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ARTICLE INFO ABSTRACT

Keywords: Post-consumer plastic waste contains blends of numerous types of polyethylene (PE) and isotactic polypropylene
Recycled polyolefin blends (i-PP), whose recycling is challenging due to the complexity of this waste stream. A comprehensive knowledge of
TMDSC

the composition of these recyclates is essential to understand the structure-property relationship of these systems
and therefore upcycle them for high-value applications. To this aim, we used Temperature Modulated DSC (TM-
DSC) to develop a quantitative method to evaluate PE and Low-density PE (LDPE) content in recycled polyolefin
blends. TM-DSC was carried out on 29 virgin PE materials, spanning densities between 960 and 862 kg/m?,
characterizing a wide range of PE microstructures. Moreover, several PE/i-PP model blends were prepared by
selecting LDPE, High-density PE (HDPE) and Linear Low-density PE (LLDPE) materials to blend them with i-PP of
three types: homopolymer (PP-H), block copolymer (PP-B) and random copolymer (PP-R), mimicking the
composition of real recyclates. Results from the TM-DSC analysis of these blends allowed us to establish methods
for quantifying the amount of overall PE content and also the LDPE fraction within recyclates. The developed
methods were applied to real post-consumer recycled grades, and results were compared with the ones obtained
from Cross-Fractionation Chromatography (CFC) analysis and Nuclear Magnetic Resonance (NMR) spectroscopy,
displaying good agreement between the latter and the TM-DSC method.

Composition analysis

1. Introduction To this day, mechanical recycling, i.e., reprocessing the waste into

secondary raw materials and products via mechanical means, through a

In 2019 plastic production reached 368 Mt globally and 57.9 Mt in
Europe, with polyolefins (POs), specifically Polyethylene (PE) and
isotactic-Polypropylene (i-PP), as top-demanded polymers in the Euro-
pean plastics market [1]. As a matter of fact, POs are nowadays used for
a breadth of applications, primarily for packaging materials, but also for
pipes, bottles, household appliances, and automotive components [2-4].
Moreover, since they are characterized by high chemical stability and
resistance to degradation [5], concerns exist about their environmental
impact at the end of their life cycle, especially regarding accumulation in
landfills or in marine litter [6,7].

series of treatments and preparation steps [8], represents the most
well-established technology for large-scale plastic waste treatment, both
environmentally and economically [8,9]. For instance, the so-called
post-industrial plastic waste (PIPW), i.e.,, material generated by in-
dustries, often consists of a clearly identified feedstock, clean and with
known composition [10], thus suitable to be mechanically recycled.
However, among the challenges linked to mechanical recycling of
plastics, a relevant one is represented by feedstock heterogeneity [11].
Specifically, in the case of post-consumer plastic waste (PCPW), the
extremely complex waste stream containing a mixture of several plastic
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products, types, and grades, with additives or residuals, generally leads
to a recycled product with lower quality [12-14]. According to several
studies, for the majority of European countries the most common
polymers found in PCPW are POs such as low-density polyethylene
(LDPE), high-density polyethylene (HDPE) and i-PP, followed by other
thermoplastics, mainly polystyrene (PS), polyvinylchloride (PVC) and
polyethylene terephthalate (PET) [15-18].

Due to their different density, POs can be efficiently separated from
PS, PVC, and PET via low-cost techniques such as sink-float separation
processes [19]. Nonetheless, components of the PO fraction (e.g., i-PP,
LDPE, HDPE) are quite close in density values, and therefore they would
need sophisticated, time-consuming, and costly protocols to be sepa-
rated, such as manual sorting [20], magnetic density separation process
[21], and X-ray fluorescence spectroscopy [22]. Thus, a combination of
various types of PE, such as HDPE, LDPE, Linear Low-density PE
(LLDPE) and i-PP is frequently found in our recycled streams. One major
difficulty to upcycle these recycled PO blends is that, despite their many
similarities, PE and i-PP are immiscible and incompatible both in molten
and in solid-state, exhibiting phase separation when blended together
due to their poor interfacial adhesion [23-26].

While blends of virgin HDPE, LLDPE, LDPE with or without i-PP
materials have been characterized in their morphology, thermal and
mechanical properties by a wide range of analytical techniques [27-29],
such knowledge is currently lacking for post-consumer recycled POs.
Research reported in the literature shows the use of well-known
analytical techniques, such as FTIR (Fourier Transform Infra-Red) and
NMR (Nuclear Magnetic Resonance) spectroscopies, for composition
analysis of blends of recycled POs [30-32], along with a few studies
employing traditional fractionation methods, such as Temperature Ris-
ing Elution Fractionation (TREF) and Crystallization Analysis Fraction-
ation (CRYSTAF) [33]. Moreover, thermal fractionation techniques such
as Successive Self-Nucleation and Annealing (SSA) have been recently
applied to recycled PO blends [34].

Despite their ability to differentiate the content of PE into its frac-
tions (LDPE, LLDPE, and HDPE), NMR and fractionation methods often
require expensive instrumentations, high competence, and time-
consuming measurements. On the contrary, FTIR measurements are
easy and quick to perform, allowing quantification of PE and i-PP frac-
tions in the recyclates [30,32], however, the presence of different PE
microstructures cannot be assessed, and often spectra cannot be clearly
assigned due to the complexity of recyclates [31].

Thermal analysis, and specifically Differential Scanning Calorimetry
(DSC), which is already widely used to characterize polyolefins [35-37],
represents a suitable candidate for composition analysis of recyclates. As
a matter of fact, its application to the analysis of mixed plastic waste and
recycled PO blends is extensively reported in the literature, both for
quantitative and qualitative purposes [30-32,38,39]. The basic princi-
ple of DSC analysis is the differentiation of the various components
based on their different thermal behaviour, and blends of POs were
found to have relatively clear and differentiated crystallization and
melting of the PE and i-PP fractions, thus allowing their quantification
also in the recycled grades. PE and i-PP are indeed characterized by
significantly different melting temperatures [25], used for identification
of the polymers, while the estimation of their content is usually carried
out using the melting enthalpy of both components to establish cali-
bration curves. For instance, Manivannan et al. [39] prepared
HDPE/i-PP blends with different compositions and they analyzed them
with DSC, establishing a linear trend between the measured enthalpy of
fusion of PE and i-PP and their respective content in the blends. This
correlation was then used as a calibration curve to determine the con-
tents of PE and i-PP in a post-consumer waste plastics sample. According
to the authors, results were consistent with the ones from X-ray
diffraction. More recently, the same principle was employed by Larsen
et al. [30] to quantify the PE fraction in recycled i-PP samples collected
from different post-consumer waste streams. A procedure was developed
to separately estimate the melting enthalpy for PE and i-PP, since they
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found a partial overlap of the PE and i-PP melting peaks. Therefore, the
corrected enthalpy of fusion of PE was calculated and correlated with its
content for each PE/i-PP blend produced, displaying linear trends albeit
different results depending on the type of PE used in those blends.

Nevertheless, it is known that the PE fraction within recycled grades
often contains different types of PE, such as LDPE, LLDPE, and HDPE,
whose melting occurs over the same temperature range, resulting in an
overlap of their peaks [27,40]. Thus, in the case of recycled PO blends,
one cannot differentiate and quantify each PE component based on
standard DSC measurements alone.

Within this context, Temperature-Modulated DSC (TM-DSC), a DSC
mode in which a periodical temperature modulation is applied over a
traditional linear heating/cooling ramp [41], represents a powerful tool
for characterization of these types of blends, since it provides more in-
formation than the conventional DSC regarding the thermal behaviour
of different PE microstructures [42].

The technique, developed by Reading and co-workers in 1992 and
patented by TA instruments [43], has reported advantages with respect
to standard DSC, including better resolution and sensitivity, along with
the ability to separate overlapping thermal phenomena [44]. According
to the approach proposed by Reading [44] and then used by Wunderlich
et al. [45], a sinusoidal temperature modulation is used, and a mathe-
matical procedure (e.g., discrete Fourier Transform) is applied to
deconvolute the calorimetric response to the perturbation from the one
to the underlying (i.e., linear) temperature profile. In this way, it is
possible to separate the total heat flow (sum of all thermal events
occurring in the sample at the considered temperature range) into two
different components, as shown below in Equation (1):

dQ [dt= C,b+f(T,1) (¢

where dQ/dt is the resultant heat flow into the sample, C, represents the
heat capacity of the sample due to its molecular motions, b = dT/dt the
heating rate, and f(T,t) is the heat flow arising from kinetic events.
Specifically, in TM-DSC, the heat capacity component (C,b) is referred to
as Reversing Heat Flow (R-HF), while the kinetic component f(T,t) as
Non-Reversing Heat Flow (NR-HF), where the terms “reversing” and
“non-reversing” are here used to describe processes that are either
reversible or irreversible at the time and temperature at which the
measurement is made [41,46]. Since the reversing component is related
to the sample’s heat capacity, while the non-reversing one reflects only
irreversible phenomena, the ability of TM-DSC of splitting the heat flow
into these components is particularly interesting and useful when
applied to processes like polymer melting, whose nature is mostly
thermodynamically reversible but also contains a non-reversing char-
acter due to exothermic phenomena such as recrystallization, crystal
annealing and perfection of non-equilibrium crystals [47,48]. These
phenomena can be resolved in the NR-HF, thus allowing the separation
of crystallization exotherms from heat capacity related events, such as
glass transition and reversible melting.

As thoroughly reported in the work of Wunderlich [49], TM-DSC has
been used for the characterization of the melting and crystallization
behaviour of several polymers, although it has been exploited mainly to
investigate the reversible melting process. Specifically, various studies
done by Cser et al. [50-52], illustrate how semicrystalline polymers
always display some reversibility in melting, whose extent is a function
of the modulation frequency, amplitude, and chemical structure of the
polymer.

PEs are the most widely tested materials with TM-DSC [42,51,
53-56]. For instance, within these works, one in particular, showed the
application of TM-DSC to LLDPE/i-PP blends prepared with and without
poly(styrene-b-butadiene-b-styrene) (SEBS) as compatibilizing agent
[51]. The non-reversing enthalpy, in particular, displayed a correlation
with the LLDPE content of the blends, however, no explanations about
how the NR-HF traces were integrated were provided.

Moreover, Amarasinghe et al. [53] studied the melting behaviour of
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different commercial PEs with the TM-DSC. Samples of PE with densities
between 908 kg/m® and 953 kg/m?, such as Very Low-density Poly-
ethylene (VLDPE), LDPE, LLDPE, and HDPE, were subjected to different
thermal treatments (e.g., slow cooling, fast cooling) and analyzed with
the TM-DSC. Specifically, sharp endothermic peaks were found in most
of the NR-HF traces of HDPE samples, while highly branched LDPE,
LLDPE, and VLDPE samples showed broad exotherms during heating.
This phenomenon was likely linked to structural heterogeneity, which
led to the formation of thermally unstable thin lamellar crystals.

Eventually, numerous PE materials with density between 918 and
960 kg/m3 were characterized with TM-DSC by Chau et al. [42] under
different experimental conditions. Both reversing and non-reversing
heat flows were evaluated, which showed the link between the results
and test parameters such as heating rate and modulation period. In
detail, three exothermic contributions were identified in the NR-HF
traces of an LLDPE sample with a density of 920 kg/m® and C8
co-monomer, where these species were well detectable for modulation
period up to 60 s and heating rate of 2 °C/min. Moreover, the effects of
the molecular architecture of the materials on the NR-HF curves was also
studied. Similar to results reported by others [53,57], only endothermic
contributions were found in NR-HF traces of HDPE samples, while broad
exotherms characterized the NR-HF curves of PE with microstructural
heterogeneity, such as LDPE and LLDPE.

In this work, TM-DSC has been used to develop quantitative methods
for evaluating the composition of recycled PO blends, with the aim of
identifying the type and amount of the PE fraction and quantifying the
LDPE component within the latter. Eventually, the methods developed
with the TM-DSC were applied to two types of real recycled grades, and
the results obtained were then compared with the ones from well-
established analytical techniques, specifically Cross-Fractionation Cro-
matography (CFC) analysis and Nuclear Magnetic Resonance (NMR)
spectroscopy.

Table 1
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2. Experimental
2.1. Materials

All the materials studied and investigated in this work were kindly
supplied by Borealis GmbH. To perform the TM-DSC analysis over a
broad range of PE microstructures, several commercial virgin PE grades
were tested in the first part of this work, for a total of 29 virgin PE
materials analyzed. These grades belong to the following PE classes:
High Density Polyethylene (HDPE), Ziegler-Natta Linear Low-density
Polyethylene (ZN-LLDPE), Plastomer (octene-1 as comonomer), metal-
locene Linear Low-Density Polyethylene (m-LLDPE), and Low-Density
Polyethylene (LDPE), the latter obtained with two different technolo-
gies: tubular or autoclave reactors. Table 1 lists all the virgin PE grades
studied, along with their densities and Melt Flow Rates (MFR). The name
assigned to each grade indicates the PE type (HDPE, LDPE, etc.) and
density, with the addition of the MFR in case of more than one grade
with the same density. Moreover, for LLDPE grades, the catalyst is also
indicated by the prefix (ZN) and (m) for Ziegler-Natta and metallocene,
respectively. In the case of LDPE samples, the prefixes (T) and (A) stand
for tubular and autoclave technology. For instance, (T)LDPE-923_0.75
(T) indicates a virgin LDPE obtained via tubular technology, with a
density of 923 kg/m® and MFR equal to 0.75 g/10 min.

Furthermore, some of the HDPE, LLDPE, and LDPE grades listed in
Table 1 were blended with three different types of isotactic PP: i-PP
homopolymer (PP-H), i-PP block copolymer (PP-B), and i-PP random
copolymer (PP-R), in different concentrations to mimic the composition
of real recycled polyolefin blends, and these will be referred to as “model
PO blends”. For their preparation, the single components were mixed in
a HAAKE™ kneader for 10 min at a screw speed of 50 rpm, and then the
resulting product was milled to reduce its size. Eventually, 24 different
model PO blends were prepared, that can be sorted by 5 series: LDPE/
HDPE,/PP-H, LDPE/LLDPE,/PP-H, LDPE/HDPE,/PP-B, LDPE/HDPE, and
LDPE/HDPE/PP-H/PP-R. Table 2 contains the specifics of each blend
prepared, including its series, name, types, and amounts of virgin grades
used. The name assigned to each model blend contains the acronyms of

List of virgin PE grades employed sorted by density (from high to low), along with the grade type and Melt Flow Rate values (MFR, = 190 °C/2.16 kg, MFRs = 190 °C/

5.0 kg, MFRy; = 190 °C/21.0 kg).

Name Type Density [Kg/mB] MEFR; [g/10 min] MFRs [g/10 min] MFR3; [g/10 min]
HDPE-960 HDPE 960 0.7 _ 42
HDPE-954-4 HDPE 954 4 _ -
HDPE-954 0.3 HDPE 954 0.3 1.5 32
HDPE-952 <1 HDPE 952 <1 0.25 7
HDPE-952 HDPE 952 _ _ 2.5
HDPE-948 HDPE 948 _ 0.8 _
HDPE-946 HDPE 946 <0.1 0.2 6
HDPE-945 HDPE 945 0.3 1.1 25
HDPE-937 HDPE 937 _ 5 42
HDPE-937_0.4 HDPE 937 0.4 2.1 42
HDPE-935 HDPE 935 _ 0.6 15
HDPE-931 HDPE 931 _ 0.9 20
(ZN)LLDPE-931 Ziegler-Natta LLDPE 931 0.2 0.9 20
(ZN)LLDPE-923_0.2 Ziegler-Natta LLDPE 923 0.2 1 22
(ZN)LLDPE-923_0.4 Ziegler-Natta LLDPE 923 0.4 _ -
(T)LDPE-923_0.75 LDPE (Tubular technology) 923 0.75 B B
(T)LDPE-923_4 LDPE (Tubular technology) 923 4 B _
(T)LDPE-923_2 LDPE (Tubular technology) 923 2 _ _
(T)LDPE-923_2* LDPE (Tubular technology) *with additives 923 2 _ B
(T)LDPE-923_0.75 LDPE (Tubular technology) 923 0.75 B _
(A)LDPE-922 2.1 LDPE (Autoclave technology) 922 2.1 B B
(A)LDPE-922_1.2 LDPE (Autoclave technology) 922 1.2 _ _
(T)LDPE-920 LDPE (Tubular technology) 920 0.25 B B
(A)LDPE-920 LDPE (Autoclave technology) 920 0.25 B B
(m)LLDPE-918 Metallocene LLDPE 918 1.5 _ _
(T)LDPE-918 LDPE (Tubular technology) 918 5 B B
Plast-902 Ethylene-based octene-1 Plastomer 902 1.1 B B
Plast-882 Ethylene-based octene-1 Plastomer 882 1.1 _ _
Plast-862 Ethylene-based octene-1 Plastomer 862 1.1 _ B
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Table 2 Table 2 (continued)
List of model PO blends prepared, categorized in 5 Series (LDPE/LLDPE/PP-H, Series Blend name Composition  PF; PE, PP
LDPE/HDPE/PP-H, LDPE/HDPE/PP-B, LDPE/HDPE and LDPE/HDPE/PP-H/PP-
R), along with their name, composition and types of virgin grades used. ii‘ﬁ/
Series Blend name Composition  PE; PE; i-PP (T)LDPE-920/ 10/40/40/ [¢s) HDPE- PP-
LDPE/ (T)LDPE-920/  5/45/50 ) (2N) PP-H HDPE-935/ 10 LDPE- 935 H-+PP-
LLDPE/  (ZN)LLDPE- LDPE-  LLDPE- PP-H/PP-R b 920 R
PP.H 023.0.4/PP- 920 023 0.4 (T)LDPE-920/  15/35/40/ (T HDPE- PP-
Ha - HDPE-935/ 10 LDPE- 935 H+PP-
(TILDPE-920/  10/40/50 ) (2N) PP-H PP-H/PP-R c 920 R
(ZN)LLDPE- LDPE- LLDPE-
923_0.4/PP- 920 923.0.4
Hb the virgin materials used and letters “a, b, ¢, d” indicating the respective
(T)LDPE-920/  20/30/50 (T) (ZN) PP-H amounts. For example, the model blend (T)LDPE-920/(ZN)LLDPE-
(ZN)LLDPE- LDPE- LLDPE- 923_0.4/PP-H_a, belonging to the series LDPE/LLDPE/PP-H, contains
19{2:’—“/""' 920 923.0.4 5% of (T)LDPE-920 and 45% of (ZN)LLDPE-923_04 PE grades, along
LDPE/ (T)LDPE- 5/45/50 m HDPE- PP-H with 50% of i-PP Homopolymer (PP-H).
HDPE/ 923_2/HDPE- LDPE- 946 Eventually, two recycled grades from post-consumer feedstocks
PP-H 946/PP-H_a 9232 streams, previously analyzed in Borealis with CFC analysis and NMR
(TLDPE- 10/40/50 m HDPE- PP-H spectroscopy, were employed in the study to test the TM-DSC methods
923_2/HDPE- LDPE- 946 . . . .
046,PP-H b 023 2 developed to compare the results obtained with the different analytical
(T)LDPE- 15/35/50 T HDPE- PP-H techniques. To prevent possible issues with reproducibility of the
923_2/HDPE- LDPE- 946 effectively inhomogeneous materials, the pellets were first homogenized
946/PP-H_c 9232 in a X-plore Microcompounder MC15 HT at 190 °C with 50 rpm and then
(DLDPE- 20/30/50 M HDPE- PP-H samples were measured 9 times by TM-DSC.
923_2/HDPE- LDPE- 946
946/PP-H_d 923 2
(T)LDPE-920/  5/45/50 (T HDPE- PP-H 2.2. TM-DSC measurements
HDPE-946/ LDPE- 946
PP-Ha 920 For the sample preparation, pellets of each material were pressed
(T)LDPE-920/  10/40/50 (T) HDPE- PP-H
HDPE-946/ LDPE- 946 into a mould at 190 °C to form plaques, then cut in round samples of ca.
PP-H b 920 3 mg to be placed in the DSC pan.
(T)LDPE-920/  20/30/50 M HDPE- PP-H All the experiments were run with a TA Instruments Q2000 DSC
:]))_1::;946/ ];];(I;E' 946 calibrated with Indium, Zinc, and Tin and operating under 50 mL/min of
(T)LDPE-920/  5/25/70 m HDPE- PP-H nitrogen flow. The analysis was carried out using the following thermal
HDPE- LDPE- 937 0.4 history: standard DSC (first heating, cooling, second heating, second
937_.0.4/PP- 920 cooling all performed at 10 °C/min from —30 °C up to 225 °C) followed
Ha by a modulated step, with 2 °C/min heating rate, modulation amplitude
SI))II‘,]:E'QZO/ 10/20/70 S))PE_ ;I;Iigj 4 PP-H +0.32 °C and modulation period 60 s.
937.0.4/PP- 920
Hb 3. Results and discussion
(T)LDPE-920/  20/10/70 (T HDPE- PP-H
g;pﬁ._ypp- gggE' 937.0.4 The second heating scans of standard DSC measurements of selected
He virgin PE grades employed in this study are shown in Fig. 1 for three
LDPE/ (T)LDPE- 5/45/50 (T) HDPE- PP-B different sets of materials: HDPE, LLDPE, and LDPE grades. Results
HDPE/ 923_2/HDPE- LDPE- 946 indicate how, heating up the samples at 10 °C/min after a first heating
PP-B 946/PP-B_a S and subsequent cooling cycle, the different types of PE grades melt in
(T)LDPE- 10/40/50 (T HDPE- PP-B . L.
923 2/HDPE- LDPE. 946 separate temperature ranges, depending on their microstructures.
946/PP-B_b 9232 In the case of HDPE grades (set of materials at the top of Fig. 1),
(T)LDPE- 15/35/50 (™ HDPE- PP-B characterized by little or no chain branching, the structure is highly
923 _2/HDPE- LDPE- 946 crystalline, and thus the endothermic peak is quite narrow, in the range
946/PP-Bc 923.2 of temperatures 110-132 °C. On the contrary, LDPE samples (set of
(T)LDPE- 20/30/50 (T) HDPE- PP-B . . .
923_2/HDPE- LDPE- 046 materials at the bottom of Fig. 1), having a complex long-branched
946/PP-B_d 9232 structure, display broad endotherms and lower peak melting tempera-
LDPE/ (T)LDPE- 10/90 (¢y] HDPE- R tures at ca. 110 °C. Finally, samples classified as LLDPE, containing
HDPE 923 2/HDPE- LDPE- 935 a-olefin comonomers, melt at temperatures around ca. 121 °C. Specif-
?%i';PE_ 25,75 ?TZ)S‘Z HDPE- i ically, (ZN)LLDPE-923_0.4 (light blue curve) melts at a slightly higher
923 2/HDPE- LDPE- 935 temperature than (m)LLDPE-918 (green curve). Both materials are ob-
935.b 9232 tained from the Borstar® polymerization process, but are characterized
(T)LDPE- 50/50 (M HDPE- - by different co-monomer distributions, due to the different number of
322_3/ HDPE- ;]23;]32' 935 available active sites in the respective catalyst [58]. (ZN)LLDPE presents
(T)L'DPE_ 75/25 M - HDPE- i a more uneven co-monomer distribution, while in (m)LLDPE there is a
923 2/HDPE- LDPE- 935 homogeneous distribution of defects and therefore shorter crystallizable
935.d 9232 linear sequences than (ZN)LLDPE [59].
LDPE/ (TLDPE-920/  5/45/40/10 (D) HDPE- PP- The different melting points found for the PE types (i.e., HDPE,
HDPE/ I:l]i ll){E/f:_ i/_a ;]2)(})) B 9% ;HPP_ LLDPE, and LDPE) analyzed with the DSC, can be explained by the well-

known Gibbs-Thomson equation [60], which correlates the melting
point to the lamellar thickness of the polymer crystals:
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endo up
HDPE-935 A
HDPE-937_0.4 J/\‘—

(ZN)LLDPE-923_0.4

Heat Flow [W/g]

(m)LLDPE-918

(T)LDPE-920

2.0

(T)LDPE-923_2 J\

40 60 80 100 120 140

Temperature [°C]

Fig. 1. DSC second heating scans of selected virgin PE grades studied. PE types
from top to bottom: HDPE, LLDPE, and LDPE.

20,
—_ 70 _ ¢
T,=T° (1 A l) )

where in equation (2) Ty, is the observed melting temperature, T?, is the
equilibrium melting point of an infinitely thick PE crystal, o, is the
surface free energy of the basal plane, AH,, is the enthalpy of fusion per
unit volume, and [ is the average thickness of the lamellae corresponding
to the observed melting temperature. Hence, as seen in Fig. 1, virgin PE
grades characterized by high structural regularity (e.g., HDPE), which
crystallize in thick lamellae, have higher melting points than the ones
that have thinner lamellae (e.g., LDPE) [61,62]. As a matter of fact, by
correlating the melting temperatures of each grade analyzed with its
own density, the trend in Fig. 2 was found, showing an increase of the
melting temperature as the density of the grades increases.
Considering the materials with melting temperatures above 120 °C,
as it is possible to appreciate in the inset of Fig. 2, one can notice that
samples with densities between 918 and 960 kg/m?, show a linear trend
between their density and the measured melting point. Therefore, as will
be discussed below, this linear correlation can be used as a calibration
curve to predict the density of the PE fraction and thus identifying un-
equivocally PE types with densities between 918 and 960 kg/m? within
recycled grades. This is relevant, since, in the case of PE, the density is
the key industrial parameter to identify the polymer type (i.e., HDPE,
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Fig. 2. Peak melting temperature (°C) as a function of density (Kg/m®) for all
the virgin PE grades analyzed with standard DSC. Set of materials: Plastomer
(dark grey), LDPE (green), (m)LLDPE (blue), (ZN)LLDPE (light grey) and HDPE
(pink). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

LDPE, LLDPE), and in recycled PO blends a direct measurement of PE
density is not experimentally possible.

Furthermore, since TM-DSC allows separation of simultaneous
thermal phenomena, such as melting, recrystallization, and annealing,
by using a periodical temperature modulation superimposed on a linear
heating/cooling ramp, the NR-HF curves were used in this work to gain
new insights on how the molecular architecture of the resin affects its
thermal behavior, indicating the presence of crystal perfection phe-
nomena during the heating process. Fig. 3 contains the non-reversing
heat flow (NR-HF) traces of the same set of PEs shown in Fig. 1, from
top to bottom: HDPE, LLDPE, and LDPE grades. For the sake of
completeness, the Reversing Heat flow traces can be found in Fig. S1 of
the Supporting Information (SI).

Specifically, in the case of HDPE samples at the top of Fig. 3, the NR-
HF shows only one endotherm with a peak at ca. 128 °C, as the crys-
tallization under cooling at 10 °C/min gives rise to a structure which
does not undergo reorganization during the subsequent modulated
heating.

A very different thermal behavior was instead found for the LDPE
grades at the bottom of Fig. 3, that appear well differentiated from the
other PE materials since they show broad exothermic peaks centered at
temperatures around 110 °C. These results are reasonable since LDPE
molecules have a complex and mixed branched structure, that affects
their crystallization during the cooling step of the DSC experiment, thus
leading to a broad distribution of lamellar thickness [63]. The fact that
virgin HDPE and LDPE samples show a significantly different thermal
behaviour in the modulated heating and more specifically in the NR-HF,
makes TM-DSC particularly promising for distinguishing the LDPE and
HDPE fractions in the recyclates.

Interestingly, TM-DSC analysis of the two LLDPE grades, (ZN)LLDPE-
923.0.4 (light blue curve, Fig. 3) and (m)LLDPE-918 (green curve,
Fig. 3), shows significantly different thermal behaviors in the NR-HF.
Specifically, (ZN)LLDPE-923 0.4 displays a small endothermic peak,
while (m)LLDPE-918 shows a broad exotherm. m-LLDPE is character-
ized by short crystallizable sequences due to the even distribution of
chain branching, which are not able to crystallize properly during
cooling and therefore experience recrystallization and/or annealing
throughout the modulated heating process. ZN-LLDPE, on the other
hand, is known to exhibit two types of lamellae: thick and long (like the
ones of HDPE) and short and curved (due to the presence of branches)
[64], therefore, it is characterized by the coexistence of some long
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Fig. 3. TM-DSC non-reversing heat flow traces of selected virgin PE grades
studied. PE types from top to bottom: HDPE, LLDPE, and LDPE.

crystallizable sequence lengths that give rise to an endothermic contri-
bution, and short ones that show exothermic phenomena in the NR-HF.
This difference between m-LLDPE and ZN-LDPE evaluated in the NR-HF,
is also in agreement with the higher melting point of ZN-LLDPE found in
the second heating scan of the standard DSC analysis of these samples, as
shown in Fig. 1. Again, these findings confirm the ability of TM-DSC to
detect differences in the microstructure not possible to be appreciated or
identified clearly in a standard DSC measurement.

In Fig. 4, the DSC second heating scans of the model PO blend (T)
LDPE-920/HDPE-946,/PP-H with different compositions (a = 5/45/50,
b =10/40/50 and ¢ = 20/30/50), can be observed along with the scans
of the neat components: (T)LDPE-920 (light blue curve), HDPE-946
(blue curve) and PP-H (bottom pink curve). By looking at the scans of
the model blends, one can observe two well distinguished endothermic
peaks: one centered at ca. 166 °C, due to melting of the PP-H component,
and one at lower temperatures (ca. 128 °C), which can be attributed to
the HDPE fraction of the model blend. However, one can notice that the
tail of the i-PP component peak is partially superimposed with the
melting of the PE phase, as also found in other studies [30,34].

On the other hand, within the PE fraction, the two LDPE and HDPE
components appear to be completely overlapped in one melting
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PO blend (T)LDPE-920/HDPE-946/PP-H (a= 5/45/50, b = 10/40/50 and ¢ =
20/30/50) along with the ones of the neat components used: HDPE-946, (T)
LDPE-920 and PP-H.

endotherm, with the exception of the model blend (T)LDPE-920/HDPE-
946/PP-H_c (purple curve of Fig. 4), where a main endothermic peak
and a lower melting shoulder can be observed below 130 °C. This
shoulder at ca. 110 °C, that can be better appreciated in Fig. S2 of SI,
presumably belongs to the LDPE contribution to the PE fraction, being in
the melting range of the neat (T)LDPE-920 grade (light blue curve in
Fig. 4). This shoulder was not detected for the other blend compositions,
probably because of their very low LDPE content, i.e., <10 wt%.
Moreover, no significant shift of the melting peak temperature occurs for
the PP-H grade when mixed in the blends, suggesting relatively weak
interactions with the PE components and immiscibility, as also evalu-
ated in other studies concerning thermal properties of these types of
blends [65]. Instead, a slight decrease of the melting temperature of the
HDPE component can be observed when it is blended with LDPE, that
goes from ca. 129 °C (neat HDPE-946) to ca. 127 °C in the model blend
(T)LDPE-920/HDPE-946/PP-H _c (purple curve of Fig. 4), where this
might indicate some interaction between the two, although not fully
explainable by standard DSC scans only [66].

The second heating scan of the standard DSC measurements per-
formed on the model PO blends, was studied and used in this work for
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quantifying the PE fraction present in these blends. To this aim, two
different methods were employed to determine the amount of PE in the
model blends prepared in the study. In the first one, the area under the
melting peak of PE (i.e., the enthalpy of fusion) was correlated to the
amount of PE in the model blends, to prepare a calibration curve to be
used for quantifying the PE fraction in the recycled blends.

Specifically, a linear integration of the second heating scan was
carried out between 30 °C and 175 °C, with a vertical drop at 132 °C, as
shown in Fig. 5, since it is likely that no PE lamellae would melt after this
temperature. Nevertheless, as displayed in Fig. 4, the tail of the i-PP
melting in these low temperature ranges partially overlaps with the PE
phase, whose enthalpy of fusion, therefore, contains a contribution from
the i-PP melting enthalpy. The use of DSC analysis on PE/i-PP blends for
determining the PE content, by deriving calibration curves, have been
reported earlier in the literature [32,67], with studies that focused
mainly on few HDPE, LDPE, and i-PP grades, not considering the variety
of types, grades, microstructures of PE and i-PP actually present in the
recycled blends.

Thus, the described experimental procedure was applied to the
model PO blends in Table 2, and results are displayed in Fig. 6. At a first
glance, one can notice that there is a significant variability in the melting
enthalpy measured for the blends having the same PE amount (30 wt%,
50 wt%, and 100 wt%). For instance, melting enthalpies of 99.4 J/g and
61.2 J/g were recorded for two model blends containing both 50 wt% of
PE. This significant difference is, in this case, likely due to the presence
of (ZN)LLDPE-923 0.4 in the blends, for which lower enthalpies were
measured since this material is less crystalline than the HDPE present in
the other blends. Therefore, results from Fig. 6 prove the limits of this
approach of calibration curves for determining the PE fraction in the
recycled grades since the variability in the melting enthalpy obtained
becomes significantly high once different PE and PP types are used in the
blends. In the case of real recycled materials, the complexity is even
higher than these model blends, and therefore we suggest that the
calibration curves approach should not be used.

Given the results obtained with the first procedure, which showed
how the melting enthalpy calculation is not reliable to determine the PE
amount in the recyclates, an alternative method has been developed.
The latter is based on a statistical evaluation of the low-temperature tail
of DSC traces of i-PP during melting, performed over 5000 different
types of i-PP materials, that led to the development of an actual database
of the melting behavior of the i-PP fraction. It was found that homo-
polymers of i-PP show a relatively constant fraction of melting enthalpy
up to 132 °C, which amounts to 11.8 + 2.5% of the total enthalpy.
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Fig. 5. Schematic of the linear integration of the DSC second heating scan for
one of the model blends prepared.
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Therefore, we calculate the melting enthalpy of the blend from 132 °C to
the end of the melting, and afterwards calculate the tail towards lower
temperatures. This is subtracted from the melting enthalpy up to 132 °C,
thus evaluating the melting enthalpy of the PE fraction alone. A similar
procedure was reported by Larsen et al. [30], with the difference that in
that work, it is suggested to extrapolate the melting curve of the i-PP
fraction linearly, which could introduce additional variability and is not
soundly justified.

As shown above, the melting temperature of PE can be correlated to
the density and equivalently to the melting enthalpy, as shown in the SI
(Fig. S3). Therefore, from the value of the melting temperature, we es-
timate the value of the melting enthalpy for the PE fraction in the blend.
Then, the ratio of the measured enthalpy after the i-PP correction and
the estimated melting enthalpy for a 100% PE material, provides the PE
content in the blend.

Fig. 7 displays the results obtained from the application of the DSC
method to the model PO blends prepared in this work, showing a
comparison of these results with the actual PE amount present in the
blends. As it is possible to observe in Fig. 7, there is a significant
agreement between the two PE contents, and although there is some
scattering of the points belonging to blends with 50 wt% of PE, this is not
as significant as in the case of the first procedure. Specifically, for 50 wt
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Fig. 7. PE content obtained via DSC as a function of the actual PE content
present in the model blends.
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% PE, the PE contents obtained from the database method vary from
42.6 wt% to 53.3 wt%, indicating a definitely lower variability in the
results with respect to the ones obtained in Fig. 6.

Thus, according to these results, the DSC method is promising for
quantifying the PE fraction within the recyclates.

Besides the evaluation of PE content, the DSC second heating scan of
the model PO blends prepared was also used to identify the PE type
within the recyclates, via the correlation between PE melting peak
temperatures and density found for virgin grades with density in the
range 918-960 kg/m>, as already introduced in Fig. 2. Therefore, the
peak melting temperatures of the PE fraction of all model PO blends
prepared were collected from the DSC second heating scans and then
correlated to the density of the PE fraction within each blend. In detail,
since it is not possible to directly measure the density of the PE phase
dispersed in the i-PP matrix, the density of the PE fraction was estimated
as a weighted average of the densities of the single PE components of the
blends. This approach is reasonable since physical properties as the
density were proved to follow the law of mixture (LOM), and have been
used to predict properties of PO blends with known composition and
grades [68,69].

Results of this correlation for the model blends are shown in Fig. 8 as
green diamonds, along with the ones obtained from the virgin grades,
showing how the linear trend of Fig. 2 found for the virgin grades is also
confirmed in case the components are blended together. Thus, according
to these findings, the melting peak temperature of PE represents a reli-
able parameter to identify the type of PE present in the real recycled
grades.

Fig. 4 shows how the standard DSC measurement is not able to
differentiate the LDPE and HDPE components within the PE fraction of
the model blends prepared, as they appear almost completely over-
lapped, except for one blend with 20 wt% LDPE, where LDPE contri-
bution to the melting appears slightly visible as a peak shoulder (Fig. 4,
purple curve). With the aim of attempting a differentiation of the
components of the PE fraction, the TM-DSC analysis was applied to all
model blends prepared in this work.

The NR-HF scan was analyzed for all model blends prepared in this
study, and a method was developed for differentiating the LDPE and
HDPE contributions to the PE fraction in the recyclates. Given the
sometimes very complex shapes of the NR-HF traces, which may intro-
duce large variability to the results based on operator’s choice of
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Fig. 8. Peak melting temperature of PE as a function of density, comparison of
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dots) and model polyolefin blends prepared (green diamonds). (For interpre-
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the Web version of this article.)
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integration limit, a code was written in Wavemetrics IgorPro software in
order to carry on exactly the same procedure all the times. The code
integrates the scans with a curved baseline, as shown in Fig. 9, setting
the integration limits between 40 °C and 180 °C (Fig. 9). Moreover, the
peak area, here referred to as Non-Reversing Enthalpy (NR-E), was
calculated up to 113 °C, as within this temperature range thermal
phenomena are likely related to crystal reorganization/recrystallization
occurring in the LDPE fraction [42]. Thus, the NR-E up to 113 °C was
obtained for all model PO blends, and it was then correlated to their
amount of LDPE, with the aim of obtaining a calibration curve to be used
for determining the LDPE fraction in the real recyclates. To the best of
our knowledge, the use TM-DSC Analysis, and specifically NR-HF, to
differentiate the components of the PE fraction in either model blends or
recyclates, has not yet been reported in the literature.

Fig. 10 contains the NR-HF traces of the model PO blend (T)LDPE-
920/HDPE-946/PP-H with different compositions (a = 5/45/50, b =
10/40/50 and ¢ = 20/30/50), along with the scans of the neat compo-
nents: (T)LDPE-920 (light blue curve), HDPE-946 (blue curve). The
curves shown here do not display the PP-H peak, as this analysis focuses
on the PE fraction. The complete NR-HF and R-HF scans can be found in
Fig. S4 and Fig. S5 of the SI. Additionally, in Fig. S6 of SI a magnification
of the NR-HF traces of just the three different compositions of the model
blend is reported, in order to better observe the thermal behavior of the
single components. Two contributions to the NR-HF can be identified for
all three blend compositions in Fig. 10 and Fig. S6 (SI): a particularly
broad exotherm in the same temperature range as the one measured for
the neat (T)LDPE-920 (Fig. 10, light blue curve) and an endothermic
contribution around ca. 128 °C, to be attributed to the HDPE-946
fraction.

The contributions of the two PE components appear far more clear
here in the NR-HF traces than in the DSC standard ones, as it can be
better appreciated by comparing Fig. S2 and Fig. S6 of SI, suggesting the
TM-DSC as more suitable for quantitative analysis of the LDPE compo-
nent within the PE fraction.

Thus, the NR-HF traces were analyzed for all model PO blends and
used to develop a calibration curve to determine the LDPE content in
recycled POs. As already introduced, the NR-E, calculated up to 113 °C,
was correlated to LDPE amount present in all model blends prepared.
Results of this correlation are displayed in Fig. 11, showing an overall
linear trend obtained for the tested samples. The standard deviation was
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946, (T)LDPE-920.

calculated for the enthalpy values of blends with the same LDPE content,
except for the case of blends containing 25 wt%, 50 wt%, and 70 wt%
since these were produced only once.

The methods introduced in this work for quantifying PE and LDPE
content, based on the TM-DSC analysis of the prepared model PO blends,
were applied to two post-consumer recycled grades, here indicated as
PCR-1 and PCR-2. In detail, these are polyolefin mix recyclates from pre-
sorted municipal and household waste. Results from TM-DSC were then
compared with the ones obtained from CFC and NMR analysis previ-
ously performed on these recycled lots. In detail, 9 TM-DSC measure-
ments were done per each grade, hence average values for the PE and
LDPE content have been calculated, as reported in Table 3. Results are
here displayed for recyclates that have been homogenized in a micro-
compunder, prior to the TM-DSC analysis, to avoid issues related to the
representativeness of the low amount of recycled materials analyzed by
the technique. Moreover, pellets of PCR-2 have also been measured
without previous homogenization, showing different PE and LDPE
content together with very large error bars, thus highlighting the
importance of this homogenizing step for quantitative analysis. Results
from the different techniques showed a good agreement, and the DSC
method here introduced proves a valid complement to more well-
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Table 3

Results of PE and LDPE content in two post-consumer recycled grades: PCR-1
and PCR-2, obtained from TM-DSC, CFC and NMR. PCR-2 (pellets) refers to a
non-homogenized sample.

DSC NMR TM-DSC CFC

PE (wt%) PE (wt%) LDPE (wt%) LDPE (wt%)
PCR-1 47.1 £ 0.8 49.5 + 0.6 15.5+ 0.9 15.6 £ 1.5
PCR-2 29.1+1.1 26.8 £ 0.6 6.2 £ 0.6 81+0.8
PCR-2 (pellets) 25.2 4+ 8.5 - 5.2+31 -

established analytical techniques.
4. Conclusions

Standard DSC analysis of 29 different virgin PE materials allowed us
to find a correlation between the melting temperature (Tp,) of each grade
and its density. In particular, a linear trend was found for grades with Ty,
above 120 °C and densities between 918 and 960 kg/m®. The latter is
promising as a calibration curve to predict the density of the PE fraction
within the recyclates since direct measurement of this technologically
important quantity is not experimentally feasible.

Moreover, the study of the NR-HF traces of the virgin PE materials
provided more insights regarding the thermal behavior of the different
microstructures tested. PE grades characterized by highly branched
structures displayed broad exotherms in all cases, suggesting crystal
reorganization phenomena. This feature allows the differentiation of
these materials from HDPE grades, for which only endothermic peaks
were found in the NR-HF.

Two quantitative methods were developed in order to determine the
amount of PE and of the LDPE fraction in the recyclates. As for PE
content determination, the second heating scan of a standard DSC
analysis of the PE/i-PP model blends was evaluated. Results of the
analysis showed a low-temperature tail of the i-PP melting peak over-
lapping with the melting peak of the PE fraction. Thus, the amount of
melting enthalpy of the i-PP phase in the low-temperature range was
estimated and subtracted from the overall enthalpy, obtaining the PE
content in the blend by calculating the ratio of the corrected enthalpy
and the one estimated for a 100% PE material. Results from this method
were found to be consistent with the actual PE content in the blends.

Furthermore, by considering the NR-HF traces of the model blends
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prepared, a differentiation of the LDPE contribution from the HDPE was
obtained. This was achieved by integrating these traces and then
establishing a correlation between the NR enthalpy up to 113 °C and the
LDPE content in the blends. A linear trend was found to be used as a
calibration curve to determine the amount of LDPE within the recycla-
tes. Eventually, the methods were applied to two recycled grades ob-
tained from post-consumer waste streams, where results were in
agreement with the ones obtained from CFC technique and NMR
spectroscopy.
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