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Shredding of a vehicle or an electrical and electronic equipment at its end-of-life (EOL) is a common
practice to extract valuable critical raw materials. Unfortunately, this has the unintended consequence of
mixing different polymers together and the only EOL options for this industrial mixed plastic waste are
landfilling and incineration. Here in this work, we show that low value and highly heterogenous industrial
mixed plastic can be mechanically upcycled sustainably using a composite approach, i.e., reinforcing with
carbon fibres (CFs), glass fibres (GFs) and wood flour (WF). It was found that industrial mixed plastic can be
successfully reprocessed, albeit possessing significantly poorer mechanical properties compared to its
virgin counterpart. Nevertheless, the mechanical properties of the reinforced industrial mixed plastics were
observed to be governed by the fibre or filler reinforcement, instead of the more inferior brittle industrial
mixed plastic matrix. A lifecycle analysis (LCA) model with a functional unit designed using finite element
analysis was developed to determine the environmental impact of upcycling industrial mixed plastic from
shredder residue using this composite approach. In a "business as usual” scenario, our LCA model estimated
a global warming potential (GWP) of 23 kg CO,-eq. per f.u. and a net abiotic depletion potential of fossil
(ADPf) of 431 MJ f.u."%. Using our proposed feedstock agnostic and pragmatic solution, the GWP and net
ADPf could be reduced to only 11 kg CO,-eq. per f.u. and 160 MJ f.u.™%, respectively, when 40 wt% WF rein-
forcing filler was used. Our work also reports the influence of reinforcement on the tensile, flexural and

rsc.li/greenchem

1. Introduction

Increasing disposable income, growing urbanisation and
mobility are fuelling the growth of the automotive and the
electrical and electronic equipment (EEE) sectors. The global
EEE sector grew to US$3.5 trillion in 2022, with a compound
annual growth rate (CAGR) of 6.5%." Even though the
COVID-19 pandemic severely disrupted the supply chain of the
automotive sector, there are signs of recovery with a 3%
increase in global motor vehicle production between 2020 and
2021.% Associated with these growths, however, are the increase
in the demand for engineering plastics. In Europe alone, the
engineering plastics demand in the automotive and EEE
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fracture toughness properties, as well as the LCA hot spots in such an upcycling approach.

sectors has grown from 7.2 million tonnes in 2015 to
8.1 million tonnes in 2019** and is anticipated to reach
11 million tonnes by the year 2030.°> At the end-of-life of a
vehicle or an electrical/electronic equipment, it is first dis-
assembled to retain any reusable parts and batteries.®® After
which, it is shredded to further extract the more valuable criti-
cal raw materials, such as ferrous and non-ferrous metals. The
process of shredding also leads to an unintended consequence
of mixing different types of engineering plastics together.
Consequently, the sorting of this mixed plastic from the shred-
der residue, which often includes acrylonitrile-butadiene-
styrene (ABS), polystyrene (PS), polypropylene (PP), polyethyl-
ene (PE) and thermosets,>*”® is difficult to achieve due the
overlapping densities and conductivities. Moreover, these plas-
tics are often not labelled, which make polymer identification
a challenge. As a result, industrial mixed plastic from shredder
residue is typically sent to landfill or is incinerated.®®

An easy solution to reduce the environmental impact of
industrial mixed plastic is to recover and reprocess it into new
products. However, these products will possess inferior
mechanical performance compared to their virgin counter-
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parts. For example, ABS and polycarbonate (PC) possess a
tensile strength of 40 MPa and 55 MPa, respectively. The
blending of ABS and PC, however, produces a polymer blend
with a tensile strength as low as 31 MPa.'® More importantly,
an ABS/PC blend possesses low work-of-fracture due to its low
strain-at-failure (2%) compared to virgin ABS (51%) and PC
(8%). Similar findings have also been observed for many
engineering polymer blends, including ABS/PS,"" PS/PP,'* ABS/
PA,"® PC/PS,"* PC/PP,'* PMMA/PS' and ABS/PET.'® This is
because most polymers are not miscible at the molecular level
(i.e., the Gibbs free energy of polymers mixing, AG™> > 0). To
address this challenge, compatibilisers can be employed.'®**
Compatibilisers work by lowering the interfacial tension
between the immiscible polymers, stabilising the dispersed
phase against coalescence and improving the adhesion
between the different polymer phases. One must note that
compatibilisers are not feedstock agnostic'®?® as they are
designed for specific binary polymer combinations.’®'” It is
already a challenge to predict the exact composition of any
stream in a polymer recycling process, let alone the residue
after shredding of different automotive and electrical/elec-
tronic parts together. This makes the selection of a suitable
compatibiliser for a batch of industrial mixed plastic difficult.

In a previous work, we have reported a feedstock agnostic
approach of using high performance carbon fibres (CFs) to
upgrade the mechanical performance of immiscible PP/PET
binary blend.** The mechanical performance of the model CF-
reinforced PP/PET composite blend is dominated by the stron-
ger reinforcing CFs instead of the inferior immiscible PP/PET
matrix. This mechanical upcycling method allowed us to
broaden the application of immiscible PP/PET binary blends
for various higher value end-uses. Here in this work, we
expand our feedstock agnostic and pragmatic upcycling
concept to industrial mixed plastic from the shredding of end-
of-life vehicle and waste electrical and electronic equipment
(see Fig. 1a). Three types of reinforcements, namely wood flour
(WF), glass fibres (GFs) and CFs, are investigated. This present
work focuses on the challenge associated with the identifi-
cation of a suitable processing window to melt industrial
mixed plastic from shredder residue, the fabrication of
reinforced industrial mixed plastics and discusses the effect of
different reinforcements on their mechanical response.
Results from life-cycle assessment (LCA) is also reported to
quantify the environmental impact associated with the use of
different reinforcements to upcycle industrial mixed plastic
from shredder residue.

2. Materials and methods
2.1 Materials

Industrial mixed plastic from shredder residue was kindly sup-
plied by Axion Polymers (Manchester, UK). Based on the data
provided, this batch of mixed plastic (see Fig. 1a) composed of
40-50 wt% ABS, 30-40 wt% PS, 10-15 wt% PP, 3 wt% rubber,
2 wt% PE and the remainders are unidentifiable. Sized
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Fig. 1 (a) As received industrial mixed plastic from the shredding of
end-of-life vehicle and WEEE plastics, which was then (b) hand sorted
based on colour and rigidity. Granules in the red, green and blue shaded
regions of the figure are “rigid” plastics, “non-rigid” rubber and “non-
rigid” insulation wire, respectively. Wood fragments (in the unshaded
region) were also found in our batch of industrial residual mixed plastic.
(c) Schematic summarising the manufacturing of fibre- and filler-
reinforced industrial residual mixed plastics.

chopped intermediate modulus CF tows (Carbiso CT IM56D,
diameter = 7 pm, length = 6 mm) were purchased from ELG
Carbon Fibre Ltd (Coseley, UK). Sized chopped E-glass fibres
(E-562A, diameter = 13 pm, length = 6 mm) were purchased
from Jushi Group co. Ltd (Wutong District, Tongxiang,
Zhejiang, CN). WF (EPC200, mesh size = 180) was purchased
from Eden Products Ltd (Middlewich, UK) and dried at 80 °C
for 2 hours prior to subsequent use.

2.2 Fabrication of reinforced industrial mixed plastics

A schematic diagram summarising the fabrication of fibre-
and filler-reinforced industrial mixed plastics is presented in
Fig. 1c. All samples were compounded using a co-rotating
twin-screw extruder (Eurolab XL, Thermo Fischer Scientific,
Karlsruhe, Germany) equipped with two 16 mm diameter
screws. The length-to-diameter ratio of the screws is 25 and a
screw speed of 30 rpm was used. The screw profile can be
found in Gaduan et al.®* A processing temperature of 210 °C
was selected in this work based on a parametric study con-
ducted (see sections 3.1 and 3.2 later). Prior to compounding,

This journal is © The Royal Society of Chemistry 2023
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the mixed plastic granules and the reinforcing fibres (GFs,
CFs) or fillers (WF) were dry-mixed manually in batches of
500 g at the different loadings (2.5 wt%, 5 wt%, 10 wt%,
20 wt% and 40 wt%). After compounding, the extrudate was
pelletised (Haake VariCut, Thermo Fischer Scientific,
Karlsruhe, Germany) into 3 mm long pellets and injection
moulded (Haake Minijet Pro Thermo Fischer Scientific,
Karlsruhe, Germany) into dog bone-shaped and rectangular
test specimens. The barrel and mould temperatures of the
injection moulder were set to 210 °C and 40 °C, respectively.
All specimens were injection moulded at an injection pressure
of 65 MPa for 10 s, followed by a holding pressure of 65 MPa
for 60 s. The dog bone test specimen possessed an overall
length of 65 mm, a thickness of 3 mm, a gauge length of
10 mm and the narrowest part of the dog bone specimen was
also 3 mm. The rectangular test specimen possessed an overall
length of 80 mm, a width of 13 mm and a thickness of 3 mm.
Unreinforced mixed plastic granules were also extruded and
injection moulded using the same processing steps.

2.3 Material characterisations

2.3.1 Thermal stability of the different mixed plastic gran-
ules. The thermal degradation behaviour of the industrial
mixed plastic was investigated using thermal gravimetric ana-
lysis (TGA) (Q500, TA Instruments, Newcastle, UK). Prior to the
measurement, the different mixed plastic granules were manu-
ally sorted based on colour and rigidity (see Fig. 1b). A sample
mass of ~12 mg was heated from room temperature to 600 °C
at a rate of 10 °C min~" in air.

2.3.2 Differential scanning calorimetry (DSC) study of the
different mixed plastic granules. DSC (Discovery DSC, TA
Instruments, Hertfordshire, UK) was used to identify a suitable
processing temperature for this industrial mixed plastic.
Similar to the TGA measurement, DSC was also conducted for
each type of granule based on colour and rigidity. A sample
mass of 10 mg was used. This measurement was conducted in
an N, atmosphere and the sample was heated from —10 to
300 °C at a rate of 10 °C min ™",

2.3.3 Porosity of (reinforced) mixed plastics. The true
density (puue) of the industrial mixed plastic, as well as the
GFs, CFs and WF used in this work was measured using He
pycnometery (Accupyc II 1340, Micrometrics Ltd, Dunstable,
UK). The envelope density (pg) of the injection moulded
(reinforced) mixed plastics was determined from the ratio
between the mass and the envelope volume of the sample. The
porosity (P) of the samples was then calculated using

P,%:(l—pE)xloo (1)
ptrue

2.3.4 Mechanical properties of (reinforced) mixed plastics.
Tensile, flexural (3-point bending) and fracture toughness pro-
perties of the (reinforced) mixed plastics were investigated in
accordance with ASTM D638-14, ASTM D790-17 and
ASTM5045-14, respectively. These tests were conducted using
an Instron universal tester (Model 5960, Instron Corporation,
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High Wycombe, UK) equipped with a 10 kN load cell. A total
of five specimens were tested for each type of sample in each
test. Prior to tensile testing, two dots were marked on the
surface of the dog bone-shaped tensile test specimen in the
direction of applied load. The strain experienced by the test
specimen under uniaxial tensile loading was then evaluated by
monitoring the movement of these two dots using a non-
contact optical extensometer (IMT-CAMO027, iMetrum Ltd,
Bristol, UK). A crosshead displacement speed of 1 mm min™,
which corresponded to a strain rate of 0.1% s, was used.
Flexural test was conducted in 3-point bending mode using a
crosshead displacement speed of 1 mm min~". A span length
of 55 mm was used (corresponded to a span-to-thickness ratio
of 16). To accurately track the bending of the rectangular flex-
ural test specimen, the displacement of the loading nose was
tracked using a camera (IMT-CAMO027, iMetrum Ltd, Bristol,
UK). The fracture toughness of the (reinforced) mixed plastics
was determined from single-edge notch beam (SENB) test
specimens. Prior to this test, a sharp notch with a depth of
6.2 mm was introduced at the halfway point lengthwise using
a band saw (Startrite 5025, A.L.T. Saws & Spares Ltd, Kent, UK)
and further sharpened with a surgical scalpel. The initial crack
length (a) to width (w) ratio, x, was ~0.49. The SENB test speci-
men was then loaded under three-point bending (50 mm
support span length) using a crosshead displacement speed of
1 mm min~". The initial critical stress intensity factor, K¢, of
specimen was calculated from

P
Kic,MPam®® = (m)

y 6\/3.C<1.99 —x(1—x)(2.15 — 3.93 + 2.7x2))

(1+2x)(1—x)"
(2)

where P is the load at crack initiation and 5 is the thickness of
the test specimen.

2.3.5 Structure and morphology of (reinforced) mixed plas-
tics. Scanning electron microscopy (SEM) (S-3700N, Hitachi
High-Technologies Corporation, Tokyo, Japan) was conducted
using an accelerating voltage of 10 kV. Prior to SEM, the
samples were mounted onto aluminium stubs using carbon
tabs. It was then Au coated (Agar Auto Sputter coater, Agar
Scientific Ltd, UK) using a coating current of 40 mA for 20 s.

2.3.6 Lifecycle assessment (LCA). LCA can provide a com-
prehensive analysis of the environmental impact of a product
or service.”® In this work, LCA was conducted to evaluate
whether the addition of WF, GFs and CFs could be used to
upgrade industrial mixed plastic sustainably. The goal of this
LCA is to quantify the environmental impact of the (reinforced)
mixed plastics through a cradle-to-grave assessment that
includes raw materials production, (re)processing, use and dis-
posal. The functional unit (f.u.) of our LCA model was chosen
as the equivalent mass of (reinforced) mixed plastic that is
required to achieve the same mechanical performance as a
chair made from virgin PP. Three different life-cycle scenarios
were considered in our LCA model and the system boundary is

Green Chem., 2023, 25, 8241-8252 | 8243
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Fig. 2 Schematic diagram showing the three scenarios modelled in our LCA.

shown schematically in Fig. 2. Industrial mixed plastic was
modelled as 50% ABS, 40% PS and 10% PP in our LCA model.
Scenario 1 corresponds to “business as usual”, whereby virgin
ABS, PS and PP are produced and disposed of at its end-of-life
whilst additional virgin PP are produced and used to manufac-
ture a chair, which is also disposed of at its end-of-life. In
scenario 2, virgin ABS, PS and PP are still manufactured and
recovered as industrial mixed plastic to be reprocessed into a
chair. Consequently, the production of additional virgin PP for
the chair is avoided. Scenario 3 is an extension of scenario 2,
whereby the reinforcing CFs, GFs and WF are produced and
added to the industrial mixed plastic to manufacture a chair
made out of reinforced mixed plastic. Our LCA model further
assumes that 20% of the PP chairs produced would go to land-
fill and 80% would be incinerated (in the presence of O,) for
energy recovery, whilst 50% of the industrial mixed plastic
would go to landfill and the remaining 50% would be inciner-
ated for energy recovery. These percentages are based on the
current end-of-life practices in the UK.” In addition, we also
modelled the steam gasification (in the absence of O,) of the
industrial mixed plastic from shredder residue as a pathway to
cleaner power generation, whereby thermal energy is trans-
formed to electrical energy utilising thermodynamic cycles.
This is also a practice that has been employed in Japan®® and
the US.”” This gasification process for energy recovery was
modelled using Aspen Plus and the details of this process can
be found in ESI S1.}

To obtain the mass of the f.u. in each scenario, finite
element analysis was used (Abaqus 2019, Dassault Systemes
Simulia Corp.). A finite element model of the chair was con-
structed using 199 317 quad shell elements containing four
nodes each (type S4R) and modelled using the Abaqus/
Standard module. The mesh convergence study can be found
in ESI S2.f The material was treated as an elastic isotropic
solid with 4 fixed points (encastré) that corresponded to the 4
legs of the chair (not simulated). The body pressure applied on
the chair was simulated based on the physical attributes®® of a
typical 25 years old man with a height of 1.70 m and a body
weight of 65 kg (see Fig. 3).

Our LCA model used the CML 2001 impact assessment
method (January 2016 version) and was conducted using the

8244 | Green Chem., 2023, 25, 8241-8252

Fig. 3 (a) A chair as the functional unit in our LCA model (b) virtually

and (c) with a map showing the pressure distribution of a man sitting on
it.28

lifecycle engineering software, GaBi (version 9, Sphera
Solutions GmbH). The chosen impact categories in our LCA
model were global warming potential (GWP) and abiotic
depletion of fossil potential (ADPf). All data used in our LCA
model were obtained from (i) the GaBi Professional database
(version 9, Sphera Solutions GmbH, Leinfelden-Echterdingen,
Germany), (ii) the literature and (iii) our own estimations. A
detailed inventory is included (see ESI S37). Electricity usage
was modelled based on a typical Great Britain electricity mix.
The energy requirement to produce the f.u. (AE) is calculated
using

T

(3)

25

AE = mgy “ Cp.u.dT + AHm} (1 +X ;525)
where Cp ¢y, Mgy and AH,, denote the specific heat capacity,
mass and specific heat of fusion of the f.u., respectively. The
processing temperature used, 7, was 190 °C for the production
of the PP chair and 210 °C for the processing of the
(reinforced) industrial mixed plastics. The environmental
impact associated with CFs production was obtained from the
cradle-to-gate LCA model developed by Meng et al.>® for the
manufacturing of polyacrylonitrile (PAN) based CFs. The pro-
duction of WF in our LCA considered the forestation of spruce
and the grinding of wood logs into fine particles.?’ The energy
requirement for the recycling of industrial mixed plastic was
modelled based on the LCA model developed by Ciacci et al.**
The environmental impact associated with the transportation
of materials was not considered.

This journal is © The Royal Society of Chemistry 2023
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3. Results and discussion

3.1 Thermal behaviour of the different mixed plastic
granules

One of the main challenges in the re-processing of mixed
plastic is the mismatch in the melting temperature of the
different polymers.>> On one hand, selecting a processing
temperature for a mixed plastic based on the polymer with the
highest melting temperature may cause thermal degradation
to those with a lower melting temperature. On the other hand,
using a processing temperature based on the polymer with the
lowest melting temperature may lead to poor flowability and
consolidation of the mixed plastic. In addition to this, com-
mercial polymer formulations may contain up to 70 wt% addi-
tives, including colour pigments, lubricating agent, anti-
oxidant and others.**” Selecting the wrong processing temp-
erature may cause the degradation of these additives, forming
voids within the melt consolidated mixed plastic. The degra-
dation product of a polymer could also cause hydrolysis of
another polymer in the same batch.*®

We therefore first investigated the thermal properties of the
different mixed plastic granules individually. As aforemen-
tioned, the as-received industrial mixed plastic was manually
sorted into 21 different types of granules based on colour
and rigidity (see Fig. 1b). The major constituent in this
industrial mixed plastic was found to be rigid polymers,
which made up ca. 94 wt% (highlighted in red). The
remainders were the non-rigid rubber (ca. 5 wt%, high-
lighted in green) and non-rigid polymers used for wire insu-
lation (ca. 0.4 wt%, highlighted in blue). To our surprise,
we also found wood fragments mixed into this batch of
industrial mixed plastic. Fig. 4a and b present the thermal
stability of the different mixed plastic granules in air. A
variety of thermal degradation behaviour can be observed
for both the rigid (Fig. 4a) and non-rigid (Fig. 4b) fractions.
Whilst it is impossible to correlate the different thermal
degradation behaviour to a specific polymer, it did provide
us with an upper processing temperature limit. Based on
the results obtained, the processing temperature of this
industrial mixed plastic should not exceed 250 °C.

Given this upper temperature limit, DSC was further con-
ducted to identify a suitable melt processing window. It was
found that the rigid fraction is made of thermoplastics (see
Fig. 4c). Granules that exhibited a melting temperature of
165 °C correspond to PP, based on the given materials data. To
our surprise, some granules (~5 wt%) were found to possess a
melting temperature of 225 °C and 240 °C, which could corres-
pond to PA and PET, respectively. This is not highlighted in
the data sheet, further signifying the challenge in using indus-
trial mixed plastic from shredder residue as feedstock due to
difficulties in obtaining exact composition. The amorphous
thermoplastics in the rigid fraction were found to possess
glass transition temperatures of 100 °C and 145 °C, which
correspond to ABS and PS, as well as possibly PC, respectively.
No observable melting temperature was observed for the non-
rigid fraction (see Fig. 4d). Instead, the observed exotherm at

This journal is © The Royal Society of Chemistry 2023
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temperature >230 °C can be attributed to vulcanisation
reaction®”® while the endotherm at temperature >250 °C
corroborates with the thermal degradation of rubber.’® It
follows that the processing window for this industrial mixed
plastic should be between 170 and 230 °C.

3.2 Tensile properties of the industrial mixed plastic melt-
processed at different temperatures

Fig. 4e presents the tensile properties of the industrial mixed
plastic melt-processed and injection moulded at different
temperatures, namely 170 °C, 190 °C, 210 °C and 230 °C. All
tensile test specimens possessed a porosity of ~1%, implying
that these melt-processing temperatures did not lead to the
volatilisation of any polymer additives that may be present.
The tensile modulus (green curve), tensile strength (red curve)
and tensile strain-at-break (blue curve) were found to increase
with increasing processing temperature before plateauing at a
processing temperature of 210 °C. The poorer tensile pro-
perties at lower processing temperatures (i.e., 170 °C and
190 °C) can be attributed to poor melt consolidation as these
processing temperatures were not high enough to melt some
of the rigid polymers in the industrial mixed plastic. By corre-
lating the DSC thermogram with the composition of each type
of mixed plastic granules, we identified more than 5 wt%
mixed plastic granules that possesses a melting point greater
than 190 °C. The non-melted mixed plastic granules created
defects within the material, leading to earlier onset failure. As
a further increase in processing temperature to 230 °C did not
lead to an increase in tensile properties, a processing tempera-
ture of 210 °C was chosen for subsequent composite
processing.

Industrial mixed plastic injection moulded at this tempera-
ture possessed a tensile modulus, tensile strength and strain-
at-break of 2.9 GPa, 32 MPa and 1.5%, respectively. As a bench-
mark for comparison, we also measured the tensile properties
of virgin ABS, PP, PS and HDPE. Virgin ABS possesses a tensile
modulus of 2.0 GPa, tensile strength of 42 MPa and strain-at-
break of 77%. Virgin PP and PS possess a tensile modulus of
1.8 GPa and 3.7 GPa, respectively, a tensile strength of 32 MPa
and 57 MPa, respectively, as well as a strain-at-break of 4.8%
and 578%, respectively. The tensile modulus, tensile strength
and strain-at-failure of HDPE were 1.2 GPa, 20 MPa and 416%,
respectively. The inferior tensile strength and strain-at-failure
of the injection moulded industrial mixed plastic can be attrib-
uted to the immiscibility between the different polymers as
they possess very different solubility parameter (5) values (5aps:
21.0 (J em™3)%?, 8pg: 19.5 (J em™)%, pp: 15.2 (J em3)*® and
Sp: 16.4 (J em™)*?).”7 In a typical immiscible binary blend
such as PS-PP and PP-PET, either a sea-island or co-continuous
microstructure is formed depending on the relative fraction of
the two phases.'>'”** Such heterogenous microstructures act
as stress concentration points, deteriorating the mechanical
performance of the resulting immiscible binary blend. The
internal morphology of the injection moulded industrial
mixed plastic is shown in Fig. 5. Due to its multi-component
nature, a sea-island microstructure (Fig. 5a) along with distinct
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polymer domains (Fig. 5b) co-exist together. These micro-voids
and polymer inclusion could act as a precursor which lead to
brittle failure.'®*' With inconsistent shapes and sizes of the
sea-island morphology, this may initiate multiple fracture sites
leading to multiple crack planes (Fig. 5b and c). Moreover, the
injection moulded mixed plastic also contained rubber, which
cannot be melted due to its cross-linked nature and could also
contribute to premature failure.
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3.3 Tensile and flexural properties of model reinforced mixed
plastics

The tensile and flexural properties of CF-reinforced (red curve),
GF-reinforced (blue curve) and WF-filled (green curve) mixed
plastics are presented in Fig. 6. It can be seen from this figure
that CFs, GFs and WF were able to reinforce the brittle mixed
plastic matrix. The tensile (Fig. 6a) and flexural (Fig. 6b)
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Fig. 5 SEM images of the cryo-fractured surface of injection moulded
industrial mixed plastic. Scale bar = 5 pm.

modulus of the model CF- and GF-reinforced, as well as WF-
filled mixed plastics increased monotonically with increasing
loading. At a loading of 40 wt%, the resulting composites
achieved 22 GPa and 17 GPa, for CF-reinforced, 13 GPa and 9
GPa for GF-reinforced, as well as 7.5 GPa and 6.5 GPa for WF-
filled mixed plastics in tension and bending, respectively. In a
fibre-reinforced composite system, the elastic modulus is the
weighted average of the elastic modulus of the reinforcement
and the polymer matrix, respectively.*> Since both CFs and
GFs possess higher tensile modulus than the brittle mixed
plastic matrix, the modulus of the resulting CF- and GF-
reinforced mixed plastics increased as expected. The relative
elastic modulus of a particulate-filled polymer (i.e., the ratio
between the elastic modulus of the filled and unfilled
polymer) is an increasing function that depends on the filler
content and filler size.*> Consequently, the modulus of WF-
filled mixed plastic increases with increasing WF loading.

The tensile (Fig. 6¢) and flexural (Fig. 6d) strength of the
model CF- and GF-reinforced mixed plastics were also found
to increase monotonically with the loading of reinforcing
fibres. At 40 wt% loading, model CF- and GF-reinforced mixed
plastics achieved a tensile strength of 67 MPa and 51 MPa,
respectively; 110% and 60% improvement over unreinforced
mixed plastic. The flexural strength of CF- and GF-reinforced
mixed plastics increased by 120% and 33% over unreinforced
mixed plastic at the same fibre loading. This can be attributed
to the good compatibility between the reinforcing CFs and GFs
with ABS and PS (see section 3.4 later), which are the two
major polymer matrices in the mixed plastic system. The incor-
poration of WF into the industrial mixed plastic matrix
however, had a detrimental effect both the tensile and flexural
strength up to 10 wt% WEF. The tensile strength of the model
WF-filled mixed plastic decreased by 10% to ~28 MPa com-
pared to unfilled mixed plastic before increasing to 40 MPa at
40 wt% loading (see Fig. 6b, green curve). Similarly, the flex-
ural strength of the model WF-filled mixed plastic decreased
by 10% to 43 MPa before increasing to 57 MPa when the WF
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loading increased to 40 wt%. If good compatibility exists
between WF and the polymer matrix, the strength of the result-
ing WF-filled polymer is expected to increase with increasing
filler content.** Conversely, if the compatibility between WF
and the polymer matrix is poor, the strength of the WF-filled
polymer should decrease with increasing filler content.
However, a minimum in strength was observed. This is
thought to be due to (i) the selective dispersion of WF in a par-
ticular polymer phase at low filler content and (ii) the bridging
of the phase boundaries between different immiscible poly-
mers at high filler content. The decrease in tensile and flexural
strength can be attributed to the former and the increase in
tensile and flexural strengths could be attributed to the latter.

3.4 SENB fracture toughness of model reinforced mixed
plastics

Fig. 6e summarises the SENB Kjc of the mixed plastic
reinforced with CFs and GFs, as well as filled with WF.
Unreinforced mixed plastic was found to possess a low K¢ of
0.94 MPa m®®. Such low fracture resistance can be attributed
to the heterogeneous microstructure of unreinforced mixed
plastic (see Fig. 5). The addition of CFs, GFs and WF improved
the fracture toughness of the resulting mixed plastic compo-
sites as the introduction of reinforcement in the form both
fibres and fillers created additional energy absorbing mecha-
nisms during crack propagation, such as crack diversion, fibre/
filler-matrix debonding, pull out and fracture.*> It can also be
seen that the fracture toughness of all the mixed plastic com-
posites increased by the same extent up to 5 wt% loading. A
further increase in the loading of GFs and WF did not lead to
an increase in the Kjc of GF-reinforced and WF-filled mixed
plastics. The Kic of these mixed plastic composites plateaued
at 1.5 MPa m®®. With CFs as the reinforcement, the K¢ of the
resulting composites increased further with increasing CF
loading up to 20 wt% before a plateau at 2.7 MPa m®®. To
further elucidate the reason behind the higher SENB Kic
plateau of CF-reinforced mixed plastic compared to its GF-
reinforced and WF-filled counterparts, fractographic analysis
was further conducted.

Unreinforced mixed plastic exhibited textured microflow
(Fig. 7a, label 1), riverline (Fig. 7a, label 2) and a distinct lack
of plastic deformation, which are characteristics of a brittle
material. Non-melted polymer inclusion was also observed
(Fig. 7a, label 3). The SENB fracture surface of WF-filled mixed
plastic (Fig. 7b) showed a rough texture and significant fibrilla-
tion, implying that the main mechanism behind the improve-
ment in SENB fracture toughness response is due to the fibril-
lation of wood fibre and voids nucleation developing at the
interface between the brittle mixed plastic matrix and the rein-
forcing WF filler. Fig. 7c and d present the mode I fracture sur-
faces of GF-reinforced and CF-reinforced mixed plastics,
respectively. In general, the fracture of short fibre composites
can be classified into two categories: T-fibre fracture domi-
nated or L-fibre fracture dominated.*>**™*” A T-fibre fracture
surface is characterised by the crack plane orients transversely
to the fibres and the crack propagates between fibre ends or
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broken fibre sites. T-fibre fracture surface exhibits jagged crack
profile, crack bifurcations, some fibre breakage, fibre debond-
ing, bridging and pull out, which tend to be associated with
high fracture energies associated with the development of new
free surfaces on the crack faces. An L-fibre fracture surface is
characterised by the fibres orient parallel to the crack plane
and is often associated with an area of weakness, such as the
mixed plastic matrix. Both GF-reinforced and CF-reinforced
mixed plastic show T-fibre fracture dominant. As CFs possess
smaller fibre diameter than GFs, higher fracture energy is
required, leading to higher Kic.

8248 | Green Chem., 2023, 25, 8241-8252

3.5 LCA of reinforced mixed plastics

The previous sections confirmed our initial hypothesis that
the mechanical properties of the reinforced industrial mixed
plastics are governed by the fibre or filler reinforcement
instead of the more inferior brittle mixed plastic matrix. This
will create a stronger demand for industrial mixed plastic that
is destined to be sent to landfill and incineration to be re-used
in selected engineering applications, potentially reducing the
demand for virgin fossil-derived polymers. It should be noted
however that the manufacturing of CFs and GFs are energy
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Fig. 7 Fracture surface of (a) unreinforced industrial mixed plastic (b)
20%wt WF-reinforced, (c) 20%wt GF-reinforced and (d) 20% wt CF-
reinforced residual mixed plastic (MP). See section 3.4 for label 1-3.
Scale bar = 25 um.

intensive. The energy requirement for the production of polya-
crylonitrile (PAN)-based CFs is estimated to be 454 MJ kg™ of
CFs.”® Such high energy requirement stems from the synthesis
of PAN (117 MJ kg™"), as well as the stabilisation and carbonis-
ation (150 M]J kg™") processes. Furthermore, the carbonisation
process also produces hydrogen cyanide (HCN) (~0.33 g per
metre of CF)*® as one of the by-products, which are extremely
poisonous.*®*® An energy requirement of 9-22 MJ kg™' is
required for the manufacturing of GFs,”® which stems from
the melting and refining of the raw materials (SiO,, CaO,
Al, 03, B,03, MgO etc.) and the forming processes. The per-
formance upgrade achieved by CFs and GFs reported in Fig. 6
could be offset by the high environmental footprint of CFs and
GFs production, making the proposed pragmatic solution an
unsustainable one. WF is a more environmentally friendly
reinforcing filler and is often used to reduce the cost per unit
volume of thermoplastics.”* However, the mechanical perform-
ance improvement was only marginal and there may not be
any environmental benefits of reinforcing the brittle mixed
plastic matrix with WF. Thus, LCA was conducted.

The mass of a functional unit (g, ) used in the LCA of sus-
tainable materials reported in the literature is often based on
the assumption that the f.u. is a flat plate undergoing either
pure elastic deformation under tension®”"> or bending®*>*°°
only (i.e., mg,,. is calculated from the specific tensile or flexural
modulus). This significantly underestimates mg, as the
strength of the material is assumed to be infinitely large. In
reality, both the yield strength and ultimate strength need to
be considered to ensure that the material used will be able to
withstand the expected loads.>” Here in this work, mg, was
determined by evaluating the minimum necessary thickness
required for the shape of a chair given in Fig. 3 to achieve a

; o vield _Yield
global stress state that is the minimum of o1 $ier Opleral ©F

OGrractures Whereby oVi€ld, “is the tensile yield strength, o¥icld . is

the flexural yield strength and ogpacture 1S fracture strength of
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the material. The latter term was calculated from the obtained
K¢ value, assuming the existence of a crack (e.g., fibre
inclusion) in an infinite body.”® Such a design is to ensure that
the loads experienced by our f.u. does not exceed the yield
strength of the material. An exemplary calculation to deter-
mine mg, and the m;, made from PP and the various
(reinforced) mixed plastics can be found in ESI S4.1 A compari-
son of our my,, with the mg, calculated based on pure elastic
deformation under bending is presented in ESI S5.}

Fig. 8 presents the cradle-to-grave global warming potential
(GWP) and abiotic depletion potential of fossil fuel (ADPf) of
the different lifecycle scenarios. In the case whereby the indus-
trial mixed plastic and our f.u. (a chair made from virgin PP)
are sent to landfill and incinerated for energy recovery after
use (scenario 1A), was found to contribute to a GWP and a net
ADPf of 24 kg CO,-eq. per f.u. and 431 M]J f.u.”", respectively.
The lifecycle scenario whereby all of the industrial mixed
plastic from shredder residue was steam gasified (scenario 1B)
will still lead to similar GWP, albeit lower net ADPf due to
higher energy recovery. The largest contributor in these
“business as usual” scenarios is the environmental burden
associated with the production and the end-of-life of virgin
ABS, PS and PP, accounting for 68% and 22% of the total GWP
and ADPf, respectively.

If the industrial mixed plastic from shredder residue was
mechanically recycled into our f.u. (scenario 2), LCA showed
that the GWP and net ADPf decrease to 14 kg CO,-eq. per f.u.
and 241 MJ f.u.”', respectively. This is because the environ-
mental burden associated with the production of virgin PP for
use in the f.u. is avoided, which reduced the GWP by 5.7 kg
CO,-eq. per f.u. and the ADPf by 246 MJ f.u.”". The production
of virgin PP not only relies on non-renewable resources, which
produce significant environmental burden, but also necessi-
tates the extraction and refinement of petroleum feedstock.
These processes involve significant energy inputs (75.5 M]
kg™").>® Furthermore, the production of virgin PP entails
energy-intensive procedures such as polymerisation, which
demands elevated temperatures (reaching up to 230 °C) and
pressures (up to 150 bar).®® These operations also entail the
utilization of various chemicals, including catalysts, stabil-
izers, and solvents.®*

Scenario 3 presents the lifecycle impact assessment of rein-
forcing industrial mixed plastic with WF, GFs and CFs. It can
be seen that only 40 wt% CF-reinforced mixed plastic possess
significantly higher GWP and net ADPf compared to the
“business as usual” (scenario 1). When compared to scenario
2 (cascade recycling of industrial mixed plastic) however, all
CF-reinforced industrial mixed plastic solutions possess
higher GWP and net ADPf, even though these materials
possess higher mechanical performance that resulted in
lighter f.u. This is because the mechanical performance
improvement can no longer offset the environmental burden
associated with CF production. GF as reinforcement for indus-
trial mixed plastic is also not an environmental viable solu-
tion. At a GF loading <10 wt%, GF-reinforced industrial mixed
plastics was found to possess similar GWP and net ADPf as
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unreinforced industrial mixed plastic, implying that the direct
mechanical recycling of industrial mixed plastic into the f.u. is
the better option. At higher GF loading, the net ADPf was
reduced but this was at the expense of GWP as the energy
demand increases whilst the fossil demand for the production
of polymer matrix decreases with increasing GF loading in the
material. Using WF as filler has the advantage of carbon
capture during wood growth,’” resulting in a negative CO,
emission seen in Fig. 8a. However, the environmental impact
of WF-filled industrial mixed plastics at a WF loading of
<10 wt% was found to be similar to unreinforced mixed
plastic. This is due to the poorer mechanical properties of WF-
filled mixed plastics. At high WF loading, the environmental
impact of WF-filled industrial mixed plastics was lower than
unreinforced industrial mixed plastics. This can be attributed
to better mechanical performance at higher WF loading (see
Fig. 6) as well as a reduction in fossil-derived polymer matrix.
Our LCA model assumes that the end-of-life options for
reinforced mixed plastics are landfill and incineration for
energy recovery. These are the most likely end-of-life options
currently. Nevertheless, our results showed that a composite
approach to mechanically upcycle plastic waste is feedstock
agnostic. This implies that these reinforced mixed plastics can
be recycled as feedstock for new mixed plastic composites,
essentially closing the lifecycle loop, achieving -circularity
potentially. Our hotspot analysis showed that the high
environmental burden of GF- and CF-reinforced mixed plas-
tics stemmed from the environmental impact associated
with GF and CF productions. Considering that GF compo-
sites waste is expecting to grow by 58% to 55 ktonnes per
annum and CF composites waste is projected to grow by
160% to 2 ktonnes per year by 2030,°® this represents an
opportunity for our feedstock agnostic mechanical upcycling

8250 | Green Chem., 2023, 25, 8241-8252

process. Reclaimed GFs and CFs from end-of-life composites
can be used in place of virgin GFs and CFs, further lower-
ing the environmental impact of the resulting mixed plastic
composites.

4. Concluding remarks

We demonstrated the feasibility of sustainably upcycling
industrial mixed plastic from shredder residue through a com-
posite approach. The extrusion and injection moulding of
industrial mixed plastic waste produced a brittle material with
poor mechanical properties; Er of 2.9 GPa, oy of 32 MPa, E; of
2.6 GPa, o¢ of 49 MPa and K¢ of 0.94 MPa m®?®. This is due to
the fact that the different polymers in the industrial mixed
plastic are not miscible at a molecular level. Both glass and
carbon fibres can effectively reinforce the brittle industrial
mixed plastic. The tensile, flexural and fracture toughness pro-
perties were found to increase monotonically with increasing
GFs and CFs loading. At 40 wt%, CF-reinforced industrial
mixed plastic was found to possess Et of 22 GPa, or of 67 MPa,
E¢ of 17 GPa, o; of 107 MPa and K¢ of 2.7 MPa m®®. At the
same fibre loading, GF-reinforced industrial mixed plastic pos-
sessed Er of 13 GPa, oy of 51 MPa, E; of 9 GPa, o; of 65 MPa
and K¢ of 1.8 MPa m®®. When WF was used as the reinforcing
filler, it was found that both Er and Ef of the resulting WF-
filled industrial mixed plastic waste increased linearly with
increasing WF loading up to 7.5 GPa and 6.5 GPa, respectively,
but the strength properties exhibited a different trend. Both
the oy and o¢ decreased initially with increasing WF loading up
to 10 wt% before increasing beyond that of unreinforced
industrial mixed plastic at higher WF loading up to 40 MPa
and 57 MPa, respectively. Our LCA showed that compared to
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the “business as usual” scenario, all materials (unreinforced,
WF-filled, GF-reinforced and CF-reinforced industrial mixed
plastics) with the exception 40 wt% CF-reinforced industrial
mixed plastic, have lower environment impact in terms of
GWP and net ADPf. Even though GF- and CF-reinforced indus-
trial mixed plastic possessed superior mechanical perform-
ance over WF-filled and unreinforced industrial mixed plastic,
LCA showed that using GFs and CFs as reinforcements are not
the most sustainable option especially when cascade recycling
of industrial mixed plastic is employed. This is due to the high
environmental burden of producing GF and CF. Whilst
counter intuitive, we found that the most sustainable option is
to mechanically upcycle industrial mixed plastic with high
loading fraction of WF at 40 wt%. This produced not only a
material with better mechanical performance than unrein-
forced industrial mixed plastic but also possess lower environ-
mental burden. Such feedstock agnostic and pragmatic solu-
tion of reinforcing industrial mixed plastic at high WF loading
has the potential of diverting industrial mixed plastic from
landfill and incineration, reducing the demand for fossil-
derived virgin polymers and thereby reducing the GWP and
net ADPf by 110% and 63%, respectively, compared to
“business as usual”.
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