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ARTICLE INFO ABSTRACT

Keywords: Polyethylene constitutes more than one-third of the world’s plastic and is one of the main components in
Recycled high-density polyethylene municipal waste streams. Unfortunately, varying amounts of polypropylene (PP) are usually found in recycled
Polypropylene high-density polyethylene (rHDPE), which erodes their mechanical properties and reduces the quality of these
Eggﬂar economy recyclates and their possible reuse in the industry. Differential Scanning Calorimetry (DSC) is the technique
TREF commonly used to detect and determine the presence of PP in these blends, but intrinsic limitations of this

method lead to inaccurate results. Thus, alternative techniques must be employed to solve these drawbacks and
help to estimate more accurately the levels of the PP impurities in rHDPE. In this work, crystallization tech-
niques, such as Temperature Rising Elution Fractionation (TREF) is used to fractionate PE and PP blends into
their components to obtain quantitative information. Municipal waste samples of rHDPE contaminated with
different amounts of PP have been characterized by DSC and TREF. Comparative results of both techniques show
an underestimation of PP values when DSC is used as analytical technique. Results prove that TREF analysis
irrespective of the crystallization rate used is valid for the identification and quantification of PP impurities in
rHDPE samples, even at low PP percentages in the blend lower than 2 wt. %, which could help to control the
quality of rHDPE and achieve the priority of reusing and recycling adopted by the European Union for a Circular
Economy of Plastics.

1. Introduction

Plastics have rapidly developed into one of the most important ma-
terials in our society since its discovery and synthesis in the beginning of
the 20th century, experiencing an exponential growth in production and
use in the past decades, which will presumably double in the next few
years. This vast production of plastics as a result of modern-day lifestyles
is eliciting important environmental concerns related to the manage-
ment of plastics. Last year in European countries, 50.7 million tonnes
were used, being packaging (39.6%) and construction (20.4%) the most
demanded markets for these plastic resins [1]. As most plastic products
proceed from packaging and single-use applications, these causes that
tons of plastic waste are generated every year [2]. Thus, plastics’
pollution is an important problem for countries that have seen increased
social awareness. Management of plastic waste and ways of recover
discarded plastics have become priorities for governments and

industries. In recent years, the European Union has set up their own
guidelines, through the implementation of its first European strategy for
plastics, to facilitate a transition towards a Circular Economy of plastics
materials [3]. Notwithstanding these measures, undesired treatments
for plastic waste like energy recovery or landfilling are still predomi-
nantly used (Fig. 1).

Currently, major progress has already been achieved within the
management of plastic waste, such as increased development mechan-
ical and chemical recycling techniques [4-8] and new bio-based plastics
[9,10], that help to reduce the amount of plastic waste generated every
year or those that are already accumulated in landfills or discarded for
energy recovery. Among them, mechanical recycling is still one of the
methods most commonly used for plastic recycling, as it is a rapid way to
obtain again a material that could be reused to manufacture either the
same or new products [6]. However, mechanical recycling also presents
some drawbacks, as its dependency on the quality of the plastic waste.
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For this reason, plastics’ selection and sorting before mechanical recy-
cling plays a crucial role in the properties of the recyclates obtained
through this way of recycling. Another aspect to be considered in me-
chanical recycling is the degradation and changes suffered by the
polymer chains during reprocessing that may affect the performance and
application of the recycled plastic materials [11]. Thus, major issues still
limit the use of recycled plastics, mainly due to lack of adequate sorting
and collection infrastructures, and presence of contaminants in recycled
materials [12]. The presence of impurities and other polymers is wide-
spread in recycled plastics, which lowers the quality of recycled resins
and makes it hard to compete with their raw plastics.

Nowadays, polyolefins continue to be by far the most demanded
plastics material. Within polyolefins, high-density polyethylene (HDPE)
is widely used to manufacture products for construction, cosmetic bot-
tles and specially, food packaging applications [1]. On the other hand,
polypropylene (PP) is extensively used in packaging for consumer
products, plastic components for various sectors, especially automotive
and textile industry. Both materials are the most discarded plastics every
year [13] and commonly found in municipal solid wastes (MSW), being
part of the light fraction obtained from plastic waste streams. The
similar density value of both resins makes it difficult to achieve an ac-
curate separation process [14]. For this reason, cross-contamination for
recycled polyolefins can be significant, around 4-5 % of HDPE in recy-
cled PP, and 8-10 % of PP in recycled HDPE [12]. The presence of PP is
habitual when recycling HDPE products like bottles [15] or caps [16]. As
both polymers are immiscible, blends usually have poor mechanical
performance, even at low quantities [17-20], restricting its applicability
in industry, where key HDPE properties such as slow crack growth (SCG)
[21] suffer from cross contamination [22,23].

To solve these issues, compatibilizing agents are often used to
improve the mechanical performance for blends of recycled PE/PP,
mainly introducing an ethylene-propylene-diene monomer (EPDM) [24,
25] or olefin block copolymers [26]. However, the use of compatibilizers
increase the cost of the recycled polymer, being a drawback in the
establishment of recycled resins in the plastic market [27]. In this sense,
the identification and quantification of impurities is critical to correctly
evaluate the quality and purity of recyclates and thus minimize the need
of fillers and compatibilizers [15].

Although spectroscopy analysis techniques like Fourier-transform
infrared (FTIR) and Nuclear magnetic resonance (NMR) have been his-
torically used for compositional analysis of polymer blends [28,29],
thermal analysis represented by differential scanning calorimetry (DSC)
has been the preferred technique due to wide availability and its
easy-to-use [30]. However, DSC analysis is rather limited for quantita-
tive determination of polymers present in blends, as the results obtained
can be influenced by its thermal history [31], crystallization kinetics and
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co-crystallization effects [32]. Also, small amounts of sample analysed
by DSC could not be representative in heterogeneous blends of recycled
polymers. Moreover, the DSC analysis has serious limitations to detect
minor components at low concentrations, which are hardly noticeable
[33]. These issues highlight the limitation of the technique and therefore
the lack of accuracy in the quantification of the components. Other
techniques, such as high temperature interaction chromatography, have
been investigated to characterize blends of polyethylene and poly-
propylene in a most efficient way [34]. Furthermore, the analysis of the
chemical composition distribution (CCD) by crystallization techniques,
mainly temperature rising elution fractionation (TREF) and crystalliza-
tion analysis fractionation (CRYSTAF). Both techniques separate the
polymer chains of a sample with different crystallinity components,
although CRYSTAF is preferred as it takes place in a single step and
provides the same information as TREF in a shorter time of analysis [35].
On the other hand, although TREF has longer analysis times, its reso-
lution for separation of blends of HDPE/PP is better than CRYSTAF [36].

In this study, several commercial recycled high-density polyethylene
(rHDPE) samples with different contamination level of polypropylene
have been deeply characterized using thermal analysis (DSC) and crys-
tallization techniques (TREF and CRYSTAF). Calibration curves were
obtained for the techniques in order to establish an effective method to
identify more precisely the polypropylene content. Besides, different
crystallization rates were tested to shorten the analysis times of TREF
and study its effect in the resolution of this technique. Quantitative
determination of cross-contamination of these materials will help to
improve the quality of recycled high-density polyethylene, increasing its
value in the industry and helping to compete with virgin resins in ap-
plications that require higher technical performance.

2. Experimental
2.1. Materials

Commercial HDPE recyclates contaminated with PP were obtained
from several recycling companies in Europe. Additionally, raw com-
mercial resins of HDPE and isotactic PP were used as references for the
different tests.

2.2. DSC

Thermal measurements were performed using 10 + 0.5 mg of sample
at a heat rate of 10 °C.min"! with a DSC Mettler-Toledo 822e. The de-
gree of crystallinity was calculated from the melting enthalpy values of
the samples, using as reference a value of 290 J/g for the enthalpy of
fusion for an ideal PE crystal and 207 J/g for an ideal PP crystal.
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Fig. 1. European data of plastic demand distribution by resin type and plastic consumer waste treatment [1].
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2.3. TREF and CRYSTAF

TREF experiments were carried out on a commercial CRYSTAF-TREF
instrument model 300 (Polymer Char). 80 + 0.5 mg of sample was
dissolved in 1,2,4-trichlorobenzene (TCB) at 160 °C and the solution was
stirred. Then the solution was loaded into the column and held at 130 °C
for 45 min. After the stabilization step, the temperature was reduced to
35 °C under a constant cooling rate where the polymer crystallized into
the column. Finally, the sample was eluted with TCB at a constant flow
rate of 1 ml/min. The concentration of the polymer eluted was measured
by an infrared detector and the first derivative was used to obtain the
crystallization curves. Different cooling rates were evaluated to reduce
experimental times and determine the effectiveness of the method for
accurate component quantification.

The same CRYSTAF-TREF instrument was also used to perform
CRYSTAF experiments. About 20 + 0.5 mg of sample were dissolved in
TCB at 160 °C, which was then crystallized at a cooling rate of 0.1 °C.
min~!. The polymer concentration in solution was analysed by an
infrared detector to obtain the first derivative curves.

3. Results and discussion

Several samples of rHDPE contaminated with PP were used in this
study. Although the PP impurity content of every sample was not pre-
viously known they were selected to cover a contamination range up to
approx. 15% wt., the worst-case scenario that would lead to deteriora-
tion of the mechanical properties of the HDPE recyclates in packaging
industry [12].

3.1. Determination of PP impurities in rHDPE by DSC measurements

Samples were first characterized by differential scanning calorimetry
(DSC) analysis to determine the amounts of polypropylene present in
rHDPE. DSC is a proper technique for evaluating characterizing the
thermal properties of polymeric materials [37-39] and has been widely
used to identify, estimate a determine the polymers present in blends
based on the enthalpy of melting of both components and due to its ease
of use, speed and low cost. Quantification of PE and PP was also reported
in the past using the enthalpy of melting (AH) of both components [29],
since no interactions were observed between them. The different
melting temperature (Tp,) allows to differentiate PP from HDPE [40].
However, enthalpy determined by DSC has also been questioned as an
accurate method to determine the crystallinity of polymers as these
measurements are obtained under non-equilibrium conditions [41].
Also, melting transition is dependent on the crystallinity of the samples
and thermal history of samples could also affect the analysis [31], which
in turn may limit the accuracy of this technique for quantitative analysis.

First, commercial HDPE and isotactic PP resins with similar struc-
tures to the recyclates used in this study were tested. The virgin HDPE
and PP polymer yielded a single melting transition at 135 and 160 °C,
respectively, as expected for the ‘pure’ resins. A calibration curve that
establishes a relation between the polyolefin mass and their enthalpy of
melting was obtained. Fig. 2 shows a clear linear dependence of the
enthalpy of melting as functions of the corresponding polyolefin mass,
with a good correlation for both polymers. From this calibration, the
content of PP in the rHDPE resins was quantified. Additionally, a second
method of PP contaminant measurement based on the direct enthalpy of
melting (AH) calculation was used.

Then, DSC analysis for all HDPE recyclates were performed 5 times to
obtain an average value. The Tm corresponding to the rHDPE appears
around 131 °C, while a small peak is observed at 163 °C for PP impu-
rities in these recyclates (Fig. 3). The smaller temperature melting
transition observed in the HDPE recyclate DSC scan compared to the raw
HDPE (135 °C) is most likely due to the presence of PP. The presence of
PP is already observed in all the recyclates studied, being samples 8 and
9 the most contaminated, while samples 1, 2 and 3 exhibit a slight
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Fig. 2. Heat of fusion of raw resins in function of each polyolefin mass,
respectively.

content of PP.

The composition of the HDPE recyclates was estimated through both
methods, AH and the linear calibration, to determine their effectiveness
for PP impurities quantification. Results are summarized in Table 1 and
Fig. 4.

Results about the content of PP in rHDPE using the AH approach
show lower values than those of the linear calibration method, excepting
for resins with the lowest PP content (below 2 wt. %). For these latter
values, the linear calibration method displays even negative values with
large dispersion, which limits the application of the method for samples
with PP lower than 2 wt. %. Moreover, difference in crystallinities of
both polyolefins could affect the accuracy to determine the PP content
when the AH method is used, as small overlapping between signals is
observed (Fig. 3) [23]. On the other hand, only small amounts of sample
(around 10 mg) are analysed by DSC. As it is well known in plastics
recycling, it is very common that impurities are not homogeneously
distributed along the sample, and therefore the small amount of sample
analysed by DSC may result insufficient to obtain a representative value
of the whole rHDPE resin, becoming a critical issue that clearly affects
the results obtained. This is the reason of the high dispersion of results
obtained for some rHDPE resins such as samples 5 and 7. Besides, for
samples 8 and 9 that present high impurities content, large discrepancies
are observed when both methods are compared. Therefore, the draw-
backs of DSC analysis to determine the minority components at low
concentrations and the high variability in the measurements at moder-
ate to high concentration makes this technique limited to accurately
detect and quantify the presence of PP contaminants, and additional
techniques should be employed to solve these drawbacks and help to
estimate more accurately the levels of the PP impurities in rHDPE.

3.2. Determination of PP impurities in rHDPE by TREF and CRYSTAF
measurements

TREF and CRYSTAF techniques have been widely used in the past to
fractionate and characterize the chemical composition distribution of
different polymer blends [33,42-44]. In some published examples
CRYSTAF has become the preferred technique because the crystalliza-
tion process takes place in one-single step, unlike TREF which requires a
crystallization step follow by an elution step, which considerably in-
crease the analysis time [45,46]. Nevertheless, CRYSTAF is rather
limited to quantify the components in blends of HDPE/PP because both
crystallization thermal transitions usually appear in a similar range of
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Fig. 3. Comparisons between thermal curves obtained for all rHDPE samples.

Table 1
Percentage of polypropylene obtained by DSC for all the samples of rHDPE.

Sample Average % PP (AH) % PP (Linear Calibration)
1 0.80 + 0.16 —0.25 + 0.31
2 0.78 £ 0.21 —0.31 £ 0.45
3 1.28 + 0.12 0.56 + 0.47
4 2.44 £ 0.08 3.22 £ 0.18
5 3.23 £ 0.90 4.78 + 1.64
6 2.58 £ 0.14 3.27 £ 0.35
7 3.74 £ 0.72 5.33 £ 0.86
8 6.51 + 0.31 10.8 + 0.6
9 6.65 + 0.14 11.3+ 0.3
DSC Method Comparative
12
| Il % PP (AH)
10 1% PP (Linear Calibration)

PP (wt. %)

5
rHDPE Samples

Fig. 4. Comparison between both methodologies used to estimate the % PP by
DSC results.

temperatures (80-90 °C) as a result of the undercooling effects [36]. For
comparison, Fig. 5 shows the thermograms obtained by CRYSTAF and
TREF of the recyclates 1 and 5 with different content of PP impurities.
CRYSTAF thermograms display a clear overlapping region for both
polymers irrespective of the PP content, which might lead to inaccurate
evaluation of the PP content. Unlike, TREF thermograms exhibit two
different peaks at 95-100 and 115-120 °C, corresponding to PE and PP
moieties, respectively. From these results it is inferred that TREF tech-
nique could be valid to detect and estimate the level of PP contaminants
in the rHDPE resins from post-consumer and post-industrial recycling.
To gain deeper and more detailed insight in the viability of the TREF
approach to determine the presence of PP impurities in rHDPE, cali-
bration curves have been obtained by TREF using the commercial virgin

HDPE and PP as references, with the aim of determining the detection
limit and accuracy of the methodology. Virgin resins have been dis-
solved directly. A usual cooling rate of 0.1 °C.min~! was chosen to
promote separation and reduce co-crystallization effects. Fig. 6 shows a
good correlation between experimental and theorical composition for
the entire PP content range, which confirms the robustness and pre-
dictive capability of the methodology to estimate the PP cross-
contamination in rHDPE resins.

However, a negative aspect that can compromise the viability of
TREF as a technique to determine PP impurities in rHDPE is the longer
time required for the analysis. Polymer samples are dissolved and then
precipitated into a column with an inert support, which allows to frac-
tion different polymer chains as functions of their crystallinity. Then, the
elution of polymer chains takes places while increasing the temperature,
recording the concentration with an infrared detector [47]. The slowest
step of this process is the crystallization one, since usually low cooling
rates are used to improve the separation of different components in a
polymer blend. Thus, to probe the feasibility of the TREF test at shorter
analysis times, different crystallization rates have been tested. In addi-
tion to the crystallization rate of 0.1 °C.min ", which was proven to be
adequate for the identification and quantification of PP impurities, as
shown in Fig. 6, tHDPE resins were evaluated at 1 and 5 °C.min"'.
Higher cooling rates could affect the adequate resolution of the method
and were not tested. All the recycled resins were evaluated at this new
cooling rates 5 times per sample. Fig. 7 displays the TREF thermograms
of rHDPE 5 and 9, as examples of resins with different content of PP, at
the three crystallization rates. At the lowest cooling rate of 0.1 °C.min "},
two clear peaks at 100 °C and 118 °C are observed, corresponding to
rHDPE and PP, respectively. As the crystallization rate is increased at
1 °C.min"}, the peak corresponding to HDPE becomes wider and a
shoulder can be identified. Finally, at 5 °C.min""!, the HDPE signal is
split, and two clear peaks are observed at 5 °C.min"!. These results may
be accounted for the melting-recrystallization processes of polyethylene
chains that take place during the analysis at higher cooling rates.
However, the HDPE peak broadening and even splitting hardly affect
either the temperature at which the peaks appear or the signals’ reso-
lution, allowing a good quantification of both components of the blends,
even at the highest cooling rate, without any visible overlapping region.

PP content in rHDPE samples measured by TREF at the three cooling
rates tested are summarized in Table 2. Overall, the calculated PP con-
tent exhibits very similar values for all the crystallization rates evalu-
ated. rHDPE samples 1, 2 and 3 with the lower amount of PP can be
clearly differentiated and show very similar results regardless of the
cooling rate used. For resins with PP values in the range of 5-15 wt. %,
results appearing in Table 2 indicates that a 5 °C.min ! the content of PP
calculated is slightly lower than those obtained at 0.1 and 1 °C.min"?,
although the cooling rates appear to have negligible effect on phase
separation. These similar results, irrespective of the cooling rate, can be
explained by the fact that in TREF analysis the nucleation step is
particularly favoured as the crystallization takes place on a support,
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which makes the analysis less dependent of the crystallization rates as
occurs in CRYSTAF measurements, and also the co-crystallization event
is avoided among chains with different chemical structure [35].

Fig. 8 compares the PP content measured by TREF with that obtained
by DSC considering both approaches, the enthalpy corresponding to
melting transition (AH) and the linear calibration. The results show that
PP wt. % values obtained by DSC using the AH method are about half of
those obtained by TREF analysis. This trend is observed for all the
rHDPE resins analysed regardless of the PP content. Moreover, scattered
results have been obtained by calculation of the PP values through the
DSC linear calibration approach. Thus, the method provides negative
values for rHDPE resins containing values below 2.5 wt. %, while for PP
content in the range 5-15 wt. % the obtained values are indistinctly

close to those provided by the TREF technique or the AH method, with a
broad spread in the measures that leads to large standard deviation
pointed out by the error bars in Fig. 8, which highlights the inaccuracy
and difficulty to apply this method. These great dispersion in the mea-
sures can be explained by the low amount of sample that is analysed by
DSC, around eight times lower than TREF technique, and the fact that
the impurities are not homogeneously distributed through the resins,
which becomes critical in the case of recycled polymers.

Results indicate that the impurities of PP determined by DSC are
lower than those using TREF, leading to a clear underestimation of the
PP content in the recycled HDPE samples. These results can be explained
considering the differences between both techniques. TREF is used as a
technique that allows to fractionate semicrystalline polymers according
to their solubility-temperature relationship and thus to their molecular
structures. TREF is mainly sensitive to differences in polymer crystal-
linity/solubility and also fractionates polymer chains according to the
molecular structure that affects crystallinity/solubility. Overall, TREF is
sensitive to and based on the relationship between molecular structure,
chain crystallinity and dissolution temperature. In solution the flexible
chains of a semicrystalline polymer have a universal behaviour. Also, the
polymer-solvent interactions are favoured in dilute solution more than
the polymer-polymer ones as in DSC technique, which means that chains
behaviour that compose the rHDPE resins can be studied individually by
TREF, unlike DSC. Moreover, TREF analysis requires the introduction of
an aliquot of the solution in a column packed with an inert support. The
fact that chains are separated from each other by solvent implies a better
chain relaxation and therefore a faster folding to develop the crystallites.
In addition, the nucleation step is more favoured in the directly obtained
TREF fraction, as the crystallization takes place on a support, and the co-
crystallization phenomenon is therefore avoided among chains with
different chemical structure. Moreover, phase separation is improved by
an appropriated choice of crystallization rate. Therefore, the importance
of using TREF technique lies in its capacity to rank different recycled
resins that allows identifying small amounts of any semicrystalline
component, even below 2 wt. %. The results show that TREF is an
effective and accurate method for quantitative determination of PP
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Percentage of polypropylene obtained by TREF for all samples of rHDPE.

Sample PP wt. % (Cooling PP wt. % (Cooling PP wt. % (Cooling rate
rate 5 °C/min) rate 1 °C/min) 0.1 °C/min)
1 2.33 £0.47 2.38 £0.18 2.46 £ 0.29
2 2.16 + 0.28 2.16 + 0.42 2.18 +£0.22
3 3.05 + 0.28 3.08 +0.17 3.20 £ 0.22
4 4.92 + 0.40 5.32 +£0.31 5.62 £ 0.25
5 6.40 £ 0.37 7.56 + 0.53 7.30 £ 0.34
6 5.78 £ 0.16 5.66 + 0.47 5.90 + 0.38
7 8.43 £0.31 8.57 + 0.34 8.87 £ 0.42
8 11.8 £ 0.2 10.7 £ 0.5 11.9+ 04
9 12.1 +£ 0.4 12.4 + 0.4 12.6 + 0.6

content in rHDPE, even at higher crystallization rates that helps to
reduce the TREF analysis time by up to 4 times and makes TREF tech-
nique a great alternative for the quality control of recycled polyolefins.

4. Conclusions

Cross-contamination of recycled polymers, in particular in HDPE
recyclates, is an important factor that limits its applicability, being

130
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Fig. 8. DSC and TREF results comparison for all rHDPE samples.
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necessary to identify and precisely quantify the presence of impurities,
mainly PP, for improved the recycled resins and end product quality.
DSC has been usually the favourite technique to characterize the HDPE
recyclates due to its availability and rapidity. In this work, two different
methods based on DSC analysis have been applied to determine the PP
content in rHDPE, linear calibration and enthalpy from melting transi-
tions. High spread values were obtained for all the PP range of 1-15 wt.
%. The linear calibration method displays negative values for PP content
below 2 wt. %, while for a higher PP content shows an important
dispersion in the measurements. Discrepancies near to 100% were
observed between both methods, which represents a meaningful limi-
tation of the differential scanning calorimetry for the quantitative
analysis of polymer blends, especially in the case of HDPE/PP blends,
and their incorporation into the virgin polymer feedstock in a polymer
production plant.

To solve these problems and to estimate more accurately the real PP
content TREF method was deeply analysed in this work as alternative or
complement to DSC. In polymer blends and particularly in polymer
recycling, small variations of the component amount, between 1 and 5
wt. %, provoke significant changes over the macroscopic properties of
the raw blend, and therefore an underestimation of the values could
significantly affect the quality of the end product obtained in the recy-
cling plant. Comparative results of both techniques yielded an under-
estimation of PP values when DSC is used as analytical technique.
Results demonstrated that TREF is valid for the identification and
quantification of PP impurities in rHDPE samples, even at a very low PP
content Although low crystallization rates are commonly used in TREF
analysis, higher cooling rates can be used in order to significantly reduce
the analysis times. PP contents for all rHDPE samples were quite similar
for all the crystallization rates, even at 5 °C.min .

The improvement in accuracy respecting the DSC measurements
makes it possible to consider TREF technique enough consistent for
analytical quantification and a successful means to characterize rHDPE
samples, which makes TREF a great alternative for quality control of
recycled polyolefins for subsequently incorporation into the virgin
polymer feedstock with the aim of transitioning towards a Circular
Economy of plastics.
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