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1 | INTRODUCTION
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| Alessio Ferluga?

Abstract

The complexity of any plastic recycling initiative lies in the heterogeneous
nature of the post-consumer commingled plastic waste stream: recycling treat-
ments are challenging without prior reliable sorting. A suitable identification
system should be able to recognize different plastics and blends. Nowadays,
the main technique used as quality control in plastic waste sorting centers is
differential scanning calorimetry, whose result can be purely qualitative or
semi-quantitative, since only the crystalline fraction is evaluated. Moreover,
the time required for data acquisition is relatively long. Infrared spectroscopy
is an alternative, faster technique extensively used in applied research, but not
widely utilized in industry. In this work, the cross-use of infrared spectroscopy
and calorimetry is tested in a real, practical case: the quality control of recycled
pellets (namely composed of polyolefins only), which represent the output of a
commingled plastic recycling plant and are used as secondary raw materials
for different applications. Appropriate infrared spectroscopy calibration curves
were built to allow the quantitative analysis with respect to the most common
polymers found in the commingled plastic waste stream; the composition and
contaminants in the recycled pellets were thereby determined and tracked
through different production batches through the cross-use of the two tech-
niques outlined above.
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was inevitably followed by a growth in the amount of
generated plastic waste, which is leading to well-known

The use of plastic objects has dramatically boosted during
the last decades and is nowadays widespread in everyday
life, leading to an expansion in plastic production world-
wide.["?! Since most of these objects are designed to be
single-use or disposable parts, the increase in their use

and serious environmental consequences.[3] Plastic reus-
ing and recycling are thus becoming nowadays issues of
paramount importance.!"** Unfortunately, only 30% of
the collected plastic waste was effectively recycled in the
EU in 2018, while the remaining share is simply lost to
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landfill (25%) or incinerated (43%).°! The main chal-
lenge ahead of any recycling initiative lies in the fact that
post-consumer commingled plastic waste is a uniquely
miscellaneous, heterogeneous stream that includes both
high and low-quality materials.””! The different composi-
tions, properties, and melting points of different polymers
hinder a simple physical recycling treatment without a
prior upstream reliable sorting.**”#! For an effective
separation, correct identification of different types of
post-consumer plastic materials is critical: a suitable
identification system should be able to recognize among
dozens of different polymers and blends.'**! The greatest
fraction (40%) of plastic waste comes from packaging,
with the largest share (50%) consisting of polyethylene
(PE) and polypropylene (PP), followed by polyethylene
terephthalate (PET), polyvinyl chloride (PVC), polysty-
rene (PS), and polyamides (PA).>'°! The effectiveness of
a precise plastic waste separation poses serious chal-
lenges to the recycling process: ideally, each waste stream
should be divided into homogeneous polymer types,
grades, and structures (i.e., high density or low density
polyethylene—HDPE or LDPE).[9] Generally, sorting pro-
cesses follow several steps.!®'"'*! The waste stream is
initially sorted by size passing through progressively nar-
rower physical filters (rotating sieves). Small (bottle caps-
HDPE) and large pieces (films and bags-usually LDPE)
are removed at this initial stage. Rotating drums and bal-
listic separators are useful to remove heavy objects such
as rocks, metals, and pieces of glass; “float-sink” separa-
tors are used to separate materials with density lower
than that of water (such as PE and PP, which float) from
PET, PS, and PVC (which instead sink). Further steps
usually consist of magnetic and eddy current separators
to remove residual ferrous and non-ferrous metal debris
and wind sifters to remove bags and light films. Final
steps are optical sorting (infrared and color) and manual
selection. Nowadays, the main characterization tech-
nique used for quality control in waste plastic sorting
centers is differential scanning calorimetry (DSC). This
technique evaluates the difference in heat transfer
between a specimen and a reference as a function of tem-
perature and time. The result is reported in a graph called
“thermogram.” The measurement is carried out using a
calorimeter and takes a certain amount of time (approxi-
mately one or two hours). It is able to detect effectively
the melting points and enthalpies of the different compo-
nents, but this implies that they must be composed of a
semi-crystalline fraction (as it happens, for example, in
PE, PP or PET). Amorphous plastics (such as PS) do not
show any distinctive melting peaks, but only a glass tran-
sition temperature (Tg), which is not always easily detect-
able, especially if overlapped with other transitions
featured in the thermogram. In addition, the Tg may be

dependent not only on composition, but also on other
factors including sample thermal history and molecular
mass. Moreover, Tg is not a univocal fingerprint for iden-
tifying different types of plastics. Therefore, DSC can only
be used to recognize an unknown plastic sample if there
are distinct transitions shown in the thermogram. The
main problems in using this technique are mainly: (i) the
data acquisition time, which can be long; (ii) the fact that
it can only be used effectively to detect plastics having a
semi-crystalline fraction (clear melting peaks). In the lat-
ter situation, it is also possible to determine the degree of
crystallinity, as the ratio between the melting enthalpy
(heat) and a reference value of a completely crystalline
specimen.

Other techniques, widely used in academia or applied
research, but not widely utilized in industry, are Raman
Spectroscopy!*®”! and the Fourier transform infrared
spectroscopy (FT-IR).1'®1°! These techniques, which
belong to the wider family of vibrational spectroscopies,
are non-destructive measurements that allow to recog-
nize the functional groups found in the sample through
the analysis of characteristic vibrational bands. The mea-
surement time is short (from 30 s to a few minutes), espe-
cially if compared with the DSC. With the measurement
of an FT-IR spectrum on an unknown sample, it is possi-
ble to univocally identify the various plastic compounds
through the comparison of the acquired spectrum with
reference vibrational bands, used as real “fingerprints” of
the main commercial polymers. The technique, unlike
DSC, works perfectly on either amorphous or semi-
crystalline polymers, even on thin material layers. Quan-
titative analysis with this technique is possible as long as
adequate calibration curves are available. Calibration
curves for the determination of PE content in recycled PP
and vice-versa have been already reported®°!; to the
authors’ knowledge, no calibration curves have been
reported so far for PET and PS content determination in
recycled PE. In this study, the cross-use of FTIR and DSC
was tested in a real, practical case: the quality control of
recycled plastics pellets, which were the output of a com-
mingled post-consumer plastic waste recycling plant. Dif-
ferent commingled plastics were sorted before pellet
production process, with the goal of maximizing the
recycled polyolefin fraction (PE and PP). Since these
recycled pellets are used as secondary raw materials
suitable for different applications, (such as bitumen mod-
ifiers for the production of insulating membranes, addi-
tives for the production of high-performance asphalts or
the production of materials for industry, logistics, and
automotive sector, as well for the production of compos-
ite panels for the urban and residential furnishing sector)
the control in their composition and contaminants is a
primary goal.
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TABLE 1 Composition of blends used for calibration curves.
Blend PE/PP PE/PET PE/PS
Composition 1 98/2 98/2 98/2
Composition 2 96/4 96/4 96/4
Composition 3 94/6 94/6 94/6
Composition 4 92/0 92/8 92/8
Composition 5 90/10

Namely, these pellets are mainly composed of poly-
olefins, with a declared PE content of 90%-95%. The
objective of this study was to identify and quantify the
different plastic contaminants in the composition of
the pellets and to track their variation in different
production batches, by means of the cross-use of the two
techniques described above.

2 | MATERIALS AND METHODS

2.1 | Materials
Recycled polyolefin pellets were obtained from a recy-
cling plant in north-eastern Italy. Reference materials
were gathered from relevant post-consumer plastic waste,
such as single-use water bottles (PET), plastic bags and
caps (LDPE and HDPE), food containers (PP) and plastic
dishes (PS).

Model blends for calibration curves were obtained
by solvent blending (up to 100 mg of polymer in 10 mL
of solvent, in 25-ml glass beckers) in boiling xylene
(reagent grade, mixture of isomers) for PE/PP and
PE/PS blends or boiling 1,2-dichlorobenzene (reagent
grade) for PE/PET blends. Dissolution time was
10 min. PE/PP blends were prepared in the following
compositions: (% wt PE/PP): 98/2, 96/4, 94/6, 92/8,
90/10, 75/25, 50/50, 25/75, 10/90; PS/PE and PET/PE
in the following compositions (% wt.): 98/2, 96/4, 94/6,
92/8. Blend compositions are reported in Table 1. Solu-
tions were drop cast on glass slides to obtain blend
reference samples.

2.2 | Fourier transform infrared
spectroscopy and compositional analysis

Fourier transform infrared spectroscopy (FT-IR) spectra
were measured by a Thermo-Nicolet Nexus 470 spectrom-
eter equipped with a diamond crystal attenuated total
reflection (ATR) accessory. Spectra were acquired at
resolution of 2 cm ™' over a spectral range from 600 to

PROFESSIONALS AND SCIENCE

4000 cm™'; for each sample, five spectra from different
location were acquired, with 16 spectral accumulation
per measurement. Wavelength-dependent penetration
depth was corrected by the ATR correction routine from
the Omnic software. The spectra were analyzed using
hyperSpec package!®”! of the R software for statistical
analysis; data were converted into absorbance and base-
line were subtracted with a polynomial fitting.

In order to identify the different polymers in the
recycled pellets, distinctive absorption bands were chosen
as “fingerprints”.?'? The band at 1376 cm™' (CH;
deformation) was chosen as the distinctive absorption
band for PP, the band at 697 cm™! (CH deformation in
aromatic ring) for PS, and the band at 1120-1100 cm ™"
(C-O stretch) for PET.*>?”) Following the principles
reported by the ASTM standard D7399%*! and by proce-
dures previously reported in other works,'®°! ad-hoc
calibration lines were constructed to determine the quan-
titative composition (PP, PET, and PS content in recycled
PE). FT-IR spectra of model blends were acquired, and
heights of distinctive absorption bands were recorded.
The ratios between the heights of these distinctive
bands and the height of a suitable reference band were
plotted as a function of the model blend composition to
obtain the calibration lines. The vibrational band at
~ 2920 cm ! (CH, stretching) was chosen as a suitable
reference band.

The same distinctive bands heights were then mea-
sured on recycled pellets; the ratios between the mea-
sured band height and the reference band were used to
assess their composition through the calibration lines.

2.3 | Differential scanning calorimetry
DSC measures were carried out by means of a Netzsch
DSC 200 F3 Maia in Argon atmosphere. The thermal
cycle was set as follows: initial stand-by at —50°C for
10 min; first heating from —50°C to 190°C at 10 K/min;
isothermal stand-by at 190°C for 5 min; cooling down
to —140°C at 10 K/min; and second heating from
—140°C to 190°C at 10 K/min. The degree of crystallin-
ity K for each component was calculated by the follow-
ing equation:

AH,,

K=
AH,

where AH,, is the measured heat of fusion, and AH, is
the heat of fusion of 100% crystalline polymer. After the
first scan, a second DSC measure was acquired, as
the first is generally considered to be biased by the previ-
ous thermal history of the sample.
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FIGURE 1 FT-IR spectra of post-consumer waste plastics:

LDPE bag (blue curve), PP food container (green curve), PET
(orange curve), and PS (red curve).
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FIGURE 2 FT-IR spectrum of recycled pellet: each

characteristic band has been associated with the corresponding
polymer functional group.

3 | RESULTS AND DISCUSSION
3.1 | Qualitative composition via FT-IR
and DSC

Reference FT-IR spectra collected on post-consumer plas-
tic waste are shown in Figure 1, while the FT-IR spectrum
of a recycled pellet is shown in Figure 2. The spectrum of
the recycled material is similar to that of PE, as evidenced
by the peaks associated with the vibrations of the CH,
group, in particular stretching (29162848 cm "), deforma-
tion (1460-1470 cm '), and rocking (720 cm™'). The
other bands identified, such as CH; group deformation

(1376 cm ™), CH bond deformation in the aromatic ring
(696 cm™ 1), and stretching of C=0 (1720 cm ") and C-O
(1250 cm™ 1), were attributed to the presence of contami-
nants such as PP, PS, and PET, respectively.??>2°! There-
fore, FT-IR spectroscopy confirms the presence of PE as
the primary constituent in the recycled pellets, with the
secondary presence of PP, PS, and PET

DSC first and second heating traces of a recycled pel-
let are shown in Figure 3. The first heating trace (red
curve)—which is commonly considered to be flawed by
the previous thermal history of the sample—shows three
endothermic events: the first one has two distinct peaks
consistent with LDPE (110°C) and HDPE (126°C) melt-
ing[lg’lg’zgl; the third endothermic peak at 162°C is attrib-
utable to PP melting.!*°?! A glass transitions is visible at
85°C, ascribable to PET.1**3* Since the presence of PS
was highlighted in FT-IR spectroscopy but not detected
in thermograms, it can be speculated that the glass transi-
tion of PS (100°C) contributes to the first endothermic
phenomenon, even if it is hidden by the event itself.

The second heating trace (blue curve) shows the same
three melting peaks recorded during the first heating, at
112°C (LDPE), 126°C (HDPE), and 162°C (PP). In this
case, the glass transition of PET does not arise: the
absence of these phenomena is reasonably attributable to
a higher degree of crystallinity reached by the polymers
during cooling at controlled speed.

3.2 | Quantitative composition based on
FT-IR spectroscopy calibration lines

Normalized vibrational band heights of recycled pellets
were used to determine their composition through cali-
bration curves. Calibration curves are shown in Figure 4;
curve parameters are shown in Table 2. A quantitative
analysis of recycled pellets from five different batches is
shown in Table 3.

It can be noticed that the amount of contaminants var-
ies among the different batches: PP is between 4.8% and
6.0%, PS does not exceed 2.0%, while PET varies between
1.5% and 3.0%. We can suppose that this variation can be
due to the heterogeneity of the plastic waste stream as a
function of different times of the year; for instance, after
the increase in the usage of plastic bottles, containers, and
tableware during holidays and particular events. Accord-
ing to the sorting center management, some input streams
are, therefore, richer in PS or PET with respect to others,
and thus their final purity can be affected. This can reflect
on contaminant variation across different batches. The PE
content, calculated by subtracting the values of the con-
taminants, is about 90%, which is in line with the content
declared by the manufacturer.
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FIGURE 4 Calibration lines obtained by FT-IR for PE/PP, PE/PE, and PE/PET blends.
TABLE 2 Calibration lines Calibration line (y — ax + b) a b R?
parameters.
PP/PE 6.0 x 1073 53x10°* 0.99
PS/PE 1.2 x 102 22 %1073 0.95
PET/PE 1.9 x 102 —98x 1073 0.99
TABLE 3 Concentration (% wt.) of Batch nr. PP % wt. PS % wt. PET % wt. PE % wt. (rem.)
PP, PS, and PET in different batches.
1 58 +0.2 1.9 + 0.4 1.9 +0.3 89.5-91.2
2 48 +0.3 2.0 +£0.2 1.7 + 0.3 90.8-92.2
3 6.0 + 0.5 1.9+0.2 3.0+ 0.7 87.8-90.4
4 51+0.1 1.5+0.2 2.8 +04 90.0-91.4
5 49+ 0.1 1.8+ 0.3 1.5+ 0.1 91.3-92.3

3.3 | Semi-quantitative composition
based on DSC melting enthalpies

Quantitative results deriving from DSC analysis of
recycled pellets from five different batches is shown in
Table 4. The area under the melting peak of a DSC ther-
mogram reflects the degree of crystallinity of the material.

The melting enthalpy associated with PP (endothermic
peak around 162°C) was related to the reference melting
enthalpy of 100% crystalline isotactic PP (182.6 J/g**)) to
estimate the PP crystalline fraction. It is worth remember-
ing that only the crystalline fraction contributes to this
melting endotherm; therefore, amorphous PP content was
not taken into account. Similarly, the melting enthalpy
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TABLE 4 Concentration (% wt.) of crystalline PP and PE in different batches.
Batch nr. Peak 162 area (J/g) Crystalline PP % wt. Peak 110-140 area (J/g) Crystalline PE % wt.
1 4.61 2.5% 110.20 38.3%
2 4.98 2.7% 109.30 38.0%
3 4.86 2.7% 116.20 40.3%
4 5.48 3.0% 118.60 41.2%
5 5.10 2.8% 114.40 44.9%

associated with PE (endothermic peak around 110-140°C)
was divided by the reference melting enthalpy of a 100%
crystalline PE (288 J/g[zgl) to estimate the crystalline PE
content. As previously discussed, DSC does not provide an
accurate quantitative investigation, since the area underly-
ing the melting peaks (which is a function of the melting
enthalpy) is proportional to the crystalline fraction of the
polymer only. The amorphous fraction, which also con-
tributes to the actual content of the blend, is not taken into
account. Moreover, completely amorphous polymers (such
as PS) would be completely excluded from the count. PS is
mostly commercialized in the atactic form,"*'”! whose
random styrene group positioning hinders the chain regu-
larity and the possibility to crystallize. PET has the ability
to crystallize,!'®!°! particularly via strain-induced crystalli-
zation, that is, in the stretch blow molding process (bottles
production). It is likely that the semi-crystalline PET
objects (bottles) were effectively removed during the initial
manual waste sorting phase, while the non-crystalline
PET (food containers, film - more easily mistaken for PS
or PE) were left in the commingled plastics that were used
later for pellets production. In any case, given the low
amount of PET recorded by FTIR (about 2% wt.), a hypo-
thetical crystallization exothermic peak (around 129°C) is
likely well hidden by the melting endothermic peaks of
LDPE and HDPE, and, therefore, not noticeable in the first
heating traces of recycled pellets. Even during the second
heating, a hypothetical melting peak could be barely
noticed due to the low amount of PET in the pellets. As an
example, the composition of sample 1 calculated with DSC
data would underestimate the amount of PP (2.3%) and
completely neglect the amount of PS and PET, thus over-
estimating PE content (97.7%).

On average (five batches), the crystalline PP con-
tent determined by melting enthalpies was 2.7 + 0.2%,
while the crystalline PE content was 40.5.3 + 2.%.
These values are lower than those estimated by FTIR
spectroscopy; this is in line with the fact that only the
crystalline fraction was computed by evaluating the
DSC peak areas, while FTIR collected information on
the overall chemistry. It can be noticed that the aver-
age PP content estimated by DSC (2.7% wt.) was about

51% of that estimated by FTIR (5.3% wt.), while the
average PE content estimated by DSC (40.5% wt.) was
about 45% of that computed by FTIR (90.7% wt.).
Hence, a slightly higher crystalline fraction in PP with
respect to that in PE in the post-consumer commingled
plastics could be speculated. No information regarding
other contaminants (PS and PET) was obtained
by DSC.

4 | CONCLUSIONS

FT-IR spectroscopy and DSC have proven to be appro-
priate techniques to identify the different polymers
inside recycled plastic pellets. DSC could be suitable
only for blends in which melting peaks, crystallization
peaks, or other features (e.g., glass transitions) associ-
ated with the polymeric components are adequately
distinct to enable identification. However, DSC results
can be purely qualitative or semi-quantitative, since
only the crystalline fraction is evaluated through the
peak areas. Thus, the use of DSC is only effective
under specific circumstances and when performed in
parallel with FT-IR measurements. On the other hand,
DSC has proved to be useful to assess the presence of
different grades of PE (LDPE and HDPE): this informa-
tion is not easily accessible with FT-IR spectroscopy.
FT-IR spectroscopy, on the contrary, is able to detect
also the amorphous signal; moreover, FTIR is faster
(1-2 min acquisition time vs. 60-120 min for DSC) and
non-destructive, and should be regarded as the pre-
ferred technique for quality control or to correctly
determine the quantitative chemical composition of
the recycled blends. Finally, the construction of ad-hoc
calibration curves allows to assess the pellet composi-
tion with respect to some selected polymers (PP, PS
and PET), which represent the most common contami-
nants in this PE-based recycled material. Fourier trans-
form infrared spectroscopy, which is extensively used
in academia but not so common in the plastics recy-
cling industry, can, therefore, find a wider use in this
field as a fast and reliable characterization technique.
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