymer systems.
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1. Introduction

As finite petroleum resources become scarcer and
more expensive, the world is shifting its focus to
sustainable, environmentally friendly products
made from biorenewable biomass resources
(Murawski et al., 2019, Madbouly, 2022,
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Lu et al., 2014, de Haro et al., 2019, Arvin et al.,
2018, Chen et al., 2019, Winnacker et al., 2018,
Bjornerback, et al., 2018, Ahmed et al., 2019).
Recently, considerable attention has been paid to
developing new engineering materials based on
biorenewable resources (Han et al., 2023, Yang
et al., 2022, Mishra et al., 2022, Zhang et al.,
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2022, Sher et al., 2022, Baghban et al., 2021,
Fan et al., 2022, Kumar et al. 2022, Wu et al.,
2022). Vegetable oils are considered one of the
world’s cheapest and most abundant biorenewable
resources (Gomez et al., 2022, Biswas et al.,
2022, Thomas et al., 2022, Yan et al., 2021,
Gandini ef al., 2021, Kempanichkul ef al, 2022).
In addition to being available in large quantities,
they are widely used for synthesising bio-
based polymers with various advantages, such
as low toxicity and inherent biodegradability.
A triglyceride vegetable oil is composed mainly
of saturated and unsaturated fatty acids that serve
as the platform chemicals for polymer synthesis.
Tung oil contains about 84% a-elacostearic acid
(cis-9, trans-11, trans-13-octadecatrienoic acid)
triglyceride and can be readily obtained from
the seeds of the tung tree in large quantities (Liu
et al., 2021). The large numbers of conjugated
C=C bonds in the tung oil provide a very rapid
polymerization process at room temperature.
Therefore, tung oil can be found in many
industrial applications, such as varnishes, paints,
and many other related materials. In addition, tung
oil can be polymerized into bio-based thermoset
polymers via different polymerization techniques,
such as cationic, free radical, and thermal
polymerizations process (Omonov et al., 2022,
Biswas et al., 2022, Pfister et al 2008). Brittle,
dark brown tung oil-based thermoset can be
obtained via cationically polymerized using boron
trifluoride diethyl etherate (BFE) as initiator.
Thermal and free radical copolymerization of
tung oil with styrene and divinylbenzene have
been used previously to improve the mechanical
properties and reduce the brittleness issue of tung
oil thermosets (Xia et al., 2010). In this work, a
variety of properties ranging from rigid plastics
to tough and rubbery materials were synthesized
based on this copolymerization process. The goal
of this review article is to focus on the novel SINs
of tung oil and poly(e-caprolactone) (PCL) as both
materials are biopolymers (PCL is petroleum-
based semicrystalline thermoplastics but it is
biodegradable as explained in more details in the
next section).

The PCL is considered a bio-based thermoplastic,
although it is originally from petroleum-based
origin due to its biodegradability behavior. In
addition, PCL is also biocompatible semicrystalline
polyester with a glass-transition temperature (7,)
of about —60 °C and a melting temperature (7,,) of
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approximately 60°C (Tokiwa et al.,2009, Madbouly
etal.,2003). The PCL has been used widely in many
biomedical applications, such as sutures, adhesion
barriers, scaffolds for tissue engineering, and long-
term implants, due to its biocompatibility and
biodegradability. The biodegradability behavior of
PCL is related to hydrolysis in the physiological
media of its ester linkages (Kim et al., 2008, Han
et al., 2009). PCL was also blended with numerous
thermoplastic materials, including poly(styrene-
co-acrylonitrile) (SAN), tetramethyl polycarbonate
(TMPC), poly(lactic acid) (PLA), poly(methyl
methacrylate) (PMMA), polycarbonate (PC), and
poly(vinyl chloride) (PVC) (Madbouly et al., 2004,
Madbouly et al., 2007, Madbouly et al., 2006,
Takayama et al., 2006, Abdelrazek et al., 2016,
Hirotsu et al., 2000).

Blending is a common easy way to mix two
or more polymers to produce new materials
with diverse, tailored properties compared to
individual polymer components. Due to the low
entropy of mixing, most the polymer blends
are immiscible and, in many cases, require a
block or graft copolymer as a compatibilizer to
improve the interfacial interaction and reduce
the particle size. Immiscible polymer blends
with macro-phase separation and large particle
sizes have poor mechanical properties and
limited industrial applications. Therefore, block/
graft copolymer compatibilizers are crucial to
improve the compatibility and thermodynamic
stability of immiscible polymer blends. But most
of these compatibilizers (block, graft or star
copolymers) are expensive and commercially
unavailable (Li et al., 2000; Madbouly et al.,
2006). A critical advantage of the polymerization
and compatibilization method of blending is that
no compatibilizer is needed, and compatible
blends with excellent mechanical properties and
nanoscale morphology can be easily achieved in
this process which is not possible through other
traditional blending methods, such as solvent cast
or melt mixing.

This review article will summarise the cationic
polymerization and compatibilization of tung
oil and PCL in chloroform at room temperature
to synthesize SINs with unique morphology
and nanoscale structure. The thermomechanical
properties will be evaluated as a temperature
and blend composition function. In addition, the
nanoscale morphology and the interconnected
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porous structure will be investigated using SEM.
The crystallization kinetics of the PCL in the
blends will be studied using DSC measurements.

2. Synthesis of semi-interpenetrating tung oil/
PCL networks

The cationic polymerization of tung oil at room
temperature is very aggressive. It produces
brittle, dark material with very poor mechanical
properties regardless of the concentration of the
initiator (less than 0.1 wt.% of BFE). This speedy
polymerization process of tung oil must be
controlled and significantly inhibited via reducing
the reactivity of BFE by dilution in chloroform.
Chloroform is also an excellent common solvent
for tung oil and PCL at room temperature. For all
blend compositions, BFE was kept at a constant
concentration of 2 wt.% relative to tung oil.
Upon mixing tung oil with PCL and BFE in
chloroform (25 wt.% solid content), the cationic
polymerization of tung oil started immediately,
and a yellow elastic gel was formed. After
obtaining the gels, they were allowed to dry for
approximately three days under vacuum at room
temperature, followed by another two days at
60 °C. Fig. 1 shows the cationic polymerization of
tung oil using BFE as a catalyst. The figure also

Figure 1.

Transmittances
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demonstrates the FTIR for tung oil before and
after cationic polymerization. The C=C bonds
observed at 3013 cm™! peak in the FTIR spectrum
for pure tung oil (unreacted) disappeared after
the cationic polymerization process (see Fig. 1),
indicating a fully cured tung oil. The PCL reacted
physically with tung oil during the cationic
polymerization to form semi-interpenetrating
polymer networks as described in the schematic
diagram of Fig. 2. The entangled PCL polymer
chains (blue) mixed with cross-linked tung oil
(green) to form semi-interpenetrating polymer
networks. After the drying process, the SINs of
tung oil/PCL of different concentrations were
investigated using DMA measurements.

Fig. 2 shows the temperature dependence of
storage modulus (£") and loss tangent (tan o)
for fully cured and dried tung oil/PCL SINs of
different compositions. The glass relaxation
process (a-relaxation) obtained from the tan d
peak maximum temperature for pure tung oil
thermoset was observed at approximately 33 °C.
For pure PCL, the a-relaxation process is
extensive with low intensity compared to the pure
tung oil thermoset and observed at about —38 °C.
The o-relaxation process is a  cooperative
reorientation of the polymer chains and is

2500
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Picture for tung seeds and tung oil. Cationic polymerization and FTIR of tung oil before (A) and

after (B) polymerization process. Adapted with permission from Madbouly et al., 2020. Photograph courtesy
of The Wood Works Book Tool Co. Free domain: https://www.tungoil.com.au/.
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PCL in chloroform

Madbouly (2022), 154-164

Sem-interpenetrating network

104
0.8 |
10°
0-6 1 S 102
&0 r
§ 04+ ‘2
A Lﬂ 10! -
0.2 100 -
00| - L 1071 L 1 1 1
-50 0 15 -50 0 50 100 150
Tr°C T/°C
Figure 2. Schematic diagram for the formation of a Sem-interpenetrating network. Temperature depend-

ence of E” and tan d for tung oil/PCL sem-interpenetrating network of different blend concentrations. It was

adapted with permission from Madbouly et al., 2014.

connected to the glass transition temperature 7,
of the respective polymer component. From the
analysis of the DMA data of tung oil and PCL
blends, we can evaluate the miscibility in this
semi-interpenetrating network. As seen in Fig. 2,
the a-relaxation process of the tung oil strongly
influence by blending with PCL. Tan d shifted
to a lower temperature by increasing the PCL
component content in the blend up to 30 wt.%.
Based on this observation, it is suggested that
the tung oil and PCL are completely miscible or
partially miscible in this composition range. For
50 wt.% PCL blend, the a-relaxation process was
shifted slightly to a lower temperature (only 5 °C
for 50 wt.% while it was 20 °C for the tung oil/
PCL 70/30 blend). This experimental finding
indicated that the miscibility of PCL and tung oil
decreases with increasing concentration of PCL
above 30 wt.%.

3. Nanomorphology and interconnected
cluster porous structures of
semi-interpenetrating tung

0il/PCL networks

Due to the low resolution and broadness of the
a-relaxation peak of PCL, it is not accurate to
rely on the DMA for evaluating the miscibility

of tung oil thermoset and PCL thermoplastic
blends. Therefore, a more reliable evaluation can
be obtained from the morphology of the mixtures
using a scanning electron microscope (SEM). Fig. 3
depicts the SEM morphology of SINs of 0il/PCL of
different compositions. The SEM photographs were
used to evaluate and understand the miscibility of
tung oil and PCL synthesized by this relatively new
polymerization and compatibilization technique.
The fully cured and dried SINs were fractured in
liquid nitrogen and sputtered with thin layers of
gold and then examined using a field emission
scanning electron microscope (FE-SEM, FEI
Quanta 250) operating at 10 kV under high
vacuum. No morphology was observed for the tung
0il/PCL 90/10 blend due to the formation of a one-
phase structure or an utterly miscible blend. While
on the other hand, the nanoscale structure of two-
phase morphology with an average particle size
as small as 100 nm was observed for blends with
20 <wt.% PCL< 40 as clearly seen in Fig. 3 (46).
The white dispersed particles are the PCL phase,
and the dark matrix is the tung oil phase.

Interconnected, the co-continuous microstructure
was observed for the tun oil/PCL 50/50 blend,
as seen in Fig. 3. According to the obtained
morphologies, it is apparent that the in-situ
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Figure 3. SEM morphologies for tung oil/PCL SINs of different concentrations. It is reproduced with

permission from Madbouly et al., 2014.

polymerization and compatibilization of tung oil
and PCL created unique different phase behaviors,
including nano/microscales morphologies and
completely miscible blends based on the different
concentrations of the two components. This unique
morphology and miscibility in the tung oil/PCL
blends cannot be achieved in the standard blending
methods, such as melt and solvent casting methods.
In addition, the tung oil thermoset provides
substantial morphology stability and eliminates
particle-particle diffusion or coalescence at high
temperatures. Based on the above, one can suggest
that the simple strategy of the in-situ polymerization
and compatibilization reviewed in this article can
be considered a novel technique capable of creating
new functional polymer blends or alloys that might
be suitable for different industrial applications,
such as shape-memory polymers, drug delivery,
and tissue engineering.

Porous morphologies have been observed for
tung oil/PCL blends with PCL concentrations
lower than 50 wt.%, as clearly seen in Fig. 4 (45).
The porous structure was observed for some
blend concentrations due to the evaporation of the
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residual solvent during the drying process. The
tendency of the blend to form a porous structure
was dramatically decreased with increasing the
PCL content in the blend. The thermoset tung oil
created interconnected, clustered particles, while
PCL dispersed as nanoparticles inside the cluster
particle. The size of the interconnected, clustered
particles for the blend with 30 wt.% PCL is much
smaller than that of the blend with 20 wt.% PCL.

4. Crystallization Kinetics of PCL in the
semi-interpenetrating tung oil/PCL networks

It is well established that when semi-crystalline
and amorphous polymers are blended, structural
parameters, such as lamellar thickness, crystal
interphase, and spherulitic growth rates are
significantly influenced by the amorphous
component, as in the current tung oil/PCL
SINs (Alfonso et al., 1986, Brana et al., 1992,
Vanneste et al., 1995). The melting point of the
semi-crystalline polymer component is usually
decreased by specific interaction with the
amorphous component in the blend and by changes
in the free energy required to form crystals.
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Figure 4. SEM photographs for fully cured porous and nanoscale structures for tung oil/PCL blends with 20
and 30 wt.% PCL at different magnifications (a—d). It is adapted with permission from Madbouly e? al., 2020.

For miscible polymer blends, a decrease in melting
temperature and heat of fusion is commonly
observed, and the decrease magnitude depends on
the blend concentration. Fig. 5 depicts the DSC
measurements for the PCL/tung oil SINs (second
heating run) of different concentrations. In the
blend, the melting temperature of PCL shifted to
a lower temperature for the concentration range
of 10 < PCL wt.% < 50, indicating miscibility
or partial miscibility of the blends. No melting
peak was observed for lower concentration
range (e.g., 10 wt.% PCL) due to the complete
miscibility of tung oil with 10 wt.% PCL in
good agreement with the SEM morphology of
Figure 3. The crystallization process of PCL in
the interconnected, co-continuous structure of
PCL/tung oil 50/50 blend greatly enhances, as
seen in the shift of the melting point to a higher
temperature. In addition, the blend (50/50)
displayed bimodal peaks that might result from
melt-recrystallization mechanisms. The melt-
recrystallization occurs when crystals with
defects or less perfect structures melt at lower
temperatures and then reorganized into more
perfect crystals that melt at higher temperatures.

The heat released during the crystallization process
in the DSC is directly related to the macroscopic
rate of the crystallization process. The isothermal
crystallization process at different crystallization
temperatures of pure PCL is demonstrated in
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Figure 5. DSC thermograms (second heating
run) for the melting temperature of tung oil/PCL
SINs of different compositions. It is reproduced
with permission from Madbouly ef al., 2020.

Fig. 6a. For this isothermal crystallization process,
all the samples were melted for 5minat 7,,= 110 °C
and then the temperature decreased at a very high
cooling rate (70 °C/min) to the crystallization
temperature, 7.. The exothermic crystallization
peak maximum shifted systematically to longer
times with increasing the 7. Based on the above,
it is apparent that the higher the crystallization
temperature is, the slower the isothermal
crystallization process. Similar data was also
evaluated for the PCL/tung oil 50/50 blend, as
illustrated in Fig. 6b. As clearly seen in Fig. 6, the
crystallization process of the PCL/tung oil 50/50
blend is significantly faster than that of pure PCL.
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Figure 6. DSC thermograms for isothermal crystallization process, (a) pure PCL and (b) PCL/tung oil 50/50
blend at different crystallization temperatures 7;. Reproduced with permission from Madbouly ef al., 2020.
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Figure 7. (a) Relative crystallinity (X;) as a function of time for tung oil/PCL blends of different compo-
sitions at 7, = 41 °C; (b) Avrami plots for tung 0il/PCL blends of different compositions at 7, = 41 °C. It is

reproduced with permission from Madbouly et al., 2020.

For example, the peak maximum of the isothermal
crystallization process of the pure PCL at 7, =45 °C
is approximately 40 min compared to 20 min for
the 50/50 blend. The isothermal crystallization
kinetics of PCL in the blends can be evaluated
based on the Avrami equation (Gupta et al., 2013,
De Santis et al., 2013):

thl—exp(efkr”) 1)

Where, X, is the weight fraction of crystallization
atatime #; and £ is the crystallization rate constant,
which depends on the crystallization temperature
and includes the effects of nucleation and growth.
At the same time, n is the Avrami exponent,
which describes the crystal growth geometry and
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nucleation mechanism. The X, can be evaluated
from the exothermic DSC peaks of pure PCL and
PCL/tung oil blends (see Fig. 6) according to the
following equation:

’—gj dt
0
M=l @

0 dr

Equation 2 describes the ratio of heat generated at
time ¢ and the total heat generated until the end of
the crystallization process. The values of n and &
(Avrami kinetic parameters) can be evaluated from
the slope and intercept of the straight line of In
(-In(1-X))) versus Inz. Figs. 7a and 7b demonstrate
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PCL (wt. %) 7.(°C) n log k
100 39 2.5 -1.86
41 2.8 -2.78
43 3.1 -4.0
45 2.6 -4.6
50 39 24 -1.1
41 2.1 -1.5
43 1.9 -1.9
45 2.4 -3.5
30 39 2.3 2.4
41 2.1 -3.2
43 2.3 -5.1
45 2.6 -6.3

Table 1. Avrami Kinetic parameters for isother-
mal crystallization kinetics of tung oil/PCL blends
at different crystallization temperatures. It is repro-
duced with permission from Madbouly et al., 2020.

the X, as a function of time and Avrami-type plots
for tung 0il/PCL blends of different compositions
at 1. = 41 °C, respectively. Non-integral values
of n are around 3 and were evaluated for all
samples due to the athermal nucleation process
followed by three-dimensional crystal growth
(Kolmogorov 1937). The non-integral n cannot
be used to predict the crystallization mechanism
of PCL in the blends. The Avrami rate constant,
k, decreased significantly with increasing
crystallization temperature, as shown in Table 1.
This data indicated that the crystallization rate
decreased significantly with increasing 7. Similar
behavior has been observed in the blend with
30 wt.%PCL. However, on the other hand, the
k value for PCL/tung oil 50/50 blend was about
three times higher than that of pure PCL at a
constant crystallization temperature. Based on the
above result, one can conclude that the isothermal
crystallization kinetics of PCL enhanced with
the formation of co-continuous, interconnected
morphology observed in the PCL/tung oil 50/50
blend.

5. Conclusion

Cationic polymerizing of tun oil in a homogeneous
solution of PCL is a relatively new reactive
blending method that can create polymer mixtures
with different morphologies, miscibility, phase
behavior, and crystallization rates without using
traditional compatibilizers. One phase blend
with no morphology was observed for blends
with PCL contents < 10 wt.%. For higher PCL
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concentrations < 50 wt.%, two-phase with
nanoscale morphologies as small as 100 nm
of PCL phase in tun oil matrix were detected.
Highly interconnected, co-continuous two-phase
morphology was observed for the tung oil/PCL
50/50 blend. These unique morphologies and
miscibility in the tung o0il/PCL blends cannot be
achieved in the standard blending methods, such as
melt and solvent casting methods. In addition, the
tung oil thermoset provides substantial morphology
stability and eliminates particle-particle diffusion
or coalescence at high temperatures. Porous
morphologies have been observed for tung oil/
PCL blends with PCL concentrations lower than 50
wt.%. The porous structure was observed for some
blend concentrations due to the evaporation of the
residual solvent during the drying process. The
tendency of the blend to form a porous structure
was dramatically decreased with increasing the
PCL content in the blend. The effect of tung oil
thermoset on the isothermal crystallization kinetics
was summarized for different blend concentrations.
The blends” morphology and miscibility were
found to impact the PCL crystallization process
significantly. For miscible and partially miscible
blends (blends with PCL contents > 30 wt.%),
the isothermal crystallization process retarded
greatly. For blend with micro-interconnected, co-
continuous two-phase morphology (50/50 wt.%
blend), the isothermal crystallization kinetics of
PCL was accelerated significantly. Finally, this
relatively new and simple strategy for in-situ
polymerization and compatibilization reviewed in
this article can be considered a novel technique to
create unique functional polymer blends or alloys
that might be suitable for different applications,
such as shape-memory polymers, drug delivery,
and tissue engineering.
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