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ARTICLE INFO ABSTRACT

Keywords: The inefficient management of wastes recovered from electric and electronic apparatuses (the so-called WEEE or
Mechanical recycling e-waste) has become a severe global concern in the last years, since the indiscriminate accumulation of wastes
Polypropylene

containing hazardous material poses serious risks for the environmental, as well as for the human health. Despite
the continuous development of innovative and efficient technologies for the mechanical recycling of WEEE
plastics, the effective re-utilization of these fractions is often limited by their poor value-added. In this work, we
propose a strategy for the valorization of a typical WEEE plastic stream recovered from small appliances (mainly
composed on polypropylene filled with talc particles) through the formulation of filaments suitable for Fused
Filament Fabrication (FFF) 3D printing processes. Preliminary spectroscopic analyses on the WEEE plastics
allowed separating the sample in two streams, according to the different content of talc. Both streams were first
characterized from a rheological point of view, aiming at assessing their 3D printability. Then, the mechanical
properties and the morphology of the filaments (obtained after a close optimization of the extrusion conditions)
were evaluated; the obtained results indicated the achievement of a regular geometry and mechanical properties
comparable to those of commercial filaments. Finally, 3D printed specimens showed a satisfactory quality in
terms of resolution and definition, demonstrating the possibility of profitably enhancing the value-added of

WEEE plastics
3D printing
Fused Filament Fabrication

WEEE plastics, using them as feedstock to produce sustainable 3D printing filaments.

1. Introduction

In recent years, the continuous introduction into the market of new
electric and electronic equipment (EEE, most of them having a short
lifetime) has led to the generation of a huge amount of waste from the
discarded items [1-3]. According to the last available data, in Europe
(considering the 27 Member States, Norway, United Kingdom,
Switzerland and Iceland) the documented collection of the so-called
WEEE (i.e., waste electric and electronic equipment) or e-waste,
showed an increase of 1.8 Mt in the last decade, passing from 3.8 Mt
(2010) to 5.6 Mt (2021), with a production of about 10.5 kg of wastes for
inhabitant [4]. The depicted scenario is even more severe considering
that the typical recycling rate of WEEE is very low (about 17 wt% of the
total collected amount in 2019), due to the extremely high intrinsic
complexity of both collection and recycling processes, making the reuse
and/or recycle strategies challenging from both technological and eco-
nomic point of view [5,6].

The first issue strongly affecting the efficient recycling of WEEE is
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related to the separation of the plastic fraction from the other materials
[7,8]. In fact, the WEEE streams typically consists of variable quantity of
plastic materials (mainly thermoplastics, about 10-50 wt%), depending
on the type of appliance [9], mixed with metals and glass. Besides, since
WEEE consists of many components and equipment of different size,
shapes and applications, the recovered plastic streams are extremely
heterogeneous, and further sorting steps are imperative for obtaining
homogeneous materials, suitable for the successive recycling processes
[10-12]. In this context, several technologies allowing an efficient
separation and sorting of the plastic streams have been patented in the
last decade [13]. On the other hand, it is important to note that plastics
recovered from WEEE could contain hazardous substances which need
to be removed with specific treatments [14,15]. Most commonly, these
plastics are separated and sent to energy recovery or landfill [16].
Therefore, only 50-60 wt% of the input material to WEEE plastic recy-
cling facilities is effectively recycled [16]. Added to these are the up-
stream losses due to low WEEE collection rate and losses at WEEE
pre-processing stages. Only a small part of WEEE plastics resulting in
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Europe is recycled with the consequence of a significant wastage of
valuable materials. Furthermore, even if some manufacturing processes
include the use of secondary raw materials from WEEE, they are usually
considered low value plastics and their market is still not consolidated
[13].

In conclusion, the full mechanical recycling of WEEE plastics is far
from being exploited and this fraction is often left behind in favor of the
more profitable recovery of metals and glass.

Hence, efficient management of WEEE is deemed as one of the most
important global environmental challenges in the twenty-first century.
Innovative technologies and strategies allowing an efficient recycling of
the plastic fraction, as well as an effective re-utilization of the recovered
materials through high value-added applications need to be imple-
mented and developed. In recent years, additive manufacturing (or 3D
printing) processes have emerged as innovative and eco-friendly
manufacturing technologies. These processes can produce customized
objects and parts having complex designs and geometries, allow to save
energy and material compared to traditional processing methods [17,
18]. Specifically, concerning the 3D printing technologies for thermo-
plastics, material extrusion-based methods (including fused filament
fabrication, FFF) are the most used. Despite the limited selection in
material recovery facilities (MRF) of polymeric materials that possess
the appropriate characteristics of processability [19], quite recently,
some studies are focusing on the exploitation of recycled thermoplastics
for 3D printing applications [20-22]. These papers demonstrated the
possibility of producing plastic objects using a more sustainable
manufacturing approach, which involves the combination of materials
recovered from waste and a low energy-consuming process. However, in
the same way as printed components obtained from commercial fila-
ments, also in the case of recycled plastics, it is imperative for the FFF
process to select the suitable parameters to print specimens with opti-
mum features in terms of porosity, strength, surface integrity and ac-
curacy and consequently to ensure the above-mentioned sustainability
of the process [23]. It has also been shown that plastics recovered from
WEEE can be profitably valorized through the production of 3D printing
filaments suitable for FFF processes [13,24,25]. As an example, [13]
WEEE plastic from end-of-life printers (constituted predominantly by
polycarbonate) used to produce 3D printed items, exhibited mechanical
properties comparable to those of the same items based on commercially
filaments. Furthermore, the LCA (life cycle assessment) studies sug-
gested that the exploitation of WEEE plastics as feedstock for formu-
lating 3D printing filaments instead of virgin polymers resulted in a
reduction of about 30% in CO5 emissions [13].

In this work, we propose a strategy of valorization of WEEE plastics
from small appliances (mainly composed of polypropylene, PP) through
the production of filaments for 3D printing process. PP can represent up
to 57 wt% of the composition of the plastics used in EEE [16]. As known
in literature, PP is not easily 3D printable, due to its unfavourable
rheological and thermal characteristics [26]. However, the common
presence of talc in PP used in EEE can provide a material with the proper
processability and can help in overcoming the issues related to its typical
high volumetric shrinkage associated with its semi-crystalline nature, as
recently demonstrated with virgin PP [27]. Therefore, WEEE scraps
were processed to obtain printable filaments and FFF printed parts. The
optimization of the extrusion conditions allowed obtaining regular and
stable filaments, having mechanical properties comparable to those of
commercially available counterparts. PP-based recycled filament could
be used in 3D printing process as a material with good physical prop-
erties (such as resistance to heat, chemicals, fatigue, and impact) for
different items with the further advantage of using secondary raw ma-
terials, instead of virgin PP ones. The resolution and definition of the 3D
specimens were qualitatively evaluated, confirming once again that the
overall quality was very similar to that of specimens realized by using
commercial filaments.
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2. Materials and method
2.1. Materials

Approximately 4 kg of PP-WEEE plastic, belonging to the category of
small appliances, was sampled from a WEEE MRF (Puli Ecol Recuperi
Srl, Italy), as was already done in a previous work carried out by the
authors [25]. The sample consisted of 5-10 cm plastic scraps, origi-
nating from different appliances.

In order to ensure a homogeneous plastic stream for the extrusion
process, the sample underwent a product analysis by Fourier Transform
Infrared - Attenuated Total Reflectance (FTIR-ATR) spectroscopy. All the
scraps were analysed by 4300 Handheld FTIR (Agilent), acquiring the
FTIR spectrum between 4000<-400 cm™! at a resolution of 8 cm™* and
averaging 45 scans for each measurement. The FTIR spectra were
compared with those of the instrument library. After the FTIR analysis,
the sample was divided into three parts: PP characterized by a high
concentration of inorganic additive (with an absorbance peak at
1014 cm™'> 0.3, called PP-WEEE-HA), by low concentration of inor-
ganic additive (with an absorbance peak at 1014 cm ™! < 0.3, called PP-
WEEE-LA), foreign materials.

2.2. Preparation to analysis and processing

The scraps were coarsely cut with a hand lever shear (Peddinghaus
3BR6), aiming at obtaining a more homogeneous geometry and at
reducing their dimension prior to the use of the cutting mill. Subse-
quently, the scraps were washed in a laboratory dishwasher (Mielabor
6773) at 70 °C with a common detergent to eliminate the grime on the
plastics, such as dust, grease and glue, which were present in many
scraps (Fig. 1a). Extremely dirty scraps were also manually cleaned with
denatured ethanol. After rinsing with demineralized water, the mate-
rials were dried in an oven (WTB Binder E53) at 50 °C for 24 h.

The cutting mill used for grinding the samples was a Retsch SM 2000
with a 2.2 kW drive and 1500 min~! rotor speed. The cleaned samples
were divided into two portions: one was milled to a particle size lower
than 4 mm for the extrusion process (Fig. 1b) and the other one (50 g) to
a particle size lower than 0.5 mm for the physical-chemical character-
ization (Fig. 1c). Prior to this second grinding step, the 4 mm portion
was manually mixed and quartering in a tray to guarantee a represen-
tative and homogeneous distribution of the sample for the analyses.

2.3. Preliminary characterization

2.3.1. Ultimate and proximate analysis

In the case of plastic/organic materials, ultimate analysis concerns
the quantitative determination of Carbon (C), Hydrogen (H), Nitrogen
(N), Sulphur (S), Oxygen (O). In this work, C, H, N and S were analyzed
using a Macro VARIO Cube Elemental Analyser in accordance with a
method described elsewhere [28], while O was calculated as the dif-
ference of all present elements and the ash content to 100 wt%.

WEEE plastics may contain flame retardants, mainly in the form of
organobromine and organochlorine compounds [29]. Chlorine (Cl) and
Bromine (Br) were determined according to the method and analysis
reported in a previous work of the authors [25] through a calorimetric
bomb (C5000 Berthelot-Mahler Calorimeter, IKA). The analysis of the
resulting solution was carried out by ionic chromatography (883 Basic
IC plus Metrohm Ion Cromatographer).

The total amount of inorganic species was reported as ash content
determined by proximate analysis using a thermogravimetric and dif-
ferential scanning calorimetry (TGA/DSC1, Mettler Toledo) instrument.
Samples weighing approximately 40+-50 mg for each test were placed
into an alumina crucible. Runs were carried out applying the thermal
program reported in Table 1. Proximate analysis also provided infor-
mation regarding the water content of the samples. Each measurement
was performed with 3 replicas.
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a)

Fig. 1. Cleaned scraps (a); sample grinded < 4 mm (b); powder < 0.5 mm (c) of PP-WEEE-HA.

Table 1
TGA thermal program for proximate analysis.

Temperature program

Atmosphere T; (°C) T; (°C) p=dT/dt At isotherm
“Cmin 1) (min)
N, at 60 ml-min ! 25 - 5
25 105 20 -
105 - 15
105 900 20 -
900 - 5
Air at 90 ml-min~" 900 - 30

2.3.2. Thermal behavior

Thermal analysis was carried out with the Mettler-Toledo TGA/DSC1
with a standard temperature program (from 25 to 600 °C at 10
°C~min_1) to define the melting temperature (Ty,), the initial degrada-
tion temperature (determined from the first derivative of the DTG curve
and corresponding to the beginning of the steep slope of TG curve, Tq ;)
and the degradation peak temperature (Tq,,) of the samples. A quantity
of 10.0 mg was placed in a 70 pl alumina crucible heated under nitrogen
flow (60 ml- min~1). TGA/DSC1 allowed also measuring the mass losses
and heats connected to the various chemical and physical trans-
formation of the materials.

2.3.3. Rheological analysis

The processability of the samples was firstly evaluated measuring the
Melt Volume Index (MVI) parameter using the M-Flow plastometer
(Zwick Roell) and following the standard procedure ISO 1133-1.

Furthermore, the material rheological behavior was assessed using
an ARES (TA Instrument) strain-controlled rheometer equipped with a
parallel plate geometry (plate diameter = 25 mm, typical gap imposed
during the tests = 1 mm).

The complex viscosity curves of the investigated materials were ac-
quired through frequency sweep measurements performed at 200, 230,
260 and 270°C, in the range 0.1-100 rad-s~!. The value of strain
amplitude was fixed low enough to ensure the recorded response was
within the linear viscoelastic region (determined for each sample
through preliminary strain sweep tests) of the materials. Data collected
through frequency sweep tests were fitted using the Cross model:

. Mo
T e M
where: 77; is the zero-shear viscosity, 1 is the relaxation time, n is the

flow index.

Specimens for the rheological characterization were obtained
through a two-step procedure. Firstly, the materials were homogenized
through compounding in a co-rotating twin screw micro extruder DSM
Xplore 15 ml microcompounder (Geleen). The screw speed was main-
tained at 50 min ! for the feeding stage and increased to 100 min~"! for
the residence time fixed for all runs at 2 min. The temperature was

selected at 190 °C and the processing was carried out under Ny atmo-
sphere. Then, disk-shape samples (diameter = 25 mm and thickness =
1 mm) were obtained using a hot compression molding press (Collin P
200 T press) working at 190 °C with an applied pressure of 100 bar for
2 min.

2.4. Filament formation and characterization

The extruder used in this study for the production of the filaments
was a Next 1.0 Advanced Silver Model (3devo) with the technical
characteristics reported elsewhere [25]. According to the supplier in-
dications, this extruder was modified to guarantee a more homogeneous
cooling of the PP filament coming out from the die [30]. The cylindrical
cooling device was 3D printed in polylactic acid (PLA) and assembled
with one of the two fans, in order to avoid the ovalization of the PP
filament due to its anisotropic crystallization during cooling [26].

For each sample, preliminary tests were carried out in order to
optimize the process conditions. The initial parameters were set
considering both those reported in literature about FFF process with PP
[30,31] and the results obtained from the chemical and physical char-
acterization of the samples. Then, the optimum parameters of the
extrusion process, such as temperature, fan speed and screw speed, were
found through a step-by-step approach.

The measurement of the filament diameter was assessed in real-time
during the extrusion using the 3devo software, DevoVision, Further-
more, in order to provide the general appearance and to highlight de-
fects, such as the presence of foreign materials, bubbles and roughness,
the filaments underwent stereomicroscopic analysis with a SMZ-171
(Motic) instrument. In particular, the filaments were examined at
magnifications of 10x, 30x and 40x.

Morphology of the filaments was analyzed using a Zeiss (Oberko-
chen) VP Scanning Electron Microscope (beam voltage: 20 kV). Prior to
observation, the filaments were cryogenically fractured in liquid nitro-
gen and the obtained surfaces were gold metallized with Gold Sputter
Coater-Emitech K550.

Lastly, an Alliance RT/50 (MTS Systems) was used for the static
mechanical tensile tests directly on the filaments (length of the sample =
150 mm), using a 2kN load cell with the crosshead speed at
1 mm-min ! (displacement control test). The mechanical tensile tests
were carried out also on some PP-based commercial 3D filaments for
comparison. Five samples were tested for each type of filament and the
results were reported as average values.

2.5. 3D printing and quality control of the printed parts

The 3D printer used in this study is the Creality Ender-3 Pro, with a
Plexiglas box built around the printer to guarantee a uniformly warm
printing chamber [30]. Since most of PP-based filaments are charac-
terized by a high crystallinity grade which favours the warpage and/or
adhesion of the material on the bed machine (i.e. the printing platform),
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the 3D printer bed was covered with a PP-based scotch tape to improve
the adhesion of the fused PP filament, as suggested by many authors [26,
32]. This solution contributes to avoid a possible delamination of the
first layer deposited by the 3D printer bed.

A little hexagonal bolt with blunt edges and with side and inner
circumference diameter of 13 mm and height of 9.1 mm, respectively,
was designed with the Autodesk® Fusion 360 modeling software. The
label “PP” was introduced to evaluate the definition of a small engraving
and to give the opportunity to separately collect and recycle the printed
objects at a later time (Figure S1). The software used to obtain g-code
was Ultimaker Cura version 4.7.0.

The fan speed (Fang = 50%), the printing speed (Ps= 60 mm-s 1), the
infill (Infill= 20%), the flow rate (F,,e=106%) and the layer thickness
(0.2 mm) were kept constant during all the tests. For each material the
initial 3D printing parameters were derived from the optimal conditions
found during the extrusion and the thermal/rheological results. During
the tests, some parameters were adjusted to achieve the best 3D printing
conditions. The same specimen was also printed with PP-based com-
mercial filaments (PLene T15 TREED Filament and Centaur PP Form-
Futura), for a qualitative comparison, setting the parameters as
suggested by manufacturers.

From simple lines to more complex geometric shapes, infill patterns
can affect the characteristics of the specimens, such as morphology,
mechanical properties, weight and even flexibility as well as the printing
time. Thus, concentric, and cubic pattern were considered for the trials.
Concentric pattern is quick to print, good for flexible parts, and con-
sumes significantly less material than most patterns, while the cubic one,
provides excellent mechanical strength in three dimensions but takes
more material and time.

The 3D printed bolts underwent the morphological analysis with an
optical microscope instrument in order to highlight defects, resolution
and definition. The sample was examined with magnifications of
50-100X.

3. Results and discussion
3.1. Characterization of WEEE samples

Fig. 2 reports the FTIR spectrum of the WEEE material. The collected
spectrum confirmed that the sample was made of PP; in fact, it can be
observed the presence of the characteristic peaks in the two broad
ranges from 2838 to 2952 cm ™! (associated with the symmetric and
asymmetric stretching of CHy and CHs) and from 1372 to 1456 cm™!
(attributed to the bending of CH3) [30]. The large band at 1014 cm’l,
ascribable to siloxane bond functional group (Si-O), revealed that the
WEEE sample was also characterized by the presence of a significant
amount of talc [33]. In fact, talc is often used as an inorganic filler for PP
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to improve its processability [20,26] and its mechanical properties [34].
Since the absorbance of the siloxane band was variable among the
different scraps, the sample was divided in two different streams,
namely PP-WEEE-HA and PP-WEEE-LA, on the basis of different con-
tents of talc according to the value of absorbance greater or less of 0.3,
respectively) of the functional group Si-O. From now, the subsequent
characterization of the two WEEE samples was carried out separately. In
conclusion, the WEEE sample was divided into three portions:
PP-WEEE-HA (67 wt%), PP-WEEE-LA (25 wt%) and other plastic waste
(8 wt%). The latter was composed of heavily dirty PP scraps and foreign
materials, such as other plastics and metals and it was rejected.

3.2. Ultimate and proximate analysis

Table 2 reports the elemental composition and the ash content of the
PP-WEEE samples. The proximate analysis showed that the two samples
were characterized by different quantities of talc (measured as ash
content: 27.5 wt% and 13.3 wt% for PP-WEEE-HA and PP-WEEE-LA,
respectively), thus confirming the separation carried out through the
FTIR analysis. Instead, the low water content confirmed the hydropho-
bicity of this plastic material. The high ash content conditioned the
values of ultimate analysis, which are significantly lower in comparison
to those of a commercial PP as reported in a previous work [25], but the
C/H ratio of the WEEE samples were very similar to that of a pristine PP
sample (5.9 versus 5.8, respectively).

3.3. Thermal behaviour

TG/DSC simultaneous tests were performed prior to the study of the
processability of the materials, in order to evaluate the thermal behav-
iour of the samples, as well as their processing window. The resulting
TG, DTG and DSC profiles of the two PP-WEEE samples were plotted in
Fig. 3, while Table 3 reports the values of their main thermal
characteristics.

Both WEEE samples showed an endothermic peak centered at 166 °C,
associable with the melting of the a—form crystals of PP (Fig. 3a) [35].
The second endothermic peak is associated to a mass variation and
corresponds to the thermal degradation of the polymer. The performed
tests can give useful information about the extrusion process of the
materials, since it is important to keep away from temperatures corre-
sponding to the beginning of degradation step (Tq ;) (or to the beginning
of the first one, if more degradation peaks are present) in order to avoid
producing an exhausted, or worst, a partially degraded filament.
Considering the initial degradation temperatures, some important dif-
ferences were observed between the two samples. More specifically, Tq;
of PP-WEEE-HA and PP-WEEE-LA was 380 °C and 401 °C, respectively
(Fig. 3b-c). Furthermore, the mass losses over this temperature range

gy
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——PP-WEEE-LA
0.8 A
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2
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Fig. 2. FTIR spectra of the two samples PP-WEEE-HA and PP-WEEE-LA.
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Table 2
Ultimate analysis, water content and ash content of PP-WEEE samples.
Sample Proximate analysis Ultimate analysis Halogens analysis (wt%)
(Wt%) (Wt%)*
Water content Ash C N H S o Br Cl
PP-WEEE-HA 0.28 + 0.01 27.49 £ 0.05 59.0 £ 0.2 n.d. 10.11 + 0.02 n.d. 3.38 n.d n.d
PP-WEEE-LA 0.14 = 0.05 13.3£0.5 71.0 £ 0.2 n. d. 11.9+0.1 n.d. 3.81 0.03 £ 0.006 n.d
Notes:

n.d.: not detected
* on dry basis
** by difference

0.7 +
= -0.3
QD o
5;- _§ 13
€ 823
= . ——PP-WEEE-HA
[T}
T -33 ——PP-WEEE-LA
_4.3 T T 1
0 200 400 600
Temperature (°C)
a)
0.000 -
100 - -0.001
NS —_—
< 80 =
E » -0.002 -
2 60 - R
S € -0.003 -
a 40 —— PP-WEEE-HA ° —— PP-WEEE-HA
g 20 | ——PP-WEEE-LA -0.004 - ——PP-WEEE-LA
0 T T 1 _0.005 T T 1
0 200 400 600 0 200 400 600
Temperature (°C) Temperature (°C)
b) )

Fig. 3. DSC (a), TG (b) and DTG (c) curves of PP-WEEE-HA and PP-WEEE-LA in the temperature range 25-600 °C, under Ny.

thermal analysis carried out on the commercial filaments for comparison

Table 3 and the relative discussion.

Thermal properties of WEEE samples.

Sample Tm,1 Qm,1 Tq,i Ta,p Qa Am 25 °C
Q) gghH O Qo) gg™h + Ty 3.4. Rheological characterization of WEEE samples
(Wt%)

PP-WEEE- 166 + 56 + 380+ 469+ 168 & 5.0+ 05 Aiming at evaluating the processability of the PP-WEEE samples
HA 0.2 0.3 1 3 51 through FFF, the MFI of the two samples has been evaluated. The ob-
PP-WEEE- 167 £ 52+1 401+ 467+ 605+ 23401 tained results, listed in Table 4, highlight a remarkable difference be-
LA 0.6 01 2 52 tween the evaluated materials. PP-WEEE-HA sample shows a
Notes: significantly lower value of MFI than PP-WEEE-LA, likely according to
Tm: melting temperature; the high content of talc in this sample, as already demonstrated by FTIR

Qum: heat of fusion;

Qg: heat of degradation;

Tg,: initial degradation temperature;
Tq,p: degradation peak temperature.

and TGA characterizations. From the comparison of the obtained values
with those reported on the technical datasheets of some commercial
filaments for FFF, such PP-Centaur, PLene or NEVIPROP 040 TL40, it is
clear that these filaments present a MFI of 8, 12 and 12.5 respectively.

were 5 and 2.3 wt%, respectively, and the Qg of PP-WEEE-HA much

Table 4
lower than that of PP-WEEE-LA (Table 3). Therefore, PP-WEEE-LA MFI values for PP-WEEE-LA and PP-WEEE-HA
appeared to be more stable at high temperatures than PP-WEEE-HA samples.
although the Ty, of all samples are very similar. In any case, both sys-
. . . e Sample MFI
tems can be considered stable at the typical working conditions of the
process of filament formation (carried out at about 180-200°C) and of PP-WEEE-HA 5.47 +0.03
. o PP-WEEE-LA 13.10 + 0.40
the 3D printing (performed at 250-265°C). Table S2 shows the results of
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Based on these values, it can be inferred that PP-WEEE-LA should exhibit
a good level of extrudability during the FFF process. However, for a
successful 3D printing of PP-WEEE-HA, a more accurate optimization of
the process conditions could be required.

In order to deeply investigate the rheological behavior of the two
materials, dynamic rheological analyses were carried out. Fig. 4(a-b)
report the complex viscosity curves as a function of frequency for PP-
WEEE-LA and PP-WEEE-HA, respectively, evaluated at different tem-
peratures. As far as the rheological behavior of PP-WEEE-LA sample is
concerned (Fig. 4a), it can be observed that at low temperatures the
material shows a Newtonian behavior, involving an almost constant
viscosity in the low frequency region. This behavior is typically observed
in unfilled polymers or in polymer-based composites containing low
loadings of micrometric-sized fillers [36]. Interestingly, a progressive
increase of the testing temperature causes the appearance of a yield
stress behavior in the low frequency region. As widely reported in the
literature, this behavior can be associated with the re-arrangement of
the filler embedded in the polymer matrix. This effect is usually covered
by the rheological response of the high viscosity matrix and tends to
become more easily observable when the rheological test is carried out
at temperatures high enough to reduce the viscosity of the polymer [37,
38].

It is interesting to highlight that the appearance of the yield stress
behavior at high temperature is beneficial for the successive processing
of the material through FFF. In fact, as reported in the literature [39,40],
such kind of behavior is imperative for achieving a good dimensional
stability of the filament exiting the printing nozzle, in the so-called
stand-off region, and also during the post-deposition step. In partic-
ular, the rapid increase of the viscosity of the material in quasi-zero
shear conditions ensure the maintenance of the shape of the extruded
filament for the whole stand-off region and under the stress generated by
the layer-by-layer deposition in the deposition stage [26,41]. Since
progressively increasing values of yield stress are obtained with
increasing the temperature, a high printing temperature should favor
the achievement of more regular and undeformed printed parts.

Looking at the complex viscosity curves of PP-WEEE-HA reported in
Fig. 4b, a different behavior can be observed. In fact, likely due to the
high average molecular weight of the polymer matrix and to the higher
loading of talc as compared to PP-WEEE-LA, this material shows a
marked non-Newtonian behavior in the whole investigated frequency
range. Also in this case, an increase of the testing temperature induces
the appearance of a yield stress behavior at the lowest inspected fre-
quencies, although this phenomenon is less pronounced as compared to
PP-WEEE-LA sample.
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3.5. Mechanical recycling of PP-WEEE

3.5.1. Filament formation process and filament optimization

Firstly, the optimization of the process parameters was carried out
for PP-WEEE-HA sample, varying the heaters temperatures, the cooling
fan speed and screw speed. Despite the presence of high talc content, the
pronounced volumetric shrinkage of PP, which results in the rapid
deformation of the filament during its formation, could still be evident.
Consequently, the initial configuration of the extruder was set based on
the results derived from other PP materials (encompassing both virgin
and waste samples) using the same extruder [26,30].

Table 5 summarizes the evaluated setting parameters of each test, as
well as an assessment of the quality of the produced filaments.

In the first test (i.e. Iga), it was observed that the molten sample
flowed very slowly, and it was quite solid at the nozzle. Thus, in the Iy
test, a progressive increasing temperature of H4 and H3 and a higher
screw speed were set. The quality of the filament resulted improved in
comparison to the previous one, notwithstanding some ovalization
phenomena and the presence of some not melted inclusions (probably
due to a non-uniform fusion of loaded particles of slightly different sizes)
occurred.

To overcome these issues, in the IlIya test, an additional increase of
temperatures was set for H4 and H3, that was balanced by a small in-
crease of the fan speed inducing a faster solidification of the material.
Since a fast cooling could worsen the quality of the filament, which tend
to become oval if the fan speed is too high, the screw speed was lowered
to the value of 2.5 min~!. The resulting filament showed a smooth
surface and a very stable diameter. The average diameter measured
during the whole spooling process was 1.74+0.07 mm, and the value of
this standard deviation was fully comparable with the tolerance allowed
for the commercial filaments.

The best parameters found for PP-WEEE-HA were also used for PP-
WEEE-LA (Table 6). Unfortunately, with these test conditions (Ira),
the material extruded was still quite solid and the produced filament
showed a high rigidity, although the rheological analyses had high-
lighted a lower viscosity value for this sample than that of PP-WEEE-HA.
However, it is worth noting that the rheological behavior of the two
materials was evaluated at a shear rate lower than what is typically
experienced during the filament extrusion step. In fact, considering the
used processing conditions, the actual shear rate is in the order of 10°-
10* s71 [26]. Since these values exceed the shear rate achievable by a
rotational rheometer, the complex viscosity curves reported in Fig. 4
(a-b) were fitted through the Cross model (Eq. (1)) to provide infor-
mation about the viscosity value of the two samples at the actual shear
rate experienced during the processing. The obtained results (reported
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Fig. 4. Complex viscosity curves as a function of frequency evaluated at different temperatures for (a) PP-WEEE-LA and (b) PP-WEEE-HA.
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Table 5
Setting parameters of extrusion and visual appearance of the filaments produced from PP-WEEE-HA (H1 -+ H4 indicate the heating zones from the nozzle to the
hopper).
Test/ H4 H3 H2 H1 Fan speed Screw Visual appearance/Quality Printability
Filament (o) 0 o 0 (%) speed
(min~1)
Tna 180 180 180 180 15 2.7 Flattend filament with irregular diameter / Scarce No
I 184 182 180 178 15 5 Partially ovalized filament with small unmelted inclusions / Yes
Good
Iy 186 184 180 178 18 2.5 Circular diameter with smooth surface / Excellent Yes
Table 6
Setting parameters of extrusion and visual appearance of the filaments from PP-WEEE-LA.
Test/Filament H4 (°C) H3 (°C) H2 (°C) H1 (°C) Fan speed (%) Visual appearance/Quality Printability
Iia 186 184 180 178 18 Rigid filament/ Scarce No
JICHN 190 186 184 182 10 Ovalized filament with a very rough surface/ Scarce No
JILCoN 205 200 195 190 5 Circular diameter, rough surface / Good Yes

3the screw speed was maintained constant at 2.5 min ™.

in Fig. S2), showed that at the shear rate that the polymer undergoes
during the filament formation process, the sample containing a high
amount of talc, presents a lower viscosity than the other one, because of
the more pronounced shear thinning behavior of PP-WEEE-HA as
compared to PP-WEEE-LA. Therefore, a higher processing temperature
is required for PP-WEEE-LA to obtain a regular filament.

Then, test I} was carried out increasing the temperatures of the
heaters and lowering the fan speed to guarantee a uniform melting in-
side the extruder. The resultant filament presented an improved quality,
but it was characterized by a very rough surface and an overall visible
instability of the geometrical section (ovalized). Thus, in test III;5 the
heaters temperatures were further increased and the fan speed was
halved. The produced filament had a stable diameter (average value:
1.75+0.08 mm) but the surface was still quite rough, likely due to the
lower amount of talc of the sample [27]. Fig. S3 shows the spool with the
produced filaments.

200 pm 200 pm

200 pm

200 pm

To evaluate the circularity and the diameter of the obtained fila-
ments, SEM analysis were performed and some representative micro-
graphs are reported in Fig. 5. The micrographs of filaments IIlya
documented the achievement of a smooth and homogenehous surface, a
quite circular section as well as a minimum variation of the diameter
along the filament (Fig. 5a). Otherwise, III; 5 (Fig. 5b) was characterized
by a rough surface and a not perfectly circular section. These results are
already evident through the observation with the stereomicroscope
(Fig. S4). It is important to highlight that, despite the typical intrinsic
heterogeneity of the se recycled materials, the filaments did not present
porosity or evident inclusions of foreign materials or impurities.
Therefore, both filaments are suitable for the subsequent 3D printing
process, notwithstanding some irregularities in the external surface of
the III; , sample, which can be attributed to the more difficult process-
ability of this material as compared to IIlya.

The mechanical properties of the filaments produced with the

1.844 mm,

300 um 1.848 mm
—

300 pm
—

Fig. 5. SEM micrographs of cross section and side surface of (a) Il and (b) III;  filaments.
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process conditions Illyys and III; 4 were assessed through tensile tests,
and the results were compared with those obtained from two commer-
cial filaments, PP-Centaur and PLene. The values of tensile strength,
elastic modulus and breaking deformation are shown in Table 7.
Furthermore, in Fig. S6 an example of stress-strain curve for each sample
and commercial filament was provided.

Overall, the mechanical properties of IlIy and III; 4 were compara-
ble to those of the commercial filament PLene. The elastic modulus and
tensile strength of PP-WEEE samples are affected by the presence of the
embedded fillers and higher values were obtained for the material with
high content of talc (test IlIyj), in accordance with the literature con-
cerning the mechanical properties of polymer composites filled with talc
[42]. Since PLene and PP-WEEE-LA have a similar amount of talc
(Table S1 and Fig. S5), the above-mentioned parameters were compa-
rable. Concerning the values of the elongation at break, PP-WEEE
samples exhibited lower values as compared to commercial filaments.
To explain this result, it should be considered that PP-WEEE samples are
intrinsically heterogeneous mixture of different PPs (as usual for plastics
collected in WEEE-MRFs). Furthermore, the mechanical properties of
the PP-WEEE materials could be affected by the degradation or aging
processes underwent by the polymers during their life span.

3.5.2. 3D printing test and optimization

Similarly, to the filament making process, different tests have been
carried out for the optimization of the 3D printing process by varying the
diameter of the nozzle and the infill patterns (i.e. cubic or concentric).
Furthermore, in-depth observations about the shape and layer-by-layer
deposition were done through the optical microscope instrument to
evaluate the 3D printing quality.

The printing setup and a qualitative evaluation of the specimens in
PP-WEEE-HA are shown in Table 8. Bed and nozzle temperatures were
kept constant (Theg=110°C; Tpozz1e=250°C).

The temperature of the nozzle was chosen in accordance with the
rheological behavior of PP-WEEE-HA, but also considering previous
studies regarding the FFF process of PP-based talc filled materials [26].
Even if the material regularly flows through the nozzle and appeared
suitable for 3D printing in each tested condition, the reduction of the
nozzle diameter led to reach a better quality of the printed parts.

In fact, in the first test, an over-extrusion was visible on the top-layer
at the end of the process, as observable in the picture reported in Fig. 6a
and in the micrographs obtained at the optical microscope depicted in
Fig. S7a. The gradual reduction of the nozzle diameter from 0.6 to 0.5
and 0.4 mm (tests I1Iya-2,3,4) induced a progressive improvement in the
quality of printed parts (see Figs. 6b, ¢, d and S7b, ¢, d). It is possible to
observe that the deposition of the layers and the details of the label were
gradually improved in the bolts printed using nozzle with progressively
low diameter. In fact, the best quality was reached for the specimens
printed using the IIIga-3 and IIga-4 conditions, where the use of both
concentric and cubic infill pattern was tested. Even if the label was not
affected by this parameter, a better deposition was observed with the
cubic infill (Fig. S7d), likely due to the deposition of more material and a
longer printing time.

Starting from the conditions set for the best performed bolts (test
IIIga-3), tests with filament III; o were carried out (Table 9). On the basis
of the considerations about the rheological behavior of PP-WEEE-LA

Table 7
Mechanical properties of the filaments Ills and III; s (from WEEE) and PLene
and PP-Centaur (commercial filaments).

Filament Tensile strength Elastic modulus Elongation at break (%)
(MPa) (MPa)

g 19.7+0.5 18374137 52.3+13.9

I A 21.4+1.8 13794337 10.7+4.2

PLene 18.9+0.7 1309+177 > 100

PP-Centaur 10.8+0.2 341419 > 100
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Table 8
3D printing parameters and visual appearance of the printed specimen for PP-
WEEE-HA.

Test Nozzle diameter (mm) Infill Final visible quality
pattern

Ilya —1 0.6 Cubic Poor

Ilga —2 0.5 Concentric Good

Ilya -3 0.4 Concentric Optimal

Ilys —4 0.4 Cubic Optimal

Constant parameters: Tpeq=110°C; Tpoz2e=250°C; Infill=20%; Ps=60 mm-s
Fans=50%; F4e=106%); layer thickness=0.2 mm.

reported in paragraph 3.5.1, the Tpoz0e Was increased of 10 °C (Tyozzle
= 260°C) while Ty,q was kept constant at 110°C. From the first test (i.e.
I} A-1, Fig. 6e), the printed bolt showed a good quality but with a slight
phenomenon of stringing (Fig. S7e). Besides, the deposition of the layers
and the label were characterized by some visible minor imperfections.
This is probably due to the surface roughness of the filament. However,
this surface roughness never caused difficulties during the printing
process. Thus, a second test was performed to improve the quality of the
bolt, reducing the stringing effect [30]. The III; 4 —2 test was performed
with a slight increase of the Tyz0e at 265°C, which guaranteed that the
filament was able to follow the printing pattern. As can be observed in
Fig. 6f, the stringing effect was no longer present in the relative bolt.
Finally, the combination of this parameter and the appropriate retrac-
tion distance enable the achievement of optimal resolution both for the
layers overlap and the label (Fig. S7f).

Lastly, the bolt IlI;a-3 and I} -2 were compared with the same
specimen printed with the PP-Centaur (Fig. 6g) and PLene filaments
(Fig. 6h). The two relative bolts were comparable in terms of visible
quality to those realized with recycled PP. Finally. it was qualitatively
evaluated that some slight visible defects (e.g. low details definition,
imperfection of layers adhesion, stringing, etc.) were very similar in all
the printed bolts. Despite the use of recycled materials, the surface of the
specimens was comparable to that of the same specimens printed with
PLene or with Centaur.

4. Conclusion

This study presents a promising approach to the recycling of plastic
waste from WEEE by means the production of filaments suitable for 3D
printing processes. The plastic scraps, predominantly composed of PP
filled with talc particles, were obtained from various devices, resulting
in a range of talc content. Therefore, the stream was divided in two
samples namely, PP-WEEE-LA and PP-WEEE-HA containing 13.3 and
27.5 wt% of talc, respectively. The assessment of the rheological
behavior of both samples demonstrated the beneficial effect of the talc in
inducing non-Newtonian features, such as yield stress and shear thin-
ning, which are key requirements for the successful FFF processability of
thermoplastic materials.

Filaments based on both WEEE streams were obtained after opti-
mizing the process conditions.

The results indicated that the filaments achieved a homogeneous
surface (especially for the filament based on PP-WEEE-HA), a quite
circular section, and were characterized by mechanical properties
comparable to those of PP-based commercial filaments. Finally, the 3D
printed specimens, obtained through an optimized FFF, showed satis-
factory resolution and definition when compared qualitatively with
those obtained using commercial filaments.

The successful production of 3D printing filaments from WEEE sug-
gests the potential development of a circular economy strategy in the
EEE industry. In future perspectives, this research delineates a new
approach for the recycling of PP-WEEE, making it suitable candidate for
filament production for 3D printing. Given the noteworthy properties of
this polymer, future investigations could focus on optimizing the fila-
ment production process for prototyping. Furthermore, this might be
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) h)

Fig. 6. Printed bolt: Test IlIa-1 (a); Test Illya-2 (b); Test IIa-3 (c); Test [Iya-4 (d); Test Il o-1 (e); Test Il 4-2 (). Test PP-Centaur (g); Test PLene (h).
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Table 9
3D printing parameters and visual appearance of the printed specimen for PP-
WEEE-LA.

Test Thozzte (°C) Final visible quality
I, -1 260 Good (presence of some stringing)
I —2 265 Optimal

Constant parameters: Ps=60 mm-s~'; Fans=50%; layer thickness=0.2 mm,

Infill=20%; Fyae=106%); Tpeq=110°C; nozzle diameter=0.4 mm

accomplished in conjunction with assessing the mechanical properties of
larger 3D printed objects. Such efforts could culminate in the production
of high-quality recycled plastic items, thereby mitigating the environ-
mental impact of electronic waste, and contributing to sustainable
manufacturing practices.
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