
Nowadays, research activities address the develop-

ment of (multi)functional (also termed to as intelli-

gent, smart, responsive) materials. The attribute

‘functional’ refers to a combination of properties

which are essentially independent of each other. Ac-

cordingly, the related materials – apart from the re-

quired load bearing capability – exhibit ‘functional’

properties, such as shape memory, self healing, sens-

ing/actuation, electric conductivity, reprocessability

etc.

Chemical approaches, and especially those offered

by the click chemistry can well be used to produce

multifunctional polymers and related composites. In

the Diels-Alder (DA) reaction a cyclic compound is

formed in the reaction between a diene (usually

furan, cyclopentadiene, anthracene) and a dienophil

(usually maleimide, methacrylate, dicyclopentadi-

ene). The discovery of this thermoreversible reaction

is credited to O. Diels and K. Alder (1924) who have

been awarded by the Nobel prize in 1950. A further

beauty of the DA reaction is that it can be performed

in aqueous media, solutions and melts, as well. DA

adducts can be repeatedly generated after retro DA

reactions liberating the initial functional groups. This

feature has been used to demonstrate the feasibility

of intrinsic self healing (DOI: 10.1126/science.

1065879). This pioneering work triggered vivid in-

terest for adapting DA reactions for self healing and

recycling (i.e. reprocessing) of highly cross linked

thermosets, especially epoxy resins (DOI: 10.1039/

c2py20957h; DOI: 10.1002/pola.27655). The most

versatile polymer synthesis, namely that of polyure -

thanes, is in the forefront of DA-related research.

The furan/maleimide reaction proved to be a

straightforward tool to create reprocessable rubbers,

the characteristics of which are similar to tradition-

ally crosslinked ones (DOI: 10.1021/acs.macromol.

5b01422). DA reaction is a promising route also to

create self healing interphase in polymer composites

(DOI: 10.1016/j.compscitech.2015.08.015; DOI:

10.1016/j.pmatsci.2015.02.003). Recent efforts focus

on the exploitation of hetero DA reactions in the syn-

thesis of functional polymers (DOI: 10.1039/

c4py00644e). In the meantime exhaustive reviews

appeared on the use of DA reactions to produce mul-

tifunctional polymer and related composites. The in-

terested reader will find several contributions also in

our Journal when searching for ‘Diels-Alder’ on the

web site of eXPRESS Polymer Letters, and they will

be even more.

On the other hand, the versatility of DA is still less

explored at present because most of the publications

follow the furan/maleimide reaction pathway (DOI:

10.1016/j.progpolymsci.2012.04.002). So, why not to

explore further the ‘offer’ of the DA reactions?
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1. Introduction 
Electrically conductive polymer composites have
drawn a lot of attentions of scientists and engineers
due to their applications in various areas, such as
electronic components, energy storage devices, elec-
tromagnetic interference shielding, antistatic mate-
rials, and sensors [1–3]. A traditional approach in fab-
rication of such a composite material is addition of
electrically conductive fillers into insulating poly-
mer to incorporate two complementary properties of
electrical conductivity and processability. For exam-
ple, carbon fillers such as graphite, carbon black
and carbon fibers are commercially added to the
insulating polymers [4–8]. They have advantages of
low density and good conductivity; however, the
addition of a high amount of carbon fillers for pro-
ducing conductivity causes increase of viscosity

resulting in degradation of processability. Carbon
nanotube is one of promising alternatives. Small
amounts of addition can enhance conductivity sig-
nificantly due to its high aspect ratio with nanome-
ter thick diameter [9–10]. However, it still has limi-
tations of high cost and poor dispersibility in the
polymer matrix due to van der Waals and Coulomb
attractions.
Electrically conductive metal fillers can also be
used as conductive filler in polymer composites,
such as magnesium, aluminum, nickel, copper, sil-
ver, stainless steel and etc. [11–13]. Typically, inclu-
sion of metal fillers increases the overall weight of
composites due to their high densities when the
same volume of fillers are added. Also large amounts
of addition yield poor processability. Exceptionally,
magnesium and aluminum are known for light-
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weight-metal showing relatively low density com-
paring to other metals. However, magnesium has a
low corrosion resistance requiring additional treat-
ment for corrosion protection [14]. In the case of
aluminum, a dense oxidation layer formed on the
surface increases the electrical resistivity of the
composite [15].
An interesting approach was proposed to maintain
processability at high filler loading by applying a
low-melting-point metal alloy (LMA) by Zhang et
al. [16]. Since LMA melts at the processing temper-
ature of polymer, it does not increase viscosity of the
composite due to the low viscosity of molten LMA.
However, as LMA droplets were fused into large
domains above melting temperature, electrical net-
works was not formed, resulting in a low electrical
conductivity under 10–15 S/cm [17]. To disperse the
domains of LMA, solid metal particles were com-
bined with LMA. Small loadings of nickel particu-
lates prevented coalescence of the molten LMA
droplets resulting in high conductivity of ~102 S/cm
[18]. Compounding copper fibers and LMA together
with a polymer improved the dispersability of LMA
and increased the filler efficiency due to large aspect
ratios of LMA domains showing very high conduc-
tivity of ~104 S/cm [19]. It was suggested that the
solid particle acts as a mechanical aid; increasing the
viscosity of the LMA droplet and slowing down the
coalescence process. However, LMA/solid metal par-
ticle also has a high density, therefore the polymer
composite still remains heavy.
In order to solve these problems, a polymer/LMA/
light metal fiber composite is proposed in this study.
LMA was designed to be mixed with the light metal
overcoming the difference of the densities of LMA
and the light metal. As it encapsulates the light metal
in the composite, it can play the role of blocking the
increase in electrical resistance due to oxidation of
the surface of the light metal. And it melts at the pro-
cessing temperature of polymer and maintains
processability of the composites during compound-
ing with polymer. The light metal fiber reduces the
density of the metal filler to minimize the increase in
the weight of the composite. It also increases the effi-
ciency as conductive filler by presenting a fiber form.
Furthermore, it improves the dispersibility of the
LMA domain by maintaining a solid state during
compounding. The resulting composites exhibited
high electrical conductivity and enhanced mechanical
properties.

2. Experimental
2.1. Materials
Polystyrene-acrylonitrile (SAN) was used as poly-
mer matrix and was supplied by Samsung SDI Co.,
Ltd. (Republic of Korea). The physical properties of
SAN are as follows: The acrylonitrile content of SAN
is 24.5 wt%, the weight-average molecular weight
is 140 000, the melt flow index is 2.7 g/10 min in
200 °C/5.86 kg condition, and the notched Izod
impact strength is 21.6 J/m. Aluminum (Al) was
selected as the light metal particles with density of
2.7 g/cm3. Al particles with spherical shape and par-
ticle size of 44~100 !m were used. Sn-Zn30 alloy
having tin (Sn) 70 wt% with zinc (Zn) 30 wt% was
used as LMA, which starts to melt from 230°C.

2.2. Preparation of composite samples
Composite samples were prepared through the
processes shown in Figure 1. Mixture of Sn-Zn30 and
Al particles with the ratio of 40/60 vol% was stirred
at 50 rpm and 270°C for 10 minutes. Then, a cylin-
drical billet with a diameter of 76.2 mm and a height
of 200 mm was molded. Afterwards, Sn-Zn30/Al
fiber was fabricated using a 600 ton extruder at
170°C which is lower than the solidus temperature
of Sn-Zn30. During the extrusions, the shape of the
die was varied so that the metal fiber being gener-
ated through the extrusion process was made to have
different lengths and cross-sectional shapes: circular
diameter 24 mm, extrusion ratio 10; circular diame-
ter 15.2 mm, extrusion ratio 25; and, rectangular
width 26 mm, thickness 7 mm, extrusion ratio 25.
The extrusion ratio is defined as the starting cross-
sectional area divided by the cross-sectional area of
the final extrusion. The processing conditions and
the densities of the Sn-Zn30/Al fiber are organized
in Table 1. It was found that lighter metal fillers
(~4.5 g/cm3) were fabricated than typical metal fillers
(7–9 g/cm3). Figure 2 shows that Al fibers were elon-
gated and thinned according to the increase in the
extrusion ratio. In addition, when the shape of the
extrusion die was rectangular, the width of the Al
fibers increased and the thickness of the Al fibers
decreased, in other words the Al fibers became flat-
tened. From these results, it can be implied that the
length of the Al fiber increases with increasing the
extrusion ratio and the cross-sectional aspect ratio of
the Al fiber increases when a rectangular die is used.
Subsequently, Sn-Zn30/Al fiber was compounded
with SAN for 5 minutes under the conditions of
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270°C at 50 rpm, using an internal mixer (HAAKE
Polylab QC, Thermo Fischer Scientific, USA) with
roller rotors. Samples were prepared varying the con-
tent of Sn-Zn30/Al fiber of 20, 40, and 60 vol%,
respectively. And in order to see the effects of LMA
on the processability, for comparative evaluation, Al
particles 20, 40, and 60 vol% was compounded with
SAN under the same conditions. Through hot press-
ing, composites and pure SAN (without fillers) were
made into a 150 mm"150 mm"3.2 mm plate, and
from that, specimens were produced that had a stan-
dard dimension for measuring electrical properties
and mechanical properties.

2.3. Measurements
The morphology of Sn-Zn30/Al fiber in SAN matrix
was observed using field emission scanning electron
microscopy (FE-SEM, SU-70, Hitachi, Japan) with
energy dispersive spectroscopy (EDS, Hariba, Japan).

The max torque was measured as the maximum
value of torque on the rotors of the internal mixer
during the compounding of each sample using the
HAAKE Polysoft software package. For samples
with an electrical conductivity higher than 10–7 S/cm,
the electrical conductivity was measured by a four-
point probe method at room temperature. The dimen-
sions of the sample for electrical conductivity meas-
urements were 60 mm"12.7 mm"3.2 mm. A constant
current was applied using a source meter (2400,
Keithley, USA) to the outer probes of the four con-
tacts, and the corresponding voltage was measured
between inner probes using a nanovolt meter (2182,
Keithley, USA) as shown in Figure 3. For samples
with an electrical conductivity lower than 10–7 S/cm,
the measurements were performed by a two-point
probe method using only a source meter. Density was
measured according to the ASTM D792 test method
using a densimeter (Toyoseki, Japan). Notched Izod
impact strength was measured according to the
ASTM D256 test method (DG-1B, Toyoseki, Japan).
The thickness of the testing sample was about
3.2 mm. The three-point bending flexural modulus
tests were conducted according to the ASTM D790
test method (UTM 3367, Instron, USA). The cross -
head speed was 1.4 mm/min and the distance
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Figure 1. The technological process of preparing polymer/LMA/light metal fiber composite

Table 1. Processing conditions and densities of the metal
fillers prepared

Sn-Zn30/Al
fiber code Die shape Extrusion

ratio
Density
[g/cm3]

C10 Circle 10 4.48
C25 Circle 25 4.54
R25 Rectangular 25 4.55



between the two bottom points was 50 mm. The
typical dimensions of the sample beams were
70 mm"12.7 mm"3.2 mm. The tensile tests were
conducted according to the ASTM D638 test method
(UTM 3367, Instron USA) at a crosshead speed of
5 mm/min. The specimens for tensile tests were type I
with thickness 3.2 mm. The electrical and mechani-

cal properties were measured for 5 specimens of each
composite and the average values were used for
results and discussion.

3. Results and discussion
3.1 Composition of LMA
As can be seen in Figure 1, LMA becomes the
matrix of LMA/light metal particles mixture in the
first and second processes but act as conductive
filler which is dispersed in the polymer matrix dur-
ing the third process. Sn is a good candidate for
LMA since it has a melting temperature of 230°C
similar to the processing temperature of SAN. How-
ever, since the density of Sn (7.29 g/cm3) is much
higher than Al, Al particles floated on top of the liq-
uid Sn during the mixing process. The large differ-
ence in density made it very difficult to mix Al par-
ticles in liquid Sn. With regard to sedimentation, the
particle velocity in the liquid under gravity would
be Equation (1) [20]:
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Figure 2. Aluminum (green color) EDS mapping results of extruded Sn-Zn30/Al fiber (red arrow is the direction of obser-
vation in inner picture); (a) C10, (b) C25, (c-d) R25

Figure 3. Electrical measurement set-up



                                             (1)

where v is the sedimentation velocity of the particle,
a is the radius of the particle, !P is the density of the
particle, ! is that of the liquid, " is the viscosity of the
liquid and g is the acceleration of gravity. Assuming
that a is 70 !m, !P is 2.7 g/cm3, ! is 7.29 g/cm3, and
" is 1.5 mPa#s [21], the sedimentation velocity of the
Al particle is –3 mm/s. As the value of the sedimen-
tation velocity of the Al particle is negative, the Al
particle is floating onto liquid Sn. The velocity is too
fast for Al particles to be mixed with liquid Sn. When
the density of the liquid and particle and the radius
of the particle are fixed in Equation (1), the method
for slowing the velocity is to increase ". However,
for pure metal, it is difficult to control the viscosity
since the viscosity will rapidly change during the
phase transition from solid to liquid. Thus in order
to increase the viscosity, a coexisting region with
liquid and solid at the processing temperature of
about 270°C is needed. For a general solid-liquid sus-
pension, the viscosity is a function of the fraction of
solid. An equation which has been obtained from
the empirical data can be expressed as Equation (2)
[22]:

        (2)

where "s is the viscosity of the solid-liquid suspen-
sion, "0 is the viscosity of the pure liquid, $ is the
volume fraction of solid in the suspension, and A
and B are constants which are found to be 0.00273
and 16.6 respectively. We utilized thermodynamic
program Pandat™ to calculate phase fraction plot

of Sn-Zn30 alloy as shown Figure 4. Calculation
results show that solidus and liquidus temperature
are 230 and 320°C, respectively. And solid volume
fraction is 0.7 at 270 °C. Taking these values into
Equation (2), the viscosity of suspension is calcu-
lated to be 220 Pa#s. Then the velocity of the sedi-
mentation of the Al particle is much decreased to 
–2·10–5 mm/s obtained from Equation (1). When
mixing the Al particles in pure tin at 270 °C, they
were immiscible and the Al particles became oxi-
dized and blackened, and only the tin was solidi-
fied. However, when the Al particles were mixed
into Sn-Zn30, it mixed well as shown in Figure 5.

3.2. Max torque during compounding of
SAN/Sn-Zn30/Al fiber composites

In order to examine processability, the maximum
value of torque on the rotors of the internal mixer
was measured during the compounding of each sam-
ple. Figure 6 shows that the max torque increases as
the filler content increased, indicating that the vis-
cosity of the composite increases due to addition of
Sn-Zn30/Al fiber. On the contrary, in the previous
study of Zhang et al. [23], viscosity was decreased
while LMA content was increasing in polystyrene/
Sn-Pb30 (Sn 70 wt% and lead (Pb) 30 wt%). In case
of polystyrene/Sn-Pb30 composites, LMA was
entirely liquid at the processing temperature of
190°C. Meanwhile, in current study, Sn-Zn30 is in
coexisting state of solid and liquid and Al fibers is
also solid at the processing temperature of 270°C.
Therefore the viscosity of SAN/Sn-Zn30/Al fiber
composites increases, when the filler content is
increased. Comparing to sample of Al particles used
alone, SAN/Sn-Zn30/Al fiber composites show sig-
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Figure 4. (a) Phase diagram of Sn-Zn, (b) phase fraction plot of Sn-Zn30 as a function of temperature



nificantly lower torque, indicating that the molten
Sn-Zn30 mitigates the shear stress applied to the
solid in the filler lowering the viscosity of the filler.
In case that the extrusion ratio was high, the max
torque was slightly higher. We presumed that, as the
length of fiber is increased, the excluded volume of
the fiber is also increased, resulting in an increase
of the viscosity [24].

3.3. Morphology of Sn-Zn30/Al fiber in the
SAN matrix

The morphology of Sn-Zn30/Al fiber in SAN matrix
was observed using EDS. The Al fibers were wrapped
around by Sn and Zn and well-dispersed as can be
seen in Figure 7. During cold extrusion, the oxida-
tion layer of Al surface might become thin and/or

be broken as Al particles were elongated. There-
fore, Sn-Zn30/Al fiber through cold extrusion can
reduce the oxidation layer of Al surface which can
affect the wetting behavior. Since the surface ten-
sion of Sn-Zn30 is much greater than that of SAN, a
large domain must be formed thermodynamically
by aggregation. However, the dispersibility of the
filler is improved because the solid Al fibers physi-
cally help the dispersion and slow the rate of aggre-
gation with increase of the viscosity of the filler
within molten Sn-Zn30 [18]. The domains of the
metal filler became elongated with the increase in the
extrusion ratio of the Sn-Zn30/Al fiber, indicating
that the domain shape of the filler can be controlled
by the shape of Al fiber. When polymer/metal com-
posites were prepared using LMA alone, the domains
of LMA in the polymer/LMA composite generally
formed large spherical droplet due to the surface
tension of LMA, therefore the efficiency as conduc-
tive filler decreased [17]. In contrast, Sn-Zn30/Al
fiber system can improve the efficiency as conduc-
tive filler by increasing the length of Al fiber. It is
believed that the efficiency as conductive filler
relates to the connectivity between the domains of the
filler. When the extrusion ratio increased and/or the
shape of the extrusion die was rectangular, as with
samples C25 and R25, the connectivity improved
since the specific surface area increased as the
length and/or the cross-sectional aspect ratio of the
Al fiber increased. In addition, although the domains
of the filler became larger with increasing filler con-
tent, the connectivity improved by maintaining the
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Figure 5. Mixture after 10 min mixing under 50 rpm stirring; (a) pure tin and aluminum particles, (b) Sn-Zn30 and alu-
minum particles

Figure 6. Max torque of the internal mixer during compound-
ing of the SAN/Sn-Zn30/Al fiber composites



elongated domains due to the Al fibers. It can be
concluded that the incorporation of Al fiber is criti-
cal in the dispersion of the filler and in the improve-
ment of the efficiency as conductive filler.

3.4. Electrical conductivity
Figure 7 shows that the connectivity between the
domains of Sn-Zn30/Al fiber increases as the con-
tent of Sn-Zn30/Al fiber, the length of Al fiber, and
the cross-sectional aspect ratio of Al fiber increases.
It is generally believed that the conductivity of the
composite derives from the formation of a conduct-
ing network by the fillers in the matrix, and the
increase of conductivity paths facilitates the improve-
ment of the composite conductivity [25]. Such for-
mation of a conducting network would improve the
electrical conductivity of SAN/Sn-Zn30/Al fiber
composites. Thus, Figure 8 shows that the electrical
conductivities of the composites increased with
increasing the filler content. The composites with
filler at 20 vol% resulted in low conductivities of
~10–12 S/cm since the conducting networks were
not formed, as shown in Figure 7. From a filler con-
tent of 40 vol% and higher, the conductivities

increased dramatically. In addition, the electrical con-
ductivities of SAN/C25 and R25 were higher than
that of SAN/C10 at the same filler content. This indi-
cates that as the domains are more elongated, the
electrical conductivity increases due to improving
the connectivity between the fillers. As the electri-
cal conductivities of SAN/Sn-Zn30/Al fiber com-
posites were higher than those of SAN/Al particle
composites, it is implied that the oxide layer on the
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Figure 7. EDS mapping images of SAN/Sn-Zn30/Al fiber composites

Figure 8. Electrical conductivity of SAN/LMA/Al fiber
composites



surface of Al fiber could not impede the electrical
conductivity due to the encapsulation of Sn-Zn30.
For SAN/R25 at 60 vol% loading, the polymer matrix
and the domains of fillers formed almost co-contin-
uous structure as shown in Figure 8, resulting in the
electrical conductivity of 7900 S/cm. This electrical
conductivity is higher than that (~102 S/cm) of
polymer/LMA/nickel particle at 60 vol% loading
[18], indicating that Al fiber is more effective than
nickel particle due to the fibrous shape.

3.5. Density and mechanical properties
The results of density and mechanical properties
were summarized in Table 2. As the density of Sn-
Zn30/Al fiber (~4.5 g/cm3) is relatively lighter than
that of other LMA fillers (7–9 g/cm3), the density of
SAN/Sn-Zn30/Al fiber composite is lighter than
other polymer/LMA filler composites. While the esti-
mated density of polymer/LMA/nickel particle com-
posite with the filler content of 60 vol% is ~5.6 g/cm3

[18], the density of SAN/R25 with the same content
is 3.14 g/cm3.
The impact strength decreased slightly with the filler
content of 20 vol%, but the impact strength was
enhanced with the increase of the filler content as
shown in Figure 9. In addition, when the extrusion
ratio was increased and the shape of the extrusion die
was rectangular, the growth rate was much larger.
The fractured surfaces after notched Izod testing
were observed through SEM as shown in Figure 10.
It can be seen that the fracture occurred at the inter-
face of SAN and the filler. Since the interaction
between SAN and the filler is weak, the filler acts as a
defect and reduces the notched Izod impact strength.
In other words, the interfacial energy between SAN
and metal filler would be a dominant factor for the
impact strength of the SAN/Sn-Zn30/Al fiber com-

posite [26]. When the length and the cross-sectional
aspect ratio of the Al fiber are increased, the spe-
cific surface area of the domain of the filler will be
increased more than in the case of the spherical filler
domain, and this can contribute to the increase in
impact strength by increasing the total interfacial
energy. In addition, as the filler content increases, not
only the surface area of the domains of the filler
increases, but the connectivity between the domains
of the filler is increased, resulting in the enhance-
ment of the impact strength.
As shown in Figures 9 and 11, the notched Izod
impact strength increased from 21.6 J/m for pure
SAN to 29.7–40.2 J/m for composites with 60 vol%
by approximately 40–90%, the flexural modulus
increased from 2.11 GPa for pure SAN to 10.1–
10.5 GPa for composites with 60 vol% filler con-
tent by approximately 400%. With regard to the filler
content, the enhancement of the flexural modulus is
larger than that of the notched Izod impact strength.
However, in contrast to the notched Izod impact
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Table 2. Density and mechanical properties of the SAN/Sn-Zn30/Al fiber composites

Filler content
[vol%]

Density
[g/cm3]

Impact
strength

[J/m]

Flexural
modulus

[GPa]

Tensile
strength
[MPa]

Tensile
modulus

[GPa]

Elongation at
break
[%]

pure SAN 0 1.08 21.6 2.11 59.7 2.45 2.93

SAN/C10
20 1.75 18.2 2.88 39.6 3.32 1.22
40 2.41 22.2 4.60 46.9 5.26 0.89
60 3.10 29.7 10.50 86.1 10.80 0.81

SAN/C25
20 1.76 19.3 2.89 40.1 3.34 1.21
40 2.43 29.5 4.82 50.9 5.37 0.96
60 3.13 35.4 10.10 96.5 10.70 0.91

SAN/R25
20 1.76 20.9 2.84 41.3 3.35 1.25
40 2.43 34.8 4.75 52.2 5.34 0.98
60 3.14 40.2 10.40 98.1 10.60 0.95

Figure 9. Notched Izod impact strength of the SAN/Sn-
Zn30/Al fiber composites



strength, its growth rate was not as high even with
the increase in the extrusion ratio, indicating that
the flexural modulus follows the rule of mixture
being influenced by the contents of the filler rather
than the shape of the filler [27].
The tensile strength decreased with the filler content
of 20 vol%, but the impact strength was enhanced

with the increase of the filler content as shown in
Figure 12 and Table 2. Although the tensile modu-
lus increased as the filler content increased, the elon-
gation decreased considerably due to addition of the
filler. As a result the tensile strengths of the compos-
ites with the filler contents of 20, 40 vol% were lower
than that of pure SAN. However, as the increase in
the tensile modulus was larger than the decrease in
the elongation at the filler content of 60 vol%, the ten-
sile strengths of the composites with the filler con-
tent of 60 vol% were higher than that of pure SAN.

4. Conclusions
We have established a novel method of fabricating
metal filler with lightness and excellent electrical
conductivity that can be compounded with polymer
without degrading the processability. Using Sn-
Zn30 having a coexisting region with liquid and
solid at a mixing temperature, Sn-Zn30 and Al par-
ticles could be mixed. Through the cold extrusion
of Sn-Zn30/Al particles, Sn-Zn30/Al fiber was fab-
ricated to increase the efficiency as conductive filler.
When Al particles were elongated, the oxidation layer
of Al surface could become thin and/or be broken,
resulting in an improvement of the wettability of Sn-
Zn30 and Al fiber. The results of EDS show that the
light metal fibers were wrapped around by Sn-Zn30
after compounding Sn-Zn30/Al fiber with polymer.
When Sn-Zn30/Al fiber was compounded with poly-
mer, the molten Sn-Zn30 maintained the processabil-
ity, and the dispersibility of Sn-Zn30/Al fiber was
improved due to the solid Al fiber. As the shape of
Al fiber was controlled by varying the extrusion con-
ditions, it was found that electrical conductivity and
the notched Izod impact strength are improved when
the length and the cross-sectional aspect ratio of Al
fiber increases. Furthermore, as Sn-Zn30/Al fiber
(~4.5 g/cm3) is relatively lighter than other LMA
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Figure 10. SEM images of the factured surfaces of composites with the metal filler content of 20 vol%; (a) C10, (b) C25,
(c) R25

Figure 11. Flexural modulus of the SAN/Sn-Zn30/Al fiber
composites

Figure 12. Tensile strength of the SAN/Sn-Zn30/Al fiber
composites



fillers (7–9 g/cm3), the SAN/Sn-Zn30/Al fiber com-
posite (3.14 g/cm3 at filler content of 60 vol%) is
lighter than other polymer/LMA filler composites
(5–6 g/cm3 at same content). We anticipate that with
these characteristics this polymer/LMA/light metal
fiber composite can be utilized in a variety of indus-
trial applications.
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1. Introduction
The Diels-Alder (DA) reaction, known as (4+2)
cycloaddition reaction between diene and dienophile,
is one of the most useful reactions in organic [1]
and material synthesis [2, 3]. DA reaction belongs
to the group of ‘click’ reactions known as almost
completely versatile, efficient and selective synthe-
sis [4]. Furthermore, DA reactions at appropriate
temperature range undergo a reverse reaction called
retro-DA (rDA) reaction that regenerates starting
materials. DA adduct is the mixture of two diastere-
omers called endo and exo adducts. Temperature of
the rDA reaction leading to the appearance of the
endo adduct is typically lower than that of the exo
adduct [5, 6]. Due to the thermal reversibility of DA

reactions, they are frequently applied in the produc-
tion of remendable and recyclable materials [7–10].
During the development of self-healing material
much attention is often given to the understanding the
mechanistic perspective of a given reaction as much
as possible. Such studies are frequently accompanied
by kinetic investigations of the reaction [11–16].
Benzoxazines, because of their unique characteris-
tics, are recently gaining much attention in polymer
synthesis and design. Inclusion of DA-reaction in
benzoxazine main chain is one way of integrating
them with remendability. According to the litera-
ture, some work has been done in synthetic aspect
of modifying benzoxazines with furan or maleimide
chains. So far, the majority of the research was
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focused on the modified benzoxazines describing
effects of maleimide or furan functionality on the
mechanical properties of polymeric benzoxazines,
while the use of Diels-Alder reaction in self-healing
perspective has not yet been recognized [17–22].
Needless to say, numerous studies were performed
to date dealing with the DA reaction based on
maleimide and furan functionalities [6, 16, 23–28].
Only a few examples in literature exist, where ben-
zoxazines were used in DA reactions to form linear
polymeric materials [29, 30]. Authors have shown a
synthetic preparation of linear benzoxazine chains,
where the linker was DA based reaction, between
modified benzoxazine (by furan functionality) and
bismaleimides. However, their goals were to describe
newly formed properties of cured benzoxazine sam-
ples, and no work was done on either describing pos-
sible remendability properties or the kinetics of the
DA reaction.
On the other hand there might be a reason, why there
is not yet a known self-remendable benzoxazine
polymer material with DA reaction based remend-
ability. The reason being high curing temperature
needed for polymerization of benzoxazines [31, 32],
usually quite above the temperature of rDA reaction
(~100 °C) of normally used diene and dienophile
system (furan and maleimide) [5, 6]. This means that
DA connections are broken and starting compounds
are formed. When this happens, maleimide double
bond is exposed and starts to polymerize, which is not
the desirable reaction in order to achieve self-heal-
ing based on DA reaction. This being said the cur-
ing temperatures of benzoxazines are probably the
major drawbacks in the development of functional
self-remendable polybenzoxazines based on DA
reaction.
The focus of this paper is on the thermal evaluation
of the DA reaction between N-phenylmaleimide
(PMI) and guaiacol furfuryl amine based benzox-
azine (GF). Experiments were performed in the
molten state and in solution and the differences
between both systems were investigated. Progress of
the reaction in the absence of solvent was systemat-
ically determined by DSC analysis accompanied
with 1H NMR and kinetic study of the DA reaction
was performed in solution. By temperature con-
trolled FTIR (Fourier transform infrared spectro -
scopy) analysis kinetic parameters were derived.
Higher conversions and easier manipulation of exo/
endo ratio were achieved in a molten state due to

the more explicit boundary between DA and rDA
reaction than in a solution. It is interesting to further
investigate the use of benzoxazine based compounds
bearing furan and maleimide functional groups in
self-healing polymer networks activated by Diels-
Alder reaction. The main goal of this publication is
to establish the valuable knowledge of thermal behav-
iour of DA/rDA reaction in order to successfully
apply self-healing in benzoxazine polymer net-
works.

2. Materials and methods
2.1. Materials
Reactant N-phenylmaleimide (PMI, 97%) was pur-
chased from Aldrich (Chemie GmbH, Steinheim,
Germany). Reactant 3-(furan-2-ylmethyl)-8-methoxy-
3,4-dihydro-2H-benzo[e][1,3]oxazine (GF) was syn-
thesized according to the literature [33]. Aniline
(99.5%), acetic anhydride (98.5%) and hexane were
purchased from Merck (Darmstadt, Germany). Gua-
iacol (98%), furfurylamine (99%), maleic anhydride
(97%) and paraformaldehyde were purchased from
Aldrich (Chemie GmbH, Steinheim, Germany), and
deuterated chloroform (99.8% D) was purchased
from Euriso-top (Saint-Aubin, France). All chemi-
cals were used as received.

2.2. Characterization
The proceeding of the DA/rDA reaction was studied
by differential scanning calorimetry (DSC), 1H NMR
(nuclear magnetic resonance) and IR spectrometry.
Calorimetric studies were carried out on Mettler
Toledo DSC1 instrument with intra-cooler using
STAR software (Greifensee, Switzerland). In and Zn
standards were used for the temperature calibration
and for the determination of the instrument time
constant. Samples of around 10 mg were weighed in
standard 40 "L aluminium pans. DSC measure-
ments were performed in nitrogen atmosphere with
30 mL/min nitrogen flow rate. In order to observe the
heating behaviour of each reactive compound and
their mixture, DSC experiments were performed by
a heating rate 10 K·min–1 in the range of 20 to
350 °C. For samples isothermally heated at 70 °C
DSC scans were performed from 20 to 160°C with
the heating rate 5 K·min–1.
1H NMR analyses were performed on a Bruker
Avance III 500 MHz NMR spectrometer (Billerica,
USA) at the temperature 296 K and frequency
500.13 MHz and on Bruker DPX 300 MHz NMR at
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the temperature 296 K and frequency 300.13 MHz
(Billerica, USA). Deuterated chloroform (CDCl3)
was used as solvent. Endo and exo standards were
obtained from DA reaction between PMI and GF by
separating reaction mixture by chromatography on a
silica gel column using petroleum ether:ethyl acetate
(2:1) as mobile phase. Characteristic peaks moni-
tored in reaction mixture (Figure 1): for starting mate-
rials a signal at 6.85 ppm, corresponding to maleimide
protons at a carbon double bond (CH=CH, peak 3),
for benzoxazine singlets at 4.02 and 3.95 ppm which
correspond to CH2 in benzoxazine ring (NCH2C,
peak 1) and CH2 attached to a furan ring (NCH2CO,
peak 2). Products were monitored by multiplet at
5.40 ppm, corresponding to protons in a newly
formed six-membered ring in both endo and exo
adducts (CHCHO, peak 4). While doublet at 3.54 ppm
is characteristic for NCH2CO (peak 5) in endo
adduct, doublets at 3.13 and 2.97 ppm corresponds
to succinimide type protons in exo-adduct (COCHC
and COCHCH, peak 7 and 6).
Detailed spectra are assigned as follows:
N-phenylmaleimide (PMI): 1H NMR (CDCl3,
300 MHz, #, ppm): 7.46 (m, 2H, Ph), 7.35 (m, 3H,
Ph), 6.83 (s, 2H, CH=CH).
3-(furan-2-ylmethyl)-8-methoxy-3,4-dihydro-2H-
benzo[e][1,3]oxazine (GF). 1H NMR (CDCl3,
300 MHz, #, ppm): 7.41 (dd, J1 = 0.84 Hz, J2 =
1.8 Hz, 1H, Ar), 6.80 (m, 2H, Ar), 6.58 (m, 1H, Ar),
6.33 (dd, J1 = 1.9 Hz, J2 = 3.2 Hz, 1H, Ar), 6.25

(dd, J1 = 0.6 Hz, J2 = 3.2 Hz, 1H, Ar), 4.99 (s, 2H,
OCH2N), 4.02 (s, 2H, NCH2C), 3.95 (s, 2H,
NCH2CO), 3.89 (s, 3H, OCH3).
(3aR,4R,7S,7aS)-4-((8-methoxy-2H-benzo[e][1,3]
oxazin-3(4H)-yl)methyl)-2-phenyl-3a,4,7,7a-tetra -
hydro-1H-4,7-epoxyisoindole-1,3(2H)-dione (endo
adduct). 1H NMR (CDCl3, 500 MHz, #, ppm): 7.41
(m, 3H, Ar), 7.12 (m, 2H, Ar), 6.84 (m, 1H, Ar), 6.76
(m, 1H, Ar), 6.58 (m, 2H, Ar and CH=CH), 6.47 (d,
J = 5.8 Hz, 1H, CH=CH), 5.40 (dd, J1 = 1.5 Hz, J2 =
5.5 Hz, 1H, CHCHO), 5.04 (d, J = 9.9 Hz, 1H,
OCH2N), 5.00 (d, J = 9.9 Hz, 1H, OCH2N), 4.19 (d,
J = 16.8 Hz, 1H, NCH2C), 4.10 (d, J = 16.8 Hz, 1H,
NCH2C), 3.88 (s, 3H, OCH3), 3.78 (dd, J1 = 5.5 Hz,
J2 = 7.7 Hz, 1H, COCHCH), 3.69 (d, J = 15.1 Hz,
1H, NCH2CO), 3.64 (d, J = 7.7 Hz, 1H, COCHC),
3.54 (d, J = 15.1 Hz, 1H, NCH2CO).
(4R,7S,7aR)-4-((8-methoxy-2H-benzo[e][1,3]oxazin-
3(4H)-yl)methyl)-2-phenyl-3a,4,7,7a-tetrahydro-1H-
4,7-epoxyisoindole-1,3(2H)-dione (exo-adduct).
1H NMR (CDCl3, 500 MHz, #, ppm): 7.40 (m, 3H,
Ar), 7.24 (m, 2H, Ar), 6.81 (m, 1H, Ar), 6.73 (m, 1H,
Ar), 6.58 (m, 3H, Ar and CH=CH), 5.39 (d, J =
1.45 Hz, 1H, CHCHO), 4.98 (m, 2H, OCH2N), 4.12
(m, 2H, NCH2C), 3.86 (s, 3H, OCH3), 3.64 (d, J =
15.2 Hz, 1H NCH2CO), 3.45 (d, J = 15.2 Hz, 1H,
NCH2CO), 3.13 (d, J = 6.5 Hz 1H, COCHC), 2.97
(d, J = 6.5 Hz, 1H, COC CH).
IR spectra were recorded on Mettler Toledo ReactIR
diamond composite probe (Greifensee, Switzerland)
allowing in situ FTIR spectroscopy. The spectra
were recorded in the range of 4000–400 cm–1. Each
DA reaction was monitored via IR until equilibrium
was achieved allowing kinetic parameter determi-
nation. A given reaction mixture was considered to
have reached the equilibrium when the conversion
remained constant over multiple reaction time points.

2.3. Procedure of Diels-Alder experiments
DA reaction was investigated by non-isothermal and
isothermal heating of the PMI/GF mixture in the
absence of solvent. Separately, the proceeding of the
DA reaction was studied also in solution as a function
of temperature in order to perform kinetic studies.
Diels-Alder/retro-Diels-Alder investigations were
performed by isothermal heating of the PMI/GF mix-
ture at a temperature higher than the melting point.
Reactants were grounded in a mortar and mixed in
stoichiometric amounts. The process of the reaction
as a function of time was monitored by 1H NMR

"tirn et al. – eXPRESS Polymer Letters Vol.10, No.7 (2016) 537–547

                                                                                                    539

Figure 1. 1H NMR assigned spectra of the reaction mixture
between PMI and GF at different reaction times



analysis after the sample was rapidly cooled down by
liquid nitrogen to the ambient temperature. Differ-
ent temperatures were applied with the intention to
study the conversion and exo/endo ratio.
Reactions in solution were performed in chloroform
and acetonitrile at different temperatures. Stoichio-
metric amounts of reactants were added reaching
the initial reactants’ concentration 0.5 mol·L–1. Reac-
tions were monitored by in situ FTIR spectroscopy.
The reaction mixture was mixed with magnetic stir-
rer in a glass vial. Glass vial was closed with a poly-
ethylene cap, which had a perfectly cut hole for
ReactIR probe to tightly fit. Parafilm was used to
additionally prevent solvent evaporation.

3. Results and discussion
3.1. Diels-Alder reaction in molten state
The product of the Diels-Alder reaction (DA adduct)
is the mixture of two diastereomers called endo and
exo adducts (Figure 2). While the endo compound is
kinetically favoured, the exo is thermodynamically
favoured and thus more stable [5, 6]. The aim of the
detailed study of the thermal behaviour of the PMI/
GF mixture is its possible further application as a
self-healing polymer network.
Thermal behaviour of the reaction between PMI and
GF started with DSC experiments in order to deter-
mine the approximate starting temperature of DA and
retro-DA reaction. Due to the fact that both reac-
tants melted at the same temperature, the mixture
melted at lower temperature as a consequence of the
freezing point depression (Figure 3). Namely, the
presence of impurity in the pure compound causes a
decrease in the melting point and a broadening of the
melting point range. The Diels-Alder reaction started
after the beginning of the melting of PMI/GF mix-
ture (Figure 3) due to the higher mobility of func-
tional groups. It can be concluded that DA reaction
was actually triggered by melting of the prepared
mixture. The melting peak value of the PMI/GF sys-
tem was in fact lower than the sum of each individ-

ual compound, which is the result of the beginning
of the DA reaction and its exothermic contribution.
The exothermic peak of a DA reaction reached the
maxima at 80 °C and lasted up to approximately
100°C when the evident endothermic peak of rDA
appeared. The exothermic event from 170–240 °C
could be explained by polymerization reaction of
benzoxazine and maleimide [34]. Unfortunately,
there was no clear boundary between the end of the
rDA reaction and start of polymerization. The exo -
thermic peak of GF that extended over 200°C rep-
resents a polymerization reaction of benzoxazine
[33]. On the other hand, we presumed that DSC
curve of PMI showed an endothermic peak at around
275 °C, due to the combination of polymerization
reaction of maleimide and its evaporation at higher
temperatures.
It is worth mentioning that DSC analysis is not an
appropriate tool for kinetic studies of DA reaction,
because accurate differentiation between the indivi-
ual processes is not clear. For that reason non-iso -
thermal heating was associated with 1H NMR analy-
sis allowing detailed insight into the reaction process
as a function of temperature (Figure 4). After reach-
ing the examined temperature by a heating rate of
10 K·min–1, the sample was rapidly cooled down by
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Figure 2. Diels-Alder reaction between benzoxazine bearing furan group (GF) and N-phenylmaleimide (PMI) forms DA-
adduct

Figure 3. DSC analyses of PMI, GF and PMI/GF mixture



liquid nitrogen. The range from 60 to 140 °C was
studied analysing the conversion and endo/exo
adducts behaviour. The conversion linearly increased
up to 100 °C, when a linear drop in conversion
value was observed as a consequence of rDA reac-
tion. The mentioned followed also from the heat flow
of a DSC analysis, where a shift from exothermic to
insignificant endothermic peak was observed.
In contrast to the measured value, more evident
endothermic behaviour was expected due to the
progress of endothermic rDA reaction and drop in
conversion from 0.62 to 0.40. Interestingly, although
the conversion started to decrease, the increase of
exo/endo ratio was observed up to 130°C due to the
thermodynamically favoured exo adduct. Addition-
ally, when the sample was kept at 140°C for another
10 minutes, no further drop in the conversion was
observed. This may indicate that formed adduct was
transformed into reactants by rDA reaction instanta-
neously. By achieving merely 15% of conversion at
60°C it was proven that DA reaction started during
the melting of the sample.
Further investigation was designed towards the
isothermal heating of PMI/GF mixture above the
temperature of the melting point. The intention was
to observe the evolution of conversion and exo/endo
ratio as a function of time. Although the self-heal-
ing effects are out of scope of this research, renew-
ing the exo/endo ratio in self-healing studies could
be interesting. The precise results of endo and exo
compounds were likewise obtained by 1H NMR
analysis. Since only DA reaction during isothermal
heating was studied thoroughly, only the results
applying temperatures up to 100°C were obtained.

The temperature of 100°C was used as a limited tem-
perature between DA and rDA reaction.
Considering the results of DSC analysis the first
experiment was performed at 60 °C. The sample
fully melted after approximately 15 minutes, when
the sample was first analysed, and reached the final
conversion at 75%. Clearly, the reaction at higher
temperature was faster; however the same final con-
version was achieved at 70 and 80°C and reached the
final value after 50 minutes. Differently, at 90 and
100 °C conversion after 180 minutes started to
decrease due to the effect of the beginning of rDA
reaction. Although the conversion at 70 and 80 °C
was similar, there was an important difference
between the ratio of exo/endo adduct. Due to the fact
that exo adduct is thermodynamically favoured [5,
6], the ratio is increasing with temperature and time.
At 60 °C endo adduct was the predominant product
and there was no significant increase in ratio by
time indicating that temperature was not yet in favour
of exo emergence. Obviously, at prolonged heating
times, temperatures of about 90°C indicated the end
of DA and start of rDA reaction. This trend was evi-
dent also from the exo/endo ratio. While up to
60 minutes the increase of the ratio was linear and
higher than at lower temperatures, afterwards the
ratio started to decrease gradually. The effect of the
heating temperature on exo/endo ratio is even more
evident at 100°C, when the ratio started to decrease
after 30 minutes. Among that, the decrease in con-
version was observed after 60 minutes. The trend
shown in Figure 5 therefore suggests that the exten-
sion of the heating time does not lead to further pro-
gression of the reaction; it does, however, affect the
exo and endo ratio. The maximum amount of exo
adduct could consequently be achieved in the range
of 70–80°C at extended heating times. Conversely,
if the goal is to maximize of endo adduct, the tem-
perature should be as low as possible and the heat-
ing should be stopped right after the equilibrium
conversion is achieved.
It has been previously reported [5] that rDA reac-
tion of endo adduct has significantly lower activa-
tion barrier compared to exo adduct. Calorimetric
analyses should noticeably demonstrate the progress
of the endo and exo adduct in rDA reaction. For that
reason DA adduct obtained in isothermal heating at
70 °C was further analysed by DSC analysis (Fig-
ure 6). When sample was isothermally heated for 1
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Figure 4. Conversion and exo/endo ratio for non-isothermal
heating of a PMI/GF mixture in a range from 60
to 140°C



and 3 hours (initial exo/endo ratio was 0.66 and
1.31, respectively) an exothermic peak occurred
inside the broad endothermic peak. On the other
hand, at higher exo/endo ratios (2.36 for 6 hours and
3.83 for 12 hours) the previously observed exother-
mic peak disappeared.
The appearance of the exothermic peak at 1 and
3 hours could be explained by a three-step process.
First the endothermic peak appeared as a result of
transformation of endo DA adduct into PMI and GF
driven by rDA reaction. Following that, the new
exo/endo adducts mixture was quickly formed lead-
ing to the exothermic peak on DSC thermogram. In
conclusion, endothermic peak that started at approxi-
mately 105 °C belonged to the exo’s rDA reaction
(Figure 6). By increasing the sample’s heating time,
the previously observed exothermic peak of exo
adduct disappeared due to the increasing exo/endo
ratio (Figure 5b). It can be deduced that the amount
of endo adduct in the exo/endo mixture at 6 and

12 hours is apparently too low to have any exother-
mic effect noticeable by DSC method. DSC scans at
6 and 12 hours are consequently showing only broad
endothermic peak corresponding mainly to the retro-
DA reaction of exo adduct (Figure 6).
The general idea of further use of DA reaction is in
self-healing applications of polymer networks. As it
has already been mentioned, the rDA reaction of
endo adduct is faster than the rDA reaction of its
stereoisomer, exo adduct. Hence, in the synthesis of
material depending only on DA linkages, two prin-
ciples could be used. The first could be based on the
synthesis of material at low DA reaction tempera-
ture (60–70°C for our system) favouring the major-
ity of endo DA connections. The damaged material
can be healed also at lower temperature; at a tem-
perature high enough to convert endo form into exo,
however not high enough to reach the rDA reaction
of exo adduct. Under the outlined condition the mate-
rial could be conditionally healed by a pulse heating
in the endo rDA reaction range without deformation
of the material shape. In this case, the exo adduct
would actually play a role of a structural basis of
the material.
It is worth mentioning that such principle of a self-
healing is limited. Once all the endo adduct is trans-
formed into exo form, only the step of exo rDA reac-
tion remains. The second principle depends on self-
healing of the material at elevated temperatures by
triggering the rDA reaction of the exo adduct mean-
ing the recycling of material to the initial reactants.
Consequently, if the material is based only on Diels-
Alder bonds, breakdown of the exo adduct leads to
the material shape loss. Nevertheless, the main issue
of benzoxazine polymerization below the tempera-
ture of the rDA reaction remains, however, future
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Figure 5. Progress of conversion (a) and exo/endo (b) for isothermal experiments at different temperatures in a molten state

Figure 6. Evolution of DSC thermograms versus time of
pre-cured samples of PMI/GF at 70°C



study based on preliminary DA/rDA study would
be interesting.

3.2. Kinetic study of the Diels-Alder reaction
in acetonitrile and chloroform

The kinetics of the model DA reaction in a solvent
was monitored by IR spectroscopy. Chloroform and
acetonitrile were used as solvents due to the optimal
visibility of reactants’ peaks shifting as a function
of time. To study the DA model reaction kinetics,
DA reactions between PMI and GF were carried out
at different temperatures (30, 40 and 50°C for chlo-
roform, and 40, 50, 60 and 70 °C for acetonitrile)
until the equilibrium was reached. DA reaction in a
solution started at a lower temperature than in the
molten state due to the solvent-diene-dienophile
interaction, when in molten state the mobility of the
functional group was achieved via sample melting.
Figure 7 shows the evolution of IR spectra versus
time of the reaction between PMI and GF in ace-
tonitrile and chloroform presenting the characteris-
tic peaks and their increase or depletion.
According to the results of the preliminary experi-
ments we focused on the signal with the wavenum-
ber 832 cm–1, since the peak was isolated and unaf-
fected by solvent or other reactant. The observed
peak showed the decrease in intensity and belonged
to the characteristic C–H vibration of double bond
in PMI. Due to the overlapping of the reactant with
either solvent and/or the opposite reactant, other
peaks were inappropriate for quantitative measure-
ments and further conversion calculations. To clar-
ify, since the stoichiometric amount of reactants
was presented in the mixture, furan and maleimide

functionalities are consumed at the same rate. Con-
sequently, it is enough to observe either maleimide
or furan functional group. The formation of the DA-
adduct may be slightly detected at 1778 cm–1, how-
ever the occurrence was barely visible. Another
specific absorption of DA adducts was detected at
1181 cm–1, even though it was observable only in
acetonitrile. The signal at 1151 cm–1 in acetonitrile
(shifted to 1148 cm–1 in chloroform) belonged to
the C–N–C vibration. Peak at 1600 cm–1 belonged
to the C=C vibration in PMI and GF, whereas
1515 cm–1 represented C–H vibration in aromatic
ring. Unfortunately, distinguishing between the endo
and exo form is not possible by IR analysis, which
is why the formation of summarized DA adduct
form was merely predicted.
Due to the fact that the ReactIR allows in situ meas-
urements its usage is ideal for DA reaction kinetic
studies. However, in DA kinetic studies IR spec-
troscopy is often mentioned as inaccurate and used
preferably only for qualitative measurements. For
that reason, the accuracy of the maleimide group
consumption and conversion calculations were veri-
fied performing two concurrent reactions at 40°C:
one performed in chloroform and analysed by Reac-
tIR, and other performed in deuterated chloroform
followed by 1H NMR characterization. The compar-
ison of the results showed that the calculations of
conversion from the IR absorbance of the character-
istic peak showed similar results as the conversion
from 1H NMR peak integrals (Figure 8). Reason-
ably, due to the simplicity of the reaction implemen-
tation at different temperatures, all reactions were
analysed by the ReactIR instrument further on. It
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Figure 7. Evolution of the ReactIR spectra of the DA reaction between PMI and GF in acetonitrile (a) and chloroform (b) at
40°C



has to be noted that calibration curves of peak inten-
sities at different concentrations of reactants showed
good linear relationship in both chloroform and ace-
tonitrile, which is why only the absorbance values
were used in conversion calculations.
The concentration of PMI being proportional to the
absorbance at 832 cm–1, conversion X is expressed
by Equation (1):

                                          (1)

To determine the kinetic parameters, the overall
reaction rate of maleimide (M) in the reversible DA
reaction with furan (F) is written by Equation (2):

               (2)

where [M] is the concentration of maleimide as
PMI functional group, [F] is the concentration of

furan as GF function group, and [A] is the concen-
tration of adduct. For the purposes of kinetic studies
DA adduct was the sum of its endo and exo form.
Kinetic parameters kDA and krDA presents the reac-
tion rate constants of the forward and reverse DA
reaction. For stoichiometric mixtures of PMI and
GF, Equation (2) can be re-written in a form of con-
version X (Equation (3)):

                   (3)

Once the equilibrium conversion is known, the
equilibrium constant can be calculated as (Equa-
tion (4)):

       (4)

where [M]0 is the initial PMI concentration. Further
on, when applying equilibrium conversion and equi-
librium constant in Equatoin (3), linearized form of
Equatoin (3) can be derived and used in verification
of bimolecular-type second-order reversible reac-
tion (Equatoin (5)).

  (5)

The results of experiments in acetonitrile and chlo-
roform are straightforward. Since the derivation of
experimental data and kinetic parameters followed
the same procedure, graphical presentation is demon-
strated only for experiments in acetonitrile (Fig-
ure 9). Figure 9 shows that the higher the tempera-
ture the faster the conversion increases, which is in
accordance with the kinetic laws.
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Figure 8. Experimental results of reaction performed in chlo-
roform analysed separately by IR and 1H NMR
method

Figure 9. Evolution of the conversion versus time at different temperatures (a) and bimolecular second-order reversible
reaction kinetic model (b)



Our studied system fitted typical bimolecular sec-
ond-order reversible reaction (Figure 9b). Applying
the Equation (5), a satisfactory fit was achieved
from which kinetic parameters kDA and krDA were cal-
culated (Table 1). The goodness of fit was verified
by R2 value, which was over 0.999 for all experi-
ments. The DA reaction was in balance between the
blocked and the unblocked form. The ratio depended
upon the temperature and reached the plateau dur-
ing the rDA reaction (Figure 9). By increasing the
reaction temperature the equilibrium conversion
started to decrease as a consequence of rDA effect.
In order to determine the DA/rDA equilibrium as a
function of temperature the reaction system was
allowed to reach the equilibrium. It took more than
two days to reach the equilibrium at 30 and 40°C.
The kinetic parameters in chloroform were slightly
higher than in acetonitrile, which affected also the
equilibrium conversion that was consequently
higher in acetonitrile than in chloroform.
The reaction between PMI and GF was carried out
at different temperatures. For that reason it is possi-
ble to apply the Arrhenius law (Equation (6)) with
the aim to determine activation energy and pre-
exponential factor:

                                           (6)

The activation energy for DA in acetonitril was 48.4
and 51.9 kJ·mol–1 in chloroform. For the reversible
part the activation energy values were 91.0 and
102.3 kJ·mol–1, respectively. The determined activa-
tion energies were reasonable and expected accord-
ing to the already reported values for maleimide/
furan systems [24, 27]. Nevertheless, the observed
differences originated from the nature of DA build-
ing blocks and network density.
While in molten state the DA reaction started when
reactants started to melt as a prerequisite for func-

tional groups mobility, the DA reaction in solution
was possible even at ambient temperature, how-
ever, at a very slow reaction rate. According to the
literature, the solvation energy contributes to the
total free energy of the reactants and the transition
states. For that reason, when in molten state the con-
version at 70°C reached 75% constituted mainly of
endo adduct, in acetonitrile the equilibrium conver-
sion of merely 45% was achieved. The reaction
equilibrium in solution was obviously much more
affected by the rDA reaction, which started to affect
at lower temperatures rather than in molten state.
Therefore, there is no clear boundary between the
end of the DA reaction and the beginning of the
rDA reaction in solution, which makes its use diffi-
cult in preparing the DA adduct at high conversion
with desirable exo/endo ratio. For that reason syn-
thesis of the product depends on thermo-reversibil-
ity of DA reaction which is much more suitable in
the molten state, where the limit between DA/rDA
reactions is unambiguous.

4. Conclusions
In summary, this study showed a detailed investiga-
tion of the DA reaction and provided useful knowl-
edge for further use in self-healing polymer net-
works. Experiments were performed in the molten
state and in solution and the differences between
both forms were discussed. By non-isothermal DSC
heating of the PMI and GF mixture accompanied by
1H NMR, approximate temperatures of the DA and
rDA reaction were determined. We especially focused
on exo/endo ratio and its dependence on tempera-
ture, and on the Diels-Alder kinetics. The activation
energy and pre-exponential factor of the forward
and reverse DA reaction in a solution were deter-
mined by FTIR spectroscopy. The obtained activa-
tion energies in acetonitrile and chloroform agreed
to be similar with those reported in the literature.

lnk 5 2
Ea

RT 1 lnAlnk 5 2
Ea

RT 1 lnA
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Table 1. Equilibrium conversion (Xe) and kinetic rate constants (kDA, krDA) describing the kinetics of DA reaction as indi-
cated in Figure 9

Acetonitrile Chloroform

T
[°C] Xe

kDA·103

[L·mol–1·min–1]
krDA·103

[min–1] Xe
kDA·103

[L·mol–1·min–1]
krDA·103

[min–1]

30 0.70 1.902 0.122
40 0.66 3.461 0.303 0.60 3.525 0.470
50 0.56 5.939 1.027 0.52 6.819 1.511
60 0.50 11.917 2.979
70 0.43 16.704 6.311



Moreover, the reaction equilibrium in solution is
significantly affected by rDA reaction in compari-
son to the molten state. Considering the reaction in
the molten state compared to reaction in solution,
there was a clear temperature difference between the
length of the DA reaction and rDA reaction which
followed afterwards. For that reason, preparation of
the material based on the absence of solvent is a
better option as the reaction is easily manageable
from a conversion and exo/endo ratio perspective.
The presented paper showed the already known com-
mon points of the Diels-Alder reaction extended to
the detailed thermal behaviour of the reaction in a
molten state and solution. Due to this study it is
possible to adapt the obtained knowledge in further
self-healing studies.
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1. Introduction

Carbon Nanotubes (CNT) possess exceptional me-
chanical properties and the ability of conducting
electrons without dissipating energy as heat. Research
activity is performed on both single-walled [1, 2] and
multi-walled [3, 4] CNT; one of main objectives is
the preparation of even and stable CNT dispersions,
both in liquid media and in polymer matrices, in
view of many industrial applications. It is widely ac-
knowledged [5–9] that the preparation of stable dis-
persions of CNT in liquid media has to overcome
important obstacles: due to their large molar mass,
not only CNT are insoluble in all known solvents but
also they are greatly entangled. CNT are thus modi-
fied and partially coated with a dispersant phase that
favors their compatibility with the liquid. Surfactants
are the preferred molecules to prepare such a phase.
Main goal of the research is to prepare stable CNT

dispersions through simple processes that could pre-
serve CNT integrity.
CNT are thus functionalized, through covalent chem-
ical modification [5–8] or non covalent supramole-
cular interactions [8]. The latter ones are based on a
variety of non bonded interactions such as π-π stack-
ing, cation-π and charge transfer.
Polynuclear aromatic molecules are among the pre-
ferred compounds for non-covalent functionalization
[8]. Recently, polymers with aromatic repeating
units have been employed. Water dispersible nano -
fibrillar-polyaniline was wrapped on multiwalled
carbon nanotubes (MWCNT) by an in situ polymer-
ization [10]. Stable dispersions of MWCNT were ob-
tained in organic solvents: in dimethylacetamide by
modifying MWCNT with a poly(benzoxazole) (PBO)
precursor [4] and obtaining by heating CNT/PBO
adduct film, in THF and toluene by using poly(2,7-
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carbazole)s [5]. Single-walled carbon nanotubes
(SWCNT) were dispersed in the same solvents thanks
to poly(phenylacetylene)s with long alkyl tails on the
side-chains [6].
Polyalkylene oxides are also acknowledged as effi-
cient surfactants and research on these molecules is
steadily performed [11–23]. Poly(ethylene oxide)
and pluronic surfactants, i.e. triblock copolymers
based on ethylene oxide and propylene oxide, are the
preferred solubilizing polymers, particularly in view
of biomedical applications. Since the first studies, it
was reported that such surfactants, added at low per-
cents, have a positive effect on the tube debundling
[19]. Fluorescent labels on nanotubes were brought
thanks to fluorescein-polyethylene glycol [11]. Poly-
oxyethylene sorbitan monooleate-suspended SWCNT
were reported to favor the preparation of nanotubes
suspensions for in vitro toxicological studies [12].
Objective of this work was to design a surfactant
for CNT with much improved efficiency, thanks to
the synergy between aromatic rings and oxyalky-
lene sequences. Such surfactant should be able to
develop very efficient supramolecular interaction
with CNT and to promote their dispersion in both
hydrophobic and hydrophilic environments. To
achieve such a goal, a poly(ether) based on the mol-
ecule shown in Figure 1 (2-(2,5-dimethyl-1H-pyrrol-
1-yl)-1,3-propanediol, serinol pyrrole, SP) was pre-
pared.
SP is a derivative of 2-amino-1,3-propanediol, known
as serinol. It is directly obtainable from renewable
sources [24] and can also be prepared from glycerol,
a cheap, easily available raw material, non toxic and
biodegradable. Glycerol comes from the biodiesel
industry and a total amount of 1.2 million ton was
available in 2010 [25–29]. Serinol is an interesting
molecule for developing innovative synthetic strate-
gies, thanks to the chemoselectivity of amino and
hydroxyl groups. In recent papers, polymers from
serinol have been reported: cyclic carbonates deriv-
atives were converted into polymers through organo-
catalytic ring opening polymerization [30] and a
compound obtained from the reaction of serinol with

succinimidyl ester of trimethyl-locked benzoquinone
was used to prepare water soluble biodegradable
polyester [31].
In this work, serinol chemoselectivity was exploited
[32–34], preparing SP through the Paal-Knorr reac-
tion [34, 35] of serinol (S) with 2,5-hexanedione
(HD), performing the reaction in the absence of sol-
vents and catalysts. SP has been defined as a Janus
molecule [36], that means a molecule with two faces
and, hence, a dual reactivity. The Roman god Janus,
represented (for example in coins) as having two
faces in one body, inspired the definition ‘Janus’ first
to describe micro- and nanoparticles with at least
two physically or chemically differing surfaces [37,
38] and then, more in general, molecules having two
faces, a hydrophobic and a hydrophilic one, such as
colloids [39] dendritic multiester [40], supermolec-
ular liquid crystals [41], a binding protein for vita-
min E [42], block copolymers with (meth)acrylic
acid segments [43].
The Paal-Knorr reaction changes the sp3 hybridiza-
tion of the nitrogen atom of the amino group and
leads to the formation of sp2 atoms in the aromatic
pyrrole ring. Pyrrole can give rise to π-π stacking with
aromatic compounds such as CNT and the hydroxyl
groups allow the preparation of polymers such as
polyethers by step-growth polymerization. First ex-
ample of polymer obtained by step-growth polymer-
ization, polyurethane, has been recently reported [33].
In this manuscript, polyethers from the reaction of SP
with 1,6-dibromohexane are reported. They were
characterized by means of infrared spectroscopy, 1H
and 13C nuclear magnetic resonance (NMR), thermo-
gravimetric analysis (TGA). MWCNT-PE adducts
were prepared; their structure was studied by means
of high transmission electron micro scopy (HRTEM).
MWCNT-PE suspensions were prepared in eco-
friendly solvents, such as acetone and ethyl acetate,
assessing their stability after several month storage,
through UV-Vis spectroscopy.

2. Experimental section

2.1. Materials

Purified multi-walled nanotubes (NC7000 series)
were purchased from NANOCYL™ Inc (www.
nanocyl.com) and used as-supplied. Pluronic RPE
310 was poly(propylene glycol)-block-poly(ethylene
glycol)-block-poly(propylene glycol) (PPG-PEG-
PPG, Mn = 3000) from BASF.
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Figure 1. 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-propanediol
(SP)



Reagents and solvents commercially available were
purchased and used without further purification: 2,5-
hexanedione (Merck – Schuchardt), 2-amino-1,3-
propanediol (kindly provided by Bracco), 1,6-dibro-
mohexane (Sigma-Aldrich), potassium hydroxide
(Carlo Erba Reagents), isopropyl alcohol (Sigma-
Aldrich), acetone (Sigma-Aldrich), ethyl acetate
(Sigma-Aldrich), DMSO-d6 (Sigma-Aldrich).

2.2. Synthesis of 2-(2,5-dimethyl-1H-pyrrol-

1-yl)-1,3-propanediol (SP)

A mixture of 2,5-hexanedione (41.42 g; 0.36 mol)
and serinol (30.02 g; 0.36 mol) was poured into a
100 mL round bottomed flask equipped with mag-
netic stirrer. The mixture was then stirred, at room
temperature, for 6 h. Without any purification the
mixture reaction was warmed up to 180°C for 8 h.
The pyrrole derivative was isolated by distillation
under reduced pressure at 130°C and 0.1 mbar. Yel-
low oil was obtained with 96% yield. 1H NMR
(400 MHz, DMSO-d6, δ in ppm): 2.16 (s, 6H, –CH3

at C-2,5 of pyrrole moiety); 3.63 (m, 2H, CH2OH);
3.76 (m, 2H, CH2OH); 4.10 (quintet, 1H, at C-3 of
diol); 4.73 (t, 2H, CH2OH); 5.55 (s, 2H, C-3,4 of
pyrrole moiety).

2.3. Polymerization reactions

Run 1 of Table 1

In a 50 mL round bottom flask equipped with a mag-
netic stirrer were added SP (0.200 g, 1.18 mmol) and
potassium hydroxide (0.200 g, 2.36 mmol). The re-
sulting mixture was sonicated for 30 minutes in a 2 L
sonication bath. After this period, a solution of 1,6-
dibromohexane (0.218 mL) in 3 mL of isopropyl al-
cohol was added and stirred at 90°C for 30 minutes.
A sample was taken for determination of the conver-
sion by 1H NMR spectroscopy. After cooling at
room temperature, water (10 mL) was first added
and isopropyl alcohol was removed. To the mixture
was then added ethyl acetate and extracted (3×25 mL).
The organic phase was dried on Na2SO4 and the sol-
vent was removed. The polymer was isolated by dis-
solution in CH2Cl2 (2 mL), precipitation from excess
diethyl ether (50 mL), filtration, and drying in vacuo.

Run 2 of Table 1

In a 25 mL round bottom flask equipped with a mag-
netic stirrer were added in sequence SP (0.100 g,

0.59 mmol) and potassium hydroxide (0.100 g,
1.18 mmol). After stirring for 30 minutes, 1,6-dibro-
mohexane (0.109 mL) was added to the mixture and
sonicated for 30 minutes in a 2 L sonication bath.
After this period, the mixture was irradiated at 130°C
for 30 minutes by micro wave. A sample was taken
for determination of the conversion by 1H NMR spec-
troscopy. After cooling at room temperature, water
(10 mL) was first added and was extracted using
ethyl acetate (3×10 mL). The organic phase was dried
on Na2SO4 and the solvent was removed. The poly-
mer was isolated by dissolution in CH2Cl2 (2 mL),
precipitation from excess hexane (50 mL), filtration,
and drying in vacuo.

Run 3 of Table 1

In a 25 mL round bottom flask equipped with a mag-
netic stirrer were added in sequence SP (0.100 g,
0.59 mmol) and potassium hydroxide (0.100 g,
1.18 mmol). After stirring for 30 minutes, 1,6-dibro-
mohexane (0.109 mL) was added to the mixture. The
resulting mixture was sonicated for 30 minutes in a
2 L sonication bath and after was stirred at 130°C for
60 minutes. A sample was taken for determination of
the conversion by 1H NMR spectroscopy. After cool-
ing at room temperature, water (10 mL) was first
added and was extracted using ethyl acetate
(3×10 mL). The organic phase was dried on Na2SO4

and the solvent removed. The polymer was isolated
by dissolution in CH2Cl2 (2 mL), precipitation from
excess hexane (50 mL), filtration, and drying in
vacuo.

2.4. Preparation of MWCNT adducts

With SP based PE

Dispersion of CNT in acetone was prepared
(1 mg/mL) sonicating for 30 minutes in a 2 L soni-
cation bath. A PE solution in acetone was added
(1 mg/mL) to the previously obtained instable sus-
pension. The mixture was sonicated for other 30 min-
utes. The powder of MWCNT/SP adduct was isolated
by evaporating the solvent.

With Pluronic 3110

The same procedure was followed except that 5 mg
of Pluronic 3110 were used.
The resulting suspension was then centrifuged at
5000 rpm for 5 minutes to test its stability.
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2.5. Extraction with ethyl acetate of MWCNT

adducts

100 mg of MWCNT adduct in the powder form, ei-
ther with SP based PE or with Pluronic 3110, was
placed in a round bottomed flask (50 mL) equipped
with a magnetic stirrer and ethyl acetate (25 mL) was
added. The ensuing suspension, after being stirred
overnight at room temperature, was centrifuged at
9000 rpm for 30 minutes and dried under vacuum. The
so obtained black powder was analyzed by TGA.

2.6. Characterization

Nuclear magnetic resonance analysis

One-dimensional 1H- and 13C NMR spectra were
measured at 400 and 100 MHz, respectively, using
a Bruker AV 400 equipped with a 5 mm multinu-
clear probe with reverse detection (Bruker, Rhein-
stetten, Germany). The solvent was deuterated Chlo-
roform and the temperature was 27°C. The experi-
mental time for 13C NMR spectra was typically 12 h
(corresponding to more than 10000 scans). Data were
processed using TOPSPIN 1.1 or MestReNova. Cen-
trifugations were performed using an ALC – Cen-
trifugette 4206.

Thermal gravimetric analysis

TGA analysis under N2 were performed with a Met-
tler TGA SDTA/851 instrument according to the
standard method ISO 9924-1. Samples (10 mg) were
heated from 30 to 300°C at 10°C/min, kept at 300°C
for 10 min, and then heated up to 550°C at 20°C/min.
After being maintained at 550 °C for 15 min, they
were further heated up to 650°C with an heating rate
of 30 °C/min and kept at 650 °C for 20 min under
flowing air (60 mL/min).

FT-IR spectroscopy attenuated total reflectance

(ATR)

IR spectra were recorded between 450 and 4000 cm–1

by using a Perkin Elmer FT-IR spectrum one equipped
with Universal ATR Sampling Accessory with dia-
mond crystal.

High resolution transmission electron microscopy

HRTEM analysis of the MWCNT adduct with the
PE sample containing the pyrrole ring was per-
formed with a Zeiss Libra® 200 FE microscope (Carl
Zeiss AG, Oberkochen, Germany) operating at 200 kV
and equipped with an in-column OMEGA filter for
energy selective imaging and diffraction. Few drops

of acetone diluted suspension of the sample were de-
posited on a holey carbon film supported on a stan-
dard Cu grid and air-dried for several hours before
analysis.

Wide-angle X-ray diffraction

WAXD patterns were obtained in reflection, with an
automatic Bruker D8 Advance diffractometer, with
nickel filtered Cu-Kα radiation. They were recorded
in 10 and 80° as the 2Θ range, being 2Θ the peak dif-
fraction angle. Distance between crystallographic
planes was calculated from the Bragg law. The Dhkl

correlation length, in the direction perpendicular to
the hkl crystal graphitic planes, was determined ap-
plying the Scherrer equation (Equation (1)):

(1)

where K is the Scherrer constant, λ is the wavelength
of the irradiating beam (1.5419 Å, Cu-Kα), βhkl is the
width at half height, and Θhkl is the diffraction angle.
The instrumental broadening, b, was determined by
obtaining a WAXD pattern of a standard silicon
powder 325 mesh (99%), under the same experimen-
tal conditions. The width at half height, βhkl =
(Bhkl – b) was corrected, for each observed reflection
with βhkl < 1°, by subtracting the instrumental broad-
ening of the closest silicon reflection from the ex-
perimental width at half height, Bhkl.

UV-Vis spectroscopy

UV-Vis absorption measurements were made using
a Hawlett Packard 8452A Diode Array Spectropho-
tometer.

3. Results and discussion

Synthesis of 2-(2,5-dimethyl-1H-pyrrol-1-yl)-1,3-

propanediol (SP)

The synthesis of SP, summarized in Figure 2, is de-
scribed in detail in the experimental part and has
been discussed elsewhere [32, 33].
In brief, serinol (S) was first reacted with 2,5-hexa-
nedione (HD), adopting the Paal-Knorr reaction, ob-
taining the tricyclic compound 4a,6a-dimethyl-hexa-
hydro-1,4-dioxa-6b-azacyclopenta[cd]pentalene
(HHP), that was then converted into SP. The reac-
tion is characterized by high atom economy (82%)
and water is the only co-product of the first step. In
all the SP syntheses carried out for the present work,

cos
D
K
hkl
hkl hklb
m
H
=
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high yield, about 96%, was easily reproduced. Atom
efficiency of about 78% was thus obtained.

Poly(ether)s from SP and 1,6-dibromohexane (DBH)

Polyether synthesis was carried out by using equimo-
lar amounts of SP and DBH, as it is shown in Fig-
ure 3. KOH was used as the base to promote the poly-
merization: alcolates formed from the OH groups of
SP performed the nucleophilic attack on the C–Br
bond of DBH, as in a classical Williamson reaction
[44, 45]. Polymerizations here discussed were car-
ried out at different temperatures (90 and 130°C) and
for different times (30 and 60 minutes), either in the
absence or in the presence of a solvent such as iso-
propanol.
Table 1 shows polymerization conditions and data of
number average molar mass (M

–
n) obtained from

NMR analysis.
Low molar masses were obtained in the performed
tests. Test carried out in i-PrOH at 90°C for 30 min -
utes as the solvent gave M

–
n of about 1800 g·mol–1.

Lower molar mass was obtained performing the

reaction for the same time but in the absence of sol-
vent and at higher temperature (130 °C). Larger
value of M

–
n, about 2.600 g·mol–1, was achieved at

130°C, in the absence of a solvent and for a longer
polymerization time. Research was not performed in
order to enhance the molar mass of poly(ethers), as
they were conceived as surfactants for CNT and the
low molar mass was seen as beneficial. Research for
enhancing the molar mass should carefully control
the chemical purity of the comonomers and hence
the stoichiometry of the reaction. Moreover, the
large steric hindrance of SP as the diol, as well as
the π-π interactions established by the pyrrole ring,
should be investigated.
The nature of functional groups present in the oligo -
mers obtained from runs 1–3 of Table 1 was investi-
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Figure 3. Synthesis of PE from SP and DBH

Table 1. PE from SP and DBH: polymerization conditions and molar masses.

anumber average molar mass from 1H NMR analysis, bisopropyl alcohol.

Run
DBH

[mmol]

SP

[mmol]

KOH

[mmol]
Solvent

T

[°C]

t

[min]

M
–
n
a

[g·mol–1]

1 1.18 1.18 2.36 iPr-OHb 90 30 1.75
2 0.59 0.59 1.18 – 130 30 1.08
3 0.59 0.59 1.18 – 130 60 2.60

Figure 4. FT-ATR spectra [cm–1] of sample from run 1 (a),
run 2 (b) and run 3 (c) of Table 1.

Figure 2. Synthesis of SP from serinol (S) and 2,5-hexanedione (HD)



gated through FT-ATR spectroscopy. Figure 4 shows
the FT-ATR spectra of the reaction products from
run 1 (Figure 4 curve a), run 2 (Figure 4 curve b)
and run 3 (Figure 4 curve c) of Table 1.
In all the spectra shown in Figure 4, the –C–O–C–
ether group is revealed by the characteristic strong
band at 1097 cm–1. Peaks due to the pyrrole ring are
at 1656, 1461 and 1418 cm–1. Stretching of CH2

group is revealed by peaks at 2933 and 2859 cm–1.
FT-ATR traces of PE obtained from run 1 and run 2
of Table 1 shown bands of the bromine end group at
610 cm–1 (Figure 4 curve a) and of hydroxyl end
group (Figure 4 curve b) at 3300 cm–1 respectively.
The relative intensities of the bands due to the meth-
ylene sequence and to the ether linkage, at
2933 cm–1 and at 1097 cm–1 respectively, can be es-
timated in the three spectra: values are 1:2, 1:3 and
1:7 for PE from run 3, 1 and 2. Such values appear
to be in line with the increasing molar mass.
Oligomers microstructure was studied by means of 1H
and 13C NMR analysis. Figure 5 shows the 1H NMR
spectra of the reaction products of run 1 (Figure 5
curve a) and run 3 (Figure 5 curve b) of Table 1.

In both 1H NMR spectra of Figure 5, chemical shifts
are consistent with the proposed polymer structure.
Hydrogen in 3 and 4 position of the pyrrole in the re-
peating units, should give one signal. In this case,
the two singlets at 5.73 and at 5.71 ppm are probably
due to the hydrogen atoms of the pyrrole in the re-
peating units and in the chain ends. The signal at
4.41 ppm can be attributed to the –NCH hydrogen
near the heterocyclic nitrogen. Peaks at 3.79 and at
3.71 ppm are due to the resonances from diastereo -
topic hydrogens of ether linkage (CH2–O–C).
Peaks at 3.99 and 3.90 ppm in Figure 5 curve a indi-
cate the presence of CH2OH terminals, whereas are
absent in the spectrum in Figure 5 curve b of the PE,
from run 3, with higher molar mass. Both spectra also
show at 2.17 ppm the characteristic signals of the
methyl group bound in C-2 of the pyrrolic ring.
Thermal stability of SP based oligomers was assessed
by means of thermal gravimetric analysis. SP achieves
its boiling point at about 230°C. TGA curve shows
decomposition profile made by three main steps. The
decomposition of pyrrole moiety, oxygen-containing
and alkenylic groups occurs in temperature range
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Figure 5. 400 MHz 1H NMR spectra in CDCl3 of sample from run 1 (a) and from run 3 (b) of Table 1



from 150 to 700°C and the combustion with oxygen
(see experimental part) at T > 700°C. Mass loss due
to water removal, that could be expected at T <
150°C in consideration of the hydroxyl end groups,
is not be detected.

MWCNT-PE adducts

MWCNT-PE adducts were prepared as described in
the experimental part. Briefly, a suspension of CNT
in acetone (1 mg/mL) was sonicated with a 2 L bath
sonicator for 30 minutes, obtaining an unstable sus-
pension. A solution in 5 mL of acetone, of 10 mg of
PE sample from run 3 of Table 1, was then added to
5 mL of CNT suspension (10 mg), immediately after
its sonication. Further sonication was carried out for
30 minutes. The chemical composition and the struc-
ture of CNT coated with PE oligomer (sample from
run 3 of Table 1) were then investigated by means of
TGA, XRD analysis and HRTEM. Sample for the
analysis was isolated by carefully taking the upper
part of the supernatant suspension obtained after
centrifugation, evaporating then the solvent.
In Figure 6 are reported the thermographs of SP,
polyether from run 3 of Table 1 and the MWCNT-PE
adduct based on such polymer after extraction with
ethyl acetate. As reported in Table 2, PE thermal
degradation profile shows three main losses due to

the degradation of the ether-pyrrole moieties and
methylene sequences (see Figure 6 curve b). In the
MWCNT-PE adduct trace degradation of the adsorbed
polymer occurs at a temperature much higher than
the one observed in the PE curve. From TGA, the
content of PE after extraction with ethyl acetate was
calculated to be about 10%.
Figure 7 shows the XRD patterns, in the 10–80° as
2Θ range, of pristine MWCNT (Figure 7 curve a) and
of the MWCNT-PE adduct (Figure 7 curve b). XRD
pattern of a graphitic crystalline carbon allotrope
with many stacked graphene layers, shows, as the
most intense peaks, some (00l) and (hkl) reflections,
that remain visible also when the number of stacked
layers is reduced to few tenths [46]: 002 and 004, at
26.2 and 54.3° as 2Θ value, with a d002 interlayer
distance of 0.34 nm, 100 and 110 reflections at 42.8
and 77.5° as 2Θ value. The pattern in Figure 7 of
MWCNT that has a low number of wrapped layers
shows only the two most intense reflections: 002 at
25.3° and 100 at 42.8°. The dimension of crystallites
in direction orthogonal to CNT layers can be esti-
mated, by calculating the correlation length D00l,
through the Scherrer equation (Equation (1)). A value
of about 2.7 nm was obtained for pristine tubes. Tak-
ing into account the distance between two successive
layers in CNT graphitic crystal, 8 was estimated as the
number of CNT layers. In the pattern of MWCMT-
PE adduct the 002 and the 110 reflections are clearly
visible. The number of wrapped layers was esti-
mated to be about 8.
Morphological analysis of MWCNT and MWCNT-
PE adducts was performed through HRTEM analysis
at different magnifications. The micrograph in Fig-
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Table 2.Mass loss for SP and SP based oligomers from
Table 1 obtained by TGA analysis

apolyethers from the runs of Table 1

Sample

Mass loss

[%]

T < 250°C 250°C < T < 500°C T > 500°C

SP 100 0 0

PE-1a 40 37 23

PE-2a 48 31 21

PE-3a 52 28 20

Figure 6. TGA curves taken under N2 of: SP (a), PE (b),
MWCNT-PE adduct after extraction with ethyl ac-
etate (c), with PE sample from run 3 of Table 1

Figure 7. XRD diffraction spectra of: pristine MWCNT (a)
and MWCNT-PE adducts (b)



ure 8 shows that the multiwalled CNT skeleton re-
mained intact after the treatment with PE oligomers.
The average number of CNT layers was calculated
equal to 10, a value close to the one estimated from
the XRD pattern. The coherence between the results
obtained from XRD and HRTEM indicates that the
MWCNT-PE adduct shown in Figure 8 (CNT with
10 walls) is representative of the whole sample. CNT
external surface resulted decorated with PE chains,
which form a not continuous condensed polymer layer
(from about 3 to about 9 nm thick) that appears tightly
adhered to the CNT external surface.
The suspension of MWCNT-PE adduct was observed
to be stable for at least 5 months. Figure 9 shows the
pictures of the ethyl acetate suspensions of pristine
MWCNT (Figure 9a) and MWCNT-PE after five
months (Figure 9c).

UV–Vis absorption analysis was carried out on the
suspensions shown in Figure 9, as described in the
experimental part, by carefully taking the upper part
of the supernatant suspensions. UV–Vis absorption
spectra of such suspensions are reported in Figure 10.
It is evident that the same absorbance was detected
for the two suspensions, confirming that CNT treated
with PE oligomer did not settle down, over five
months storage.
As mentioned in the introduction, stable CNT disper-
sion in liquid media should be obtained through sim-
ple preparation processes, preserving CNT integrity.
The approach here reported appears to achieve these
goals. Thanks to SP based PE, a mild sonication is
able to promote the formation of the stable suspen-
sion, without altering the CNT structure.
Stability of the interaction between SP based PE and
MWCNT was investigated by solvent extraction. As
mentioned in the Introduction, synergy was pursued
between aromatic pyrrole rings and poly (oxyalky-
lene) sequences. Extraction tests with ethyl acetate
were thus performed on MWCNT adducts with ei-
ther SP based PE or with the PPG-PEG-PPG block
copolymer. The former adduct was from run 3 of
Table 1, the latter one was prepared as reported in the
experimental part, with the Pluronic surfactant in
place of SP based PE. TGA analysis of the ensuing
products showed that absorbed SP based PE in the
adduct was 13% before and 10% after (Figure 11a).
Instead, the pluronic surfactant was 5% before and
0.1% after extraction (Figure 11b). Mass loss is thus
about 24 and 98% for the adduct with SP based PE
and PPG-PEG-PPG respectively. These results are in
line with the analysis of TEM micrographs (Figure 8)
that reveal the intimate interaction of MWCNT with
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Figure 8. HRTEM micrograph of the MWCNT-PE adduct

Figure 9. Ethyl acetate suspensions of MWCNT (a),
MWCNT-PE (b) and MWCNT-PE adducts after
5 months storage (c) (PE from run 3 of Table 1)

Figure 10. UV-Vis traces for ethyl acetate suspensions of:
MWCNT (a), MWCNT-PE adduct (b), MWCNT-
PE adduct after five months storage (c) (PE from
run 3 of Table 1)



the SP based PE and confirm the superior perform-
ance of surfactants containing poly(oxylakylene) se-
quences and an aromatic ring, inserted in the poly-
mer chain by SP.

4. Conclusions

Innovative, green, efficient synthetic strategy was
designed and developed for the preparation of poly-
ethers able to establish stable supramolecular inter-
actions with carbon nanotubes. Serinol derivative con-
taining a pyrrole ring, 2-(2,5-dimethyl-1H-pyrrol-1-
yl)-1,3-propanediol (SP), was obtained from the re-
action of serinol with 2,5-hexanedione and the sub-
sequent aromatization of the tryciclic compound
4a,6a-dimethyl-hexahydro-1,4-dioxa-6b-azacyclopenta
[cd]pentalene. High yield solvent free reactions were
performed by simply allowing the interaction of the
starting reagents. PE oligomers were synthesized
through the reaction of SPwith DBI and their adduct
with CNT was prepared by sonication in an environ-
mentally friendly solvent such as acetone. Stability
of the suspension was verified over months, even
after centrifugation. HRTEM analysis revealed that
CNT were prevailingly disentangled from the start-
ing bundles, had intact skeleton and were decorated
by PE oligomers, tightly adhered to the MWCNT ex-
ternal surface. Stability of the interaction of SP based
PE with MWCNT was investigated by solvent ex-
traction. With ethyl acetate at room temperature a
very minor amount (24%) of the SP based PE was
extracted, whereas 98% of a PP-PE-PP block copoly-
mer was removed in the same conditions.
This work demonstrates the synergy between the
pyrrole rings and the oxyalkylene sequences for es-

tablishing stable interaction with CNT, that can not
be achieved by surfactants based only on poly(ethers).
These results allow the preparation of even and sta-
ble CNT dispersions in a large variety of environ-
ments, from environmentally friendly (aqueous) liq-
uids to polymeric matrices. SP is thus a versatile
monomer for the preparation of polymeric surfactant
for carbon allotropes.
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1. Introduction

From the late 1990s to the year 2011, the worldwide
amount of poly(ethylene terephthalate) (PET) in-
creased rapidly from approximately 14 to 60 mil-
lion tons [1, 2]. Correspondingly, equivalent amounts
of PET-waste are generated. Since life cycle assess-
ment studies showed that re-utilization of PET has a
positive effect on energy balance and the reduction
of CO2 emissions, for ecological reasons, the need
of an appropriate PET-recycling is greater than ever
[3–7]. Thus, several PET-recycling methods have
been developed, which were partially reviewed in
the literature [8–15].
One of these methods is the incineration of the PET-
waste using the released heat of combustion (direct
energy recovery), which amounts to about 46 MJ·kg–1

[13, 14]. Another method, the pyrolysis of the PET-

waste is applied to produce a substitute of coal (car-
bonization) or aromatic and aliphatic compounds as
an alternative for fossil fuels (indirect energy recov-
ery). These applications are classified as energetic
recycling, since they both use the released thermal
energy either directly from incineration of the PET-
waste or indirectly from combustion of pyrolysis
products [16–31].
For material recycling, the PET-waste is used as an
additive in crushed form. In this application, it acts
as a partial substitute of natural raw materials such
as sand and other natural aggregates and helps reduc-
ing the consumption of such resources. It is mixed
into composite materials (e.g. asphalt, mortar or con-
crete) or other polymers to improve their mechanical
properties [32–65].

559

Recycling of poly(ethylene terephthalate) – 

A review focusing on chemical methods

B. Geyer1, G. Lorenz1,2, A. Kandelbauer1,2*

1Reutlingen Research Institute (RRI), Reutlingen University, Alteburgstrasse 150, 72762 Reutlingen, Germany
2School of Applied Chemistry, Reutlingen University, Alteburgstrasse 150, 72762 Reutlingen, Germany

Received 27 November 2015; accepted in revised form 8 February 2016

Abstract. Recycling of poly(ethylene terephthalate) (PET) is of crucial importance, since worldwide amounts of PET-
waste increase rapidly due to its widespread applications. Hence, several methods have been developed, like energetic,
material, thermo-mechanical and chemical recycling of PET. Most frequently, PET-waste is incinerated for energy recovery,
used as additive in concrete composites or glycolysed to yield mixtures of monomers and undefined oligomers. While
energetic and thermo-mechanical recycling entail downcycling of the material, chemical recycling requires considerable
amounts of chemicals and demanding processing steps entailing toxic and ecological issues. This review provides a thorough
survey of PET-recycling including energetic, material, thermo-mechanical and chemical methods. It focuses on chemical
methods describing important reaction parameters and yields of obtained reaction products. While most methods yield
monomers, only a few yield undefined low molecular weight oligomers for impaired applications (dispersants or plasticizers).
Further, the present work presents an alternative chemical recycling method of PET in comparison to existing chemical
methods.

Keywords: recycling, poly(ethylene terephthalate), degradation, monomers, oligomers

eXPRESS Polymer Letters Vol.10, No.7 (2016) 559–586

Available online at www.expresspolymlett.com

DOI: 10.3144/expresspolymlett.2016.53

*Corresponding author, e-mail: andreas.kandelbauer@reutlingen-university.de
© BME-PT



Thermo-mechanical recycling represents another
method of re-utilization of PET-waste. Generally, the
PET-waste is re-melted without additives. Since this
procedure leads to a downcycling of the material due
to discoloration or thermal degradation, it is also re-
melted with specific additives (complementary col-
ors, inorganic materials or epoxy-chain extenders)
to prevent the downcycling [66–94].
In this review, downcycling is used in various mean-
ings. In a strict sense, downcycling means the dete-
rioration of the material properties of PET by dam-
aging or shortening the polymer chains of the poly-
ester. However, processes leading to the utilization
of PET in low value applications such as a filler ma-
terial where the material potential of PET is not fully
used can also be considered as some kind of ‘down-
cycling’ in a wider sense. Ultimately, thermal degra-
dation processes like incineration, pyrolysis or car-
bonization which lead to monomers and hence a total
loss of efforts for synthesis for virgin PET can also
be considered as ‘downcycling’. Hence, most ener-
getic and material recycling methods ultimately lead
to a downcycling of PET.
In contrast, chemical recycling methods offer the pos-
sibility of re-introduction of PET into the material
cycle without loss of quality by de-polymerizing
PET-waste into monomers. These monomers are used
for re-polymerization. Most frequently applied meth-
ods use water (hydrolysis), glycols (glycolysis),
amines (aminolysis) and alcohols (alcoholysis) for
de-polymerization of PET-waste under various reac-
tion conditions. However, these methods require high
temperature and high pressure conditions as well as
considerable amounts of solvents and degrading
agents for de-polymerization [95]. Further, chemical
recycling methods generally entail separation and
purification steps for product recovery. Thus, this
kind of chemical recycling imposes toxic and envi-
ronmentally hazardous issues.
In the present review a comprehensive survey of PET-
recycling methods is given, reviewing both conven-
tional and exceptional methods (carbonization of PET,
use of castor oil or ionic liquids for PET de-polymer-
ization). This review focuses on chemical recycling
methods with respect to the yields of the obtained
reaction products and their usability for value added
applications.

2. Classification of recycling poly(ethylene

terephthalate)

2.1. Energetic recycling

2.1.1. Pyrolysis

Pyrolysis of PET-waste was first described in 1982
by Day et al. [96]. It is an alternative to PET disposal
in landfills. In general, PET waste is pyrolysed with-
out further purification of the plastic waste. Pyrolysis
is carried out at temperatures between 200 and
900°C for 0.5 hours to 1hour [16–19, 21, 24–31, 97–
101]. The majority of pyrolyses were conducted to
produce aliphatic and aromatic hydrocarbons as an
alternative for fossil fuels or as a source for chemi-
cals [17, 19, 21, 24–31]. Other research on pyrolysis
was done to either model degradation kinetics or to
use PET-wastes in the production of coke for steel
making process [98, 100–103]. Finally, Urbanova et
al. [104] studied the influence of IR laser irradiation
for PET pyrolysis. As in conventional pyrolysis, they
obtained aliphatic and aromatic hydrocarbons.

2.1.2. Carbonization

Carbonization is a second method of pyrolysing
PET-waste. It is carried out at temperatures between
350–1550 °C for 0.5 to 18.5 hours [105–111]. The
major application of carbonization is the production
of active carbon as adsorbent materials for either
waste water or as CO2-scavenger [105, 108, 110,
111]. Carbonized PET-waste is also used as slag
foaming agent and as a substitute of coal in steel
making process [106, 107].

2.2. Sorting

Since PET-waste is often supplied in mixtures with
other polymers, PET has to be separated from these
polymers prior to re-processing. Therefore, several
methods have been developed and are described in
the literature. These methods comprise froth flota-
tion, wet shaking table, swelling or thermo-mechan-
ical procedures [112–123].

2.2.1. Application of PET as additive

A further use of recycled PET-waste after sorting is
its use as additive in stone mastic asphalt, cementi-
tious materials, mortars or concrete composites. The
PET-waste is mixed in crushed shape in the corre-
sponding materials to improve mechanical properties
of these composites. Moreover, this method is in-
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tended to reduce the weight of such composites,
when being used as material for the construction of
large buildings [32–64]. A second possibility of using
PET-waste as an additive is described by de Mello
et al. [65], who applied PET particles as reinforcing
component in polyurethane foams to improve the
mechanical strength of the material. Finally, Zou et
al. [124] studied the use of recycled PET as additive
for paper coatings. Although proposing an eco-friend-
ly alternative to energetic recycling methods and land-
filling disposal, this method remains a downcycling
application for PET-waste in the wider sense since
the potential of the material PET is not used to its full
extent in this low value application.

2.3. Thermo-mechanical recycling

2.3.1. Re-melting without additives

The simplest way of thermo-mechanical recycling is
re-melting the sorted PET-waste. This method is ap-
plied in bottle-to-bottle technologies, where sorted
PET-bottles are re-melted in crushed shape and re-
processed to bottles as beverage packaging. Several
studies have been conducted on thermal re-process-
ing PET. During this process, the polymer is exposed
to high temperatures, shear forces and pressures.
Thus, thermal degradation of PET occurs. As a con-
sequence, reduced thermal and mechanical proper-
ties of the re-processed material were the main find-
ings of these investigations (downcycling) [66–78].
Hence, a repeated thermal re-processing of PET-
waste finally leads to a downcycling of the material.

2.3.2. Re-melting with additives

To make re-utilization of recycled PET feasible, the
application of additives to PET-waste has emerged.
Since the collection of PET-waste entails generally
a mixture of differently colored PET-materials, such
thermally re-processed material leads to undesired
coloration of recycled PET. Therefore, the addition
of complementary colors to PET-waste has been ap-
plied to mask discoloration [79]. Although being an
approved procedure, this method probably limits the
use of the recycled PET. Likewise, additives were
developed to improve viscosity and impact strength
of recycled PET, but the recyclate was excluded from
food packaging in Europe [80].
Besides such additives, the addition of other poly-
mers (e. g. polyethylene, polypropylene) or inorganic
materials (clay minerals) has been applied for thermo-
mechanical PET recycling to improve mechanical

properties of the recyclate [81–94]. In addition to
blending PET with a second polymer, the use of com-
patibilizers such as ethylene vinyl acetate, ethylene-
butyl acrylate-glycidyl methacrylate copolymer, poly
(styrene-ethylene/butylene-styrene) and epoxy-chain
extenders has been applied to further improve me-
chanical properties [82–86]. Although the use of ad-
ditives to PET can improve properties of thermo-me-
chanically recycled PET, it ultimately leads to a
downcycling of the material, since this material be-
comes increasingly difficult to be recycled again due
to the heterogeneous and inherent composition of
PET with the other components.

2.4. Chemical recycling

2.4.1. Ionic liquids

The application of ionic liquids for de-polymeriza-
tion was first described in the year 2000 by Adams
et al. [125]. This method was developed to avoid the
drawbacks of former methods like methanolysis (high
pressure and temperature), glycolysis (heteroge-
neous reaction products) or acidic and alkaline hy-
drolysis (pollution problems) to provide an eco-
friendly degrading agent for polymers and to enable
degradation under moderate reaction conditions. How-
ever, no application of the obtained reaction products
was described. The general reaction scheme is de-
picted in Figure 1a [126].
Wang et al. [126] depolymerized PET with an excess
of the ionic liquid at 120– 200 °C for 6–10 hours.
After the reaction was finished, the residual PET was
removed, the degradation product precipitated by the
addition of water and steam extracted for purifica-
tion. They used different ionic liquids such as
1-butyl-3-methylimidazolium tetrachloroaluminate
([bmim]+AlCl4–), 1-butyl-3-methylimidazolium chlo-
ride ([bmim]+Cl–), 1-butyl-3-methylimidazolium bro-
mide ([bmim]+Br–), 1-ethyl-3-methylimidazolium
bromide ([emim]+Br–), 1-butyl-3-methylimidazolium
tetrafluoroborate ([bmim]+BF4

–), 1-butyl-3-methylim-
idazolium hexafluorophoasphate ([bmim]+PF6

–),
1-butyl-3-methylimidazolium trifluoroacetate
([bmim]+CF3COO–), 1-butyl-3-methylimidazolium
acetate ([bmim]+CH3COO–) (Figure 1b). Since the
ionic liquid [bmim]+Cl– was most stable and PET was
less soluble in the other liquids, only the reaction
with [bmim]+Cl– was studied. Further, they studied
the use of zinc acetate, tetrabutyl titanate and solid
superacid as catalysts on the solubility of PET in the
ionic liquid, but found that solubility was decreased
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independent of the applied catalyst. As expected,
they found an increased degradation rate with in-
creasing reaction temperature. The molecular weight
(characterized by GPC) of the undefined oligomers
was in the range of 777 to 790 g·mol–1. The yield of
these products was not determined. The main objec-
tives of their research were the study of the reaction
kinetics and the recyclability of the ionic liquids for
the de-polymerization reaction of PET in terms of an
eco-friendly degrading agent as mentioned above.

2.4.2. Castor oil

The application of castor oil for de-polymerization
was first described in the year 1999 by Kržan [127].
This method was developed to provide a renewable

substitute of petrochemical agents (for example, gly-
cols) for PET de-polymerization. After de-polymer-
ization, the reaction products were aimed for the
preparation of polyurethane systems. The general re-
action scheme is depicted in Figure 2 [128].
Beneš et al. [128] depolymerized PET with castor
oil at 230–240°C for 0–2 hours assisted microwaves.
After the reaction was finished, solid residues were
removed by vacuum filtration. Further, they applied
zinc acetate, sodium carbonate and sodium hydrogen
carbonate as catalysts. They found that the optimum
reaction temperature range is between 230 and
240°C, whereas below 230°C almost no reaction was
observed. In contrast, reaction temperatures above
240°C lead to undesired side reactions of the castor
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Figure 1. Reaction of the ionic liquid 1-butyl-3-methylimidazolium chloride ([bmim]+Cl–) with PET (a), Applied ionic liq-
uids (b) [126]



oil (dehydration, hydrolysis and transesterification).
Moreover, zinc acetate seemed to be an efficient cat-
alyst compared to sodium carbonate or sodium hy-
drogen carbonate. However, it was difficult to deter-
mine characteristic molecular weights (characterized
by GPC) due to the excessive amount of applied cas-
tor oil, but it was stated, that no higher molecular
weight PET-oligomers were obtained. Even with
precise control of the reaction temperature a hetero-
geneous mixture of reaction products were obtained.

2.4.3. De-polymerization of PET using enzymes

The degradation of polymers using enzymes was
first described in the year 1977 by Tokiwa and Suzuki
[129]. As the use of ionic liquids and castor oil, this
bio-chemical method was developed to provide an
eco-friendly procedure of polymer recycling in con-
trast to conventional chemical recycling methods like
methanolysis (high pressure and temperature), gly-
colysis (heterogeneous reaction products) or acidic
and alkaline hydrolysis (pollution problems). The
aimed application of reaction products after de-poly-
merization is the surface functionalization of poly-
ester materials. Generally, PET was incubated in the
enzymatic solution at temperatures between 30 to
60°C for a period of time ranging from 3 to 14 days.
Residual PET and solution were separated for prod-
uct characterization [130–133].
As shown in Table 1, different enzymes such as sac-
charomonospora viridis cutinase polyesterase, ther-

mobifidia fusca hydrolase, cutinase and lipase were
applied for PET degradation. Mueller discussed the
general applicability of thermobifidia fusca hydro-
lase for PET de-polymerization without mentioning
a main degradation product or its yield [131].
Donelli et al. [132] only studied the surface mor-
phology of PET treated with cutinase and did not
make a qualitative or quantitative statement of pos-
sible reaction products. In contrast, Zhang et al. [133]
studied the application of lipase as degrading agent
for diethylene glycol terephthalate (DGTP) and PET
at 30°C and 14 days. They found that lipase is capa-
ble of fully converting DGTP to terephthalic acid
(TPA), whereas the degradation of PET to TPA was
negligible.
Finally, Kawai et al. [130] used saccharomonospora
viridis cutinase polyesterase for degradation of PET
at reaction conditions of 63°C and 3 days. With this
enzyme it was possible to obtain 10–27% of TPA
form PET degradation.
In these references, the authors conclude, that de-
polymerization of PET using enzymes is generally
possible as an eco-friendly alternative to convention-
al chemical recycling methods, since the latter re-
quire high pressure and temperature equipment and
considerable amounts of toxic as well as hazardous
chemicals. However, efficiency is rather low with re-
spect to complete de-polymerization of PET and
hence quantitative recovery of homogeneous reac-
tion products for re-use is not possible.
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Figure 2. Reaction of castor oil with PET [128]



2.4.4. Alcoholysis

Alcoholysis for de-polymerization of PET was first
described in the year 1991 by Wang et al. [134]. This
method was developed to avoid the drawbacks of the
methods like glycolysis (heterogeneous reaction prod-
ucts) or acidic and alkaline hydrolysis (pollution prob-
lems) to provide a renewable and eco-friendly degrad-
ing agent for polymers [135]. The general reaction
scheme is depicted in Figure 3a.
Generally, PET is de-polymerized with an excess of
an alcohol to yield corresponding esters of tereph-
thalic acid and ethylene glycol [136].
Fávaro et al. [135] completely de-polymerized PET
with excess supercritical ethanol at 255 °C and
116 bar for 30 to 120 minutes. They obtained dieth-
ylene terephthalate with 80% yield (Table 2) as mono -
mer for PET synthesis. However, the obtained ethyl-
ene glycol was only suitable for an impaired appli-
cation as cooling liquid due to its reduced purity.
Mendes et al. [34] used pentaerythrytol (PENTE) for
alcoholysis of PET at 250°C for 10 minutes. They
melt-mixed PET with different concentrations of
PENTE and found with increasing amount of PENTE
the trend of formation from branched, undefined low
molecular weight oligomers to the monomer bis(tri-
hydroxy neopentyl) terephthalate (BTHNPT). This

monomer could be used as additive for asphalt or as
adhesives.
Nikje and Nazari studied alcoholysis of PET using
1-butanol, 1-pentanol and 1-hexanol. They refluxed
PET with excess alcohol under microwave irradiation
to accelerate complete de-polymerization of PET and
obtained terephthalic acid with high purity in yields
between 84 and 96% [137]. The use of microwave
irradiation provided short reaction times and no fur-
ther oxidation of the side product ethylene glycol. In
this case, the aimed application of reaction products
after de-polymerization was the synthesis of virgin
PET.
Likewise, Liu et al. [136] used excess 1-butanol for
alcoholysis of PET and studied the influence of dif-
ferent catalysts and their re-useability on PET con-
version, but did not mention any aimed application
of obtained reaction products after de-polymeriza-
tion. Reaction was carried out at 205°C for 480 min-
utes to give the monomer dibutyl terephthalate
(DBTP). Highest yield of 95% was obtained using
(3-sulfonic acid)-propyltriethylammonium chloroz-
incinate as catalyst.
In contrast to the previous alcoholytic methods, Dutt
and Soni applied excess 2-ethyl-1-hexanol for PET-
alcoholysis to produce plasticizers for nitrile rubber
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Table 1. Reaction conditions and yields of enzymatic degradation of PET

aTPA: Terephthalic acid

Reaction product
Yield

[%]
Enzyme

Reaction

temperature

[°C]

Reaction time

[days]
Reference

Monomer, TPAa 10 to 27 Saccharomonospora viridis cutinase polyesterase 63 3 [130]

Monomer, TPAa negligible Lipase 30 14 [133]

Not given not given Thermobifidia fusca hydrolase 55 not given [131]

Not given not given Cutinase 40 0.1 [132]

Figure 3. Chemical recycling methods of PET ((a) Alcoholysis, (b) Methanolysis)
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Table 2. Reaction conditions and yields of alcoholysis, methanolysis and hydrolysis of PET

aDETP: Diethyl terephthalate. bTPA: Terephthalic acid. cDBTP: Dibutyl terephthalate. dBTHNPT: Bis(tri-hydroxy neopentyl)
terephthalate. eDMTP: Dimethyl terephthalate. fNo pressure was given in the experimental section, thus, atmospheric pressure was
assumed. gReaction was carried out in a microwave reactor and reaction mixture was heated until the mixture was completely molten.
hTemperature during a differential scanning calorimetry measurement.

Reaction product
Yield

[%]
Reagent

Reaction

temperature

[°C]

Reaction

time

[min]

Pressure

[bar]
Catalyst Reference

Monomer, DETPa 80 Ethanol 255 30–120 116 none [135]
Monomer, TPAb 84 1-Hexanol 100 not given 1f Potassium hydroxide [137]
Monomer, DBTPc 95 1-Butanol 205 480 1f Acidic ionic liquids [136]
Monomer, TPAb 96 1-Butanol 100 not given 1f Potassium hydroxide [137]
Monomer, TPAb 96 1-Pentanol 100 not given 1f Potassium hydroxide [137]
Monomer, BTHNPTd not given Pentaerythrytol 250 10 1f Zinc acetate [34]
Oligomers,

[250–1430 g·mol–1]
not given

Titanium
alkoxide

270–280 1 to 20 1f none [139]

Oligomers, 
[450–900 g·mol–1]

not given
2-Ethyl-1-

Hexanol
170–190 600–720 1f none [138]

Monomer, DMTPe 60 Methanol 270 0–90 1–150 none [142]
Monomer, DMTPe 80 Methanol 300 0–90 9.8 none [141]
Monomer, DMTPe 80 Methanol 300–350 2–120 200 none [144]
Monomer, DMTPe 80 Methanol 300 2–120 200 none [145]
Monomer, DMTPe 88 Methanol 200 120 not given Aluminium triisopropoxide [146]
Monomer, DMTPe 98 Methanol 300 0–90 147 none [141]
Monomer, DMTPe 98 Methanol 330 0–90 1–150 none [142]
Monomer, DMTPe 60–95 Methanol 250–270 0–60 85–140 Zinc acetate [148]
Monomer, DMTPe not given Methanol 160–200 0–60 16 Zinc acetate [147]

Monomer, TPAb 85
H2O, Sodium

Hydroxide
99 150 1f none [166]

Monomer, TPAb 90 H2O 115–145 0–420 1f [(CH3)3N(C16H33)]3[PW12O40] [150]
Monomer, TPAb 90 H2O 250–420 0–60 480 none [154]
Monomer, TPAb 91 H2O 220–300 6 to 60 32 Zinc acetate [152]
Monomer, TPAb 96 H2O 200 30–240 16 none [153]

Monomer, TPAb 96
H2O, Sodium

Hydroxide
Molten stateg 6 1f none [168]

Monomer, TPAb 98
H2O, Sodium

Hydroxide
120–150 60–420 1f none [163]

Monomer, TPAb 98
H2O, Sodium

Hydroxide
70–95 300–360 1f Trioctyl ammonium bromide [165]

Monomer, TPAb 99 H2O 205 6–240 16 none [155]

Monomer, TPAb 99 H2O 190 10 1f Hydrotalcite [156]

Monomer, TPAb 99
H2O, Sodium

Hydroxide
90–98 0–60 1f Tetrabutyl ammonium

bromide
[164]

Monomer, TPAb 99
H2O, Sodium

Hydroxide
90 600–4200 1f Tetrabutyl ammonium iodide [167]

Monomer, TPAb 100
H2O, Sodium

Hydroxide
180 30 1f Trioctylmethyl ammonium

bromide
[157]

Monomer, TPAb 100
H2O, Sulfuric

Acid
150 60–360 1f none [161]

Monomer, TPAb not given H2O 100–250 120 Autogen none [158]
Monomer, TPAb not given H2O, Nitric Acid Reflux not given 1f none [160]
Not given not given H2O 140–180 not given 10 none [151]

Not given not given
H2O, Sulfuric

Acid
30 6–120 1f none [159]

Not given not given
H2O, Sodium

Hydroxide
Ambient

temperature
15 1f none [162]

Not given not given
H2O, Sodium

Hydroxide
120 not given 1f none [169]

Not given not given
H2O, Sodium

Hydroxide
250h not given 1f none [170]

Oligomers,
[540 g·mol–1]

97 H2O 170 180 1f Zinc acetate [149]

Oligomers,
[2047 g·mol–1]

99 H2O 170 180 1f Potassium hydroxide [149]



and nitrile rubber polyvinyl chloride (PVC) blends.
The reaction was carried out at 170–190°C for 10–
12 hours. Complete alcoholysis of PET was reached
after 12 hours [138]. However, the composition of the
obtained reaction mixture with respect to monomers
or oligomers is not clarified. Although a molecular
structure of low molecular weight oligomers (450–
900 g·mol–1) is postulated, it is not clear whether and
how many monomers were obtained, since reaction
was complete after 12 hours.
Chabert et al. [139] used titanium tetra-n-butoxide
and titanium tetra-n-propoxide for PET de-polymer-
ization. Concentration of titanium tetra-n-butoxide
and titanium tetra-n-propoxide were 22 and 50% in
the PET-mixture, which was extruded at 270–280°C.
They found that chain scission of PET proceeded
faster using titanium tetra-n-propoxide compared to
titanium tetra-n-butoxide. They further studied the
number of active alkoxide-groups in corresponding
titanium tetra-n-alkoxides and found that mainly two
alkoxide-groups of the titanium tetra-n-alkoxide
were involved in the chain scission reaction of PET.
Mixtures of undefined low molecular weight oligo -
mers in the range between 250 and 1430 g·mol–1 were
obtained. However, they did not mention any aimed
application of reaction products after de-polymeriza-
tion. This procedure is advantageous in contrast to
prior described solvent based procedures, which re-
quired additional separation and purification steps.
However, functionality of PET-oligomers was limited
due to alkyl end-groups.
Among the alcoholysis methods, reaction with
methanol has gained special importance because of
the low price and the availability of methanol.
Methanolysis for de-polymerization of PET was first
described in the year 1962 by Heisenberg et al. [140].
The application of the reaction products after de-
polymerization was to provide the monomers for syn-
thesis of virgin PET. The general reaction scheme is
depicted in Figure 3b.
Generally, PET is de-polymerized with an excess of
methanol at 160–350°C (Table 2) to yield the mono -
mer dimethyl terephthalate (DMTP). To increase the
yield of DMTP and to shorten reaction times high pres-
sures (9–200 bar, Table 2) are applied [141–148].
Genta and coworkers [141, 142] studied the effect of
supercritical methanol compared to vapor methanol
for PET de-polymerization. They found that de-poly-
merization proceeds faster in supercritical methanol
than in vapor methanol. The reaction product consist-

ed of a mixture of bis(hydroxy-ethylene) terephtha-
late (BHET), methyl-2-hydroxy ethylene terephtha-
late (MHET) and dimethyl terephthalate (DMTP). The
yield of the main product DMTP was around 80%.
Furthermore, the energy consumption of the super-
critical methanolysis (2.35·106 kJ·kmol–1) was lower
than of the vapor methanolysis (2.84·106 kJ·kmol–1).
Goto reviewed the general applicability of supercrit-
ical fluids for de-polymerization, including methanol.
Although supercritical methanol was suitable for
PET de-polymerization and yielded DMTP as the
main reaction product (yield 80%), the reaction mix-
ture also consisted of BHET and MHET and hence
entailed further purification steps [143].
Goto and coworkers [144, 145] studied the reaction
kinetics during supercritical methanolysis of PET.
Reaction was carried out at 300–350°C at 200 bar
(Table 2). Beside terephthalic acid monomethyl ester
(TAMME), MHET and BHET, they obtained DMTP
as main product in yields of 80%.
Likewise, Yang et al. [148] studied the effect of re-
action temperature and time during supercritical
methanolysis of PET (Table 2). Excess methanol was
used for PET de-polymerization. They found that the
extent of the reaction increased with increasing tem-
perature and time. The reaction product consisted of
DMTP, MHET, BHET and their dimers, which entailed
further purification steps of the monomer DMTP.
The yield of DMTP ranged from 60–95%.
Kurokawa et al. [146] studied the effect of alumini-
um tri-isopropoxide (ATIP) as catalyst and the sol-
vent mixture of methanol and toluene on methanol-
ysis of PET. Reaction was carried out at 200 °C
without high pressure conditions (Table 2). With the
application of the catalyst ATIP, the yield of the main
product DMTP was raised to 67%. Finally, the ap-
plication of ATIP combined with the solvent mixture
methanol and toluene, the yield of DMTP was max-
imized to 88%.
Beside the use of supercritical methanol or addition-
al application of a catalyst for methanolysis, Siddiqui
et al. [147] studied the influence of microwave as-
sisted methanolysis of PET in the temperature range
from 160 to 200°C with the addition of zinc acetate
as catalyst. They found that the amount of de-poly-
merized PET increased with increasing temperature
and increasing microwave power from 50 to 200 W.
The characterized main product was DMTP, which
was not quantified by the authors.
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2.4.5. Hydrolysis

Hydrolysis of PET can be classified into neutral,
acidic and alkaline hydrolysis (Table 2). The general
reaction scheme of neutral and acidic hydrolysis is
depicted in Figure 4. Generally, the main application
of obtained reaction products after de-polymeriza-
tion was to provide monomers for the synthesis of
virgin PET. Neutral hydrolysis of PET is generally
conducted with excess water at high temperature
ranges between 115–420°C and high pressure ranges
from 10 to 480 bar. Correspondingly, reaction times
are up to 7 hours [149– 158].
Güçlü et al. [149] found that the solvent xylene pro-
vided greater de-polymerization of PET, whereas the
catalysts zinc acetate or potassium hydroxide had
negligible effect. They obtained low molecular weight
oligomers (540+ 2047 g·mol–1, Table 2) with yields
of 97+99%.
Other studies investigated the effects of different re-
action parameters on neutral hydrolysis of PET, such
as catalysts (zinc acetate, potassium hydroxide, phase
transfer catalyst, hydrotalcite) [151, 153, 156], steam
or plasma treatment [154, 155] and microwave irra-
diation [157]. Although having different foci in these
papers, the monomer TPA was obtained as reaction
product in yields of 90–100% (Table 2).
In contrast to neutral hydrolysis, acidic hydrolysis of
PET is generally conducted with excess acid (sulfu-
ric or nitric acid) at ambient temperature and atmos-
pheric pressure. Reaction times are in between 6 and
360 minutes [159, 160]. Yoshioka et al. [161] conduct-
ed acidic hydrolysis at 150 °C. de Carvalho et al.
[159] completely de-polymerized PET to yield TPA.
Kumar and Rajeswara Rao studied kinetics of acidic
hydrolysis and Kumar and Rao [160] and Yoshioka
et al. [161] examined the re-usability of dilute sulfuric
acid for the de-polymerization of PET. In both stud-

ies, TPA was obtained. Although neutral and acidic
hydrolysis of PET gave high yields of the mono mer
TPA, purification of the reaction product is solvent
consuming, and hence imposes environmental issues.
For the alkaline hydrolysis of PET-waste metal hy-
droxides are used. This method yields the correspon-
ding metal salts of terephthalic acid. By a subsequent
acidification of the formed salt, pure terephthalic
acid is obtained. Alkaline hydrolysis of PET-waste
is generally conducted with excess metal hydroxide
(sodium or potassium hydroxide) at temperature
ranges between 70–150 °C. Reaction times are be-
tween 6 minutes and 70 hours (Table 2). The general
reaction scheme of alkaline hydrolysis is depicted in
Figure 4 [162–171].
Caparanga et al. [162] used alkaline washing as pre-
treatment of PET-waste before actual recycling.
Karayannidis et al. [163] completely de-polymerized
PET to obtain pure TPA in yields of 98%.
Kosmidis et al. [165], Mishra et al. [166], Karayan-
nidis et al. [170] studied degradation kinetics of al-
kaline hydrolyis of PET. Kosmidis et al. [165] used
a catalyst (trioctyl ammonium bromide) and ob-
tained a TPA yield of 98%, whereas Mishra et al.
[166] did not use a catalyst and obtained a TPA yield
of 85%. Karayannidis et al. [170] did not determine
any yield of any reaction product in alkaline PET hy-
drolysis.
Additionally to conventional alkaline hydrolysis,
Khalaf and Hasan [164], Paliwal and Mungray [167],
Shafique et al. [168] additionally used microwave or
ultrasound irradiation for de-polymerization of PET.
Although Khalaf and Hasan as well as Paliwal and
Mungray used a catalyst (tetra butyl ammonium bro-
mide, tetra butyl ammonium iodide), their TPA yield
of 99% was not significantly greater than the yield
of Shafique et al. [168] with 96%.

Geyer et al. – eXPRESS Polymer Letters Vol.10, No.7 (2016) 559–586

567

Figure 4. Chemical recycling methods of PET (Neutral, acidic and alkaline Hydrolysis)



Finally, Rosmaninho et al. [169] used alkaline hy-
drolysis for surface modification of PET not to yield
PET monomers but to synthesize a cation exchange
material as adsorbent for cationic contaminants. They
compared this procedure with an acid surface mod-
ified PET. They found that acid modification gener-
ates more efficiently carboxyl-groups as potential
cation exchange positions.
In most cases of the above described procedures, re-
action products needed to be separated and purified
after complete reaction.

2.4.6. Glycolysis

The general reaction scheme of PET glycolysis is de-
picted in Figure 5. Glycolysis of PET leads to the
formation of PET-monomers and low molecular
weight PET-oligomers (Table 3). Thus, a main ap-
plication of the reaction products after de-polymer-
ization was to provide monomers for the synthesis
of virgin PET. The main process parameters of gly-
colysis are reaction temperature (110–270 °C) and
reaction time (up to 15 hours) [99, 172–199]. In con-
trast to methanolysis, there is only little use of high
pressure for glycolysis of PET [10, 180, 200].
Generally, the degrading agent was used in excess
for de-polymerization of PET. Predominantly, ethyl-
ene glycol was used as degrading agent to give main-
ly the PET-monomer bis(hydroxy-ethylene) tereph-
thalate (BHET) in yields between 46 to 100% [10,
11, 99, 184, 185, 187–189, 191–193, 195, 198, 200,
201–214]. Saint-Loup and co-workers also used eth-
ylene glycol in reactive extrusion to produce low
molecular weight oligomers (1450+1800 g·mol–1)
without quantification of their yields for synthesis of
PET-polycarbonate polyesters. However, these oligo -
mers had to be separated and purified for further pro-
cessing, since the crude reaction product consisted
of a heterogeneous mixture of BHET-analoga [215–
218].
The second most common degrading agent for gly-
colysis was diethylene glycol. Here, both BHET and
low molecular weight oligomers (dimers to hexam-

ers of BHET) were obtained, but no quantification
of the yield was made [64, 173, 174, 177–179, 190,
181, 219, 220].
Further, but less applied chemicals for PET-glycol-
ysis were propylene glycol, diethanol amine and tri-
ethanol amine. Using propylene glycol, BHET-ana-
logues were obtained, but not quantified, since these
intermediates were directly used for synthesis of un-
saturated polyester resins [186, 190, 221]. Application
of diethanol amine and triethanol amine yielded low
molecular weight oligomers (900+1130 g·mol–1, not
quantified) for the use as dispersants or synthesis of
epoxy resin. Again, additional separation and purifi-
cation of the reaction products were necessary [176,
196, 197].
The least applied diols were BHET, neopentyl glycol
(NPG), tetraethylene glycol (TEEG), poly(ethylene
glycol) (400 g·mol–1), poly(tetramethylene oxide)
(650 g·mol–1) and terpoly[poly(oxyethylene)-poly-
(oxypropylene)-poly(oxyethylene)] (1100 g·mol–1).
In case of NPG, the corresponding monomer bis(neo -
pentyl ethylene) terephthalate was obtained in a yield
of 70%. With the other diols low molecular weight
oligomers were obtained, since de-polymerization
agents were already of low molecular weight. These
reaction products were used for the synthesis of co-
polymers containing polyester species. Additionally,
a consecutive separation and purification of the ob-
tained products was necessary [175, 182, 194].
Another parameter for PET-glycolysis is the appli-
cation of a catalyst. A various number has been used
for PET-glycolysis and is listed in Table 3. The most
important catalysts were zinc acetate and manganese
acetate [64, 173–175, 182–186, 192, 193, 200, 202–
204, 206, 208, 210, 211, 213, 219]. Further catalysts,
but less used metal acetate catalysts, than the afore-
mentioned ones, are cobalt and lead acetate [192,
205, 211]. Baliga and Wong studied the influence of
the cation zinc, manganese, cobalt and lead on the
catalytic effect of corresponding metal acetates on
PET-glycolysis. They found that de-polymerization
increased in the order Pb2+ < Co2+ < Mn2+ < Zn2+.
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Figure 5. Chemical recycling methods of PET (Glycolysis)
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Table 3. Reaction conditions and yields of PET glycolysis

Reaction

product

Yield

[%]
Reagent

Reaction temperature

[°C]

Reaction time

[hours]

Pressure

[bar]
Catalyst Reference

Monomers 0.3 EGa 300 0.4–0.8 11 none [10]

Monomers 2.5 EGa 350 0.4–0.8 25 none [10]

Monomers 25 EGa 80–200 15 1q ZnSO4 [192]

Monomers 46 EGa 150–190 1 to 4 1q Cu(OAc)2-[Bmim][OAc]r [194]

Monomers 54 EGa 150–190 1 to 4 1q Zn(OAc)2-[Bmim][OAc]s [194]

Monomers 57 EGa 196 9 1q FeCl2 [190]

Monomers 60 EGa 196 8 1q Na2SO4 [186]

Monomers 60 EGa 196 8 1q Na2SO4 [187]

Monomers 60 EGa 196 8 1q Zeolithe [186]

Monomers 61 EGa 196 1 1q Na2CO3 [203]

Monomers 61 EGa 196 9 1q LiCl [190]

Monomers 61 EGa 196 9 1q MgCl2 [190]

Monomers 63 EGa 230–300 0.7–1.3 1q Co3O4 [11]

Monomers 64 EGa 50–175 0.5–2 1q [bmim]Brt [213]

Monomers 65 EGa 80–200 15 1q Zinc stearate [192]

Monomers 67 EGa 230–300 0.7–1.3 1q ZnO [11]

Monomers 68 EGa 190 8 1q none [188]

Monomers 70 EGa 196 1 to 8 1q Zinc acetate [205]

Monomers 70 EGa 196 1 to 8 1q Na2CO3 [205]

Monomers 70 NPGb 200–220 6 1q Zinc acetate [181]

Monomers 72 EGa 196 9 1q Didymium chloride [190]

Monomers 73 EGa 196 9 1q ZnCl2 [190]

Monomers 74 EGa 196 1 1q Zinc acetate [171]

Monomers 74 EGa 196 1 1q Na2CO3 [171]

Monomers 74 EGa 196 1 1q NaHCO3 [171]

Monomers 74 EGa 196 1 1q BaOH [171]

Monomers 74 EGa 230–300 0.7–1.3 1q Mn3O4 [11]

Monomers 75 EGa 198 10 1q Zinc acetate [191]

Monomers 75 EGa 198 10 1q Lead acetate [191]

Monomers 75 EGa 198 10 1q Manganese acetate [191]

Monomers 75 EGa 198 10 1q Cobalt acetate [191]

Monomers 75 EGa 180 8 1q Zinc acetate [183]

Monomers 75 EGa 180 8 1q Lead acetate [183]

Monomers 75 EGa 180 8 1q Manganese acetate [183]

Monomers 75 EGa 180 8 1q Cobalt acetate [183]

Monomers 76 EGa 196 1 1q Zinc acetate [203]

Monomers 78 EGa 190 3.5 hours 1q TBDu [197]

Monomers 78 EGa 190 not given 1q Cyclic amidine [200]

Monomers 78 EGa 80–200 15 1q Zinc acetate [192]

Monomers 79 EGa 196 1.50 1q Zn/Al-hydrotalcite [208]

Monomers 80 EGa 165–196 0–10 1q Na2CO3 [211]

Monomers 80 EGa 165–196 0–10 1q NaHCO3 [211]

Monomers 80 EGa 165–196 0–10 1q Na2SO4 [211]

Monomers 80 EGa 165–196 0–10 1q K2SO4 [211]

Monomers 80 EGa 195–220 2.5–3.5 1q Zinc acetate [212]

Monomers 80 EGa 196 not given 1q Zinc acetate [202]

Monomers 80 EGa 196 not given 1q Na2CO3 [202]

Monomers 81 EGa 230–300 0.7–1.3 1q ZnCo2O4 [11]

Monomers 89 EGa 230–300 0.7–1.3 1q CoMn2O4 [11]

Monomers 90 EGa 300 0.6–1.3 11 γ-Fe2O3 [199]

Monomers 92 EGa 197 3 to 4 1q Zinc acetate [206]

Monomers 92 EGa 230–300 0.7–1.3 1q ZnMn2O4 [11]

Monomers 94 EGa 450 0.4–0.8 153 none [10]

Monomers 98 EGa 198 0.5–2.5 1q Zinc acetate [210]

Monomers 98 EGa 198 0.5–2.5 1q Lead acetate [210]

Monomers 98 EGa 198 0.5–2.5 1q Manganese acetate [210]
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Table 3. Reaction conditions and yields of PET glycolysis (1. continue)

Reaction product
Yield

[%]
Reagent

Reaction

temperature

[°C]

Reaction

time

[hours]

Pressure

[bar]
Catalyst Reference

Monomers 98 EGa 198 0.5–2.5 1q Cobalt acetate [210]

Monomers 100 EGa reflux 0.5 1q Zinc acetate [209]

Monomers not given DEGc 200–220 4 1q Manganese acetate [176]

Monomers not given DEGc 180 0.1 1q Manganese acetate [219]

Monomers not given DEGc 240 2 1q Zinc acetate [173]

Monomers not given EGa reflux 1 1q Zinc acetate [172]

Monomers not given DEGc 240 0.02 1q Zinc acetate [218]

Monomers not given EGa 200 not given 1q none [77]

Monomers not given EGa 110 not given 1q Cobalt acetate [204]

Monomers not given EGa 110–190 0–2 1q Manganese acetate [99]

Monomers not given EGa 220 7 to 8 1q Zinc acetate [201]

Monomers not given EGa 198 3 1q Zinc acetate [207]

Monomers not given EGa 198 3 1q Manganese acetate [207]

Monomers not given EGa 196 not given 1q NaHCO3 [202]

Monomers not given EGa 196 not given 1q Na2SO4 [202]

Monomers not given EGa 196 not given 1q K2SO4 [202]

Monomers not given EGa 196 1 to 8 1q NaHCO3 [205]

Monomers not given EGa 196 1 to 8 1q Na2SO4 [205]

Monomers not given EGa 196 1 to 8 1q K2SO4 [205]

Monomers not given EGa 190 8 1q Zinc acetate [184]

Monomers not given DEGc 190 8 1q Zinc acetate [184]

Monomers not given PGd 190 8 1q Zinc acetate [184]

Monomers not given PGd 235 5 2 to 5 none [179]

Monomers not given PGd 190+210 6+1 1q Tetrabutoxy titanium [220]

Monomers not given PGd 190 8 1q Zinc acetate [185]

Not given not given DEGc 210 not given 1q Zinc acetate [64]

Not given not given PGd 210 not given 1q Zinc acetate [64]

Not given not given DPGe 210 not given 1q Zinc acetate [64]

Not given not given BGf 210 not given 1q Zinc acetate [64]

Not given not given DEGc 200–220 6 1q Manganese acetate [180]

Not given not given PGd 200–220 6 1q Manganese acetate [180]

Not given not given TEGg 200–220 6 1q Manganese acetate [180]

Not given not given EGa 190 8 1q Zinc acetate [182]
Oligomers

[2840 g·mol–1]
17 PTMOh 200–270 8 1q Titanium tetra isopropoxide [193]

Oligomers
[1380 g·mol–1]

18 PEGi 200–270 8 1q Titanium tetra isopropoxide [193]

Oligomers
[1120 g·mol–1]

20 TEEGj 200–270 8 1q Titanium tetra isopropoxide [193]

Oligomers
[2300 g·mol–1]

23 Pluronic L31k 200–270 8 1q Titanium tetra isopropoxide [193]

Oligomers
[1131 g·mol–1]

not given TEAl 190–200 3 1q Manganese acetate [175]

Oligomers
[1360 g·mol–1]

not given BHETm 250 2 1q Zinc acetate [174]

Oligomers
[1450 g·mol–1]

not given EGa 270 not given 1q none [214]

Oligomers
[1450 g·mol–1]

not given EGa 270 not given 1q none [215]

Oligomers
[1450 g·mol–1]

not given EGa 270 not given 1q none [217]

Oligomers
[1648 g·mol–1]

not given PEGi 190–200 8 1q none [189]

Oligomers
[1800 g·mol–1]

not given EGa 270 not given 1q none [216]

Oligomers
[210–595 g·mol–1]

not given EGa 170+190 1 to 6 1q Zinc acetate [199]



These results were confirmed by Ghaemy and Moas-
saddegh as well as Goje and Mishra [184, 192, 211].
Pingale et al. [191] also studied the influence of dif-
ferent cations, namely zinc, lithium, didymium, mag-
nesium and iron, on the catalytic effect of respective
chlorides in the glycolysis of PET. They found zinc
chloride to be the most effective catalyst yielding
73% BHET, followed by didymium chloride, mag-
nesium chloride, lithium chloride and ferric chloride.
In contrast, Carné Sánchez and Collinson [193] stud-
ied the catalytic effect of zinc catalysts on PET-gly-
colysis with different anions, namely acetate, stearate
and sulfate. They found zinc acetate to be the most ef-
fective catalyst (Table 3, 78% BHET), followed by
zinc stearate (Table 3, 65% BHET) and finally zinc
sulfate (Table 3, 25% BHET). Analogously, Pingale
and Shukla [172], Duque-Ingunza and coworkers
[203, 204, 206, 212] studied PET-glycolysis using
different sodium catalysts with different anions (car-
bonate, bicarbonate and sulfate). The effectiveness of
the sodium catalysts on glycolysis yielding BHET

decreased in the following order: sodium bicarbon-
ate > sodium carbonate > sodium sulfate.
Finally, there are only few reports about the use of
very special catalyst for glycolysis. Al-Sabagh et al.
[195] and Alnaqbi et al. [214] applied ionic liquids
(1-butyl-3-methylimidazolium bromide or 1-butyl-
3-methylimidazolium acetate as co-catalyst) for
complete glycolysis of PET. Further, Fukushima and
coworkers [198, 201] used cyclic amidine catalysts
(e.g. 1,5,7-triazabicyclo[4.4.0]dec-5-ene, TBD) to
de-polymerize PET].
Other authors used very specific catalyst like tetrab-
utoxy titanium, titanium tetraisopropoxide, zeolite,
Zn/Al-hydrotalcite, ZnO, metal oxide spinels (Co3O4

and Mn3O4), mixed metal oxide spinels (ZnMn2O4,
CoMn2O4, ZnCo2O4) and γ-Fe2O3 as alternatives to
common catalysts [11, 187, 200, 210, 221].
In addition, glycolysis leads to the formation of un-
desired cyclic oligomers [128]. The monomers and
low molecular weight oligomers obtained from gly-
colysis of PET were generally used for impaired ap-
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Table 3. Reaction conditions and yields of PET glycolysis (2. continue)

aEG: Ethylene glycol. bNPG: Neopentyl glycol. cDEG: Diethylene glycol. dPG: Propylene glycol. eDPG: Dipropylene glycol. fBG: Buty-
lene glycol. gTEG: Triethylene glycol. hPTMO: Poly(tetramethylene oxide). iPEG: Polyethylene glycol. jTEEG: Tetraethylene glycol.
kPluronic L31: Terpoly[poly(oxyethylene)-poly-(oxypropylene)-poly(oxyethylene)]. lTEA: Triethanol amine. mBHET: Bis(hydroxy eth-
ylene) terephthalate. nBD: Butanediol. oDEA: Diethanol amine. pTMP: Trimethylol propane. qNo pressure was given in the experimental
section, thus, atmospheric pressure was assumed. rCu(OAc)2-[Bmim][OAc]: 1-butyl-3-methylimidazolium acetate-promoted copper ac-
etate. sZn(OAc)2-[Bmim][OAc]: 1-Butyl-3-methylimidazolium acetate-promoted zinc acetate. t[bmim]Br: 1-butyl-3-methylimidazolium
bromide. uTBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene.

Reaction product
Yield

[%]
Reagent

Reaction

temperature

[°C]

Reaction time

[hours]

Pressure

[bar]
Catalyst Reference

Oligomers 
[300–500 g·mol–1]

not given DEGc 200–220 4 1q Manganese acetate [177]

Oligomers
[450–510 g·mol–1]

not given DEGc 210 4 1q Manganese acetate [178]

Oligomers
[497 g·mol–1]

not given BDn not given not given 1q none [221]

Oligomers
[534 g·mol–1]

not given DEGc 190–200 8 1q none [189]

Oligomers
[881 g·mol–1]

not given TEGg not given not given 1q none [221]

Oligomers
[900 g·mol–1]

not given DEAo 170–210 3 to 4 1q Manganese acetate [195]

Oligomers
[900 g·mol–1]

not given TEAl 170–210 3 to 4 1q Manganese acetate [195]

Oligomers
[900 g·mol–1]

not given DEAo 180–210 3 to 4 high pressure Manganese acetate [196]

Oligomers
[900 g·mol–1]

not given TEAl 180–210 3 to 4 high pressure Manganese acetate [196]

Oligomers
[900 g·mol–1]

not given DEGc 180–210 3 to 4 high pressure Manganese acetate [196]

Oligomers
[900 g·mol–1]

not given TMPp 180–210 3 to 4 high pressure Manganese acetate [196]

Oligomers
[957g·mol–1]

not given DEAo 190–200 3 1q Manganese acetate  [175]



plications, such as modifiers for PVC or other poly-
mer composites [183, 190, 208, 222]. Further, these
glycolyized products were applied for synthesis of
co-polymers of undefined composition [174, 179,
181, 182, 194, 219].

2.4.7. Aminolysis/ammonolysis

Aminolysis and ammonolyis were developed, since
the reactivity of the amine-group is higher than the
hydroxyl-group in glycols or alcohols used in glycol-
ysis or alcoholysis of PET [223, 224]. Further, draw-
backs of other conventional chemical recycling meth-
ods (hydrolysis, methanolysis) like high temperature
and high pressure conditions were aimed of being
avoided by aminolysis and ammonolysis. After de-
polymerization, in general, the reaction products
were applied as curing agents for epoxy resins, as com-
ponents for polyurethane synthesis or as plasticizers
[225–228].
The general reaction scheme of aminolysis and am-
monolysis is depicted in Figure 6. Here, correspon-
ding diamides of terephthalic acid are obtained.
Aminolysis and ammonolyis are generally conducted
at temperatures between 25 and 190°C. Generally no
high pressure is applied and reaction time may vary
from few hours to several days (Table 4). The chem-
icals such as alkyl amines or liquid ammonia are
used in excess for PET de-polymerization (Table 4).
Aminolysis and ammonolysis mainly yielded the
corresponding monomeric amides of terephthalic
acid [223, 226–234].
The de-polymerization agent, which was mainly ap-
plied, was ethanol amine (EA, Table 4). EA was used
to synthesize the bi-functional monomer bis(2-hy-
droxyl-ethylene) terephthalamide (BHETPA) in yields

between 62 to 91% for further polymer syntheses
(Table 4) [223, 224, 230, 232]. Further, but less used
chemicals for aminolysis or ammonolysis of PET are
methyl amine (MA), liquor ammonia (NH3) and eth-
ylene diamine (EDA). As in case of EA, these chem-
icals lead to the formation of corresponding bi-func-
tional monomers of terephthalic acid, which could
be applied as curing agents for epoxy resins [227,
228, 233]. Hoang and Dang used excess EDA to de-
polymerize PET to low molecular weight oligomers
(250–820 g·mol–1, Table 4 ). Removal of solid residues
by filtration and additional purification gave these
oligomers in yields of 30%. These were assumed to
be used for synthesis of polyamides or polyimides
[235]. Only little use of hydrazine hydrate, triethyl-
ene tetramine, tetraethylene pentamine, allylamine,
di- or triethanol amine for aminolysis of PET was
made. With these chemicals corresponding diamides
of terephthalic acid were obtained, which were con-
secutively applied as additives in concrete mixture
or used for further synthesis of antibacterial chemi-
cals [230, 233, 234].
As for glycolysis, different catalysts were also ap-
plied for aminolysis, ammonolysis. Mainly metal ac-
etates were used (zinc acetate, sodium acetate, potas-
sium acetate,Table 4) [226, 227, 231, 232]. Shukla
and Harad studied the effect of sodium-, potassium
acetate and acetic acid on efficiency of PET-aminol-
ysis. They found sodium acetate as the most efficient
catalyst, followed by potassium acetate and acetic
acid [232]. More et al. [224] compared zinc acetate
and sodium acetate for PET-aminolysis and found
(as in case of glycolysis) zinc acetate to be more ef-
ficient for aminolysis reaction. Mittal et al. [228] com-
pared aminolysis and ammonolysis using cetyl am-
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Figure 6. Chemical recycling methods of PET ((a) Aminolysis, (b) Ammonolysis)



monium bromide as catalyst. Generally, both reac-
tion types yielded less monomeric reaction product
without catalyst. Using the catalyst, they found a
higher yield for aminolysis (94%, Table 4) than for
ammonolysis (38%, Table 4). Compared to the afore-
mentioned catalysts, di-butyl tinoxide used by Tawfik
and Eskander [223] was less efficient for aminolysis
of PET (Table 4).
All described chemical recycling methods require ei-
ther high pressure apparatus (hydrolysis, methanoly-
sis) or toxic chemicals (alkyl amines, glycols,
methanol, sulfuric acid, nitric acid) to yield mainly
monomers of PET. In case of glycolysis precise
process control is of crucial importance either to pre-
vent re-polymerization or other side-reactions [8, 9,
148, 153, 226].

2.4.8. Controlled de-polymerization using

blocking chain scission

This method was developed by Geyer et al. [95] as
an alternative chemical recycling method which pre-
vents uncontrolled de-polymerization. Furthermore,
it overcomes some of the drawbacks of the methods
described in earlier sections: The need of high tem-
perature and high pressure conditions, the use of
toxic and environmentally problematic chemicals
(either the de-polymerization agents or the catalysts)
and considerable amounts of solvents. The general
reaction scheme of blocking chain scission is depict-
ed in Figure 7.
PET was melt-mixed with stoichiometric amounts
of adipic acid to yield tailored oligomers of defined
molecular weight. With this approach defined oligo -
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Table 4. Reaction conditions and yields of PET aminolysis, ammonolysis

aEA: Ethanol amine. bMA: Methyl amine. cDEA: Diethanol amine. dTEA: Triethanol amine. eEDA: Ethylene diamine.
fTETA: Triethylene tetramine. gTEEPA: Tetraethylene pentamine. hNo specific pressure was given in the experimental section, thus,
atmospheric pressure was assumed.

Reaction product
Yield

[%]
Reagent

Reaction

temperature

[°C]

Reaction

time [min]

Pressure

[bar]
Catalyst Reference

Monomers 38 NH3 40 180–2700 1h Cetyl ammonium bromide [227]

Monomers 62 EAa 190 2 to 12 1h Dibutyltinoxide [222]

Monomers 75 EAa 160 2 to 12 1h Sodium acetate [223]

Monomers 76 EAa 172 18 1h Acetic acid [231]

Monomers 81 EAa 160 2 to 12 1h Zinc acetate [223]

Monomers 85 EAa 172 18 1h Sodium acetate [228]

Monomers 86 Hydrazin hydrate 114 20 1h none [230]

Monomers 87 EAa 172 18 1h Potassium sulphate [231]

Monomers 91 EAa 172 18 1h Sodium acetate [231]

Monomers 94 MAb 40 180–2700 1h Cetyl ammonium bromide [227]

Monomers not given Allylamine 180 not given 15–20 none [233]

Monomers not given EAa 180 not given 15–20 none [233]

Monomers not given DEAc 180 not given 15–20 none [233]

Monomers not given TEAd 180 not given 15–20 none [233]

Monomers not given EDAe Ambient
temperature

0–300 1h none [225]

Monomers not given MAb 40 180–2700 1h Cetyl ammonium bromide [232]

Monomers not given NH3 40 180–2700 1h Cetyl ammonium bromide [232]

Monomers not given NH3
Ambient

temperature
180–2700 1h Zinc acetate [226]

Monomers quantitative TETAf 130–140 18 1h none [229]

Monomers quantitative TEEPAg 130–140 18 1h none [229]
Oligomers

[250–820 g·mol–1]
30 EDAe 100 42 1h none [234]

Figure 7. Blocking chain scission of PET using adipic acid [95]



mers of molecular weights in the range of 960–
23500 g·mol–1 were readily prepared, which was not
possible with former chemical recycling methods
[95]. However, this method requires sorted PET-ma-
terial, which has to be free of contaminants or other
polymer species.
Geyer et al. [236] used these defined building blocks
to synthesize novel block-co-polyesters with tailored
surface properties. By the combination of defined
PET- and PEN-oligomers PET-PEN-block-co-poly-
esters with tailored block segment composition were
prepared. In dependence of the block segment com-
position it was possible to control the dispersive sur-
face energy and specific desorption energy of these
block-co-polyesters. By tailoring these surface prop-
erties, these PET-PEN-block-co-polyesters could be
applied as compatibilizing agent to prepare transpar-
ent blends of PET and PEN. Since PET and PEN are
originally immiscible, leading to opaque products,
in contrast, such blends of PET and PEN made trans-
parent could now be used for high-value added ap-
plications. For example, as encapsulating material for
organic photovoltaics, which require maximum trans-
parency for optimum efficiency of the solar cell. Fur-
thermore, such blends exhibit an improved storage
modulus and higher glass transition temperatures
compared to pure PET, which makes them especially
interesting as materials for hot re-fillable or pasteur-
izable food packaging [236, 237].

3. Conclusions

A thorough review of conventional and exceptional
PET-recycling with a special emphasis on on chem-
ical methods has been given. Energetic recycling
methods like incineration or pyrolysis lead to a down-
cycling of PET (due to thermal degradation), using its
reaction products either directly (use of the released
heat of combustion) or indirectly (use of obtained
chemicals as alternative for fossil fuels) for energy
recovery. Although carbonization produces coal, ac-
tive carbon or adsorbents for chemicals as more eco-
friendly applications, again, due to thermal degrada-
tion, this method remains a downcycling of PET. On
the other hand, thermo-mechanical recycling of PET
leads to a downcycling of the material either, since
thermal conditions caused thermal degradation of
PET and reduced physical and mechanical properties
of the recycled PET. In contrast, chemical recycling
methods, which provided complete de-polymeriza-

tion of PET yielding monomers, enabled value-added
re-usability of reaction products like the synthesis of
virgin PET. However, these methods require high
temperature and high pressure apparatus. Further,
large amounts of chemicals are consumed for de-poly-
merization and consecutive separation as well as
purification steps. Thus, such chemical recycling
methods impose toxic and ecological issues. The al-
ternative of producing PET-oligomers with chemical
recycling methods is not well solved either. Although
glycolysis is generally conducted without high pres-
sure conditions, again, considerable quantities of
chemicals are required for partial de-polymerization,
separation and purification steps of the reaction
products. Hence, as in case of complete de-polymer-
ization of PET, partial de-polymerization imposes
toxic and ecological issues either. Further, these less
well-defined low molecular weight oligomers are
within a heterogeneous mixture of by-products such
as monomers, di- or trimers. Moreover, these hetero-
geneous reaction products are generally used for im-
paired applications such as dispersants or plasticiz-
ers. An alternative chemical recycling of PET was
given by the controlled de-polymerization of PET
using blocking chain scission with defined amounts
of the de-polymerization agent. This method pro-
duced PET-oligomers of well-defined molecular
weights in a greater range than existing chemical
methods (like glycolysis). These building-blocks en-
abled the synthesis of tailored block-co-polyesters
as potential compatibilizers to produce transparent
PET-PEN-blends, which are suitable as an encapsu-
lation material for photovoltaic cells or for hot re-
fillable and pasteurizable food packaging.
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1. Introduction

Short glass fiber (GF) polymer matrix composites

(PMC) with 30–50 wt% fiber loading have been

widely used in automotive and marine industries as

structural components due to their high specific

strength and stiffness. Continued development in

light-weighted PMC with higher mechanical per-

formance has been fueled by the premise that 10%

reduction in the vehicle weight can result in 6–8%

increase in fuel efficiency [1]. One approach towards

light weighting is the incorporation of nanoparticles

either as a reinforcement phase within the matrix

polymer, or at the fiber/matrix interface [2–5]. The

high surface area per unit volume of nanoparticles

enhances the interactions with the other constituents

in the composite and subsequently enhances the me-

chanical properties compared to larger dimension par-

ticles of the same composition [6]. However, issues

such as inhomogeneous dispersion and agglomerate

formation should be addressed before using these

materials in large scale production of composites.

Alternative nanoparticles that have potential for in-

creasing GF-polymer matrix composites properties

are cellulose nanomaterials (CNs). CNs are cellu-

lose-based nanoparticles that are obtained from

plants, algae, bacteria and marine animals [7–9]. CN

particles are generally grouped based on the cellulose

source and the extraction methods, leading to various

CN types, including: cellulose nanocrystals (CNC),

cellulose nanofibrils (CNF), algae cellulose (AC),

bacterial cellulose (BC), etc. One common trait with

all CN types is the parallel stacking of cellulose
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chains along the particle length, and because of this

feature the properties of the various CNs are similar

to each other, at least within the scatter of experi-

mental testing or atomistic model predictions [9].

With this in mind, as a whole CNs have a unique com-

bination of characteristics [9] that make them attrac-

tive for certain composite applications, i.e. low den-

sity (1.6 g/cm3), high surface area and aspect ratio

(10–100), tensile strength of 3–7.5 GPa, and elastic

modulus of 110–220 GPa, surfaces with accessible

hydroxyl side groups (e.g. –OH) that can be readily

chemically modified, and low toxicity [10]. In addi-

tion, CNs extracted from trees and plants have the

potential to be produced at industrial scale quantities,

and reasonable price [11]. In the current study, the CN

type used was CNC, which are whisker-shaped par-

ticles (typically, 3–5 nm in width and 5–500 nm in

length), extracted by acid hydrolysis of plants [12],

and are considered to have properties within the

ranges listed above.

There has been considerable interest in CNs as rein-

forcement in various polymer systems due to their

high specific modulus and strength characteristics,

and provided that the CNs are well dispersed within

the polymer matrix, increases in mechanical perform-

ance of the CN-polymer system and subsequently the

corresponding composites can be expected. For most

epoxy systems, obtaining well dispersed CNs in

epoxies has been exceedingly challenging, especially

for high CN volume fraction [13–20]. To address this

issues, waterborne epoxies [14, 15, 18], solvent ex-

change methods [20, 21], CN preforms impregnation

[22] and chemical modification of CN surfaces have

been used [23], however, the time and cost involved

in these processes limit their capability in industrial

scale production of GF/epoxy composites.

An alternative approach has been to add CNs to GF/

epoxy composites by coating the GF prior to mixing

into epoxy, where the CN coating modifies the GF/

epoxy interface and subsequently improves the prop-

erties. A good review on tailoring interphase through

coating the fibers in polymer composites can be

found in [24]. Chen et al. [25] deposited bacterial cel-

lulose (BC) on the surface of GF during the process

of fermentation. The BC coated GF were subsequent-

ly compounded into epoxy, where the increase in the

interfacial shear strength (IFSS) of BC coated GF/

epoxy interface was attributed to the increase in in-

terfacial surface roughness and area, and chemical

bonding between the BC coating and the epoxy ma-

trix. However, for large volume uses, growth of the

BC film on GF is impractical. Additional work is need-

ed to i) find coating processes that are quick, reli-

able, and inexpensive and ii) link changes in IFSS to

differences in macroscopic mechanical properties of

the GF/epoxy composites as a result of the addition

of the CN coatings. To the best of the authors’ knowl-

edge, no studies exist on simple coating technique

of GF with CN and the influence of the CN coating

on both the interfacial and mechanical properties.

In this study, the effect of CNC coatings on GF on

the GF/epoxy matrix interfacial properties and the

subsequent influence on the mechanical properties

of short GF/epoxy composites are investigated. GF

were coated by immersing them in an aqueous CNC

suspension (0–5 wt%), a scalable technique. Interfa-

cial adhesion was characterized by the IFSS using

single fiber fragmentation tests (SFF). Changes in the

IFSS and stiffness across the GF/matrix interphase

as a result of CNC coating on the GF were two po-

tential mechanisms considered for the enhancement

in tensile and flexural properties of CNC coated-

GF/epoxy composites. The optimum CNC concen-

tration on the GF that resulted in the best mechanical

performance was determined.

2. Experimental details

2.1. Materials

Owens Corning (Oak Brook, IL, US) ME1510 multi-

end roving GF (TEX 48000, single filament diame-

ter of 10±1 µm) were used as received. The GF rov-

ings were chopped to an average length of 25±0.5 mm.

A bicomponent epoxy resin consisting of 635 thin

epoxy and 556 slow amine hardener supplied by US

Composites (West Palm Beach, FL) was used. CNC

in the form of 11.9 wt% never-dried suspension in

water [26] were supplied by the USDA Forest Serv-

ice-Forest Products Laboratory (FPL), Madison, WI,

USA. The average length and width of the CNC

were 138±22 nm and 6.4±0.6, respectively [18].

2.2. Coating of GF with CNC and fabrication

of CNC-coated GF/epoxy composites

CNC coated GF were produced by immersing ~154 g

of chopped GF rovings in ~1000 mL of aqueous CNC

suspension without agitation for 2 min, after which

the GF were taken out and spread on covered trays

with ample ventilation to dry 24 h at room tempera-

ture. This simple, low cost coating method is concep-

tually scalable for larger volume applications. The
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CNC used were not functionalized or surface treated.

For uncoated GF, a similar procedure was followed

using distilled water with no CNC to maintain the

consistency in fabrication. The CNC suspension was

diluted, in order to adjust the CNC coating, using dis-

tilled water and then sonicated to achieve a uniform

CNC dispersion in water. Sonication was carried out

using Misonix S-4000 ultrasonic processor equipped

with a 12.5 mm probe diameter at 30% amplitude

and 20 W power for 8 min. Aqueous CNC suspen-

sions of 0, 0.5, 1, 1.5, 2, 3 and 5 wt%, were prepared

using the above procedure and used to coat the

chopped GF rovings. The corresponding naming

scheme used to describe the coated fibers is GF, 0.5S-

GF, 1S-GF, 1.5S-GF, 2S-GF, 3S-GF, and 5S-GF, re-

spectively. The ‘S’ in this case represents the con-

centration of CNC suspension.

For SFF test specimen preparation, individual GF fil-

aments were carefully pulled off from the coated and

uncoated GF rovings. Subsequently, a single 120 mm

long GF filament was placed in the middle of a dog-

bone shaped mold and covered with epoxy resin that

was cured at 80°C for 1 h, followed by post-curing

at 100°C for 4 h. Prior to pour the epoxy in the mold,

the single GF filaments were manually pre-strained

and the ends of the GF were taped down to ensure

that the GF remain in tension during the epoxy curing.

The resin was prepared by mixing the epoxy with

hardener at 2:1 wt% using a VWR magnetic stirring

plate at a 60 rpm, at room temperature for 10 min, and

was degassed in a vacuum chamber for 5 min prior to

pouring into the mold. SFF test specimens were pre-

pared using the following GF: GF, 0.5S-GF, 1S-GF,

1.5S-GF, 2S-GF, 3S-GF, and 5S-GF. The SFF test dog-

bone specimens were made according to the test pro-

tocol for SFF test [27], having a gauge length of

25 mm long, 3 mm wide and a depth of 2 mm, with an

overall length and width of 80 and 10 mm, respec-

tively.

GF/epoxy composites were produced with a 30 wt%

GF content. Chopped GF rovings with or without

CNC coatings were added and mixed with the resin

using a spatula in a tote and degassed in a vacuum

chamber, for 5 min. Then, the mixture was spread in

a rectangular mold and cured as described above.

Based on the SFF results (see Section 3.2), only 1S-

GF, 1.5S-GF and 2S-GF were used to make CNC-

GF/epoxy composites. The test coupons were cut

from the plate using a waterjet (MAXIEM 1515).

2.3. Characterization techniques

2.3.1. Single-fiber fragmentation tests (SFF)

SFF tests, as described by Hunston et al. [27], were

used to quantify the effect of CNC coatings on the

IFSS. In brief, tensile tests, with applied load along

the fiber axis direction, were carried out at a dis-

placement rate of 1 mm/min using an Instron 33R

4466 equipped with a 500 N load cell. The tests con-

tinued until the load passed its peak and dropped at

90–95% of maximum load to ensure that no further

fiber fragmentation could occur. Since the GF were

pre-strained, it was expected that when the epoxy

reached at its strain to failure, saturation in the GF

fragmentation had occurred. It is noted that if the test

continued further than this point, the samples would

break into two pieces and the fragmentation lengths

could not be recorded. The IFSS was determined by

Kelly and Tyson model [28] given in Equation (1):

(1)

where τi is the IFSS, df is the fiber diameter, lc is the

fiber critical fragmentation length, l
–

is the average

length of fiber fragmentation segments (lc = 4l
–
/3)

and σf is the fiber strength at the critical length. The

fiber diameter and fiber fragmentation lengths were

measured using polarized microscopy. The GF fiber

strength was estimated by tensile testing (ASTM

D3822), where a single GF fiber was attached to a

paper tab and tested at a displacement rate of

1 mm/min using the Instron. An average GF strength

of 2900±350 MPa was measured for a gauge length

of 25.4 mm and as expected, the CNC coating process

did not affect the single GF ultimate strength. Both

the strength value and the IFSS values reported are

an average of at least 10 measurements. Weibull dis-

tribution was applied for the GF strength data [29]

to obtain the Weibull modulus and fiber strength as

4.57 and 2900 MPa respectively. These values were

used to extrapolate the GF strength at the critical

length required in Equation (1).

2.3.2. Microscopy

A Leica DM2500 polarized light optical microscope

was used to characterize CNC coatings on chopped

GF rovings, and to measure the fiber fragmentation

lengths in SFF tests. A Hitachi SU 8230 field emis-

sion scanning electron microscope (FE-SEM) at an

acceleration of 5 kV were used to view the CNC coat-

l

d l

l

d l

2 8

3
i
c

f f c f f cx
v v
= =
Q QV V

Asadi et al. – eXPRESS Polymer Letters Vol.10, No.7 (2016) 587–597

589



ings on individual GF, and the fracture surfaces of the

composites. A plasma sputter (Ted Pella Inc.) was

used to apply gold coating on the surface of the sam-

ples prior to SEM imaging to minimize charging.

2.3.3. Specific density, thermal stability and

CNC content

Water displacement method was used to measure the

specific density of the composites according to ASTM

D-792. Thermogravimetry analysis (TGA), using

TGA SDT Q600 (TA Instruments), was used to as-

sess the thermal stability of CNC and determine the

CNC content on the GF. The samples were heated

from 50 to 500 °C at 10°C/min in inert atmosphere.

Each data point is an average of at least 3 measure-

ments.

2.3.4. Mechanical and dynamic mechanical

testing

The tensile properties of the composites were deter-

mined according to ASTM D638 using an Instron

33R 4466 equipped with 10 kN load cell. An exten-

someter, Instron 2630-35, with a gauge length of

50.8 mm was used. The modulus was calculated be-

tween the axial strain values of 0.05 and 0.2%. Each

tensile data point is an average of at least five sam-

ples. The flexural properties were measured using

three-point bending tests with an Instron 33R 4466

equipped with 10 kN load cell according to ASTM

D790-02 with a support span of 50 mm and a sample

thickness of 5 mm at a displacement rate of

0.85 mm/min. Each flexural data point is an average

of at least seven tests. Dynamic mechanical thermal

analyses (DMA Q800, TA Instruments) in three-point

bending mode was used to measure the storage and

loss moduli and the glass transition temperature (Tg)

in the 25–160°C range at a heating rate of 5 °C /min

and 1 Hz. A preload of 0.01 N and a maximum strain

of 0.05% were applied on the specimens. Each data

point is an average of at least five tests.

3. Results and discussion

In order to test the hypothesis that addition of CNC

on the GF/epoxy interphase can improve the me-

chanical properties of the composites, composites

with uncoated and CNC coated GF were compared

in terms of mechanical properties. First, it was de-

termined whether or not the CNC alter the GF/epoxy

interphase (a region around the GF in which the me-

chanical properties differ from the bulk mechanical

properties of the composite) and the optimum CNC

concentration needed to increase the properties of

the composites with no weight penalty.

3.1. CNC coatings on GF

GF rovings were coated with CNC according to the

process described in Section 2.2. As shown in Fig-

ure 1a, 1b, a thin layer of CNC is deposited on the

GF surface as a result of physical absorption (e.g.

hydrogen bonding of the accessible –OH side groups

on the CNC surface as described in Chen et al. [25]).

Of interest is how the CNC coated the chopped GF

rovings, as well as individual GF within the rovings.

To observe the surface of individual GF, the GF were

pulled out from the chopped GF rovings after the

coating process. As shown in Figure 1c–e, the un-

coated GF has a smooth surface, while the surface of

CNC coated GF is rougher, indicating that CNC

have been deposited on the GF surface. Additionally,

the coated GF surface roughness appears to increase

with the CNC coating deposition concentration, sug-

gesting that more CNC are deposited on the GF sur-

face. Some of the roughness features in the CNC coat-

ing on individual GF is likely associated with the

CNC coating process using the GF rovings as opposed

to individual GF, in which GF-GF meniscus forma-

tion within GF rovings during drying would cause

deposition variations. In addition, deformation of the

CNC coating would occur when separating GF from

other GF within the GF roving.

The implications of these observations are that al-

though GF rovings are used in the coating process,

the CNC suspension can penetrate the GF rovings

and coat individual GF. The differences in the GF sur-

face roughness of individual GF may subsequently

alter the stress transfer efficiency at the GF/epoxy in-

terphase in SFF testing that uses individual GF, as

seen in Section 3.2, but it is unclear to what extent,

roughness will influence the results of the compos-

ites testing where much larger-sized chopped GF

rovings are used.

3.2. Interfacial properties

Figure 2a shows an optical image of a post-tested

SFF 0.5S-GF test coupon with three fracture events

along the GF, where the distance between each frac-

ture represents an individual fiber fragment length.

The average fiber critical length (= 4l
–
/3, where  is

the average of several individual fiber fragment

lengths), and the calculated IFSS, as a function of
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CNC coating concentration on the GF surface are

shown in Figure 2b. Changes in both the IFSS and

fiber critical length when the GF are coated indicate

that the load transfer across the GF/CNC/epoxy in-

terphase has been modified. Possible mechanism are

mechanical interlocking between the GF and epoxy

due to the increased GF surface roughness and cor-

responding increased surface area, as well as differ-

ent chemical affinity as a result of the GF having a

CNC coating. There appears to be an optimum con-

dition i.e. 1S-GF for which the IFSS reaches a max-

imum, that corresponds to ~69% increase compared

to that of the uncoated GF/epoxy specimen. As the

concentration of CNC suspension increases, i.e. for

1.5S-GF, 2S-GF, 3S-GF, and 5S-GF SFF cases, there

is a reduction in IFSS. The lower IFSS suggest that
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Figure 1. Polarized micrographs (polarized light of 95°) of chopped GF rovings, (a) uncoated, and (b) coated 1.5S-GF; SEM

images of single GF coated with CNC (c) 0 wt%, (d) 1 wt % and (e) 5 wt% suspensions



the CNC coatings have reduced the stress transfer

efficiency at the GF/CNC/epoxy interphase. A few

mechanisms are plausible, which can be based on

the quality of the CNC coating and associated inter-

facial defects. As shown in Figure 1e, 5S-GF tend to

have rougher surfaces and other defects within the

CNC coating, e.g. formation of CNC multilayer that

can potentially result in slippage of CNC with re-

spect to each other and reduction of the stress trans-

fer efficiency.

There were various fracture modes observed for the

specimens with different CNC coating contents, sug-

gesting that there is a change in the interfacial prop-

erties at the GF-epoxy interface caused by the CNC

coatings. According to Mullin and Mazzio [30], frac-

ture modes in single fiber fragmentation tests can be

categorized to three modes based on the fiber/matrix

level of adhesion; mode i: following the fiber break,

a disk shaped matrix crack occurs as a result of nor-

mal stresses, shown in Figure 3a, suggesting a strong

interface; mode ii: following the fiber break, a dou-

ble cone-shaped matrix crack with 45° angle occurs

as a result of shear stresses, shown in Figure 3b, re-

ferring to a type of interface in which the matrix

shear strength is lower than its tensile strength; and

mode iii: fiber break is instantly followed by a lim-

ited interfacial debonding due to shear stress, shown

in Figure 3c, implying a weak interface type. The

debonded interface cannot transfer any load from

matrix to the fiber and the length of debonding can

be used as an indicator of fiber stress and interfacial

energy [31]. For epoxies, concurrent disk-shaped and

cone-shaped matrix cracks formed at the fiber ends

are commonly seen. In the current study, combined

fracture modes i and ii along with few cracks of

mode iii were observed for the GF and 0.5S-GF sam-

ples, as shown in Figure 4a–c. The fracture mode for

1S-GF, 1.5S-GF, 2-S-GF, and 3S-GF SFF samples

were combined modes i and ii, shown in Figure 4d,

4e, suggesting a stronger interfacial bonding com-

pared to uncoated-GF/epoxy samples. The fracture

modes for 5S-GF samples were mode ii and

mode iii; however, it was observed that the debond-

ed areas increased compared to that of uncoated

GF/epoxy samples implying a weaker interface and

a lower IFSS value, as seen in Figure 2.

3.3. Specific density, CNC content and

thermal stability

GF/epoxy composites were made using the follow-

ing chopped GF rovings: GF, 0.5S-GF, 1S-GF, 1.5S-

GF and 2S-GF. The density for all these composites

was found to be 1.3±0.03 g/cm3, delineating that the

CNC coatings did not significantly increase the com-

posite weight and is consistent with the small CNC

wt% deposited on the GF.

The CNC wt% within chopped GF rovings as well

as within the composites was correlated with the

CNC suspension concentration used in the coating
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Figure 2. SFF results: (a) Polarized light micrograph of a

single GF coated with 0.5CNC-GF (polarized light

80°) embedded in epoxy showing representative

critical fragmentation length, (b) Interfacial shear

strength (solid gray bars) and critical fragmenta-

tion length (striped red bars) for composites as a

function of CNC suspension concentration. Error

bars are 1 standard deviation.

Figure 3. Three modes of fracture in matrix in single fiber

fragmentation test; (a) mode i: disk-shaped frac-

ture of matrix referring to strong interface,

(b) mode ii: double-cone matrix fracture suggest-

ing a matrix with a low shear strength, and

(c) mode iii: debonding of fiber and matrix infer-

ring a weak interface



process as shown in Figure 5. The uncoated GF used

as the baseline for determining the CNC wt% on the

coated GF. The CNC content on the GF surface in-

creased from 0.44±0.07 to 3.58±0.02 wt% for 0.5

and 5 CNC wt% suspensions, respectively. It is noted

that the CNC wt% on the GF surface is not increas-

ing linearly with the CNC suspension concentration

used in coating process, e.g. the CNC content on the

GF coated with 1 CNC wt% solution is not twice of

that of the GF coated with 0.5 CNC wt%.

The thermal stability of the CNC-coated GF is also

plotted in Figure 5. The onset temperature of thermal

degradation of the neat CNC was 234.23±0.67 °C.

All the coated-GF degraded above this temperature

(lower bound). The onset temperature of thermal

degradation decreased with the increase in the CNC

content on the GF which was expected as it should

reach the lower bound with the increase in the CNC

content.

3.4. Fracture surface morphology

The fracture surface of the composites failed in the

tensile testing was studied using a FE-SEM. As shown

in Figure 6a, 6b, the main failure mechanism for un-

coated GF epoxy composites was interfacial debond-

ing as indicated by the clean pulled-out fibers devoid

of the matrix, suggesting weak fiber-matrix adhe-

sion. In contrast, the failure mechanisms for CNC-

coated GF epoxy composites were concurrent matrix

cracking, fiber breakage and interfacial debonding,

shown in Figure 6c, 6d, implying an improvement

in the interfacial bonding as a result of CNC coating.

Also, matrix residues on the pulled-out fibers (Fig-

ure 6d) and a rough fracture surface for both 1S-

30GF/epoxy and 2S-30GF/epoxy composites com-

pared to the smooth fracture surface for the uncoated

GF/epoxy composites suggest a better adhesion be-

tween fiber and matrix.
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Figure 4. Optical polarized light micrographs of SFF speci-

mens after tensile test showing fracture events at

the GF: (a) GF/epoxy (polarized light of 75°),

(b) 0.5S-GF (polarized light 120°), (c) 0.5S-GF

(polarized light 80°), (d) 1S-GF (polarized light

90) and (e) 2S-GF (polarized light 75°)

Figure 5. CNC suspension concentration on the GF and com-

posites and onset temperature of thermal degrada-

tion for CNC-coated GF as a function of CNC con-

centration in the aqueous solution. Error bars are

1 standard deviation



3.5. Tensile and flexural properties

The effect of the CNC content on the tensile and

flexural properties of CNC coated GF/epoxy com-

posites are plotted in Figure 7. The incorporation of

CNC as a coating to GF enhances the elastic modulus

by ~10% for 1S-30GF/epoxy and 1.5S-30GF/epoxy

composites with respect to that of uncoated

GF/epoxy. This may be a result of the increase in the

stiffness of the GF/epoxy interphase due to presence

of CNC as according to Hashin [32], for an imper-

fect interface (i.e. displacement discontinuity across

the interface) an interfacial stiffness parameter can

be defined where a higher value of this parameter

suggests a faster rate of stress transfer across the

fiber/matrix interface and thus a higher modulus for

the composite [33]. Although this hypothesis could

not be validated in this study, Gao and Mäder [34]

showed how increases in the apparent modulus at the

GF/epoxy interphase resulted in increase in the com-

posite macroscopic modulus, which can be qualita-

tively linked to the current study where enhancement

in the apparent modulus of the GF/epoxy interphase

resulted in higher macroscopic modulus of the com-

posites. In addition, the tensile strength increased for

1S-30GF/epoxy (~10%) and 1.5S-30GF/ epoxy com-

posites with respect to that of 30GF/ epoxy compos-

ites. This increase reflects the higher IFSS (see Fig-

ure 2) inferring stronger interfacial interactions and

better stress transfer across the fiber/CNC/epoxy in-

terphase as also reported elsewhere [35]. The tensile

strength of the 2S-30GF/epoxy composite was ~12%

lower despite having higher IFSS compared to that

of 30GF/epoxy. This may be due to various mecha-

nisms including void formation within and around

the GF rovings as a result of incomplete infiltration

of the epoxy within the coated GF rovings and

breaking of the CNC coating as it becomes more

brittle with increase of its thickness. The strain at

break had a trend similar to that of the strength,

where the strain at break in 1S-30GF/epoxy and
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Figure 6. SEM images for fracture surface of different epoxy composites; (a) and (b) uncoated 30GF/epoxy, (c) 1S-30GF/

epoxy, (d) 2S-30GF/epoxy



1.5S-30GF/epoxy composites increased by ~14 and

~10% while that of 2S-30GF/epoxy decreased com-

pared to uncoated 30GF/epoxy composites.

For composites made with 1S-GF and 1.5S-GF, the

flexural modulus and strength increased by ~40 and

~42%, respectively, with respect to those of uncoat-

ed 30GF/epoxy composites indicating better adhe-

sion between the glass fiber and epoxy due to higher

IFSS, and stress transfer at a faster rate as discussed

above. The strain at break follows similar trend to

that of axial strain, where it increased by ~10% for

1S-30GF/epoxy.

It is noted that the enhancement in flexural proper-

ties was larger than the enhancement in tensile prop-

erties at the same CNC content. The differences in

elastic moduli and strengths may result from the dif-

ference in tensile and flexural moduli of the epoxy

resin. In most epoxy systems, the tensile modulus is

higher than the flexural modulus while the tensile

strength is lower than the flexural strength (e.g. report

by Kinsella et al. [36]). In addition, for the strength

and the strain at break, a different mechanism may

be at play since these properties are typically domi-

nated by defects within the composite. For materials

with defect mediated failure, strength and strain at

break properties will be dependent on the number of

defects, their size, where they are located with re-

spect to the high stressed portions of the sample and

volume subjected to the highest tensile stress. For the

samples used in tensile and flexural testing, it is like-

ly that the defect numbers and size distributions are

similar in all samples tested; however, in the tensile

coupons, all the material in the gauge portion expe-

riences the maximum stress as compared to the to

the flexural sample configuration in which only the

outer surfaces of specimen are subjected to the max-

imum stress. With this in mind, for the tensile test-

ing, there is higher probability that a larger number

of defects is located in the high tensile stressed por-

tions of the sample and because of this, a lower ap-

plied load would be needed to induce fracture. More-

over, the larger enhancement of the flexural properties

compared to the enhancement of the tensile properties

can be due to the fact that the glass fibers are ran-

domly oriented in plane so that in tensile loading only

a portion of their length along the direction of the

applied load will bear loading. In case of the three-

point bending, the load direction is out of plane and

all the fibers (across the whole length) are available

to take up load and therefore enhancement in the

flexural properties would be higher.

3.6. Dynamic thermo-mechanical properties

The dynamic thermo-mechanical properties of the

composites below and above Tg are presented in

Table 1. At 25°C, the incorporation of CNC as a coat-

ing to GF rovings was shown to enhance the storage

modulus (E') for the 1S-30GF/epoxy and 1.5S-30GF/

epoxy composites, but lower the storage modulus for

2S-30GF/epoxy composites, as compared to that of

30GF/epoxy composites. The increase in the storage

modulus at 25°C can be attributed to the stiffening

of the GF/CNC/matrix interphase due to presence of

CNC particles, as discussed in Section 3.5. Although

the average value of the rubbery moduli (Er: the stor-

age modulus above Tg) measured at 90 °C for the

composites containing CNC-coated GF were lower

than that of the composite incorporating uncoated

GF, due to the large standard deviation in measured

properties, it was concluded that coating of the GF

with CNC did not impact the rubbery modulus. Stud-

ies have shown that addition of CNC in the epoxy

increased the rubbery modulus due to the formation

of a network of mechanically percolated CNC [16,

18, 21]. However, it is expected that CNC on the sur-

face of the GF do not form a percolated network
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Figure 7. Effect of the CNC content (wt% in composite) in

CNC-coated 30GF/epoxy composites on tensile

and flexural properties. Error bars are 1 standard

deviation



within the polymer matrix. Hence, CNC cannot

strongly impact the polymer chain segmental motion

and consequently, the rubbery modulus. Presence of

CNC has no effect on the tanδ and the glass transi-

tion temperature (Tg).

4. Conclusions

This study demonstrated that introducing a small

amount of CNC in the form of a coating on GF can

enhance the IFSS and mechanical properties of short

GF/epoxy composites without increasing the weight.

The proposed mechanism for altering the composite

properties is the improvement of the interfacial ad-

hesion and stress transfer ability and rate across the

GF/epoxy interphase due to the CNC coating. Single

fiber fragmentation tests showed that coating of GF

up to 1.96 wt% (coated in 3 wt% aqueous CNC sus-

pension) was able to increase IFSS; however, the high-

est increase in IFSS (by 69%) was achieved for CNC

coating of 0.55 wt% (coated in CNC 1 wt% aqueous

CNC suspension). The CNC-GF/epoxy composites

produced using CNC coated chopped GF roving

showed increases in tensile and flexural properties,

which were attributed to the increase in IFSS asso-

ciated with the application of the GF coatings. The

greatest improvement in properties occurred when

CNC coating on GF rovings equal to 0.17 wt% of

composite was used. Specifically, the tensile elastic

modulus and strength by ~10%, tensile strain at

break by ~14%, the flexural modulus and strength

by ~40% and flexural strain at break by ~10%. It is

noted that the CNC coating did not significantly alter

the rubbery modulus, Tg and tanδ. The results high-

light that the use of CNC coatings on GF, is a possi-

ble approach for enhancing the mechanical proper-

ties of GF/epoxy composites with no weight penalty.
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1. Introduction

Recent studies have focused on the fabrication of
electrospun (e-spun) nanofibers from solution blends
of various polymers and/or polymer nanocompos-
ites as binary multifunctional matrix/partner poly-
mer systems [1–7]. Polymer nanofibers fabricated by
electrospinning method have great importance be-
cause of their unique properties, i.e. high surface
area-to-volume ratio, nanoscale fiber diameter and
nanoporous surface morphology [8, 9].

Water-soluble poly(vinyl alcohol) (PVA) has impor-
tant chemical and physical properties such as film-
and fiber forming, emulsifying, surfactant and adhe-
sion. PVA containing intra- and internal hydrogen
bonding hydroxyl groups easily forms network and
branched structures when it reacts with other func-
tional polymers and compounds. It is also used to
fabricate unique nanofiber compositions as a matrix
polymer [10, 11]. Some properties of polymers such
as thermal, mechanical, and optical properties are
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significantly improved by adding an organoclay
into a polymeric matrix [12, 13].
Due to their unique properties, homo- and co- poly-
mers of N-vinyl-2-pyrrolidone (VP) have attracted
considerable academic and industrial interest [14,
15]. Poly(N-vinylpyrrolidone) (PVP) receives spe-
cial attention among the conjugated polymers due
to its good environmental stability, easy process-
ability and moderate electrical conductivity. The re-
active pyrrolidone group of PVP easily forms com-
plexes with many inorganic salts, synthetic or natural
functional polymers, biomolecules and biomacro-
molecules. To synthesize alternating copolymers of
VP with maleic anhydride (MA), the solution homo-
geneous or heterogeneous radical copolymerization
is usually used by using various solvents such as ben-
zene, toluene [16], and 1.4dioxane [17]. In our previ-
ous study [18], poly(N-vinylpyrrolidone-alt-maleic
anhydride) (poly(VP-alt-MA)) was easily dissolved
in water. This dissolution process was accompanied
by the full hydrolysis of anhydride units and given
rise to the formation of strong hydrogen bonding in-
termolecular fragments.
Conductivity and thermal resistance properties of
solid polymer electrolytes can be improved with
chemical cross-linking, grafting, graft copolymer-
ization, functionalization of the polymer backbone
and side-chains, polymer-polymer interactions and
blending with other polymers and doping agents.
PVA and PVP-based solid polymer electrolytes are
potential materials exhibiting good charge storage
capacity and dopant dependent electrical and opti-
cal properties. The conductivity of neat PVA nano -
fibers was reported to be 1.25·10–15 S·cm–1 [19] com-
pared with that of PVP (7.42·10–8 S·cm–1) [20]. Hatta
et al. [21] observed that solvent casting PVA/PVP
thin-film solid electrolytes with a composition of
80% of PVA and 20% of PVP (v/v) exhibited the
highest conductivity (2.2·10–7 S·cm–1). The con-
ductivity of this system enhanced to 1.5·10–4 S·cm–1

when KOH (40%) was added. According to Inzelt
et al. [22] conductivity of functional polymer sys-
tems depend on degree of chemical charges (such as
dimerization, cross-linking, and ion-pair formation)
and structural properties of chosen polymer systems,
i.e. chain-segmental motions, changes in surface mor-
phology and slow relaxation. In a study, Rajeswari
et al. [23] prepared solvent casting polymer blend
electrolytes with different concentrations of PVA
and PVP. Maximum conductivity was found

1.58·10–6 S·cm–1 at room temperature for 70PVA:
30PVP (v/v) ratio without any doping agents. The
authors also found that the conductivity increased
to 5.49·10–5 S·cm–1 with increasing medium temper-
ature to 100°C.
Besides their electrical conductivities, ionic conduc-
tivity of polymer electrolytes is fundamentally due
to the covalent bonding between the polymer back-
bones with the ionizing groups. The electron donor
group in the polymer generates dissolution to the
cation constituent in dopant salt and then facilitates
ion separation, causing ionic hopping mechanism.
Thus, it generates the ionic conductivity. Novel ionic
conductive e-spun PVA-chitosan nanofiber mem-
branes were successfully fabricated using ionic liq-
uids by Datta et al. [24].  Laforgue et al. [25] investi-
gated ionic conductivity of Nafion-PVA and Nafion-
poly (ethylene oxide). nanofibers and found that
Nafion-PVA mats were found to be more conduc-
tive than the Nafion-PEO ones. Ionic conductivities
of different polymer systems were also investigated
by many researches [26–28].
Recently, many efforts have focused on the design
and fabrication of polymer/metal nanoparticle (like
silver) complexes due to their remarkable electronic,
magnetic, catalytic, thermal and optical properties
[29]. Basic principle for the fabrication of silver
nanoparticles (AgNPs) involves the reduction of
metal salts like silver nitrate (AgNO3) in an appro-
priate medium using various reducing agents and sur-
factants to produce colloidal suspensions integrated
by nanoparticles [29–32]. Unlike elemental silver, sil-
ver salts easily dissolve in water, and they increase
the rate of Ag+ ion formation over that from elemen-
tal silver. Hong et al. [33] prepared PVA nanofibers
by electrospinning of PVA/AgNO3 (1%, w/w) aque-
ous solutions, followed by short heat treatment.
Nguyen et al. [34] successfully synthesized PVA
nanofibers containing AgNPs (2% w/w) through a
combination of microwave irradiation and electro-
spinning. Several studies showed that electrical and
ionic conductivity of polymer electrolytes improved
in the presence of silver salts [35–38]. PVP has also
attracted a great deal of attention as a polymer that
can stabilize in situ generated Ag nanoparticles [39,
40]. In situ formation of Ag-nanoparticles during
electrospinning process of polymer-layered silicate
nanocomposites and the formation of cross-linking
fiber structures as colloidal electrolytes via phase
separation processing have been scarcely investi-
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gated in the presence of reactive alternating copoly-
mer of VP.
One goal of this work was to develop synthetic path-
ways for the fabrication of novel polymeric fiber-
based electro-active nanostructures with unique self-
assembled electron transfer sites via electrospinning
nanotechnology. PVA, PVP and poly(VP-alt-MA)
based multifunctional matrix/partner polymer sys-
tems incorporated with an organoclay and AgNPs
were fabricated and characterized. Another aim of
this work was to evaluate effects of structural factors,
origin and fraction of partner polymers, organoclay
and in situ generated AgNPs on surface morpholo-
gy and conductivity properties of nanofiber films.
This work described physical and covalent function-
alisation of octadecyl amine intercalated MMT clay
via complexing with functional polymers (PVA,
PVP) and AgNPs, and chemical cross-linking and
amidization reactions of poly(VP-alt-MA) as reac-
tive copolymer with octadecyl amine. All these in situ

interactions occurred in the silicate layered region.
Intercalated octadecyl amine as reactive surfactant
and effective compatibilizer and reactive copolymer
with alternating structures played important role in
the functionalization of nanofiber composites (NFCs)
before (dispersing solutions) and during electro-
spinning process to fabricate NFCs as electro-active
nanofiber platforms. The developed approach may
open up new possibilities to fabricate novel electri-
cally conductive nanomaterials and devices for var-
ious engineering, electronic and nanotechnology
applications.

2. Experimental

2.1. Materials

PVA (87–89% hydrolyzed, weight average molecu-
lar weight (Mw = 31000–51000 g/mol), poly(N-2-
vinylpyrrolidone) (Bioshop-PVP504, high purity
grade, average Mw = 40000 Da), ODA-MMT (con-
tent of ODA surfactant-intercalant 25–30%, particle
size of 8–10 µm, bulk density of 0.41 g/cm3 and
crystallinity of 52.8% (by, X-ray Diffraction), and
silver nitrate (AgNO3, 99.995%, m.p. 202 °C with
decomposition, (density) d = 4.35 g/cm3) were pur-
chased from Sigma-Aldrich (Germany). N-vinyl-2-
pyrrolidone (VP, Fluka, Germany) was purified by
distillation under moderate vacuum. Maleic anhy-
dride (MA, Aldrich, Germany) was purified by re-
crystallization from anhydrous benzene solution
and sublimation in vacuum. Azobisisobutyronitrile

(AIBN, Fluka, Germany) as a radical initiator was
recrystallized twice from methanol. All other solvents
and reagents were analytical grade and used without
purification. Chemical structures, compositions and
assignments of the materials used in electrospin-
ning are given in Table 1.

2.2. Synthetic procedures

Alternating partner copolymer of VP with MA
(poly(VP-alt-MA) was prepared by radical-initiat-
ed copolymerization in the presence of AIBN as an
initiator. The copolymerization was carried out in
1,4-dioxane solution into glass tube type micro re-
actor by using molar (1:1) monomer mixture under
nitrogen flow at 65°C. The copolymer was isolated
from the resultant mixture, purified by twice precip-
itation in the presence of 1.4-dioxane solution with
diethyl ether, and washed with benzene. After the
last extraction by diethyl ether, the copolymer was
isolated via centrifugation and dried at 40°C under
moderate vacuum to arrive constant weight. Syn-
thesized poly(VP-alt-MA) had the following aver-
age characteristics: acid number of 460 mg KOH/g
(by alkaline titration); nitrogen content of N =
7.15 mass% (by elemental analysis); molar monomer
unit ratio of m1 (VP)/m2 (MA) = 1.12 (m1 and m2

are relative amounts of VP and MA (in mol) in the
copolymer, respectively); intrinsic viscosity of [ƞ]in =
0.79 dL/g in deionized water at 25°C; glass transi-
tion temperature of Tg = 159,8 °C (by DSC); and
1H-NMR spectra (in CHCl3-d1), δ (ppm): 1.30–1.83
CH2 (backbone), 3.56–3.95 CH (CH–N backbone),
1.83–2.33 CH2 and 2.95–3.54 2CH2 (pyrrolidone
ring) for VP unit and 4.08–4.45 CH (backbone) for
anhydride unit.
PVA + ODA-MMT (3,5 mass%) nanocomposite as a
matrix polymer was prepared by dispersed solution
intercalating of PVA polymer chains between organ-
oclay galleries in pure water medium under inten-
sive mixing up to the formation of dispersed homo-
geneous viscous product at 40 °C for 3 h. Water
solutions of PVP (homopolymer) + ODA-MMT
(5 mass%) and alternating copolymer poly(VP-alt-
MA) + ODA-MMT (5 mass%) as an intercalated
partner nanocomposite were prepared by using a
similar procedure. Matrix/partner polymer/AgNO3

complexes were prepared by the addition of powder
AgNO3 (1 mass%) to the corresponding polymer so-
lution and each complex was additionally mixed at
room temperature for 1 h.
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Table 1. Chemical structures, compositions and assignments of the materials used in electrospinning

Materials composition Chemical structure Assignments

PVA
60 and 80 mass%

reactive matrix polymer

PVP homopolymer
40 and 20 mass%

non-reactive partner polymer-1

Poly(VP-alt-MA) copolymer
40 and 20 mass%

alternating copolymer as a
reactive partner polymer-2

Ag-carrying PVP complex 
in pure water solution

40 and 20 mass%
partner polymer-3

Ag-carrying poly(VP-alt-MA) copolymer
complex in pure water solution, 

40 and 20 mass%
reactive partner polymer-4 

ODA-MMT clay
3.5 and 5.0 mas %

reactive organoclay-nanofiller

Intercalated 
PVA + ODA-MMT nanocomposite, 

60 and 80 mass%
matrix nanocomposite

Intercalated 
PVP + ODA-MMT (3.5 mass%) 
nanocomposite 40 and 20 mass%

partner polymer 
nanocomposite-1

Intercalated 
Poly(VP-alt-MA) + ODA-MMT(5 mass%)

nanocomposite 40 and 20 mass%

partner copolymer 
nanocomposite-2



2.3. Fabrication of nanofiber electrolytes

Solution blends of matrix/partner polymer compos-
ites with various volume ratios in the presence and
absence of silver precursor were used to fabricate
polymer electrolytes with nanofiber structures by
electrospinning method. Electrospinning parame-
ters such as polymer concentration, applied voltage,
tip-to-collector distance, and flow rate were opti-
mized for each series of nanofiber composites. Ran-
domly oriented nanofibers were obtained by col-
lecting fibers onto an aluminum foil fixed on sta-
tionary collector. First series of e-spun nanofibers
was fabricated from PVA + ODA-MMT/PVP +
ODA-MMT as a matrix/partner polymer composite
system and its Ag-carrying composition. For sec-
ond series of nanofibers, poly(VP-alt-MA) copoly-
mer + ODA-MMT as a partner polymer was used.
Table 2 presents the composition of matrix/partner
polymers, their abbreviations, and optimized elec-
trospinning conditions.

Characterization and methods

The Fourier transfer infrared (FT-IR) spectra were
recorded on a FT-IR Nicolet 510 spectrometer in the
range of 4000–400 cm–1 with a resolution of 4 cm–1.
XRD tests were performed with a PANANALYTI-
CAL X-ray diffractometer equipped with a CuKα

tube and Ni filter (λ = 1.5406 Å). The XRD diffrac-
tograms were measured at the angle of reflection in
the range 1–70°. XRD data were analyzed using the
DIFFRAC-Plus EVA and High Score Plus (particle
size) programs, and the patterns were identified
using the ICDD PDFMaint computer reference
database.
Surface morphology of nanofibers was examined by
using a Field Emission Scanning Electron Micro-

scope (FESEM, ZEISS SUPRA 40). All specimens
were freeze-dried and coated with a thin layer of
platinum before testing. Average diameters of fibers
were calculated from SEM images of minimum a
hundred individual fibers by using ImageJ software
(NIH, Bethesda, MD) for each sample. The formation
of AgNPs in fibers was visualized by a high con-
trast transmission electron microscope (CTEM, FEI
Tecnai G2 Spirit BioTwin). Energy-dispersive X-ray
spectroscopy (EDX) analysis was used to investi-
gate the formation of AgNPs on fiber surfaces.
Thermo gravimetric (TGA) and differential scan-
ning calorimetric (DSC) analyses were performed
by using EXTRAR600 TG-DTA6300 and Diamond
DSC Perkin Elmer Thermal Analyzers at a linear
heating rate of 10°C/min under nitrogen flow. Sam-
ples were measured in a sealed alumina pan with a
mass of about 10 mg. The thermal degradation tem-
perature taking into account was the temperature at
onset (Tonset) and the temperature at maximum
weight loss (Td (max)).
Electrical conductivity and thermal resistance of
nanofiber samples as solid/colloidal electrolytes
were measured by using a test chamber (JANIS VPF
100 cryostat). Current through thin fiber film was
recorded with a Keithley 2400 current-voltage meas-
urement system. Square-shaped samples (0.25 cm2)
with four contact points at the corners were pre-
pared to carry out conductivity measurements which
were done according to the van der Pauw method.
Experiments were conducted in temperature range
of 20–50°C with 1 °C steps (Keithley 6487 Picoam-
meter/Voltage source) and pressure range of 50–
800 Torr (6.67 to 106.7 kPa). Sample temperature
was monitored regularly by using a Pt 100 sensor
close to the sample and measured with Lakeshore
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Table 2. Compositions of matrix/partner polymer, their abbreviations, and electrospinning conditions
PVA (9%, w/v) + ODA-MMT (3.5%, w/w)/PVP (9%, w/v) + ODA-MMT (5%, w/w)

[Matrix/partner]

Matrix/partner ratio

(v/v)
Abbreviation Electrospinning conditions

(6/4) NFC-1 23.5 kV; 0.7 mL/h; 17 cm

(8/2) NFC-2 23.5 kV; 0.7 mL/h; 15 cm

(8/2)+AgNO3 (1%, w/w) NFC-2/AgNPs 28 kV; 0.5 mL/h; 17 cm

PVA (9%, w/v) + ODA-MMT (3.5%, w/w)/poly(VP-alt-MA) (9%, w/v) + ODA-MMT (5%, w/w)

[Matrix/partner]

Matrix/partner ratio

(v/v)
Abbreviation Electrospinning conditions

(6/4) NFC-3 23 kV; 0.7 mL/h; 15 cm

(8/2) NFC-4 21 kV; 0.7 mL/h; 15 cm

(8/2) + AgNO3 (1%, w/w) NFC-4/AgNPs 23.5 kV; 0.7 mL/h; 17 cm



model 331-temperature controller with sensitivity
of ±0.1 °C. All measurements were performed with
a PC through a GPIB converter card.

3. Results and discussion

3.1. Synthetic pathways

The matrix nanocomposite was fabricated by inter-
calating of PVA between ODA-MMT organoclay
tetragonal 1:2 layers through –OH…NH2– complex
formation of hydroxyl groups of PVA with primary
amine groups of octadecylamine surfactant-inter-
calant. First intercalated partner nanocomposite
(PVP + ODA-MMT) was prepared through physi-
cal interaction (–C=O…NH2– complex-formation)
of carbonyl/amine groups of PVP (pyrrolidone unit)
and ODA-MMT (amine), respectively. Second part-
ner copolymer nanocomposite, poly(VP-alt-MA) +
ODA-MMT, was synthesized under similar interca-
lating conditions. In order to obtain Ag-carrying
matrix/partner nanocomposite complex, certain
amount of AgNO3 was added to solution of ma-
trix/partners nanocomposite and the resultant mix-
ture was additionally mixed for 1 hour. To fabricate
e-spun nanofibers, various solution blends of ma-
trix/partner polymer nanocomposites at different ra-
tios (10/0, 8/2 and 6/4 v/v) were used.

Synthetic pathways of nanocomposite nanofibers and
chemistry of polymer-polymer covalent crosslink-
ing are schematically represented in Figure 1. Mix-
ing of matrix and partner polymer nanocomposite so-
lutions in water and then the fabrication of nano -
fibers from different solution blends by electrospin-
ning was accompanied by various interfacial inter-
actions between functional groups of both polymer
nanocomposites and organoclay, most likely via hy-
droxyl-amine, hydroxyl-amide, carbonyl-hydroxyl
and carbonyl-amine hydrogen bonding, as well as sil-
ver cation-electrondonor functional groups. In the
presence of homopolymer in PVP + ODA-MMT
nanocomposite as a partner polymer, in situ physical
interfacial interactions between functional groups of
matrix (–OH and –C=O ester) and partner (–NH–C=O
amide from pyrrolidone ring) polymers, organic oc-
tadecyl amine fractions, and ionized species from
MMT clay were predominantly realized.
Number of physical interactions increased in the
presence of poly(VP-alt-MA) + ODA-MMT as a
partner copolymer due to additional presence of reac-
tive anhydride –C=O and carboxyl –COOH groups.
Moreover, these reactive groups provided effective
grafting (amidization of anhydride unit with octade-
cyl amine) and covalent cross-linking (esterification
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Figure 1. a) The synthetic pathways to fabricate nanocomposites and nanofibers, b) chemistry of covalent cross-linking ma-
trix and partner polymer chains via ring-opening esterification: (I) Ag-carrying polymer complex, (II) cross-
linked structure and (III) in situ generated AgNPs onto polymer chains



of anhydride unit with hydroxyl group of matrix
polymer) between matrix-partner polymer chains.
The observed covalent in situ interactions were im-
portant structural factors to enhance the stable ion
charged sites. Therefore the electrical conductivity of
nanofiber structures significantly increased. Polymer-
polymer, polymer-organoclay and polymer-silver
forces altered the hydrophilic/hydrophobic balance
and controlled the phase separation process, result-
ing in the formation of fiber webs with unique dis-
tributed cross-section fibrous morphology. Further-
more, the phase separation process also accelerated
significantly with the addition of silver ions through
the formation of stable complexes with anion active
functional groups as ion transfer sites onto matrix-
partner polymer chains. It was demonstrated that
the fabricated multifunctional electrolytes incorpo-
rated with organoclay and AgNPs exhibited unique
dispersed silver nanoparticles onto fiber surface.
Silver cations turned into in situ generated AgNPs
without the use of dominated annealing and UV-ir-
radiation procedures throughout phase separation
processing during electrospinning. This observation
can be described as a simple and effective method to
prepare AgNPs during electrospinning processing.

3.2. Chemical structures of nanofiber

composites

Figure 2 shows the IR spectra of the fabricated poly-
mer nanofiber electrolytes. Broad absorption bands
around 3314–3293 cm–1 in spectra of all fiber com-
positions were associated with hydrogen-bonded
OH and NH2 stretching from PVA and octadecyl
amine chains. Visible shift of this peak to the lower
frequency region (NFC-2/AgNPs) can be explained
by the increase of hydrogen bonding and complex-
formation with AgNPs. Weak C–O–H band appeared
around 1320 cm–1. These observations successfully
confirmed the formation of cross-linking structure
via ring-opening inter-macromolecular esterifica-
tion of maleic anhydride/carboxyl groups with hy-
droxyl groups of matrix PVA chains during electro-
spinning. Pyrrolidone unit (secondary amide) of
partner PVP polymer was characterized with the
following bands: C=O stretching around 1732 cm–1

for amide-I band, NH stretching around 1654 cm–1

for amide-II band, and C‒N stretching between
1421–1426 cm–1 for amide-III band. NH2 deforma-
tion and wagging bands between 848–855 cm–1 and

at 1495 cm–1 can be attributed to octadecyl amine
complex from ODA-MMT clay, and peak around
740 cm–1 can be related to –CH2– rocking band in
an octadecyl chain. C–H stretching bands around
2918 cm–1 were related to CH, CH2 and CH3 groups
from octadecyl group and backbone chains, and
their bending bands appeared at 1471 and 1374 cm–1.
Characteristic broad peaks between 1255–1272 cm–1

and around 1090 cm–1 were due to C–O and C–O–C
absorption bands from carboxyl and ester carboxy-
late groups, respectively. Silicate band appeared at
1029 cm–1 (Si–O–Si). The following absorption
bands were observed in FTIR spectra of nanofiber
composites containing poly(VP-alt-MA)+ODA-
MMT: Absence of characteristic absorption bands
from anhydride units of copolymer (1776 and
1840 cm–1) [41] in the carbonyl region of the
nanofiber’s spectra and appearance of C=O and C–
O–C bands from ester groups (1732 and 1087 cm–

1), and maleate ‒COOH (1716 and 1663 cm–1 for
C=O and 3312 cm–1 for hydrogen bonded OH in
carboxyl group) were observed.

3.3. Physical structures of nanofiber

composites

Physical structures of nanofibers were determined
by XRD method. Obtained XRD patterns and peak
reflection parameters are given in Figure 3. The
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Figure 2. FT-IR spectra of NFC-1, NFC-2, and NFC-2/
AgNPs nanofibers from PVA + ODA-MMT/PVP
+ ODA-MMT; and NFC-3, NFC-4, and NFC-4/
AgNPs nanofibers from PVA + ODA-MMT/poly
(VP-alt-MA) + ODA-MMT



well-known Scherrer equation (Equation (1)) was
used to calculate particle sizes (τsh, the mean thick-
ness) in fiber structures [42]:

(1)

where τ is the mean size of the ordered (crystalline)
domains, which may be smaller or equal to the
grain size; K is a Scherrer constant (Ksh of 0.89); λ
is the X-ray wavelength (λ = 1.5406 nm); β is the line
broadening at half the maximum intensity (FWHM),
after subtracting the instrumental line broadening,
in radians. The Bragg equation (Equation (2)) was
used to calculate the interlayer spacing (d):

(2)

where n is the order of reflection and 2θ is the angle
of reflection.

The figure shows polymer composites exhibited
semicrystalline structure since they contain crys-
talline and amorphous structure. Crystalline peaks
around 20° 2θ angle belonged to PVA, corresponding
to (110) reflection. The intensity of the XRD patterns
decreased since the amorphous nature of PVA in-
creased with the addition of PVP. The increase in the
amorphous nature of polymer electrolytes causes a re-
duction in the energy barrier to the segmental motion
of the polymer electrolyte resulting in high ionic
conductivity [23].
Pristine ODA/MMT clay exhibits a strong peak at
2θ = 4.45° with a distance (d-spacing) of 19.93 Å
(002) between two tetragonal layers and several
crystallite peaks related to the intermolecular interac-
tions of octadecyl amine and hydroxyl groups from
the clay structure via ‒Si–OH…NH2‒ hydrogen
bonding at edges [43]. The position of reflection peak
at 4.45° 2θ shifted to lower region (3.81 and 3.68°
2θ) with an increase in d-spacing from 19.93 Å
(002) to 23.17 and 23.96 Å for ODA-MMT (NFC-1
and NFC-2). This observation indicated the formation
of nanofibers with low degree of intercalation due to
the domination of the colloidal structures in NFCs.
The number of crystalline peaks increased with in-
corporating of AgNPs because of the formation of
the characteristic X-ray reflections from crystallinity
peaks in XRD patterns. The observed weak peaks at
2θ angles (38.4, 56.5 and 64.6°) can be related to the
(111), (200) and (220) planes of in situ generated
crystalline AgNPs [44]. These results indicated that
silver salts successfully turned into in situ generated
AgNPs during electrospinning process. Relatively
low crystallinity was observed in NFCs consisting
60–80 mass% of PVA compared with pristine PVA
polymer (around 30–50%) [45]. This fact can be ex-
plained by colloidal state of silicate region (broad
peak with higher amorphous area) in fiber composi-
tions and tendency of nanofibers to absorption and
swelling in applied aqueous medium. The presence
of microparticles with size of 2.172 µm confirmed
the above mention proposal.

3.4. Morphology of nanofiber electrolytes

The phase separation process during electrospin-
ning and properties of fabricated nanofibers strongly
depends on the applied electrospinning parameters,
matrix-partner polymer compatibility, chemical and
physical structural factors, and various interactions
such as hydrogen bonding, complex formation, and

cos
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Figure 3. XRD patterns and peak reflection parameters of
NFC-1, NFC-2, and NFC-2/AgNPs nanofibers

X-ray reflection parameters

Peak 2θ
D-spacing

[Å]
Intensity
(Counts)

FWHM
[°2θ]

Particle size
[Å]

NFC-1

1 3.81 23.175 100.00 0.444 115.68

2 10.09 8.765 35.58 0.933 96.60

3 19.55 4.537 28.74 0.090 14,260

NFC-2
4 3.68 23.963 40.16 0.090 21,720

5 19.89 4.459 100.00 0.948 73.835

NFC-2/

AgNPs

6 3.68 23.963 51.51 0.090 21,720

7 19.75 4.491 100.00 1.137 60.96

8 40.51 2.224 50.81 0.758 98.15

9 56.57 1.625 14.24 1.137 68.21



different chemical reactions between functional
groups of both polymers. Morphological character-
istics and diameters of nanofibers from NFC-1,
NFC-2, and NFC-2/AgNPs are given in Figure 4a–c.
It can be clearly seen that all fibers exhibit porous
surface morphology. Solvent evaporation happens
mainly from the surface of polymer jet. In addition,

the diffusion rate of solvent molecules from the core
to the surface is usually lower than that of the solvent
evaporation. The diffusion of water molecules from
the jet to the atmosphere changes the jet composition,
as well. Thus, the variation of the jet composition can
lead to the formation of heterogeneous regions
within the jet. We concluded that PVP molecules limit
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Figure 4. SEM morphology images and diameter distribution of a) NFC-1, b) NFC-2, and c) NFC-2/AgNPs, d) NFC-3,
e) NFC-4, and f) NFC-4/AgNPs nanofibers



the ability of the solution to fill the pores during
evaporation of the condensed moisture on the fibers
and result in a porous fiber. Whereas mean diameters
of the fibers were not affected significantly by fiber
composition, diameter distribution improved in the
presence of in situ generated AgNPs (Figure 4c). In
this system, silver salts easily transformed to nano-
particle form, which essentially accelerated the phase
separation process and improved the distribution and
size parameters of nanofibers. Silver salts into poly-
mer solution being ejected not only transformed eas-
ily into silver particles during fiber formation, but
also were well-dispersed onto the fiber surfaces due
to increase of the surface area of the fibers (white
points in Figure 4c).
Unlike PVP homopolymer containing nano-porous
nanofibers, the nanofibers containing reactive poly
(VP-alt-MA) copolymer had non-porous and smooth
surface morphology due to their covalent bonding
network structures which essentially prevented the
fast diffusion and elimination of water molecules
from inside area of fibers during electrospinning (Fig-
ure 4d–f). Fine surface morphology also indicated
that matrix and partner polymer show good compat-
ibility. In this composition, the mobility of PVA
chains in colloidal/amorphous region was restricted
by the presence of the covalent cross-linked frag-
ments in fiber structures. An increase in partner poly-
mer fraction essentially improved fiber diameter dis-
tribution and caused the formation of approximately

homogenous fiber size with maximum fraction of
82%. In situ generated AgNPs had significant effect
on the morphology and diameter distribution param-
eters of the fibers, as well (Figure 4f). When compar-
ing with the fibers fabricated without silver precursor
(Figure 4e), the diameter of NFC-4/AgNPs fibers not
only dramatically decreased from 315 to 244 nm, but
also their diameter distribution improved (Figure 4f).
TEM images reveal that AgNPs around 20–40 nm
were also successfully formed into the fiber structure
(Figure 5a). EDX analysis confirmed the formation
of AgNPs on the surfaces (Figure 5b).

3.5. Thermal behaviors of nanofiber

structures consisting poly(VP-alt-MA)

copolymer

Results of TGA and DTG analyses are given in Fig-
ure 6. The TGA-DTG curves of nanofiber film com-
posites showed two steps degradations: Td(max) =
330.3°C (first step), 437.1°C (second step), and total
weight loss = 81.31% for NFC-3 (Figure 7a);
Td(max) = 316.5°C (first step), 433.8°C (second step),
and total weight loss = 88.05% for NFC-4 (Fig-
ure 6b). NFC-4/AgNPs nanofiber composite was
also exhibited two-stage degradation with different
mechanism: 200.7 °C (first step), 324.2 °C (second
step), and total weight loss = 73.89% (Figure 6 c). An
increase in the fraction of partner copolymer from
20% to 40% increased thermal stability. NFC-4/
AgNPs also showed high thermal stability. High ther-
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Figure 5. TEM images of (a) NFC-2/AgNPs (Black points in red circles indicate AgNPs with nano-sizes around 20–40 nm)
and (b) EDX analysis of AgNPs



mal degradation parameters of poly(VP-alt-MA)
copolymer based NFCs (cross-linking structures)
were also confirmed by DSC analysis (data not
shown). DSC results indicated typical curves not in-
cluding any melting and/or glass-transition peak areas
from NFCs for the cross-linked polymer nanofiber
structures. The formation of several weak broad exo-
peaks in the curves of derivative of heat flow versus
temperature can be attributed to various chemical re-
actions formed in the applied isothermal conditions.
Thus, the organoclay and AgNPs incorporated PVA/
PVP and poly(VP-alt-MA) as matrix/partner poly-
mer nanocomposite complexes were formed in water
solution/dispersed medium due to the easy interac-
tion of silver cations with solvent molecules and reg-

ularly repeated free ‒COOH, ‒OH and pyrrolidone
NH–C=O groups from partner/matrix polymer chains,
as well as exchange reaction with clay cations.
These interactions which took place in the nano-
fiber structures with dominantly colloidal amor-
phous areas enhanced with multifunctional sites
easily realizing the charge transport process onto the
nanofiber surface after the elimination of highest
fraction of solvent molecules during electrospinnig.
Colloidal structure of nanofibers was due to partial-
ly swelling and water-absorption behaviors of ma-
trix PVA polymer and organoclay components in
the composites. This interpretation is in reasonable
agreement with well know Armand’s theory which
stated that ionic motion in salt-polymer complex
was not due to charges hopping from site to site, but
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Figure 6. TGA-DTG thermal degradation curves and ther-
mal stability of a) NFC-3, b) NFC-4, and c) NFC-4/
AgNPs (c) nanofibers consisting poly(VP-alt-
MA) copolymer

Figure 7. TGA-DTG thermal degradation curves and ther-
mal stability of a) NFC-1, b) NFC-2 and c) NFC-2/
AgNPs nanofibers consisting PVP homopolymer



also it was a continuous motion occurring in the
amorphous region of the polymeric material [46].

3.6. Thermal behaviors of nanofiber

structures consisting PVP (homopolymer)

Thermal analyses results of PVP containing fiber
samples are given in Figure 7. The comparative
analysis of TGA-DTG curves from Figure 6 and 7
shows that the thermal degradation parameters were
relatively higher in NFCs consisting reactive alternat-
ing copolymer as a cross-linker, and predominantly
chemical interactions occurred in isothermal growing
condition (Figure 6). Unlike this observation, thermal
degradation of NFCs consisting PVP (homopolymer)
proceeded by two step degradation mechanism with-
out any covalent interactions (Figure 7). Moreover,
multi-steps degradations were detected for NFC-2/
AgNPs. Both silver incorporated samples in struc-
turally different systems showed characteristic mid-
dle degradation peak at 152–200°C relating to de-
composition of silver contained complexion link-
ages.

3.7. Electrical properties of PVA nanofiber

composites with PVP homopolymer

nanocomposite and AgNPs

PVA is a low conducting polymer. However, PVP and
various hydrophilic functional copolymers of VP
contain ionizable functional groups and units, and
they may exhibit high electrical conductive proper-
ties. To improve the conductivity of PVA, many re-
searchers used functional polymers as conducting
partner polymers. Water solution blend of PVA/PVP
showed physical network structure due to hydrogen
bonding between –OH and –C=O groups from PVA
and PVP, respectively. The hydrogen bonds are also
formed between –OH (PVA) and Si–O (silanol of
MMT platelets) in PVAMMT clay aqueous suspen-
sion [47, 48]. This unique property improved poten-
tial applications of binary polymer systems com-
pared with homopolymers of PVA and PVP [49, 50].
Sengwa and Sankhla [50] synthesized PVA-PVP
blend-MMT clay nanocomposite films up to 10 wt%
clay loading by aqueous solution intercalation and
melt compounding. Their study revealed that the di-
electric constant values of these organic-inorganic
nano-composite films can be tuned by loading
MMT clay in the polymers matrix, which also im-
proved their physical and thermal properties. Here,
we presented a self-assembly approach to fabricate

polymer/organoclay nanofiber structures from the bi-
nary water solution blends of matrix polymer (PVA),
partner polymers (PVP, poly(VP-alt-MA), and Ag-
carrying matrix/partner nanocomposite complexes)
with colloidal dispersed octadecyl amine-MMT clay
sheets by green electrospinning nanotechnology. It
was proposed that the obtained self-assembled nano -
structures could be described as effective electrolyte
platforms with higher electrical conductivity, but with
lower thermal conductivity due to possible prevention
of the transport of thermal energy by interphase nano -
structure of clay sheets. To confirm this proposal, ef-
fects of composition, origin and fraction of the part-
ner polymers, the organoclay and in situ generated
AgNPs on the electrical conductivity properties of
nanofiber colloidal electrolytes at various tempera-
tures and pressures were investigated. Electrical con-
ductivity of nanofiber composite films was measured
by Equation (3) based on direct current conductivi-
ty (σdc) [51]:

(3)

where R is a resistance [Ω], d is a thickness [µm] and
A is a surface area (0.25 cm2) as a standard for each
testing sample.
Measurement of these parameters was carried out at
the different temperatures (22–50°C) and pressures
(around 50–800 Torr). Obtained results given in Fig-
ure 8 indicated that the fibers having different compo-
sitions (NFC-2, NFC-2/AgNPs and NFC-1) showed
higher electrical conductivity (1.04 10–9, 8·10–9 and
1.1·10–9 S·cm–1) at room temperature as compared
with conductivity of pristine PVA (1.25·10–15 S·cm–1)
[19] (Figure 8a–c). Incorporation of organoclay to
nanofiber structures significantly improved the elec-
tron interfacial interactions and enhanced conduc-
tivity performance of PVA/PVP based nanofiber
composites. In a study, PVA/PVP matrix/partner poly-
mer blend composites with volume ratios of 80:20
and 60:40 fabricated by solution casting method
showed relatively higher electrical conductivity
(2.2·10–7 and 7.3·10–8 S·cm–1) at room temperature
[21] and at 30°C (2.29·10–7 and 5.24·10–7 S·cm–1)
[23]. Thus incorporation of organoclay (5 mass%) to
nanofiber structures significantly improved the elec-
tron interfacial interactions and enhanced the con-
ductivity performance of PVA/PVP based nanofiber
composites. Several researchers also investigated the
effect of organoclay in various polymer nanocompos-

RA

d
dcv =
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ites on electrical conductivity. The hollow spherical
morphology of poly(diphenylamine) (PDPA) inside
the galleries of montmorillonite organoclay showed
different conductive property than PDPA formed by
the conventional method due to the confinement ef-
fect [52]. Kim et al. [53] evaluated effects of organo-
MMT clay in the matrix PEO/organoclay nanocom-
posite electrolytes on the ionic conductivity. They
observed that the polymeric electrolyte composites
exhibited higher conductivity than pristine Na+-
MMT mineral clay. According to the authors, elec-
trical conductivity of electrolytes depended on the
reduced crystallinity and enhanced ion-mobility by
the increased interlayer spacing of MMT clay.

Salahuddin et al. [54] reported that the electrical
conductivity of polyaniline/organoclay nanocom-
posites increased 30 times more than that of pristine
MMT clay.

3.8. Electrical properties of PVA nanofiber

composites with VP copolymer

nanocomposite and AgNPs

It was suggested that significant covalent bonds could
exist between octadecyl amine and partner poly-
mers via amidation of anhydride/carboxyl groups and
esterification of anhydride unit with hydroxyl groups
in the PVA/PVP (partner-1) and VP copolymer (part-
ner-2) based multifunctional nanofiber composite
systems. Comparative analysis results indicated that
electrical properties strongly depended on the loaded
reactive organoclay and in situ generated AgNPs,
which were significantly improved conductivity via
accelerating electron transport process. Unlike homo -
polymer of VP, alternating copolymer of VP con-
taining reactive anhydride units easily interacted
with hydroxyl groups of matrix polymer via ring-
opening intermolecular esterification-crosslinking.
NFC-4 nanofiber composites showed excellent con-
ductivity (Figure 9a) and low thermal resistance
(Figure 9b) at temperature ranges from 22 to 50°C
for applied voltages (around 0–2.5 V). This observed
phenomenon can be explained by the formation of
thermodynamically stable self-assembled negative-
ly charged sites caused by regularly distributed ion-
ized functional groups in alternating partner copoly-
mer. Thus, the ion transport essentially improved in
the cross-linked surface structure of the nanofibers.
On the other hand, an increase in the fraction of
partner copolymer nanocomposite dramatically de-
creased conductivity (Figure 9c) and increased resist-
ance properties of NFC-3 samples (Figure 9b) be-
cause of destroying of the self-assembled and or-
ganized ion transfer sites. In conclusion, ratio of
applied current [A]/voltage [V] and matrix/partner
nanocomposites, as well as origin (reactivity) of part-
ner copolymer significantly influenced conductivity
and resistance parameters of NFCs. Salamova et al.
[55] reported the effect of inorganic salts (co solute)
on main parameters of dilute aqueous PVP solutions
such as cloud points, phase diagram, low critical so-
lution temperature (LCST) and viscosity. Inclusion
of salts into aqueous PVP solution led to the de-
crease of the LCST and intrinsic viscosity which was
caused by the effect of the co solute ions in enhancing
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Figure 8. Current (A) versus voltage (V) curves of (a) NFC-2,
(b) NFC-2/AgNPs, (c) NFC-1, and (d) their elec-
trical resistance versus temperature curves. Effect
of temperature.



the segment-segment interactions. Cho et al. [56]
prepared fiber-based electrical systems based on
poly(vinyl alcohol) (PVA) as a fiber forming carrier
polymer, poly(styrenesulfonate) (PSS) as a conduct-
ing partner polymer, glutaraldehyde as a crosslinker,
and negatively charged poly(maleic anhydride-alt-
methyl vinyl ether) [poly(MA-alt-MVE)] as a doping
agent. They found that the cross-linked conducting
nanofibers exhibited high conductivity (4–8 S·m–1).
In solid electrolytes, ionic transport is more difficult
than electronic charge transport due to the resist-
ance assemblies in the electrode. Resistance, also
known as ohmic losses, is due to the losses occurred
during ionic and charge transport in amorphous poly-
mer nanofiber electrolyte. It was proposed that the ab-
sorption of water molecules in colloidal structure of
nanofiber electrolytes with high amorphous area
significantly improved ionic charges and their trans-
port, and therefore, increased the conductive sites in
polymer nanofiber surface structures. Moreover,
these obtained values were very important to evalu-
ate effects of composition, fraction and origin of part-

ner polymer nanocomposites and structural factors
from the comparative analysis of two series of dif-
ferent nanofibers structures.
Extremely high electrical conductivity of NFC-4
(Figure 9a) compared with other NFCs can be ex-
plained by taking into consideration the following
structural factors: (1) cross-linking and complexing
factors in this NFC played an important role due to
providing high degree of electro-active sites on the
nanofiber surface, (2) low conductivity of NFC-4/
AgNPs compared with NFC-4 was associated with
blocking by silver cations the cross-linking reac-
tions via the formation complexing linkages with
hydroxyl groups and salts with carboxyl groups of
maleic acid units from partner alternating copolymer,
and (3) all other NFCs were prepared from PVA/
PVA polymer systems which were not contained
chemically reactive units such as maleic acid, and
the formation of electro-active sites was limited by
only physical interaction between OH groups of
PVA with pyrrolidone units, as well as OH groups
with octadecyl amine from organoclay. In Figure 9b,
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Figure 9. Current versus voltage curves of (a) NFC-4, (c) NFC-3 and (b) their electrical resistance versus temperature;
(d) electrical conductivity of NFC-4 and NFC-3 at various temperatures and (e) their activation energy (Ea) calcu-
lated from plots of lnσdc versus reciprocal temperature (1/T [K–1]). Effect of temperature.



the temperature dependence of electrical resistivity
value did not show a linear increase. NFC-4 showed
an increase in resistance up to 30°C and saturated
up to 40°C and then it increased again. Similarly, the
electrical resistance of NFC-3 increased up to 37°C
and it dropped beyond that temperature. These ob-
served phenomena as step inflections in curves, can
be related to occurrence of lower sub-glass transition
processing, coil-glouble conformational changes of
polymer chains, elimination of absorbed water mol-
ecules and etc., as well as non-controllable in situ

processes in colloidal amorphous medium.
The plots of electrical conductivity versus tempera-
ture (Figure 9d) indicated that the conductivities of
NFC-3 and NCF-4 only depended on the applied
temperature (22–40°C). Following increase of tem-
perature did not influence the conductivity values.
Activation energy (Ea) can be calculated at above
mentioned temperature range by using well-known
Arrhenius equation (Equation (4)) [57]. Taking the
logarithms of both sides and separating the expo-
nential and pre-exponential terms yields Equa-
tion (5). Plots of lndc versus 1/T [K–1] given in Fig-
ure 9e clearly indicate that the thermal process
follows the Arrhenius equation.

(4)

where Ea is the activation energy, R is the universal
gas constant, σ0 is a temperature-independent con-
stant and T is temperature [K].

(5)

The plots showed a linear behavior between lnσdc and
1/T and a good fit to the Arrhenius equation. From
the plots of lnσdc versus 1/T the following activation
energy values were calculated: 0.226, 0.028 and
0.022 eV for NFC-4; 0.340, 0.076 and 0.017 eV for
NFC-3. The mobility of the charge carriers increased
with increasing temperature. Activation energy in-
creased with increasing of the partner copolymer
ratio. This can be explained by substantially re-
stricting of the mobility of macromolecular chains
in matrix/partner systems via polymer-copolymer co-
valent cross-linking during electrospinning.
Here, it was also investigated the effect of tempera-
ture, pressure and conducting time on the electrical
and resistance properties of Ag-incorporated nano-
fiber composites (NFC-4/AgNPs). According to the

results given in Figure 10, applied temperature
(Figure 10a) and pressure (Figure 10b) significantly
improved conductivity parameters of Ag-carrying
NFCs. Comparative analysis at 50 and 760 Torr (Fig-
ure 10c and d) showed that an increase in pressure
had an effect on the conductivity of the nanofiber
composites. Similar effect was also observed for con-
ductivity times. This observation indicated that NFCs
were thermodynamically stable covalent cross-
linked nanostructures. As resistance had a tendency
to decrease with increasing temperature (Fig-
ure 10e), the dependence on the pressure tended to
decrease (Figure 10 f). Several researchers reported
the effect of pressure on thermal conductivity of
various polymer melts, as well as poly(vinyl alcohol)
gels [58, 59]. The thermal conductivity of both amor-
phous and semi-crystalline polymers was found to in-
crease with increasing applied pressure and gener-
ally with increasing temperature. Herein, applied
pressure improved the accuracy of in situ physical in-
teractions. This process provided an increase in col-
loidal amorphous area, the mobility and ion-charge
ability of functional groups from the nanofibrous
structures. It was proposed that the use of pressure
improved accuracy of electro-active sites due to in-
creased temperature and across transition tempera-
ture, as well as increase of colloidal amorphous
area, mobility of functional groups from fibrous
structures, which significantly improved the electrical
conductivity of polymer nanofiber composites.

4. Conclusions

This work presented a new approach to fabricate
novel multifunctional nanofiber electrolytes with
linear and cross-linked polymer structures by using
PVA + ODA-MMT (matrix), PVP homopolymer +
ODA-MMT (partner-1), poly(VP-alt-MA) + ODA-
MMT (partner-2) and Ag-carrying matrix/polymer
system with varying the fraction of partner (co)
polymers in nanofiber composites. Morphology and
electrical properties strongly depended on the ori-
gin and fraction of partner polymer NFCs. Covalent
cross-linked nanofiber structures significantly in-
creased the conductivity and thermal behaviors of
NFCs. Ag-carrying polymer complexes and in situ

generated AgNPs onto nanofiber surfaces accelerated
phase separation process and considerably enhanced
the electrical parameters of NFCs. A covalent bridge
of partner alternating copolymer between PVA
macromolecules not only reinforced the network

-

0dc
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ln ln
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E
0dc
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but also provided extra ion charge transport sites due
to its regularly repeated functional monomer units
onto polymer chains. High and excellent behaviors
were observed for the homopolymer and copolymer
of VP based fiber structures, respectively. The ob-
tained green nanomaterials with unique properties
and higher contact areas can open new avenue for
various applications in microelectronics, sensor de-
vices, electrochemical processing, fuel cell, nano-
lithography and power technologies, as well as in
various bioengineering processing as a reactive
platform.
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1. Introduction

Polybenzoxazines constitute a new generation of ther-
mosets, which combine the thermal properties of phe-
nolic resins with the mechanical properties and the
molecular design flexibility of epoxy resin [1]. More-
over, they possess other features, such as low flam-
mability, low water absorption, high chemical resist-
ance and minimal shrinkage upon curing [2]. There-
fore, they are considered as promising materials in
IC packaging, aerospace engineering and HT-PCB
industry and become one of the rare new polymers
commercialized in the nearest 30 years [3].
However, several disadvantages appear in practical
use. For instance, the solid phase of most benzox-
azine (Bz) monomers and the high liquefying tem-
perature hinder their handling [2, 4]. Adding reactive

diluents is one method to decrease the operation tem-
perature, however, simultaneously sacrifice some
properties, such as flexural strength and glass tran-
sition temperature (Tg) [5]. Another method is to de-
velop more monomers with low liquefying temper-
ature, but only very few related researches have been
reported so far [4, 6].
Another drawback is the low crosslink density in con-
sequence of hydrogen bonding constraint [7]. This
can be addressed by copolymerization with epoxy
resin (Ep), but will lead to higher curing tempera-
ture, known as Ep dilution effect [8]. Because epoxy
group is inert to oxazine ring, introducing Ep dilutes
the concentration of Bz, thus leads to higher Bz ring-
opening temperature. Besides, copolymerization with
Ep happens only when phenol generates after ring-
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opening of Bz. Similar phenomena were also found
in a main-chain type Bz/Ep binary copolymer [9]. In
addition, Bz fraction should be larger than 50 mol%
in order to achieve copolymers with good quality.
Generally, two methods can overcome the chal-
lenges. One is introducing a reactive promoter. Based
on the cationic ring-opening mechanism [10], vari-
ous promoters have been reported till now, among
which, phenols, thiols, amines and imidazoles have
attracted intensive attention since they are applied
in epoxy curing as well. In 2000, phenolic resin was
first selected due to its wide application in electronic
packaging [11, 12]. The material properties were sig-
nificantly enhanced although the dilution effect still
can be observed. Besides, Chow et al. [13] had used
a phenol monomer, 4,4′-thiodiphenol to study the cur-
ing behavior of a Bz/Ep/phenol ternary system. In
2005, Rao and Pathak [14] managed to use a phenalka-
mine to prevent the dilution effect through prior re-
action between phenalkamine and Ep at room tem-
perature before mixing with Bz. More recently,
Grishchuk et al. [15] selected aliphatic, cycloaliphat-
ic and aromatic amines to fabricate the Bz/Ep copoly-
mers. They found that amines, which are both reac-
tive to Bz and Ep, can efficiently promote the copoly-
merization. In addition, they also found that the pro-
motion effect was influenced by both amine type and
amount. The related mechanism was later clarified
by Sun et al. [16], who purposed that the promotion
effect is based on the basicity of amines. Moreover,
Ambrožič et al. [17] used o-dianisidine to prepare
novel Ep-Bz emulsions for water-based coatings to en-
sure a highly cross-linked structure. Meanwhile, Zhao
et al. [18] and Wang et al. [19] studied a Bz/Ep/imi-
dazole ternary system, through which the curing steps
were optimized to motivate reaction-induced phase
separation so that toughness can be enhanced. Ruči-
gaj et al. [20] had implemented a comprehensive study
on the curing Bz with many accelerators with different
functional groups. Based on the conversion predic-
tion, 4,4′-thiodiphenol is considered as the most effec-
tive accelerator among them. However, the solid forms
of Bz and many additives generally require pretreat-
ment before polymerization. Another method is to in-
corporate reactive groups, such as amine, onto the Bz
structures. But, only few studies have been reported
until now due to relatively tedious preparation pro-
cedure [21, 22].

In this research, we attempted to apply a low viscous
amine-containing Bz to facilitate processing, pro-
mote polymerization as well as achieve homo- and
copolymers with good performance. Meanwhile, we
also tried to find its differences from a Bz/Ep/amine
ternary system. The present study deals with the syn-
thesis of the Bz, preparation of its homopolymer and
copolymers, investigation of the curing behavior as
well as evaluation of the thermal and mechanical
properties.

2. Experimental

2.1. Materials

All reagents for synthesis are commercially available
and used as received. Phenol (99%), bisphenol A
(99%), aniline (99%) and deuterated chloroform (with
0.03 vol% of tetramethylsilane as reference) were
purchased from Aladdin Reagent (Shanghai) Co. Ltd.,
Shanghai, China. Formaldehyde solution (40 wt%),
paraformaldehyde (96%), soldium sulfate anhydrous
(99%), diethylenetriamine (DETA) (99%) and potas-
sium bromide (99.5%) were acquired from Sigma-
Aldrich, St. Louis, U.S. Sodium carbonate anhydrous
(99.9%) and dichloromethane (99.8%) were obtained
from VWR, Radnor, U.S. A bifunctional diglycidyl
ether bisphenol A (DGEBA) based epoxy resin (E51,
epoxy equivalent weight: 185–208 g/ep.) was sup-
ported by Wuxi resin company, Wuxi, China.

2.2. Sample preparation methods

2.2.1. Synthesis of N,N-bis[2-(3,4-dihydro-2H-

1,3-benzoxazin-3-yl)ethyl] amine (P-deta)

The synthesis method is a modification of preparing
a main-chain type benzoxazine polymer reported else-
where [23, 24]. Specifically, phenol (18.8 g, 0.2 mol)
was dissolved in dichloromethane (50 mL) in a
250 mL flask before adding DETA (10.3 g, 0.1 mol).
The mixture was then kept below 10 °C in an ice
bath and stirred when formaldehyde solution was
added dropwise. The molar ratio is maintained at
phe nol:DETA:formaldehyde = 2:1:4. The mixture
reacted overnight and the solution gradually changed
from colorless to yellow. Later on, the mixture was
washed by 1 N sodium carbonate solution and deion-
ized water, respectively. After being dried by sodium
sulfate anhydrous, the obtained liquid was dried under
vacuum at room temperature to evaporate solvent
before obtaining a homogeneous yellow viscous liq-
uid (Yield = 85%).
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2.2.2. Synthesis of benzoxazine precursor (BA-a)

For comparison, N-phenyl bisphenol A based ben-
zoxazine precursor (BA-a) was prepared according
to the solventless method patented by Ishida [25].
(Yield > 90%)

2.2.3. Preparation of P-deta homopolymer and

P-deta/Ep copolymers

P-deta was mixed with Ep under room temperature
at ratios of P-deta:Ep = 100/0, 75/25, 50/50 and
25/75 (wt/wt) before intensively stirring for 5 min.
After degassing at 50°C for 10 min, all of them were
stepwise cured at 125 °C/1 h, 150 °C/1 h and
180°C/4 h.

2.3. Characterization methods

The Fourier transform infrared spectroscopy (FT-IR)
spectra of P-deta were recorded by a Bruker TEN-
SOR27 FT-IR spectrometer (Bruker Corporation,
Karlsruhe, Germany) with 16 scans at a 4 cm–1 res-
olution. It was also applied to monitor the curing
process underwent isothermal treatment (100, 125,
150, 175, 200°C). Potassium bromide (KBr) pellet
technique was used.
The structures of the compounds were verified by nu-
clear magnetic resonance spectroscopy (NMR) using
a Varian Mercury VX 300 NMR, Varian Inc., Palo
Alto, U.S. The characterization was conducted at room
temperature using deuterated chloroform (CDCl3) as
solvent and tetramethylsilane (TMS) as internal stan-
dard.
The viscosity of the precursors was recorded by a
rheometer, (AR2000ex, TA Instrument, New Castle,
U.S.) under steady shear mode. The rotation frequen-
cy was set at 1 s–1 with a temperature range from
room temperature to above gel point and a heating
rate of 2°C/min. The polymerization processes of all
samples were monitored by a differential scanning
calorimeter (DSC), (Q200, TA Instrument, New Cas-
tle, U.S.). All samples with 3–5 mg were sealed in
aluminum pans before measurement. The thermo-
grams were obtained at a heating rate of 10 °C/min
from room temperature to 300°C under nitrogen at-
mosphere.
The viscoelastic properties of all samples were in-
vestigated by a dynamic mechanical analyzer (DMA),
(Q800, TA Instrument, New Castle, U.S). The spec-
imen dimension was 10×70×2 mm. The measure-
ment was performed in a three-point bending mode
with 50 mm span length at a frequency of 1 Hz with

a strain value of 0.1% and a heating rate of 2°C/min.
The glass transition temperature (Tg) was determined
by the peak temperature of loss factor (tan δ).
The thermal stability and char yield are characterized
through a thermogravimetric analyzer (TGA), (Q50,
TA Instrument, New Castle, U.S.). The test was per-
formed under nitrogen atmosphere at a heating rate
of 10°C/min.

3. Results and discussion

3.1. Characterization of P-deta

The structure of P-deta was first studied by FT-IR, as
shown in Figure 1. The reaction scheme is plotted in
Figure 1 as well. The formation of oxazine ring was
evidenced by the peak at 930 cm–1 (1,2-substituted
benzene with oxazine ring attaching), the sy4mmet-
ric and asymmetric stretching of C–O–C at 1034 and
1226 cm–1, and the peak at 1150 cm–1 which indi-
cates the formation of C–N–C bond. The peak at 1489
and 756 cm–1 prove the presence of an  ortho-substi-
tuted benzene ring. Since hydroxyl group is removed
by base washing, the shoulder peak near 3300 cm–1

is assigned to the heavily overlapped hydrogen
bonded amino group. These results confirm the for-
mation of the P-deta.
NMR was further applied to characterize the struc-
tures, the results of which are shown in Figure 2.
Specifically, the characteristic proton resonances at
4.0 and 4.9 ppm are corresponding to the Ar–CH2–N
and N–CH2–O structures of oxazine ring, respective-
ly. The resonances at 6.8–7.2 ppm are assigned to
the protons on aromatic rings. The peaks in the range
of 3.7–3.9 ppm were assigned to Ar–CH2–N and
N–CH2–N structures, which has been reported in
other literatures as well [16, 23, 24]. A resonance
chemical shift at 3.5 ppm confirms the formation of
N–H. The aliphatic groups of amines are confirmed
by the resonances at 2.7–2.9 ppm, respectively. The
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product was also characterized by 13C-NMR (Fig-
ure 2b). The characteristic oxazine rings appear at
83 and 50 ppm. The peaks at 115–130 and 154 ppm
indicate the phenyl carbons. The chemical shift at
158 ppm is assigned to the ring-opened Bz struc-
tures. The chemical shift at 76 ppm confirms the ex-
istence of triazine structure. The peaks between 50–
60 ppm indicate various Ar–CH2–N and N–CH2–N
structures, which is consistent with the 1H-NMR re-
sults.
Before polymerization, the viscosity of P-deta and
P-deta/Ep mixture was investigated (Figure 3). A
typical benzoxazine monomer, BA-a, was used for
reference. Comparing with BA-a, the viscosity of P-
deta is very low (<1 Pa·s) under room temperature.
This makes it suitable for some specific processing
methods, like resin transfer molding (RTM). The stor-
age condition can significantly change the viscosity
of P-deta. It can be seen that the viscosity of P-deta
increased to above 2000 Pa·s after being kept under
room temperature for more than 1.5 month, which is
due to the ring-opening of benzoxazine caused by
amines. Therefore, low temperature storage is re-
quired for the resin. Here, the gel point is defined as
the temperature when viscosity suddenly increases
to above 100 Pa·s, and the processing window is de-

fined as the temperature range, within which the vis-
cosity of the sample is lower than 100 Pa·s. The gel
point of P-deta/Ep (50/50, wt/wt) mixture is at 150°C,
while it is more than 200°C where BA-a reaches its
gel point. The gel point of pure P-deta cannot be de-
termined due to the extremely low viscosity when
heated P-deta up to 100°C. The processing window
of P-deta/Ep (50/50, wt/wt) mixture is larger than
125°C (R.T. to 150°C).

3.2. Polymerization of P-deta and

P-deta/Ep mixtures

DSC and FT-IR were applied to investigate the poly-
merization of P-deta and P-deta/Ep mixtures of var-
ious ratios. Comparing with the reported mono-cur-
ing peak of BA-a [15], multi-curing peaks can be
found in P-deta, which can be assigned to several dif-
ferent reactions. In fact, it becomes more complicat-
ed when Ep is introduced. In order to clarify the pos-
sible reaction of each peak, the curing profiles of
P-deta and P-deta/Ep mixtures have been deconvo-
luted. The DSC profiles and peaks achieved by de-
convolution are summarized in Figure 4. Specifically,
three peaks appear during P-deta homopolymeriza-
tion which, from low to high temperature, are related
to amine catalyzed Bz ring-opening, Bz thermal-in-
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Figure 2. (a) 1H-NMR and (b) 13C-NMR results of P-deta

Figure 3. (a) Prcessing window and (b) viscosity of P-deta, P-deta/Ep (50/50, wt/wt) and BA-a



duced polymerization and conversion of amine-Bz
intermediate to final structure [16], respectively. It
is worth to note that, intermediate conversion can
happen at the temperature either higher [16] or lower
[15] than the origin, it is higher than Bz polymeriza-
tion in this case. When mixed with Ep at P-deta/Ep =
75/25 (wt/wt), one additional peak can be found at
low temperature range. It can be assigned to the re-
action between amine and Ep, which takes place at
relatively low temperature. This reaction can also be
proved by the shift of onset temperature from 90°C
to 60–70 °C as long as Ep was added. Further in-
creasing Ep amount to 50 wt.% (Figure 4c) leads to
an increase in intensity at 190 °C but a decrease
around 240°C. Although the peak at 190°C is close
to the second peak position in Figure 4b, it is impos-
sible due to large consumption of amine during
amine-Ep reaction. In fact, it is probably caused by
Bz ring-opening, which is promoted by the hydroxyl
group due to the same reaction [26]. The rest small
amount of excess Ep can react with phenol (gener-
ated after Bz ring-opening) or hydroxyl group,
which results in the third peak in Figure 4c. The in-
tensity is obviously enhanced in Figure 4d due to the
increase of Ep to 75 wt%. In addition, the last tiny
peaks in both Figure 4c and Figure 4d may be as-

signed to the conversion of intermediate. Since the
reactions between amine-Bz and amine-Ep are par-
tially overlapped, it is possible that a small portion
of amine reacts with Bz when simultaneously most
of it reacts with Ep. It is worth to mention that, by
prior reaction between Ep and amine (in Bz), the di-
lution effect caused by Ep can be eliminated, based
on our study.
The possible reactions take place during the poly-
merization were further investigated through FT-IR,
as shown in Figure 5. The samples are partially cured
under different isothermal conditions. Concerning P-
deta (Figure 5a and 5b), the peak at 930 cm–1, which
represents the out-of-plane bending of benzene ring
with oxazine ring being attached, dramatically de-
creases after heating at 125°C for 1 hour and almost
disappeared after heating at 150°C. The decrease of
overlapped peaks near 3300 cm–1 proved the amine-
promoted ring-opening process. The intensity in-
crease around 3450 cm–1 is attributed to the hydroxyl
group, which formed after Bz ring-opening. More-
over, the intensity decrease at 1489 cm–1, which rep-
resents the consumption of Bz. However, no observ-
able intensity change can be found in BA-a even
heated at 175°C for 1 hour (Figure 5c, 942 cm–1). It
is until 200°C that most of the BA-a precursors un-
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Figure 4. DSC profiles (solid line) and deconvolution peaks (dash line) of P-deta with different amount of Ep. (P-deta/Ep =
(a) 100/0, (b) 75/25, (c) 50/50 and (d) 25/75, wt/wt). Peak assignment: (□) amine-catalyzed Bz ring-opening; 
(■) amine-Ep ring-opening; (○) Bz ring-opening; (3) intermediate conversion; (▼) hydroxyl-Ep ring-opening.



dergo ring-opening polymerization. The curing
process changes when Ep was introduced. The FT-
IR results of P-deta/Ep = 50/50 (wt/wt) are summa-
rized in Figure 5d. Comparing with P-deta precursor,
a conspicuous peak at 3450 cm–1 can be found even
heated at 100°C for 1 hour, which is attributed to the
hydroxyl groups generated after the reaction be-
tween amine and Ep. This is also proved by the de-
crease at 920 cm–1 in Figure 5e, which represents the
epoxy ring. Besides, the peaks at 1489 cm–1 (1,2-
substituted benzene ring) and 930 cm–1 (out-of-plane
benzene ring with oxazine attaching) disappear at
150 °C, which confirmed the ring-opening of ox-
azine as well. These results are consistent with the
DSC peaks observed in Figure 4.

The partially cured polymers under isothermal con-
ditions are examined by DSC as well (Figure 6). The
degree of conversion (α) in Figure 6d is calculated
through Equation (1), based on the DSC thermo-
grams:

(1)

where ∆Hp is the curing enthalpy change of the par-
tially cured samples and ∆H0 is the curing enthalpy
change of the original samples. Initially, the conver-
sion rate of P-deta is much faster than BA-a, due to
the amine-promoted ring-opening reaction. Howev-
er, the degree of conversion reached a limit and no
further progress was observed. Comparing with Fig-
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Figure 5. FT-IR spectra of (a) and (b) P-deta, (c) BA-a and (d) and (e) P-deta/Ep = 50/50 (wt/wt) after isothermally cured at
100, 125, 150, 175 and 200°C for 1 hour, respectively



ure 4, the residue peak in Figure 6a at above 150°C
is assigned to intermediate conversion. It cannot be
the Bz ring-opening, otherwise, the conversion (Fig-
ure 6d) will be more like a autocatalytic process,
similar to BA-a, rather than reached a limit. Copoly-
merization of Ep and P-deta changes the reactions,
thus conversion will not be confined by the equilib-
rium, as shown in Figure 6c and 6d. A mixture of P-
deta/Ep = 50/50 (wt/wt) can almost be thoroughly
cured after heating at 200°C for 1 hour. Besides, the
conversion rate of P-deta/Ep mixture is higher than
P-deta and BA-a. This is attributed to the hydroxyl
group generated from the reaction between epoxide
and amine, which can promote the ring-opening
polymerization of Bz [26].

3.3. Thermal and viscoelastic properties of

P-deta and its epoxy alloy

The storage moduli and loss factors of all samples
are measured through DMA, and the results are
shown in Figure 7. The important data is summarized
in Table 1. It is worth to note that, a P-deta/Ep =
25/75 (wt/wt) copolymer, beyond the mixing limit
(Bz > 50%) of general Bz/Ep binary system [8], had
been successfully prepared with good mechanical
properties. This is due to the reaction between amine
in P-deta and Ep. Besides, amine can increase the

hydrogen bond density, thus enhances the storage
modulus at room temperature of P-deta homopoly-
mer (4.8 GPa). The modulus of copolymers decreas-
es with the increase of Ep fraction. This is due to the
concentration of hydrogen bond density of Bz de-
creases when Ep is incorporated. Moreover, since
glass state stiffness is related to the resistance of mo-
lecular segments motion, the DGEBA structure ap-
pears less able to store elastic energy, which leads to
a lower modulus than Bz [9]. The peak temperature
of loss factor is applied to determine the Tg of the sam-
ples. Unlike modulus, the Tg of P-deta homopolymer
is relatively low (100 °C). The highest Tg at 147 °C
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Figure 6. DSC thermograms of (a) P-deta, (b) BA-a, (c) P-deta/Ep = 50/50 (wt/wt) and (d) conversion based on enthalpy
change after isothermal curing at 100, 125, 150, 175 and 200 °C for 1 hour, respectively

Figure 7. Storage moduli (E′) and mechanical loss factors
(tanδ) as a function of temperature for P-deta/Ep
mixtures at various ratios



is obtained in a P-deta/Ep (50/50, wt/wt) copolymer,
which is 47°C higher than P-deta homopolymer and
17°C higher than the reported Ep (cured by DETA)
[15]. It is interesting to find that the result is quite dif-
ferent from the Bz/Ep/amine ternary copolymers, the
Tg of which is between the Bz and Ep homopolymers
or worse [15, 27]. In fact, it is more close to Bz/Ep
binary copolymers, which has a Tg higher than both
homopolymers at certain mixing ratios [10]. Specif-
ically, at low Ep fraction, the polymer network is en-
hanced by Ep-amine and Ep-hydroxyl reactions. When
Ep amount is in excess, it acts as a plasticizer to de-
teriorate the mechanical properties. The mono-peak
of tanδ showed that no apparent phase separation can
be found, which is consistent with other Bz/Ep bi-
nary systems [8]. The height and width of tanδ are
summarized in Table 1. The 50/50 copolymer shows
the lowest tanδ height, which indicates strongest seg-
mental restriction. The FWHM (full width at half
mount) of tanδ implies the variety of structure species.
Although no certain trend of FWHM can be ob-
served among all samples, the FWHM of 50/50 sam-
ple shows the largest FWHM value (43°C), which in-
dicates the most various structures in the polymer.
Based on the statistical theory on rubbery elasticity
[28], the crosslink density can be estimated through
Equation (2) by obtaining the elastic modulus in rub-
bery state:

(2)

where ν is the crosslink density, R is the gas constant
and φ equals to 1 for ideal rubber. In this experiment,
the elastic modulus E′R is selected at the absolute
temperature T equals to Tg + 30°C. It is worth to note
that, this equation is only valid in light crosslink
polymers since high crosslink density results in a
failure of Gaussian chain assumption [29, 30]. There-
fore, an empirical Nielsen equation (Equation (3)),

which shows better results among high crosslink
structures, is also selected here [31]:

(3)

The calculated results based on both methods are con-
cluded in Table 1. Specifically, the crosslink density
of P-deta is very low, which is 1790 and 2660 mol/m3

based on different calculation methods. Increasing
Ep fraction was found to enhance the crosslink den-
sity of the copolymers, which is consistent with the
trend of Bz/Ep binary copolymers [8] but different
from some Bz/Ep/amine ternary copolymers [14, 27].
The thermal stability of all samples was studied by
TGA (Figure 8) and the results have been summa-
rized in Table 1. The decomposition temperature of
P-deta homopolymer is similar to MCBP BA-tepa
[24] and P-ad6 [32]. The similar aliphatic diamine
structure is probably the dominant cause of the initial
decomposition. Incorporation of Ep enhances the ther-
mal stability of the copolymers. This can be ex-
plained by the increase in crosslink density when in-
creasing the Ep fraction. Meanwhile, the residual
weight after heating at 800°C becomes lower when
less Bz is introduced into the copolymers. The de-
crease in char yield percentage is quite consistent
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Figure 8. TGA thermograms of P-deta and P-deta/Ep poly-
mers

Table 1. Viscoelastic and thermal properties of P-deta and P-deta/Ep polymers

apeak temperature of tan δ; btemperature at which 5% weight loss is monitored; cweight residue at 800°C; dEp was cured by DETA; edata
obtained from reference [15].

Sample

(P-deta/Ep, wt/wt)

Tg
[°C]a

E′

[MPa]

Crosslink density

[·103 mol/m3]
Loss factor

T5%

[°C]b

Char

yield

[%]cRT Tg + 30°C
Rubber

elasticity

Nielsen’s

equation

FWHM

[°C]
Height

100/0 100 4785 18 1.79 2.66 37 0.93 251 33

75/25 128 3876 16 1.49 2.48 30 0.82 263 27

50/50 147 3928 26 2.32 3.20 43 0.43 299 20

25/75 137 3220 29 2.64 3.36 26 0.55 339 12

0/100d 130e 2690e 33e 3.06e 3.55 – – 350 9



with the decrease in benzoxazine fraction. Apparent-
ly, rather than crosslink density, Bz fraction is more
dominant to determine the char yield of the copoly-
mers.
In summary, comparing with a Bz monomer (P-ad6
in [32]) and a main-chain type Bz polymer (BA-tepa
in [24]) of similar molecular structures, P-deta ho-
mopolymer exhibits higher modulus under room tem-
perature than both while thermal stability and char
yield in-between. P-deta/Ep copolymers inherits the
high modulus from P-deta homopolymer. Meanwhile,
they also show comparable properties with other
Bz/Ep binary copolymers [8] and Bz/Ep/amine ter-
tiary copolymers [14, 15] in Tg, crosslink density and
char yield. The thermal stability is worse when P-deta
fraction in the copolymers is high.

4. Conclusions

This study focuses on an amine-containing Bz pre-
pared from phenol, diethylenetriamine and formalde-
hyde, its homopolymerization and copolymerization
with Ep. The viscosity of P-deta is lower than 1 Pa·s,
which is much lower than BA-a and suitable for low
temperature RTM. Polymerization of P-deta under-
goes amine-promoted ring-opening, Bz ring-opening
and intermediate conversion. However, the conver-
sion is confined to lower than 40%, based on en-
thalpy calculation. Mixing Ep-with P-deta changes
reaction pathways. The copolymerization can be suf-
ficiently proceeded with a faster conversion than
P-deta and BA-a. The limit of Bz fraction (>50%)
and the dilution effect of EP in general Bz/Ep binary
system are eliminated in this study. The viscoelastic
properties of the homo- and copolymers are also stud-
ied. At a 50/50 (wt/wt) ratio, the copolymer exhibits
higher Tg than both P-deta homopolymer and Ep
cured by DETA. This is quite different from those
ternary systems, in which amines were introduced as
additives. Accompanied with increasing Ep fraction,
the crosslink density is enhanced, while the moduli
at room temperature is decreased. Concerning the
thermal properties, incorporating more Ep improves
the thermal stability of the copolymer, although the
char yield becomes less. In conclusion, P-deta homo -
polymer and P-deta/Ep copolymers show compara-
ble properties with many other reported Bz polymer
and copolymer systems, while the liquid phase and
low viscosity make it more attractive than those solid
Bz in application.
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