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Abstract: The widespread use of plastic materials poses significant environmental challenges, which
have promoted a growing call for a circular approach to such materials, emphasizing waste reintegra-
tion into production. From this perspective, the present study focuses on analyzing a post-industrial
recycled stream of chrome-plated automotive scraps composed of acrylonitrile-butadiene-styrene
(ABS), polycarbonate (PC), and a commercial PC/ABS blend. The batch-to-batch varying proportions
of these constituents make control of the recycled materials” quality challenging. To address this
problem, we formulated an I-optimal mixture design model using the infrared absorbance ratio of
selected peaks and Izod impact resistance results for injection-molded samples as inputs to determine
the composition of each batch quickly. The two model equations (adjusted R? > 0.97) obtained, based
on cubic expression and regressed from data obtained from 27 mixtures with known compositions,
were combined into a single system for the determination of unknown batch compositions. The
validation test showed that the models can satisfactorily predict both the infrared and Izod results of
blends with known compositions, but in the latter case, the results are less reliable, probably due to
specific blend morphological interactions according to specific compositions. The results can improve
mechanical recycling methodologies for reintroducing plastic wastes to the market.

Keywords: PC/ABS; mechanical recycling; automotive scraps; design of experiments; mixture design

1. Introduction

Versatility and different ranges of properties of plastic materials are the key elements
that have promoted their widespread application across a broad spectrum of consumer
and industrial uses, becoming a competitive alternative to more traditional materials. An
illustrative case is the automotive industry, where polymers and polymer-based composites
have gradually replaced metallic components thanks to their low density, which ensures
fuel savings ranging from 25 to 35% and concurrent lower carbon dioxide emissions [1].
However, the surging demand for polymers has led to an increased reliance on non-
renewable resources [2,3] and the accumulation of end-of-life plastic in the environment [4].
In response to the challenges of resource depletion and environmental pollution stemming
from plastic waste, a shift from a linear (make, use, and dispose) to a circular approach in
the life cycle of plastic materials has become imperative [5]. This circular model involves
reintegrating waste into the production cycle, establishing a self-sustaining economic
production system. Plastic materials discarded at the end of their life (end of life—EOL) can
be managed in different ways, depending on the technical, environmental, and economic
feasibilities of each processing solution [6-9].

Modern plastics and composites in the automotive sector are used in different compo-
nents, such as bumpers, profiles, logos, doors, seat belts, airbags, dashboards, and even
vehicle driveshafts. In this context, metallized plastic components are used to combine

Processes 2024, 12, 349. https:/ /doi.org/10.3390/pr12020349

https://www.mdpi.com/journal /processes


https://doi.org/10.3390/pr12020349
https://doi.org/10.3390/pr12020349
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0001-5202-9866
https://orcid.org/0000-0002-5805-5587
https://doi.org/10.3390/pr12020349
https://www.mdpi.com/journal/processes
https://www.mdpi.com/article/10.3390/pr12020349?type=check_update&version=1

Processes 2024, 12, 349

2 of 15

lightweight substrates, ensuring mechanical strength, with shiny and glossy surfaces typi-
cal of metallic components. The metallization process involves a step for etching polymeric
substrates to create micro-engraved and hydrophilic surfaces that ensure the mechanical
adhesion of thin metallic films, which are subsequently fixed on the substrates by elec-
trodeposition. To this end, it is necessary to choose selectively adherable resins that can
combine suitable thermomechanical properties. Among these, acrylonitrile-butadiene—
styrene (ABS), polycarbonate (PC), and their blends (PC/ABS) are the standard substrates
used in the automotive sector to produce metallized components. ABS provides high
impact strength even at low temperatures, chemical resistance, and ease of processing,
while PC adds high mechanical strength and heat resistance. Consequently, finding a
sustainable end-of-life treatment solution for PC/ABS blends derived from automotive
scraps is crucial to mitigate waste and environmental impacts.

The recycling of polymer blends presents specific difficulties, encompassing both
technical and non-technical aspects [10]. For such materials, mechanical recycling is the
most straightforward solution, especially in situations where the separation of commingled
plastics is not feasible or economically sustainable [11]. On the other hand, an additional
challenge is related to the extent of the interaction between the different polymeric phases,
which depends on the blend’s composition and morphology [12,13], according to the se-
lected processing conditions and previous thermomechanical history of the material [14,15].
Within the context of PC, ABS, and their blends, several studies have investigated the
properties of recycled materials but mainly from the point of view of variability [14-16]
and recovery [17,18], as well as in terms of the reprocessing effect [19,20].

It has been shown that blends of PC and ABS can be easily recycled and possess
appropriate mechanical properties [11,21], leading to the conclusion that these blends can
be directly prepared from mixed scraps without sorting [22]. Although various commer-
cially available PC/ABS blends pose no significant challenges in recycling due to their
similar properties, the presence of fractions of pure PC and ABS in mixed waste introduces
considerable variability to material characteristics, depending on the relative quantities of
these three components [13,23]. This variability is particularly notable in the case of waste
derived from the chromed logos and profiles of cars. In these instances, the plastic substrate
may consist of pure PC, pure ABS, or a specific PC/ABS blend containing 45% PC. The
recycling of chromed components becomes inherently challenging due to the unpredictable
compositions of PC, ABS, and PC/ABS in each batch of post-industrial waste. The literature
currently lacks an exploration of the control mechanisms for this intricate process, and it is
within this knowledge gap that this study is positioned.

In the present study, we derived a simple model to identify the compositions of differ-
ent automotive chromed-component wastes (comprising metallized PC, ABS, and a specific
PC/ABS blend). Two key characteristics of the mixture were analyzed: the impact resis-
tance, a crucial property for automotive applications that strongly depends on the blend’s
composition, and the ratio of the characteristic infrared peaks for the materials present in
the blend. From this point of view, it is worthwhile to consider that a variety of different
techniques can be employed to identify the composition of unknown recycled polymers,
such as spectroscopic [24,25], thermal [26,27], elemental [28], pyrolysis gas chromatography
analysis [29], or a combination of them [30,31]. While some of these techniques are capable
of providing detailed information on samples” compositions, they are usually expensive
and require large and stationary instrumentation, limiting the number of samples to be
analyzed. The use of infrared (IR) spectroscopy offers the advantage of obtaining spectra in
a non-destructive manner, with very low acquisition time to achieve a good signal-to-noise
ratio, along with a simple integration in recycling facilities. Additionally, medium-IR is
more suitable for the purpose of this study, compared to near-IR, due to its insensitivity
to black-colored plastics and better peak resolution, which is ideal for peak ratio calcula-
tions [32]. While considered a standard analytical technique, IR spectroscopy is the most
suitable option for promptly inspecting and assessing material composition thanks to an
easy calibration, requiring a limited amount of sample [33]. The novel approach in this
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study is the combination of this characterization with impact resistance measurements of
the recovered material to uniquely identify the mixture’s composition, serving as a starting
point for improving its mechanical recycling. Specifically, we developed two models using
these characterization tests as response variables in a ‘Design of Experiments’ (DoE) statis-
tical approach, employing a mixture design starting from blends of known composition.
These resulting models were combined together to utilize both the IR spectroscopy and im-
pact resistance results to identify the chemical composition of the received waste, in terms
of weight percentage of the three components (PC, ABS, PC/ABS). Additionally, the model
can predict impact resistance properties based on the chemical composition. To the best of
our knowledge, this approach of combining chemical and mechanical characterization of
a ternary polymer mixture to identify its composition has not been reported in literature
before. The successful application of the proposed approach can allow a quick assessment
of the performance of a recycled batch, determining whether it is ready for reintroduction
to the market or requires a further improvement with additives or virgin material addition.

2. Materials and Methods
2.1. Materials

Discarded car profiles and logos, exhibiting post-chroming surface defects, were
gathered as post-industrial scraps and kindly provided by LaPrima Plastics company (Isola
Vicentina, Italy). These chromed components consist of several polymers, including ABS
(Novodur P2MC, INEOS Styrolution Europe GmbH, Frankfurt, Germany), PC (Makrolon
2405, Covestro AG, Leverkusen, Germany), and a specific PC/ABS commercial blend
(Bayblend T45, Covestro AG, containing 45 wt.% of PC and 55 wt.% of ABS) in varying
proportions. These three polymer grades are always employed into this type of post-
industrial scraps, originating from chromed components for the automotive industry. Due
to the diverse properties of these materials and the variable composition of the scraps
across batches resulting from mixed waste sources and subsequent collection stages, the
quality of each collected batch of scraps is highly variable.

This study examines post-industrial wastes, which includes both recycled un-chromed
(RuC) materials (only molded polymer parts ground to obtain polymer powder) and
recycled post-chrome-layer-removal (RCr) materials (chromed molded parts undergoing
grinding and chrome layer removal processes). The objective is to assess whether chroming
and chrome layer removal processes affect the quality of the mechanical recycling process.
Since the results of a preliminary analysis, which are subsequently reported, suggest that
chrome deposition and removal do not affect the polymer substrate recycling, the mixture
experiments focus solely on the RCr materials, which are the material typically used by
LaPrima Plastics company in practice.

2.2. Methods

Before undergoing mechanical recycling through melt processing, each batch of mixed
components composed of chromed ABS, PC, and PC/ABS underwent pre-treatments for
subsequent processing. These pre-treatments included a grinding stage to obtain coarse
powder and a mechanical removal of the metal layer, using a process patented by LaPrima
Plastics company.

After pre-treatment, the ABS, PC, and PC/ABS blends were, first of all, dried in a
dryer (DACS6, Plastic System, Borgoricco, Italy) at 100 °C for 8 h, then dry-blended and
subsequently injection-molded using a laboratory-scale injection molding machine (Canbio
V55, Negri Bossi, Cologno Monzese, Italy). The process conditions adopted were as follows:

e  Barrell temperature profile: 230-240-250-260 °C;

e  Mold temperature: 60 °C (pure ABS), 70 °C (pure PC/ABS and PC/ABS plus ABS
blends), 80 °C (PC and blends containing PC).
The injection speed varied from 25 to 45% of maximum velocity, and the pressure

ranged from 45 to 70 bar, depending on the material requirements for cavity filling. Al-
though ABS, PC, and PC/ABS require different molding temperatures to optimize material
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strength, these temperatures were kept constant to replicate real-life operating conditions
where a compositionally unknown waste is processed.

The evaluation of blend composition was carried out by Fourier-transform infrared
spectroscopy (FT-IR). Sample spectra were collected with a Thermo Scientific (Waltham,
MA, USA) Nicolet iS50 FT-IR Spectrometer using a Smart iTR Attenuated Total Reflectance
sampling accessory equipped with a diamond crystal. Spectra were collected in the
4000650 cm~! wavenumber range with 64 scans and a 4 cm ™! resolution. Absorbance
values were computed using the peak height measured according to a fixed reference base-
line. Specifically, two peaks were chosen: one at 1505 cm !, corresponding to a stretching
of the C=C bond in the aromatic ring of PC, and one at at 2237 cm~!, associated with the
stretching of the cyano-group in acrylonitrile within ABS. The reference baseline for the
1505 cm ™! peak (PC) was taken in the 1425-1540 cm~! interval, while the 2099-2372 cm ™!
interval was considered for the peak at 2237 cm ™.

Notched Izod impact strength was measured by an impact pendulum (Instron CEAST
9010, Norwood, MA, USA) according to UNI EN ISO 180 [34], testing five injection-molded
samples for each kind of the studied materials under controlled conditions (23 °C and 50% RH).

The melt flow index (MFI) of the material was measured with an Instron MF10 melt
flow meter, according to the ISO 1133 standard [35], using selected conditions according to
the specific datasheet of each polymer producer:

e  ABS (Novodur P2MC): 200 °C, 10 kg;
PC (Makrolon 2405): 300 °C, 1.2 kg;
e PC/ABSblend (Bayblend T45): 260 °C, 5 kg.

To establish the mathematical correlation between the chemical (FT-IR) and mechanical
(Izod) properties and the blend composition in terms of relative quantities of PC, ABS, and
PC/ABS, a statistical approach based on the DoE method was employed using the Design-
Expert software (version 22.0) by Stat-Ease. An optimal custom design mixture experiment
was selected within the software, allowing for flexibility in experimental structure to
accommodate categorical variables, constrained regions, and customized models for data
processing. The developed models are cubic and can be described, in their full version, by
the following canonical form [36,37]:

q q q q
E(y) =) Boxi+ ) Bipaxg+ ) vipaxi(xi—x) + ) Bijoixixk (1)
i=1

1<i<j 1<i<j 1<i<j<k

The relationship between input data and output values was analyzed using the re-
sponse surface methodology, employing an I-optimal design, as it minimizes the variance
in predictions within the experimental region. The developed randomized design is based
on 27 runs, representing points in the mixture space (triangle with vertices corresponding
to pure components). Among these 27 points, 16 describe the model, 5 are replicates,
and 6 are used for the lack of fit test. Additionally, 3 validation tests were planned for
each model. From the analysis of the two models, constructed as reported above, one
describing the trend of Izod strength and the other the ratio between FT-IR absorbance
peaks (1505 cm~!/2237 cm~1) with varying scrap composition, two experimental equa-
tions were obtained. Along with the mixture constraint (sum of the weight fractions of the
3 components, PC, ABS, and PC/ABS, is equal to unity), these 2 experimental equations
form a system of 3 equations with 3 unknown variables, represented by the weight fractions
of the 3 components. These equations generate a nonlinear system, requiring calculation
software for resolution. For this study, Matlab® (version R2023b) was used as the software.

3. Results and Discussion
3.1. Screening of Materials’ Properties

The focus of this study, as previously mentioned, revolves around post-industrial
waste components coated with a chrome treatment. This coating is mechanically removed
from the plastic substrate, which is then slated for mechanical recycling. The primary
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interest lies in investigating whether the metallization and subsequent mechanical removal
of the chrome layer affect the rheological (MFI) and mechanical (Izod impact test) properties
of the plastic substrate during recycling. For this purpose, two distinct batches of material
were examined: a first one comprising PC, ABS, PC/ABS sourced from non-chromed
post-industrial waste components, and a second one containing the same polymers derived
from both chromed and dechromed waste components.

The values are presented in Table 1, alongside the melt flow index and Izod strength
values of the pure polymers from the corresponding datasheets.

Table 1. MFI and Izod values of virgin and processed materials involved in the study.

Material MEFI [g/10 min] Izod [kJ/m?]
Virgin ABS 2581 231
RuC-ABS 26.8 +0.7 18.9 + 0.4
RCr-ABS 263412 19.5+ 0.4
Virgin PC/ABS 1321 401
RuC-PC/ABS 284 +18 263 £ 0.4
RCr-PC/ABS 27.6 0.5 30.9 + 0.6
Virgin PC - 701
Virgin PC - 9.0 +042
RuC-PC - 6.9+ 05
RCr-PC - 8.0 £ 0.9

I Data from technical datasheet. 2 Data from Izod testing of virgin material samples.

From the first screening experiments, it is observed that the MFI of the RuC and RCr
polymers remains consistent after the chroming and dechroming processes, indicating that
these treatments do not affect the bulk of the polymeric phase. The recycled ABS material
exhibits a slight increase in the MFI values, with respect to the virgin one, likely due to
the decrease in the average molecular mass associated with the multiple processing steps
required for part forming and mechanical recycling. On the other hand, the PC/ABS blend
appears degraded upon recycling when compared to the virgin material. Considering the
limited amount of PC in the PC/ABS blend, the MFI of pure PC was not collected, as the
higher temperature conditions during the measurement can adversely alter the results.

Regarding impact resistance, it is observed that the performance of ABS slightly
decreases in recycled polymers, with no apparent influence from the dechroming process.
This is consistent with the findings of Scaffaro et al. [16], who noted an impact resistance
decrease after the first reprocessing stage of ABS. Such evidence can be interpreted in terms
of degradation of the elastomeric (polybutadiene) phase of the polymer, resulting in a lower
adhesion with the SAN phase, which acts as stress concentrator [38].

In contrast, the PC/ABS blend experiences a pronounced loss of impact resistance
after recycling, which can be correlated to the increased MFI [39], reflecting a lower level
of entanglements between the macromolecules and therefore a lower energy threshold
to produce fracture. A slightly higher impact resistance is observed for the RCr material.
This might be attributed to the presence of small metal residues, which contribute to
a reinforcing effect due to the combination of good metal-polymer adhesion from the
chroming process and the ductility typical of metals, delaying and lengthening the path
of cracking.

The PC case stands out as the most intriguing; the impact resistance of the virgin
material decreases from the datasheet value to the experimental result by a factor of 10.
Analysis of both technical and experimental values reveals improper material processing,
resulting in a significant discrepancy. Nevertheless, comparisons between virgin and recy-
cled materials, under similar forming conditions, demonstrate nearly equivalent values.
Polycarbonate is recognized for its susceptibility to degradation in the presence of humid-
ity, wherein the moisture significantly reduces the polymer’s molecular weight through
hydrolytic chain scission. Interestingly, even in dry reprocessing conditions, as discussed



Processes 2024, 12, 349

6 of 15

in this paper, some degradation is noted. A possible explanation can be provided by the
conclusions of La Mantia et al., who associated this occurrence with thermomechanical
stress acting on the melt [11]. The poor performance exhibited by PC in this study, even if
previously dried, has been linked to the use of improper processing parameters, especially
in terms of temperature profile, which were not modified according to the ideal conditions
for ABS, PC, and PC/ABS molding to reflect real case scenarios. The chosen processing
temperatures were lower than those required for PC and PC/ABS, as they would be too
high for the ABS fraction. Lower PC processing temperatures, for both the barrel and the
mold, combined with the high shear rates typical of the injection molding process, can
lead to a higher degree of frozen orientations and residual stresses in the final specimens,
affecting impact resistance. In this manner, there is a possible shift in the ductile-brittle
transition of the material, reducing the Izod values for both the virgin and recycled PC [17].
Moreover, the impact resistance of specimens subjected to different recycling processes,
including molding and grinding or molding, grinding, and dechroming, is practically
identical, indicating that polymers undergo similar degradative phenomena, as confirmed
by Balart et al. [21]. Finally, Abbas [40] also reported a reduction in properties of PC due to
improper processing conditions. This demonstrates the detrimental impact of high shear
stresses during processing, caused by factors such as viscous heating, which results in poly-
mer degradation, as evidenced by a significant reduction in molecular weight. In our case,
the utilization of too low temperatures resulted in increased melt viscosity, subsequently
inducing higher stresses during processing. This parallelism suggests a commonality in
the degradation mechanisms, characterized by chain scission reactions and non-random
kinetics, thereby emphasizing the critical role of processing conditions in determining the
final material properties.

To conclude, the chemical characterization of pure ABS, PC, and PC/ABS materials
was carried out using FT-IR spectroscopy, which are reported in Figure 1. This step was
crucial in selecting the characteristic peaks that would be instrumental in subsequent model
building based on the FT-IR response.

ABS
~ o < [ee] m
—— PC M ~ o — =~
o~ ~ n o~ [eN(ex_]
S
S
(V)
Q
C
©
2
(o)
%]
Q
<<
3000 2500 2000 1500 1000

Wavenumber [cm~1]

Figure 1. FT-IR spectrum of pure ABS, PC, and PC/ABS.

The peaks in the 3100-2800 cm ! region are associated with aromatic and aliphatic C-H
stretching. The peak at 2237 cm ™! is the distinctive peak of the CN bond in the acrylonitrile
unit, while the peaks at 1494 and 699 cm ™! represent the stretching of the styrene unit [41].
Characteristic stretchings of the polybutadiene (PB) phase are located at 967 and 911 cm !
and are distinctive of trans-1,4 and -1,2 units [42]. PC exhibits typical infrared absorption of
aromatic polyesters, including carbonyl stretching at 1770 cm ™!, double C=C asymmetric
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stretching at 1504 cm ™!, and O-C-O and O-C-C stretches at 1218 and 1013 em ™! [43],
respectively. The spectrum of the PC/ABS blend reflects these characteristic peaks at 2237,
1504, 1772, 967, and 911 cm ™!, indicating the presence of both polymers.

To ensure peak identification without overlap from the spectra of the pure materials,
peak ratio calculation was based on the CN stretching of the nitrile group of ABS and the
C=C stretching of PC. From this point of view, it was considered inadvisable to use C=O
stretching of PC due to potential influence from PC hydrolysis. Additionally, a stretching
in the same wavenumber region can arise from hydroperoxide species that can be formed
upon PB degradation [44].

3.2. Model for Scrap Composition Identification

The objective of this study on metallized scraps of mixed ABS, PC, and PC/ABS is to
determine their percentages in each batch, based on the knowledge of certain measurable
properties of the mixture, such as the Izod value and the relative height of two peaks in the
FT-IR spectrum of a sample created from the same blend. These properties were selected for
their feasibility and fast determination, as the model aims to be practical for their use. The
method implementation involved a mixture study creating various blends by deliberately
adjusting the proportions of the three components in a controlled manner. Consequently,
as it was essential to have the three pure and separated materials, manual separation was
carried out on the components, in contrast to real-world scenarios where chromed pieces
of ABS, PC, and PC/ABS are typically mixed without separation.

Although it is possible to create a calibration curve with FT-IR analysis that provides
information on the relative quantity of ABS and PC, this technique cannot differentiate
between the amount of these two polymers related to pure components or bound in the
PC/ABS blend (Bayblend T45). Additionally, understanding how mechanical properties
vary with batch composition is crucial for practical applications.

To determine the composition of the blend, a three-variable problem stands out (the
quantities of ABS, PC/ABS, and PC), which requires three equations for unique resolution.
The first equation is given by the intrinsic constraint of a mixture, meaning the sum of the
mass fraction of the three components equals one:

WABs + Wpc + Wpc,aBs = 1 (2)

The second equation was chosen as the correlation between impact resistance and the
relative quantities of the components. Although this relationship is not known a priori,
it can be experimentally derived with some margin of error. To achieve this in the most
rigorous manner, a first mixture experiment was set up. The input parameters were the
quantities of the three components, and the response to be analyzed was the Izod value for
each mixture of the three components.

Izod = f(waps, Wpc, Wpc,/ABS) )

As the third equation, the evaluation of the ratio between absorbance values for a
characteristic peak of both PC (C=C bond stretching at 1505 cm ™) and ABS (C=N bond
stretching peak at 2237 cm~!) was chosen. Another mixture experiment was set up to
analyze this ratio as a response to variations in the composition of the tricomponent mixture.

FT — IR ratio = g(wWaBs, Wpc, WpC/ABS) (4)

Therefore, from the model describing the trend of Izod and the FI-IR absorbance ratio
(1505 cm~1/2237 cm™~!) with varying waste compositions, two experimental equations
are obtained. These experimental equations, together with the mixture composition con-
straint, form a system of three equations. Since two of these experimental equations are
polynomials, the solution of the system requires the use of a numerical approach with a
non-linear solver.
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3.3. Designing Experimental Equations through Mixture Experiments

In seeking a mathematical correlation between chemical (FI-IR) and mechanical (Izod)
properties with blend composition (comprising PC, ABS, and PC/ABS), a DoE statistical
technique was employed. This approach involved 27 runs within the mixture space, as
detailed in Table 2, along with the results of mechanical and chemical characterizations
performed on the injection-molded samples.

Table 2. Compositions and results of Izod and FI-IR analysis for the 27 mixtures of ABS, PC, and
PC/ABS suggested by the model.

Run WABS WpC WPC/ABS Izod [kJ/m?] FT-IR Ratio [adim]
1 0.243 0.757 0 24.75 18.67
2 0.338 0.328 0.334 30.13 10.00
3 0.488 0.512 0 21.22 11.20
4 0.488 0 0.512 13.55 3.46
5 0 0 1 31.27 8.42
6 0.508 0 0.492 14.73 3.49
7 0.672 0.171 0.157 16.33 4.12
8 0 0.508 0.492 33.94 19.26
9 1 0 0 19.22 0
10 0 1 0 6.80 51.07
11 0.240 0 0.760 27.22* 5.49
12 0 0.255 0.745 33.92 13.28
13 0 0 1 30.43 7.63
14 0.508 0 0.492 15.08 3.21
15 1 0 0 19.77 0
16 0.510 0.490 0 21.43 9.02
17 0.510 0.490 0 20.22 8.30
18 0.338 0.328 0.334 30.30 7.66
19 0 0.748 0.252 28.34 * 20.56

20 0 0.495 0.505 32.19 15.96
21 0.333 0.333 0.333 31.77 717
22 0.500 0 0.500 14.47 2.65
23 0 0 1 30.53 6.46
24 0 0.500 0.500 33.46 15.00
25 0 1 0 7.51 49.44
26 0.500 0.500 0 23.54 8.75
27 0.330 0.170 0.499 30.66 * 5.42

* Outliers, not considered in the model.

3.3.1. Mixture Experiment for Izod Impact Resistance

To correlate Izod impact resistance with blend composition, the best-fitting model for
the experimental data emerged as a modified cubic one, wherein non-significant coefficients
were excluded based on their p-value. As reported in Table 3 of the ANOVA test, the
model’s significance is highlighted by a substantial F-value (large enough to reject the null
hypothesis, suggesting a significant difference among the group means) and a p-value
below the established significance threshold of 0.05. Furthermore, the model coefficients
hold equal significance, as evidenced by their low p-values. The lack of fit test suggests that
the observed lack of fit could be attributed to random noise with only a 1.03% probability.
The adjusted R? value of 0.9867 provides evidence of the enduring predictive prowess of
the final model, since a value exceeding 0.8 is conventionally considered indicative of a
clearly observable regression.



Processes 2024, 12, 349

9 of 15

Izod =

Table 3. ANOVA test on the modified cubic model for Izod response.

F-Value p-Value
Cubic model 244 .82 <0.0001
Linear Mixture 247.35 <0.0001
AB* 141.18 <0.0001
AC* 253.54 <0.0001
BC* 408.37 <0.0001
ABC * 86.17 <0.0001
AB(A-B) * 102.80 <0.0001
Lack of Fit 6.64 0.0103

*where A = WABS, B= WpC, C= WPC/ABS~

After the ANOVA test, diagnostic graphs were scrutinized and the model reaffirmed
its representativeness and predictive capability. The final model is presented in Equation (5),
in which the numerical values for the different coefficients are shown.

19.39 waps+7.15 wpc+30.58 wpc / Aps+32.87 wapswpc — 42.31 WABSWpC/ABS 5)
+56.19 Wpcwpc/ aBs+174.46WABSWPCWpC/ ABS — 97.56 WABSWPC (W ABS — WPC)

Such an equation reflects the dependence of the Izod impact resistance of the final
mixture on its composition, albeit limited to the specific processing conditions and polymer
grades used in this study.

Finally, to assess the reliability of the developed model, three validation tests were
performed (Table 4) to evaluate its predicting capability on batches of different compositions.
The results indicate that the experimental notched Izod impact overestimates the predicted
value by an average error of 5.3%. Although, especially for Runs 1 and 3, such values
exceed the predicted standard deviation, they can be considered a satisfactory results given
the range of Izod values and the results reported in the literature for polymer blends [45].

Table 4. Runs for the Izod model’s validation.

I1zod: IZ(.)d: Izod:
. Predicted
Run w w w Predicted Standard Observed
ABS PC PC/ABS Mean Deear Value
2 2
[kJ/m*] [kJ/m?] [kJ/m*]
1 0.174 0.626 0.200 31.715 0.984 30.182
2 0.243 0.757 0.000 25.398 0.984 26.193
3 0.100 0.900 0.000 18.359 0.984 19.800

To conclude, it is interesting to analyze the contour plot (Figure 2) showing the varia-
tion in Izod resistance in the blend space, with the pure components (ABS, PC, PC/ABS)
represented by the vertices of the triangle. Within the mixture space, the red dots represent
the composition of the experimental tests, while the colored surface referring to all the
other compositions represents the response predicted by the model. Red-colored zones
represent the maximum values of resistance, while blue-colored zones indicate minimum
resistance values. This graph provides insights into the effects of the three components and
serves as a tool for the potential compositional modification of the waste blend to achieve a
specific impact resistance value required by the raw material market. An increase in impact
performance is observed with the increase in PC/ABS and PC components compared to
ABS, although at the extreme end of PC, there is a rapid drop in resistance due to the degra-
dation phenomena described above. Feedback on optimal percentages of PC in PC/ABS
blends can be found in the literature, as reported by Balart et al. [21], who identified 10-20%
by weight of PC as the optimal range to achieve balanced mechanical properties.
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A: ABS

33.9ki/m2 1.000

6.8 kl/m2

1.000 0.000 1.000
B: PC C: ABSPC

IZOD

Figure 2. Contour plot from the mixture experiment for Izod (red dots represent the composition of
the experimental tests reported in Table 2).

As anticipated, the trend of 1zod resistance with varying blend composition is one
of the three equations necessary for the model to detect the composition in unknown
batches. Additionally, the contour plot can also be used with underperforming batches.
By examining the response surface area relative to the required Izod value for the final
application, it is possible to visually determine the composition of the mixed waste blend
necessary to achieve it. Then ABS, PC, or PC/ABS can be added to the blend to reach the
composition maximizing the Izod response.

3.3.2. Mixture Experiment for FT-IR Absorbance Ratio

To establish a correlation between FI-IR absorbance ratio of the absorbance peaks at
1505 cm~! and 2237 cm~! and the blend composition, a logarithmic transformation for
the FI-IR response was initially required. The experimental data revealed that the optimal
model was a refined cubic model, from which non-significant coefficients were excluded.
The ANOVA test in Table 5 highlights the model’s significance by the substantial F-value,
coupled with a p-value below the established significance threshold of 0.05. Moreover,
the model’s coefficients consistently demonstrate significance, as evidenced by their low
p-values. The lack of fit test suggests a 6.26% probability that the observed lack of fit could
be ascribed to random noise, while the adjusted R? value of 0.9780 accentuates the enduring
predictive strength of the model.
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FT — IR ratio = — 0.51 + exp(0.6433 waps+3.78 wpc+2.03 Wpc/aps+2.83 wapswpc+

Table 5. ANOVA test on the modified cubic model for FT-IR response.

F-Value p-Value

Cubic model 232.29 <0.0001
Linear Mixture 541.82 <0.0001
AB* 49.56 <0.0001
AC* 34.86 <0.0001
AB(A-B) * 6.77 0.0166
Lack of Fit 3.22 0.0626

* where A = waps, B=wpc, C = wpc,aps-

Similarly to the previous case, diagnostic graphs were also analyzed in order to
check for statistical consistency. The results, not reported here, stated both the model’s
representativeness and predictive capability.

The final model, shown in Equation (6), along with the mixture equation and the
previous empirical relation obtained for Izod response, allows for a comprehensive charac-
terization of the batch composition.

(6)

2.25 WaBsWpc, aBs+3.85 WaBsWpc (WaBs — Wpc))

Three validation tests were also performed (Table 6) for this model, confirming the
good predicting capability of the resulting FT-IR values.

Table 6. Runs for the FT-IR model’s validation.

FT-IR FT-IR FT-IR
Ratio: Ratio: Ratio:
Run WABS WpC WPC/ABS Predicted Standard Observed
Mean Deviation Value
[adim] [adim] [adim]
1 0.174 0.626 0.200 17.103 2.784 15.036
2 0.167 0.666 0.167 18.109 2.942 20.665
3 0.100 0.900 0.000 27.340 4.401 32.589

In conclusion, it is also desirable to present the contour plot for the FI-IR peak ratio
response (Figure 3). The trend of values for this response is much more intuitive than in
the previous case, as expected. Maximum values are detected in the presence of pure PC,
given the higher intensity of its characteristic peak, and decrease with the reduction in the
PC fraction in the blends. As anticipated, with a rapid analysis like FT-IR characterization,
it was possible to establish an analytical correlation using the percentages of the three
components in the mixture. This correlation, together with the equation from the Izod
model and the blend constraint equation, will be subsequently combined to obtain the
composition of unknown blends.

3.4. Model-Based Identification of Scrap Composition

Once the models correlating Izod strength and FT-IR spectrum to the composition
were generated and verified, the three-equation model, as described in Section 3.2, was
used to calculate the composition of two different unknown batches of chromed waste.
The solution of the system of equations derived from the analysis of chromed materials
returned the compositions shown in Table 7.
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A: ABS
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0
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FT-IR

ratio 1505/2237

Figure 3. Contour plot from the mixture experiment for FT-IR ratio (red dots represent the composition
of the experimental tests reported in Table 2).

Table 7. Testing of the model, giving Izod and FT-IR ratio of 2 batches of scraps with unknown
composition, resulting in the amount of ABS, PC, and PC/ABS inside each batch.

Batch Izod [kJ/m2]  FT-IR ratio [adim] WABS WpC WPC/ABS
1 15.23 2114 0.808 0.035 0.157
2 24.12 3.636 0.452 0.517 0.030

4. Conclusions

This study explored the possibility of employing an experimental approach based
on mixture design methodology to identify the composition of mixed post-industrial
automotive chrome-plated components as a preliminary stage for their recycling. These
components, comprising three different materials—ABS, PC, and a specific PC/ABS blend—
arrive at the recycling stage in unknown and varying proportions from batch to batch.
The recycling process of such compositionally diverse blends leads to variable mechanical
properties and poses challenges in controlling the quality of the recycled material for
market reintroduction. Therefore, the goal was to develop a model capable of accurately
detecting the composition of each batch of these scraps in terms of the relative quantities of
the three components.

Initially, an assessment was conducted to evaluate the effect of chrome treatment
and removal processes on the rheological and mechanical properties of pure materials.
The observed loss of performance of the PC fraction of the waste mixture was attributed
solely to processing temperatures, set between those required for ABS and those required
for PC, employed to replicate industrial conditions. Molding PC at a lower temperature
than required resulted in a significant increase in melt viscosity, leading to anisotropy in
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the specimen and polymer degradation, and thus leading to much lower impact strength
than expected.

After screening the polymer scraps’ properties, the primary objective was to develop a
method for the assessment of the weight percentages of the three components in blends
of unknown composition. This led to the development of a system of three equations.
The first equation represented the constraint of mass conservation for blend composition.
The second equation was derived from a mixture design model correlating composition
with the impact strength of the polymer mixture. The third equation, derived with the
same approach, correlated composition with the absorbance ratio between two FT-IR peaks
associated with the different polymers present in the mixture. This analysis allowed us to
obtain an analytical correlation, specifically tailored and applicable only for the materials
and processing conditions employed, between the mixture’s composition and the material
characterizations. In this manner, the adopted approach provides a tool to identify the
chemical composition of the received waste and, furthermore, to eventually modify the
composition by adding virgin ABS or PC to achieve a certain mechanical resistance in each
batch of scraps.

Future developments may explore the possibility of enhancing the impact properties
of PC/ABS scraps, particularly when these are insufficient for the recycled material to be
reintroduced into the market. Improvement of the material performance can be achieved by
optimizing the process conditions according to mixture composition, by incorporating high-
performance virgin polymers or by employing compatibilizing additives and/or impact
modifiers. Subsequently, an evaluation of the economic sustainability of the recycled
optimization process will be necessary.
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