
1. Introduction

Polymer blends have broadly been utilized as an es-
sential strategy and affordable method to create new
materials with explicit properties in late decades [1–
3]. However, most polymers are immiscible because
of their chemical structure difference, resulting in
polymer blends with inferior properties than pure
polymers, mainly mechanical properties. Therefore,
to achieve the preferred property in non-miscible
polymers, the addition of a compatibilizer is frequent-
ly required. The compatibilizer can go about as an
interfacial agent to lessen the interfacial tension and
upgrade interfacial bond adhesion between the poly-
mers and, in this manner, improve the properties of
the blends [1, 4].

Poly(ethylene terephthalate) (PET) is a superb engi-
neering plastic and has broadly utilized in a variety
of applications, such as bottles, films, packaging, etc.
[5]. However, post-consumer PET is disposed of,
causing environmental issues and a massive waste
of valuable resources. Different strategies for reusing
and recycling PET have been developed [6–9].
Among these techniques, mixing or blending rPET
with different polymers is extremely attractive be-
cause of the blend of potential properties that would
be unreachable in any single polymer and provide a
market for the rPET. The study on rPET blended
with high-density polyethylene/maleic anhydride
polyethylene (HDPE/rPET/MAPE) was performed
by Shahrajabian and Sadegihan [10]. The findings
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implied that the greatest tensile strength attained was
33.5 MPa with a less than 5% strain, although it had
alumina nanoparticles. The tensile strength stated in
their work is not sufficient for various applications.
Taghavi et al. [11] investigated the mechanical and
thermal properties of the recycled PET in ternary
blends PET/HDPE/MAPE and maleic anhydride-
grafted styrene-ethylene/butylene–styrene PET/
HDPE/SEBS-g-MA. According to the results, the
elongation at the breaking point of RPET was 4.4%,
but it increased by 20.296% for the ternary blend of
RPET/ HDPE/SEBS-g-MA and 14.96% for the ter-
nary blend of RPET/HDPE/MAPE. Avila and Duarte
[12] blended rPET/HDPE and reported tensile
strength up to 23 MPa. The Bio-PET/rPET was test-
ed by Montava et al. [13] to extend rPET chains and
assess compatibilizer polystyrene-co-glycidyl propor-
tion methacrylate (PS-co-GMA). PET and polypropy-
lene (PP) were discussed by many researchers [14–
17]. In addition, the investigation related to the effect
of nanofillers on the matrix. rPET was blended with
polyamide 6 (PA6) reported by several researchers
[1, 4, 18–20]; however, the quantity of rPET utilized
was less than 30 wt% and not analyzed systematical-
ly. The difficulties correlated with PA6 consist of
high moisture sorption, low impact, hydrophilic in na-
ture, and degradation of PA6, if kept for a prolonged
time in a mass amount in an industry. In contrast to
PA6, PA11 has low moisture sorption and does not de-
grade like PA6. PA11 presents high impact and ex-
cellent processability and is a bio-based material
with exceptional mechanical and thermal properties
[21, 22]. Its matrix can accommodate many fillers
and have an excellent tensile, impact, and thermal
properties [22]. Accordingly, blending rPET with
PA11 should be an easy and comparatively simple ap-
proach to acquire a promising material with better
properties. Unfortunately, rPET/PA11 blends are im-
miscible, like PET/ PA6 blends obtained by a simple
melt blending technique that reveals weaker me-
chanical properties than pure PET, PA6, or PA11 be-
cause of the weak compatibility between PET, PA6,
and PA11 [1, 4, 23, 24].
Numerous studies were done to enhance PET/PA6
blends properties [25–27]. However, there is no data
available on rPET/PA11/Joncryl® blends. In this re-
search work, the novel blend of the rPET/PA11 was
prepared and evaluated recently in our previous work,
Khan et al.  [24], to utilize the maximum percentage
of rPET, i.e. 80 wt% rPET and 20% PA11 recorded

the best properties. The other article reported our
earlier findings [24], the properties of the amorphous
rPET/PA11 blend enhanced with the incorporation
of 1 phr Joncryl®. This is the first time in literature,
the newly formulated blend of rPET/PA11/Joncryl®

blend at various compatibilizers content, introduced
in this research to recycle 80 wt% of rPET with
20 wt% of PA11 and Joncryl® as a compatibilizer. In
this study, the effect of different Joncryl® ADR 4468
content on the mechanical properties of the blends
was reported. The reaction and interaction of chain
mechanisms for rPET/PA11, rPET/Joncryl® and
PA11/Joncryl® have been proposed. This research
aimed to recycle the highest amount of rPET with
improved mechanical properties. It saves valuable
resources and encounters environmental problems
associated with the wastage of non-biodegradable
rPET going to the landfill sites.

2. Experimental section

2.1. Materials and preparation of blends

Postindustrial grade of rPET having intrinsic viscos-
ity of >0.68 dl/g (ASTM D4603-03), Ash content
<0.04% (ASTM D5630-05), crystallinity at least 25%
(DSC) was bought from Alba Polyester. Sdn. Bhd
Malaysia. PA11 brand Rilsan® BMN G8 TLDA
(PA11, MHLRS, 12-010 CD) resin was purchased
from Arkema, Pennsylvania, USA. Joncryl®

ADR 4468 (TI/EV/BX 001 ) having a specific grav-
ity of 1.08 (25°C), the molecular weight of 7250, Tg

(59°C), nonvolatile by GC [%] >99 and epoxy equiv-
alent weight [g/mol] 310 was purchased from BASF
corporation, Ludwigshafen Germany. The plan for
preparing rPET/PA11/Joncryl® blends is recapped in
Figure 1. rPET/PA11 in the ratio of 80:20 wt% with
0, 1, 2, 3, and 4 phr of Joncryl® 4468 were assessed
in the current research. First of all, rPET/PA11/Jon-
cryl® materials were dried in an oven (Memmert,
ULM 500, GEMINI LAB, DG Apeldoorn, The
Netherlands) for 24 hours at 90°C to ensure humid-
ity removal before the process. rPET/PA11/Joncryl®

blends were formulated as mentioned in Table 1 via
melt blending technique using twin co-rotation ex-
truder (WERNER & PFLEIDERER (ZSK25), Stutt-
gart, Federal Republic of Germany). The temperature
profile was in the range of 240–300°C from the hop-
per to the die. Later on, the injection moulding ma-
chine (NI00B II, JSW (PTE) LTD, Japan) was applied
for sample manufacturing according to the ASTM
standard. Injection moulding machine temperature
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was 260–290°C from the hopper to the die with an
injection cycle of 24 s.

2.2. Characterization

The tensile strength of all the blends was assessed
according to the ASTM D638 standard. The tensile
strength, flexural strength, percentage strain, and
Young’s modulus of rPET/PA11/Joncryl® blended
specimens were determined using Zwick/Roell Z020
universal testing machine, made in Germany. The
technical settings for the tensile testing with ASTM
D638 were pre-load of 0.01 MPa, test speed
5 mm/min, elongation preset, secant modulus 1%.
Flexural testing was performed as per the ASTM
D790 standard. The crosshead speed for flexural
testing was 1 mm/min with a pr-load of 0.1 MPa.
The load cell of 20 kN was utilized for both tensile
and flexural testing. The sample dimensions for flex-
ural strength were 127 mm length × 12.3 mm width
× 5 mm thickness. Impact testing for all of the blends
was performed through pendulum impact testing
(Zwick Roell/HIT25P, Germany). The testing was
done, agreeing to the Izod ASTM D256-10 standard.
The capability of the machine was set to 11 Joules.
All tests were done at room temperature. At least five
repeats were tested for each formulation to report the
tensile strength, flexural strength, and impact strength.

Scanning electron microscopy (SEM) was done
through Hitachi TM3000, Japan. The magnification
of 4000× was utilized with the size of 20 µm. Plat-
inum coating for SEM was done through the Quo-
rum sputter coater. The energy level, vacuum pres-
sure, and current of 15 kV, 2·10–2 mbar, and 20 mA
were set, respectively.

3. Results and discussion

3.1. The effect of Joncryl® content on the

interaction and structural confirmation of

rPET/PA11 blends via FTIR 

Figure 2 shows the FTIR spectroscopy of rPET/PA11
blends having 0, 2, and 4 phr of Joncryl® ADR 4468
along with pure ADR Joncryl®. The absorbance peak
at 3295.7 cm–1 confirmed –NH, –NCH, CH, and OH
groups of rPET/PA11. The neat Joncryl® shown no
peak at the same wavenumber. The less intense and
broad peaks for rPET/PA11/Joncryl® spectra are
observed compared with rPET/ PA11. rPET/PA11
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Figure 1. Preparation of rPET/PA11/Joncryl® blends.

Table 1. Formulation of rPET/PA11 and Joncryl® ADR 4468.

Formulation

[wt%]
Joncryl® ADR 4468

rPET/PA11:80/20 0

rPET/PA11:80/20 1

rPET/PA11:80/20 2

rPET/PA11:80/20 3

rPET/PA11:80/20 4

Figure 2. FTIR spectra of rPET/PA11 blends having 0, 2,
4 phr Joncryl® and pure Joncryl®.



with 2 phr of Joncryl® show decreased peak intensi-
ty, indicating the phenomenon of higher chain ex-
tension of blend rPET/PA11 in the presence of a
2 phr Joncryl®. The proposed chain extension mech-
anism has been shown in Figure 3.
The reduction of absorbance peak at 3295.7 cm–1 of
rPET/PA11/2 phr Joncryl® was compared with the
peak of uncompatibilized rPET/PA11 blend reduced
carboxylic molecules of rPET and the amine end of
PA11 due to the chain extension reaction with the
epoxy group from Joncryl®. Hynes et al. [28] report-
ed the CN bond in the same FTIR spectra range. The
rPET/PA11 C–NH bond has been confirmed by Khan
et al. [24]. The epoxy group of Joncryl® with car-
boxylic group of PLA and the amine group of PA11
have been reported by Al-Itry et al. [29] and Rasselet
et al. [30]. The increase of bondings with the broad-
ening and decreased peak intensity is confirmed by
Mohamed et al. [31]. The results show that melt pro-
cessing has produced a polycondensation blend be-
tween rPET and PA11 polymer chains. The proposed
chain mechanism has been shown in Figure 3.
The chemical structure of PET, PA11 and Joncryl®

ADR was reported by Rosmmi et al. [23]. The mech-
anism and reaction of rPET with Joncryl®, PA11
with Joncryl®, and chain extension of rPET/PA11
with Joncryl® are shown in Figure 3. Figure 3a is

showing the reaction mechanism of rPET and PA11
without the addition of compatibilizer Joncryl®. The
carboxyl group of rPET reacts with an amino group
of PA11, releasing a water molecule (H2O) and
bonding through a peptide bond. However, with the
addition of Joncryl® in the blend, the reaction mech-
anism is showed in steps; firstly, the carboxylic end
of rPET and amine end of PA11 interact with the
epoxy group of Joncryl® to form bonds by exchang-
ing the electrons between the epoxy group of
ADR 4468 and then with the amine group of PA11
and epoxy group of ADR 4468 and carboxyl mole-
cule of rPET as shown in Figure 3b, each separately.
Finally, as shown in Figure 3c, rPET and PA11 are
linked through the reactive epoxy group of Joncryl®

ADR 4468. The reactions are nearly following the
work done by Walha et al. [32] predicted for poly-
lactic acid (PLA) and PA11 with Joncryl® compati-
bilizer. The average diameter of the dispersed parti-
cles versus the concentration of Joncryl® was men-
tioned in Figure 7b by Walha et al. [32]. According to
their findings, the average diameter of dispersed phase
decreases with the increase of Joncryl® content; how-
ever, the maximum content used by them was 1 phr
of Joncryl®. The decrease in diameter indicates that
coalescence has been suppressed due to the epox-
ide’s chemical reactivity with the blend’s polymers.
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Figure 3. a) Reaction without Joncryl® ADR 4468, b) reaction mechanism, c) overall chain extension mechanism.



Furthermore, the same reaction mechanism has also
been explained in detail by them.

3.2. Morphology of rPET/PA11/Joncryl®

blends

Morphology of the blend is the key element that con-
tributes to mechanical properties. Morphology of
rPET/PA11/Joncryl® for all the blends fractured ten-
sile samples were carried out through SEM. Figure 4
illustrates micrographs for rPET/PA11 having
80:20 wt% ratio with 0, 1, 2, 3 and 4 phr of Joncryl®

ADR 4468 at 4000× magnification. The samples of
rPET/PA11 blends having 0 and 1 phr of Joncryl®

blends display the morphology of dispersed white
sphere PA11 particles in a continuous rPET matrix.
For the blend without Joncryl®, the PA11 particle is
not a perfect sphere shape but an irregular particle
shape. The elongated PA11 particles and few pullouts
were observed due to the resistance to the tensile
force applied during testing. The elongated particles
show that rPET/PA11 has good interaction and adhe-
sion at the ratio of 80:20. The effect of different
rPET/PA11 ratios on the blend’s morphology has
been reported in our previous communication [24].
Upon Joncryl® addition (1 phr), the morphology
changed. The PA11 particles become larger and per-
fect spheres in shape. The particles size observed in
these specimens was in the range of 1.95–5.82 µm
compared to 0.62–5.9 µm for the blend without Jon-
cryl®. The reactive epoxy group of Joncryl® favours
the amine group of PA11 then hydroxyl groups of
rPET. It will cause the intermolecular interaction be-
tween the PA11 chain that can cause more chain en-
tanglement and increase PA11 particle size. Even
though the particle size is bigger and causes the pull-
out (Figure 3b) in the blend compared to the smaller
particle size, the interaction imparted by Joncryl®

dominated and increased the blend’s mechanical
properties compared to blend without Joncryl®. How-
ever, the morphology observed for the rPET/PA11
blend having 2 phr of Joncryl® was surprising and
unique, as shown in Figure 4c. SEM micrograph in
Figure 4c for rPET/PA11 having 2 phr Joncryl® is
showing the complete miscibility and giving the sign
of a new compatible blend formation. The ductile ma-
trix tearing on the tensile fractured surface indicates
the blend increased ductility. The miscible blend also
reveals the high tensile strength and toughness of the
blend developed with 2 phr of Joncryl® compared to
other ratios. This might be due to the optimum

amount of Joncryl® used for the 80:20 proportion of
rPET/ PA11. The active groups fully consume the re-
active groups of Joncryl® in rPET and PA11 in the
chain extension reaction. Figure 4c depicts the com-
plete cup and cone structure for tensile fractured
specimens. A cup and cone fracture is a form of fail-
ure that occurs when a ductile polymer or blend is
subjected to a uniaxial force. It is the splitting of a
body into two separate parts as a result of high tensile
tension. The resulting shapes at the ends of the bro-
ken pieces after a failure give rise to the name of this
mode of fracture.
The miscible blends were also observed at higher
Joncryl® content (3 and 4 phr) (Figure 4d and 4e).
However, the excess of Joncryl® acts as the exces-
sive C–NH and OH linking through the epoxy group
in the blends that make the blend stiff the blend ma-
terials at higher compatibilizer content, thus reduc-
ing the percentage tensile strain and impact strength
of the blends. However, the tensile and impact
strength are still dominated by the interaction impart-
ed by Joncryl® in the blend compared to the uncom-
patibilized rPET/PA11 blend. The 2 phr Joncryl®

acts as the chain extender and compatibilizer in rPET/
PA11 blend, thus enhancing the rPET/PA11 blends’
mechanical properties. The overall chain extension
mechanism has been proposed in Figure 3c.

3.3. The mechanical properties of the

rPET/PA11/Joncryl® blends

Figure 5 illustrates the tensile strength, percentage
of tensile strain, Young’s modulus, and the compar-
ison of Young’s modulus with the impact strength of
all rPET/PA11/Joncryl® blends. Initially, the tensile
strength of rPET/PA11(80:20) was 26.86 MPa, which
was then enhanced to 43.8, 46.24, 47.92, and
49.94 MPa with the incorporation of 1, 2, 3, and
4 phr of Joncryl®, respectively as shown in
Figure 4a. The tensile strength is showing an in-
creasing trend with the addition of Joncryl®. The
strong interaction between the epoxy group of Jon-
cryl® with the amine group of PA11 and the hydrox-
yl group of rPET dominated the blend’s tensile
strength. However, the percentage of tensile strain is
unique and gives a breakthrough for the blend of
rPET/PA11 having 2 phr of Joncryl®. It was 196%
higher for this ratio as compared to all other ratios.
The optimum compatibilization imparted by Joncryl®

at this ratio displayed the optimum strain of the
blend materials.
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Interestingly Young’s modulus of this blend was also
found highest among all other ratios, as shown in
Figure 5c. Young’s modulus of uncompatibilized
blends was found 503.75 MPa, showing an upsurge

to 969.25 MPa for rPET/PA11/Joncryl® having 2 phr
of Joncryl® while a further increase of Joncryl®

decreased Young’s modulus. This was due to the ex-
cessive linking and entanglements of the blend
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Figure 4. SEM morphology of rPET/PA11/Joncryl® blends. a) rPET/PA11 (80/20) 0 phr Joncryl®. b) rPET/PA11 (80/20)
1 phr Joncryl®. c) rPET/PA11 (80/20) 2 phr Joncryl®. d) rPET/PA11 (80/20) 3 phr Joncryl®. e) rPET/PA11 (80/20)
4 phr Joncryl®.



chains imparted by the excess Joncryl®. Figure 5d
represents the relation between stiffness and tough-
ness (Young’s modulus vs. Impact strength) of the
blends. The rPET/PA11 blend having 2 phr of Jon-
cryl® was the most balanced blend in stiffness and
toughness properties. These are the critical proper-
ties that determine the application of the blend ma-
terials. The results obtained were consistent with the
Fornes and Paul [21], who reported the stress-strain
difference behaviour in the nylon group.
The superior properties of the newly developed
rPET/PA11 blend having 2 phr of Joncryl® have also
been confirmed by the FTIR and morphological ex-
amination. The increased tensile strength values were
more significant than rPET/HDPE blends reported
by Shahrajabian and Sadegihan [10]. This was due to
polar and polar heads’ existence to create an interface
or bond between rPET/PA11 polymers, as depicted
in Figure 3 [33].
Shahrajabian and Sadegihan  [10] also observed an
increase in tensile strength of rPET with the addition
of HDPE, alumina nanoparticles, and compatibiliz-
ers, and their uppermost value was 33.5±2.3 MPa.
However, a higher tensile strength (47.92 MPa) was

attained in this work, deprived of nanoparticles. The
strain percentage is also tremendously increased by
196% without sacrificing the tensile strength and
Young’s modulus.
Figures 6a and 6b represent the flexural strength and
modulus of rPET/PA11 (80:20) for all five blends
having 0, 1, 2, 3 and 4 phr of Joncryl®. The flexural
strength of uncompatibilized rPET/PA11 is recorded
at 36.68 MPa and increased to 86.98 MPa at 4 phr of
Joncryl®. Joncryl® was effective in enhancing the in-
teraction, thus increasing the compatibility between
the rPET and PA11 matrix. However, the Flexural
modulus showed no significant difference, and the
highest (2530 MPa) flexural modulus was recorded
for the blend having 2 phr Joncryl®. This was due to
blend highest miscibility at 2 phr of Joncryl® shown
in morphological results Figure 4c.

3.4 Impact testing

Figure 7 shows the impact strength of rPET/PA11/
Joncryl® blends having Joncryl® of 0, 1, 2, 3 and
4 phr. The impact strength of uncompatibilized rPET/
PA11 blends is found to be 147.12 J/m. The impact
strength of rPET/PA11 is increased to 257.32, 667.68,
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Figure 5. Represents a) tensile strength, b) tensile strain, c) Young’s modulus, d) Young’s modulus vs. impact strength of
rPET/PA11/Joncryl® at various loading.



412.34, and 522.40 J/m with the incorporation of a
compatibilizer Joncryl® of 1, 2, 3 and 4 phr, respec-
tively. The impact strength of all the blends was en-
hanced with the addition of Joncryl®. The improved
interaction and compatibility imparted by Joncryl® are
key factors that influence the impact properties of the
blend, especially at 2 wt% Joncryl®. Mechanical prop-
erties of rPET/PA11/Joncryl® increased due to the for-
mation of Joncryl® based (NCH) reaction and ester
linkage at the interface, as shown in Figure 3a–3c),
thus increasing molecular weight and properties.
rPET/PA11 (80:20) having 2 phr of Joncryl® is giving
the utmost balanced properties. The reason for the su-
pervisor properties of rPET/ PA11 at 2 phr of Joncryl®

is the complete miscibility of polymers at this ratio,
as confirmed by the reactions and morphological re-
sults in Figure 3 and Figure 4.

4. Conclusions

The work was commenced to recycle the PET in a
higher ratio instead of going to the landfill sites.
Therefore, a new blend was developed having rPET/
PA11(80:20) ratios in the presence of a compatibilizer,

Joncryl® ADR 4468, for the first time. It is a great
success to recycle 80 wt% of rPET in a ratio having
utmost properties. The results are exposing the dis-
tinctive and innovative properties of this blend. Ten-
sile strength, percentage tensile strain, and Young’s
modulus of the polymer blend were enhanced signif-
icantly with the addition of Joncryl®. The rPET/
PA11 (80:20) with 2 phr Joncryl® blend of rPET has
given the outburst to improve mechanical properties.
Tensile strength and percentage strain were im-
proved higher than 100 and 196%, respectively. Ten-
sile modulus of rPET/PA11 was improved from
503.75 to 969.25 MPa at 2 phr of Joncryl®. Flexural
strength and flexural modulus of rPET/PA11 also
showed considerable upsurge at all proportions with
the addition of Joncryl®. A rise in flexural strength
of more than 100% was recorded. The impact strength
of rPET/PA11 (80:20) with 0 phr of Joncryl® was
147.12 J/m. However, it was increased to 667.68 J/m
with the addition of 2 phr Joncryl® compatibilizer.
Overall, rPET/PA11(80:20) with 2 phr Joncryl®

demonstrated the ultimate mechanical properties.
One of the most important findings is the balance
properties between stiffness and toughness given by
this formulation of the rPET/PA11 blends that can
manifest the better and wide applications of the blend
materials. The preeminence of this ratio was verified
via SEM and FTIR results.

Acknowledgements
We wish to express our gratitude to the Ministry of Education
Malaysia (MOE) and Universiti Teknologi Malaysia (UTM)
for financial support under Fundamental research grant
FRGS/1/2019/TK05/UTM/02/17 (5F185) and GUP 05G85,
05G86, 08G50, 05G52.

Khan et al. – eXPRESS Polymer Letters Vol.15, No.12 (2021) 1206–1215

1213

Figure 6. a) Flexural strength and b) flexural modulus of rPET/PA11/Joncryl® blends.

Figure 7. Impact strength of rPET/PA11/Joncryl® blends.
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