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a b s t r a c t

The thermal characteristics of bottle grade recycled PET pellets contaminated with 5% PP prepared by
multiple extrusions were studied by differential scanning calorimetry (DSC) at constant heating rate of
10 �C/min for various extrusion cycles. The peak temperature of crystallization Tc, the enthalpy of
crystallization DHc and the degree of crystallinity Xc were found to be dependent on the number of
extrusion cycles. From the dependence on extrusion cycles, the analysis of the crystallization mechanism
by Avrami model has been determined, the Avrami exponent n and the rate constant Zt were calculated
and the influence of the 5% PP on the bottle grade recycled PET matrix during multiple extrusions and its
effect on crystallinity was thoroughly discussed.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Bottle grade recycled PET referred to in future as rPET-bg can
replace and be used as an alternative to virgin PET and reducing
environmental issues related to landfilling and incineration. rPET-
bg is considered to lose its inherited properties through recycling
and reprocessing cycles. During recycling, rPET-bg gets cross
contaminated with other polymeric materials, especially PP. This
cross contamination is a major issue in rPET-bg recycling industry
because of its influence on the characteristics of the final produce.
Furthermore, during reprocessing of the contaminated rPET-bg, the
transparency of the final produce is altered as a result of contam-
ination. The present study, focussed on the influence of PP
contamination on the thermal characteristics of rPET-bg, especially
crystallinity which dictates transparency in PET, and its importance
in bottle manufacturing. Crystallization kinetics of engineering
grades have been extensively studied [1,2]. However, studies on
recycled materials such as rPET-bg have been rare. The influence of
polymeric contaminants, such as PP, on the crystallization of rPET is
particularly important as PP bottle tops are easily mixed with rPET-
bg when recycling. Their presence in small amounts in rPET-bg can
significantly affect crystallinity during multiple extrusions. Some
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researchers have studied the degradation of rPET during processing
and concluded that chain scission can occur and that formation of
grafted copolymers and crystallization can be facilitated [4,5] and
others concluded that during repetitive extrusion, chain scission
predominated and no chain branching or cross-linking were
observed which decreased capabilities and crystallinity [7,8],
whereas others concluded that cross-linking and chain branching
occur during extrusion [9,10]. This research study investigates the
influence of thermo-mechanical degradation during repetitive
extrusion cycles on the crystallinity of non-contaminated and
contaminated rPET matrix with 5% PP. Furthermore, the Avrami
model may properly describe the behaviour of crystallization of the
non-contaminated and contaminated rPET under isothermal crys-
tallization process.

2. Materials and method

The rPET-bg flakes, mixture of multicolored flakes were sup-
plied by Closed Loop Recycling Ltd [11].

The PP addition selected was the grade 7011L1 manufactured by
ExxonMobil Chemical with properties given in Table 1. Samples of
non contaminated rPET-bg and others with 5% PP were prepared by
multiple extrusions for 5 cycles using a Leistritz twin screw
extrusionmachine. The samples were dried for 5 h at a temperature
of 120 �C and all processed under same temperature range of
250e270 �C and a screw speed of 120 rpm.
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Table 1
Some properties of rPETd and PP grade 7011L1.e

Property rPET PP

Tma(DSC) 254 �C 161 �C
Tcb (DSC) 207 �C 112 �C
MFR/Ic (230 �C/2.16 kg) 61 g/10min 1 g/10min
Tensile strength 19 MPa 26 MPa

a Melting temperature.
b Peak crystallization temperature.
c Melt flow rate/index.
d Own test results of rPET flakes.
e ExxonMobil data.

Fig. 1. Curves of crystallization temperatures Vs re-extrusion cycles.
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The thermal characteristics of the component materials and the
influence of PP on the crystallization behavior of rPET-bg were
evaluated using a TA Instrument differential scanning calorimeter,
DSC2010 and software V4.4E and Universal V3.9A. The calorimeter
was calibrated using indium. The average sample weight was
approximately 10 mg and 3 DSC runs of each material were per-
formed. The samples were heated and cooled at a constant rate of
10 �C/min respectively over temperature ranges of 50e300 �C and
300-50 �C and isothermally kept above 300 �C for 2 min to com-
plete melting.

The Avrami Equation [1e12] describing the development of
crystallinity as function of time, which was used to investigate the
dependence of crystallinity on the number of extrusion cycles in
this study, is shown below:

1� Xt ¼ expð�Zt tnÞ (1)

Where: Xt is the relative crystallinity at time t, n and Zt are
respectively the Avrami exponent and the rate constant and both of
them are diagnostic of the crystallization mechanism.

Equation (1) can be rewritten as follow:

ln½ � lnð1� XtÞ� ¼ n ln t þ ln Zt (2)

Graphically, a double log plot of (ln[�ln(1 � Xt)] Vs lnt) gener-
ates 2 linear sections relative to primary and secondary processes.
The Avrami equation applies only for the primary process. From the
equation of the linear portion of the primary process, n is the slope
and the value of Zt is calculated from the intercept, lnZt.
Fig. 2. Curves of heat of crystallizations at various re-extrusion cycles.
3. Results and discussion

The thermal analysis at a cooling rate of 10 �C/min of the
extruded samples at various cycles (1e5) showed that the crystal-
lization temperatures of non contaminated rPET-bg and PP
contaminated rPET-bg fluctuated respectively between 204.5 and
205.3 �C and between 205.6 and 207.2 �C as shown in Fig. 1, which
indicates that the crystallization temperature decreased slightly on
second extrusion after which it remained constant. The presence of
5% PP does increase the crystallization temperature by approxi-
mately 2 �C, indicating melt thermo-mechanical degradation but
also probable reactions between relevant macro-radicals in
generating grafted copolymers [6].

The enthalpy of crystallization of non contaminated rPET-bg
fluctuated with a tendency of decreasing from 43.4 to 35.2 J g�1,
whereas that of PP contaminated rPET-bg decreased orderly from
34.7 to 7.7 J g�1 as shown in Fig. 2. This showed clearly the slow
crystallization process in the PP contaminated rPET-bg compared
with non contaminated rPET-bg meaning that the presence of PP
even at small amount induced reduction of exothermic heat due to
a reduction in crystallinity following multiple extrusions.
Also, the % crystallinity of non contaminated rPET-bg fluctuated
randomly between 31.0 and 25.5% but in the PP contaminated rPET-
bg decreased orderly from 24.8 to 5.5% as shown in Fig. 3. One can
see the proportional relationship of enthalpy of crystallization and
% crystallinity.

Reducing crystallinity in PET bottle manufacturing is of para-
mount importance in enhancing bottle clarity or transparency. In
real time bottle processing, during the cooling stage, the nucleation
and growth processes of PET spherulites are the main factors gov-
erning the degree of crystallinity in the final product. The process of
crystallization is initiated by the formation of primary nuclei, which
is considered the starting point; nuclei formwithin small regions of
the entangled and randomly distributed polymer chains to produce
folded layers of ordered chains [13]. Then, crystallization propa-
gates to form primary spherulites or crystallites. The formation of
spherulites continues until the peak crystallization temperature, Tc,
is reached. Then, secondary nucleation and secondary crystalliza-
tion take place up to the end of the process. For the primary nuclei
to form, the free energy barrier associated with the polymer chains
disentangling and straightening must be crossed; the larger the
fold period, the greater the barrier and the slower the rate of
nucleation. In most cases, crystallinity starts on the surfaces of
impurities or on deliberately added nucleating agents. Because no
nucleating agents were added to this contaminated rPET-bg, the 5%
PP contributed in reducing the interfacial free energy necessary for
crystallization and reduced the ease of disentanglement and
straightening of the chains.



Fig. 5. Curves of % torques Vs re-extrusion cycles.
Fig. 3. Curves of crystallinity at various re-extrusion cycles.
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As a result of this investigation, it was shown that the presence
of 5% PP contributed in lowering the degree of crystallinity in the
rPET-bg matrix when subjected to multiple extrusions.

During multiple extrusions, both non contaminated and
contaminated rPET-bg showed reduction in screw speed with
increased extrusion cycles. This indicated that chain scission also
influenced the materials flow characteristics and highly ordered
chain orientation led to ease of processability in both cases. In
comparison, the gap in screw speed decreasewas larger with the PP
contaminated rPET-bg than with non contaminated one as shown
in Fig. 4, showing that chain scission and chain orientation, ach-
ieved in the convergent flow at the end of the die, were happening
simultaneously, the latter was promoted by the flow property of PP
which helped reducing the melt viscosity.

Furthermore, the screw % torque shown in Fig. 5 complied with
the processing rule of the inverse proportionality of screw speed
and % torque and it is clear to see that the gap in % torque increase is
larger with the PP contaminated rPET-bg than with the non
contaminated one indicating that the PP contaminant generated
certain degree of cross-linking resulting in an increase of viscosity
despite the continuous chain scission due to thermo-mechanical
degradation during multiple extrusions; this was in line with
what was reported respectively [4e6] that during processing not
only chain scission but also chain extension, grafted copolymers
and crosslinking can occur and contradicted [7,8] that only chain
scission predominated and no chain branching or cross-linking
were observed during multiple extrusions.
Fig. 4. Curves of screw speeds Vs re-extrusion cycles.
Clearly, there is indication of competition between chain scis-
sion and cross-linking in the contaminated rPET-bg duringmultiple
extrusions and to confirm if cross-linking is taking place and
contributing to the reduction of crystallinity in the contaminated
bottle grades rPET, it is of paramount importance to understand the
influence of the PP contaminant on the crystallization process of
the rPET-bg matrix at constant cooling post multiple extrusions.
The Avrami equation is well known for offering good explanations
and describing the crystallization process through the mechanism
of nucleation and growth of crystallites. This equation was used in
our case to describe this process of crystallization isothermally to
investigate what was really happening during the crystallization
processes in both materials, non contaminated and contaminated,
as a result of multiple extrusions and to validate the predominance
of cross-linking or chains’-scission during multiple extrusions in
both non contaminated and contaminated rPET-bg.

The crystallization process analysis, as shown in Figs. 6 and 7,
showed sigmoid curves, as described by Avrami equation, clearly
showed the influence of the PP contaminant and the crystallization
dependency onmultiple extrusions. The non contaminated rPET-bg
curves showed random, narrow and fast crystallization with
increased multiple extrusion cycles, indicating dependency of
crystallization and multiple extrusion cycles and the ability of the
material in withstanding thermo-mechanical degradation and that
the crystallization process as a result of multiple extrusion cycles
showed uniform and balanced nucleation and growth rate.
Fig. 6. rPET curves of relative cryst. Vs time various re-extrusion cycles.



Fig. 7. 95% rPET/5% PP curves of relative cryst. Vs time at various re-extrusion cycles.

Fig. 9. Avrami double plots of ln(�ln(1 � Xt)) Vs lnt of 95% rPET/5% PP at various re-
extrusion cycles.

Table 2
Avrami's n and Zt of rPET.

Extrusion cycles n Nucleation characteristics Type Zt

1 1.451 Sporadic nuclei 1Da 0.015
2 1.404 Sporadic nuclei 1Da 0.015
3 1.627 Sporadic nuclei 1Da 0.014
4 1.664 Sporadic nuclei 1Da 0.014
5 1.619 Sporadic nuclei 1Da 0.014

a Saturated site.
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Whereas, in the PP contaminated rPET-bg, the rate of crystallization
gradually decreased uniformly with increasing multiple extrusion
cycles, indicating ability of the polymer chains in maintaining
disordered and entangled forms and requiring higher activation
energy for disentangling and straightening.

The curves in Figs. 8 and 9 obeyed the rule of Avrami equation
for the portion of the primary phase of crystallization, shown as
straight lines as described by equation (2).

The values in Tables 2 and 3 and curves in Figs.10 and 11 showed
that the n values increased randomly with increased multiple
extrusion cycles in the non contaminated rPET-bg, which indicated
random sporadic nucleation due to the large allowable crystalli-
zation time. Whereas, in the PP contaminated rPET-bg, the n values
increased at the start of the crystallization process due to the
presence of small amount of short chains which crystallized faster
and resulted in a primary increase, but then decreased orderly and
the spherulites growth varied from disc to sporadic shapes indi-
cating that crystallizationwas slower than in the non contaminated
rPET-bg, indicating that by increasing multiple extrusion cycles,
further cross-linking was created making it difficult for the PP
contaminated rPET-bg to crystallize at lower cooling temperature
even with large allowable time due cross-linking. This confirmed
the exhibition of lower crystallinity in the contaminated rPET-bg
due to the inclusion of the PP contaminant. Also, this indicated
Fig. 8. Avrami double log plots of ln(�ln(1 � Xt)) Vs lnt of rPET at various re-extrusion
cycles.
that the non contaminated rPET-bg was crystallizing faster. Both
sporadic nucleation and fast crystallization indicated the tendency
of the non contaminated and contaminated rPET-bg in remaining
amorphous as shown by the very low Zt values which indicated
unique characteristics of transparency and clarity. Despite the large
allowable crystallization time as function of low cooling rate, both
materials showed tendency in crystallizing at very slow rate which
confirmed that multiple extrusions contributed in strengthening
the disordered nature of entangled chains making crystallization
more complex. Zt values of non contaminated rPET-bg are lower
than those of the PP contaminated one because the crystallization
time was largely available, this could be attributed to the degree of
diffusion which is a controlling factor at low temperature, whereas
the rate of nucleation dominates at high temperature according to
Keith and Padden [14], this diffusion rendered the growth rate
extremely slow, i.e. at low cooling rate, crystallization time was
large and accompanied by a lower Zt. Therefore, the higher Zt
values of the PP contaminated rPET-bg accounted for slow crys-
tallization compared with fast crystallization of the non contami-
nated one.
Table 3
Avrami's n and Zt of 95% rPET/5% PP.

Extrusion cycles n Nucleation characteristics Type Zt

1 2.100 Rod and disc growth 1b and 2D 0.012
2 2.270 Rod and disc growth 1b and 2D 0.034
3 2.230 Rod and disc growth 1b and 2D 0.041
4 1.960 Sporadic nuclei 1Da 0.052
5 1.790 Sporadic nuclei 1Da 0.067

a Saturated site.
b Continuous nucleation.



Fig. 10. Curves of Avrami's exponent, n, at various re-extrusion cycles.
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As a result of this body of work it has been possible to show that
the presence of 5% PP in the rPET-bg matrix does have an impact on
the crystallinity of the rPET-bg. This is confirmed by the DSC work
performed on PP contaminated rPET-bg at various re-extrusions
cycles (multiple extrusions) and low constant cooling rate and
also the Avrami equation which confirmed the outcome of this
research work. It was shown that the inclusion of small amounts of
5% PP influenced the thermal characteristics of the rPET matrix,
especially crystallinity which was disrupted and reduced as a result
of the generated cross-linking. Furthermore, the Avrami equation
confirmed that the crystallization process of the contaminated
rPET-bg with small amount of PP depended on many influencing
factors, such as impurities and the processing history but fully
depended on the nucleation mechanism and the spherulite growth
rates. The crystallisation process of the contaminated rPET-bg with
PP indicated that nucleation and molecular mobility were
competing together and that molecular mobility in the contami-
nated rPET-bg increased with increasing temperature, whereas
nucleation rate decreased with increasing temperature.
Throughout the crystallization process, the small amount of PP
contaminant, played dominant role in lowering the chain mobility
of the rPET-bg due to the cross-linking generated during multiple
extrusions, which contributed in decreasing the nucleation speed
and growth and as a result decreasing crystallinity; reducing
crystallinity in PET bottle manufacturing is of paramount impor-
tance in enhancing bottles' clarity or transparency with respect to
Fig. 11. Curves of Avrami's rate constant, Zt, at various re-extrusion cycles.
related properties which are required in bottle manufacturing, such
as the degree of toughness and resistance to failure under stress of
the produced bottles, especially during storage. A crystallinity-
toughness requirement should be taken in consideration when
designing bottles and products with minimum crystallinity. From
industrial perspective, recyclers of post-consumer polymeric ma-
terials, such as PET or polyolefins, are continuously spending
enormous manpower and financial cost in tackling the problem of
contamination and its impact on the final produce, especially in the
bottle manufacturing field where the primary priority is the
continuous processes' optimization to reduce and minimize crys-
tallinity. The growth of recycling post-consumer polymeric mate-
rials means that polyolefin contaminants, especially PP, must be
looked at not suspiciously but with certain degree of potential re-
usability to enhance the recycling capabilities, reaching environ-
mental protection targets and reducing overall financial costs.
Recycling is the future of manufacturing in the field of polymers
and recycling involves multiple extrusions for cost effectiveness
and the confirmation of cross-linking creation as a result of mul-
tiple extrusions is of paramount importance in tackling crystallinity
related complications.
4. Conclusions

1 The crystallinity of the PP contaminated bottle grades rPET
decreased with increased extrusions cycles and the cross-
linking predominated over chain scission during multiple
extrusions.

2 The crystallization process of the contaminated rPET-bg with 5%
PP depended on many influencing factors, such as impurities,
cross-linking and extrusion cycles but fully depended on the
nucleation mechanism and the spherulite growth rates and that
nucleation and molecular mobility were competing together
and that molecular mobility in the polymer melt increased with
increasing temperature, whereas nucleation rate decreased
with increasing temperature. And during crystallization, the 5%
PP lowered the chain mobility of the rPET-bg as a result of the
cross-linking generated during multiple extrusions, which
contributed in decreasing the nucleation speed and growth rate
and decreased crystallinity.
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