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Abstract: The infrared spectroscopic analysis of black polypropylene (PP) polymers with varying
electrical conductivities shows that increasing conductivity leads to a pronounced attenuation or
complete masking of characteristic infrared absorption bands. This behavior arises from interactions
between the incident electromagnetic radiation and free charge carriers, thereby limiting the
applicability of Fourier-transform infrared (FTIR) spectroscopy for reliable material identification.
Comparable limitations may also occur in non-black polymers that exhibit sufficiently high electrical
conductivity. Theoretical modeling and experimental measurements of the samples are presented.
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1. Introduction

1.1.  Materials and technologies in plastic recycling

The worldwide production and consumption of plastics has been increasing continuously over the
past decades, leading to a steadily growing amount of plastic waste, which has become a major
environmental and economic challenge [1,2]. As a consequence, efficient recycling strategies have
become essential to reduce environmental pollution, conserve resources, and support the circular
economic concept. A key prerequisite for high-quality plastic recycling is the reliable sorting and
identification of polymer materials, as even small fractions of misclassified plastics can significantly
deteriorate the properties of recycled products.
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With increasing material diversity and the widespread use of additives, fillers, and functional
modifiers, the requirements for accurate polymer classification have become progressively more
complex. Modern recycling streams contain a broad spectrum of materials ranging from commodity
plastics to highly engineered technical polymers, often combined with pigments, reinforcements, or
electrically functional components. Consequently, simple physical separation techniques are no longer
sufficient, and a variety of analytical and spectroscopic measurement methods are employed to enable
reliable material identification and quality assessment [3]. These include, among others, near-infrared
(NIR) spectroscopy, mid-infrared (MIR) spectroscopy, Raman spectroscopy, laser-induced breakdown
spectroscopy (LIBS), and X-ray-based techniques, each with specific advantages and limitations [4-9].

Among these methods, spectroscopic techniques play a central role due to their non-destructive
nature and potential for automated, high-throughput operation. In industrial sorting applications, NIR
spectroscopy is currently the most widely used approach, owing to its robustness and high
measurement speed. However, NIR spectroscopy exhibits a fundamental limitation when applied to
dark or black plastics, as carbon-based pigments strongly absorb the incident radiation, resulting in
negligible reflected signals.

Mid-infrared or Fourier-transform infrared (FTIR) spectroscopy has therefore been proposed as
an alternative for the identification of black plastics, as it probes fundamental molecular vibrations that
are, in principle, independent of color [10]. In industrial plastic recycling, NIR spectroscopy is the
dominating technique in sorting lines for polymer identification. However, NIR spectroscopy fails for
dark and black plastics due to strong absorption by carbon-based pigments, which has motivated the
consideration of mid-infrared (FTIR) spectroscopy as a potential alternative. While FTIR can, in
principle, enable the identification of black polymers, increasing electrical conductivity leads to a
suppression of characteristic infrared spectral features, resulting in misclassification and directly
affecting the quality of recycled material streams. For many black polymer materials with zero or low
electrical conductivity, characteristic infrared reflectance features remain clearly detectable (Figure 1).
No differences can be detected between the spectrum of the transparent (non-black) sample and that
of the black sample. Both samples have been measured with an FTIR spectrometer system with the
same spectral resolution of 4 cm™! with a reflection probe.

Nevertheless, modern plastic formulations increasingly incorporate conductive additives such as
carbon black, graphite, or carbon nanotubes to achieve antistatic or electrically conductive properties.
As a result, a growing fraction of black plastics encountered in recycling streams exhibits significant
electrical conductivity.

From a physical standpoint, increasing electrical conductivity introduces free charge carriers that
strongly interact with electromagnetic radiation. This interaction modifies the dielectric response of
the material and can suppress or mask vibrational absorption features in the infrared spectral range.
Despite its practical relevance for plastic recycling, the influence of electrical conductivity on infrared
reflectance spectra and thus on the applicability of FTIR spectroscopy for polymer identification has
not yet been systematically investigated.

The present work addresses this gap by analyzing the infrared reflectance behavior of black
polypropylene (PP) composites with systematically varied electrical conductivities. Experimental
FTIR reflectance measurements are combined with a physically motivated theoretical description
based on a Lorentz—Drude model to elucidate the transition from vibration-dominated to free-carrier-
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dominated optical response. The results provide a quantitative understanding of the conductivity range
in which FTIR-based material identification becomes unreliable, thereby offering valuable guidance
for the selection and limitation of spectroscopic methods in plastic recycling applications.

In industrial plastic recycling, reliable material identification is further complicated by the strong
heterogeneity of real waste streams. Incoming materials are often contaminated by dirt, organic
residues, coatings, or multilayer structures, all of which can distort or obscure material-specific
spectral signatures. In addition, plastics typically contain a wide range of additives and fillers such as
plasticizers, flame retardants, glass fibers, black carbon, or mineral fillers that alter optical properties
and may lead to misclassification. The key novelty of this work is the demonstration that the loss of
IR spectral features in black polymers is governed by electrical conductivity rather than color alone.

These factors affect infrared methods and limit the reproducibility and interpretability of infrared
(IR) reflectance spectra. However, such general measurement-related challenges are not the primary
focus of the present work and are mentioned here solely to provide context for the more specific
conductivity-related effects discussed below.
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Figure 1. Comparison of the reflectance spectra of non-black and black polypropylene (PP)
samples with zero electrical conductivity. Distinct characteristic reflectance peaks are
observed in both samples, independent of polymer color. The black coloration of the PP
sample was achieved by the addition of a black masterbatch with no electrical conductivity.

1.2.  Theoretical description

In the following section, we introduce a theoretical description of the optical behavior of plastics
to distinguish material-specific spectral effects from measurement-related artifacts and to achieve a
physically grounded interpretation of the observed reflectance behavior. Such a model allows the
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influence of free charge carriers and molecular vibrational modes to be treated separately and provides
insight into the mechanisms responsible for the attenuation of infrared features. Moreover, a theoretical
framework enables the results obtained for polypropylene to be transferred to other polymer systems
exhibiting electrical conductivity, thereby extending the relevance of the present study beyond the
specific material investigated here.

The optical behavior of materials can fundamentally be described by their dielectric function.
This function characterizes how a material interacts with electromagnetic radiation and provides
information on absorption, reflection, and transmission as a function of frequency. In the case of solid
materials, especially polymers, the dielectric function consists of several contributions that can be
effectively modeled.

A well-established approach for describing the optical properties of solid polymers is based on
oscillator models. These models allow for a physically grounded simulation of spectra by representing
the material response as a superposition of individual resonant oscillations. The dominant contributions
in the infrared and visible spectral range stem from bound charges, such as vibrations of functional
groups, which are mathematically described by the Lorentz oscillator model [11-13]. This model
captures the spectral response of such bound charge carriers and allows for a realistic reproduction of
the characteristic absorption bands. The spectral shape is governed by three fundamental parameters:
the eigenfrequency of the oscillation (resonance frequency), the oscillator strength (intensity of the
contribution), and the damping factor (width of the resonance).

When a polymer exhibits electrical conductivity, free charge carriers—primarily electrons—
appear in addition to the bound vibrational modes. These free electrons significantly affect the
dielectric function and lead to additional optical phenomena, such as increased infrared reflectivity or
suppression of vibrational absorption bands. Their influence is effectively described by the Drude
model, which captures the motion of free carriers under electromagnetic fields and includes scattering
processes characterized by a relaxation time. It specifically explains enhanced reflectivity at low
frequencies (e.g., THz or IR) and the suppression or overlapping of characteristic absorption bands in
highly conductive materials.

By combining the Lorentz and Drude models, the complete spectral behavior of a conductive
polymer can be comprehensively described. While the Lorentz component accounts for resonant
vibrations of bound charges, the Drude component models the response of free electrons.

In the classical Drude model, a constant relaxation time t is assumed. This approximation is valid,
for instance, in ideal, single-crystalline metals without lattice defects or grain boundaries. At a low
temperature, phonon populations are significantly reduced, which limits scattering processes for
charge carriers such as electrons. Under such conditions, the Drude model with a constant t provides
an adequate description.

In real materials, however, various types of disorders are present, including structural defects,
grain boundaries, impurities, and nanostructures. At elevated temperatures, additional phonon
excitations enhance electron—phonon scattering, making the relaxation time t temperature-dependent.
This temperature dependence will not be further addressed in the present work.

The polypropylene (PP) samples investigated here consist not only of the amorphous polymer
matrix but also include nanoscale carbon nanotubes (CNT) and graphite powder. This complexity
results in a higher density of different scattering centers within the material. Since electron scattering
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at different centers depends on electron energy, the scattering behavior becomes frequency-dependent,
and consequently, the relaxation time also varies with frequency, T = t(v) [14]. Incorporating this into
the dielectric response leads to the extended Drude model [15, 16]:

5 o S v§;
60) = £ - e P 1)
7 Vo

_l_
2negcv (1402w cv (V) = vZ—iyjv

&(v): complex dielectric function as a function of the wavenumber v.
€w: high-frequency dielectric constant.
&o: dielectric constant.

Drude term (first term):

opc: electrical conductivity S/cm.

7(v): frequency dependent relaxation time in seconds.
c: speed of light cm/s.

Lorentz oscillator(s) (summation term):
S;: Oscillator strength of the respective Lorentz oscillator.

Vo,j: Resonance wavenumber cm™ L.

y;: Linewidth or damping constant cm™ L.

To model the observed frequency-dependent scattering behavior, the relaxation time t(v) was
assumed to follow the empirical form shown in Eq. (2):

To (2 )
T(v) = U
(1+)
Uc
1(v): frequency-dependent relaxation time in seconds of the free charge carriers.
To: relaxation time in seconds in the low-frequency limit (v—0).
ve: (“collision frequency” or “characteristic frequency”): the frequency in seconds at which the
relaxation time has dropped to approximately half of 1o.
n: exponential decay factor that determines how strongly t(v) decreases with increasing frequency.

This expression ensures the correct limiting behavior for both low and high frequencies and
reflects the physical expectation that scattering processes become more effective at higher excitation
frequencies. The functional form is inspired by the extended Drude model formalism and provides
sufficient flexibility to fit experimental reflectance spectra. Although not directly derived from a
microscopic theory, it represents a phenomenological approach commonly used in the optical modeling
of disordered and nanostructured materials.

The dielectric function can be written in a real part &, (v) and a complex part &,(v):

EW) = &) +ig(v) 3)
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The complex dielectric function &(v) is related to the complex refractive index 7i(v) = n(v) +
ix(v) via the Maxwell relation as follows:
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n(v) is the real part of the refractive, and (V) is the imaginary part of the refractive index .

This leads to the following expression for the reflectance R(V) at normal incidence:
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1.3.  Simulated IR spectra

Figure 2 shows synthetically calculated reflectance spectra of a model material in the mid-infrared
range. The calculations are based on the dielectric function according to Eq. (1) and the corresponding
reflectance derived from Eq. (7) using the Lorentz—Drude formalism. The representation is not
intended to reproduce the exact infrared spectrum of real plastics (such as polypropylene) but rather to
illustrate the influence of the specific electrical conductivity ¢ on the spectral reflectance behavior. To
ensure comparability across all simulations and to isolate the effect of electrical conductivity on
reflectance, all other model parameters were kept constant. Specifically, the relaxation time of the free
carriers was set to 1o=10"'*s, the damping constant of the Lorentz oscillators to v¢=1500 [cm™'], and
the high-frequency dielectric constant to £.=3.

In the leftmost diagram (¢ = 0 S/cm), four distinct reflectance bands are visible around 2900,
2800, 1500, and 800 cm™. These bands result from Lorentz oscillators modeling characteristic IR-
active vibrational modes. At low conductivity, the reflectance spectrum exhibits pronounced
modulation with clearly defined minima and maxima—typical for a material dominated by bound
charge excitations.

In the second diagram (o = 1 S/cm), the influence of electrical conductivity is already clearly
noticeable. Compared to 6 = 0 S/cm, the spectral features appear significantly attenuated, indicating
that even a small contribution of free charge carriers leads to damping of the Lorentz resonances.

As conductivity increases further—as shown in the diagrams for 6 = 10 S/cm (center right) and ¢
= 100 S/cm (right)—the Lorentzian oscillations become progressively suppressed. The reflectance
curve flattens, and the spectral fine structure nearly vanishes. In these regimes, the optical response is
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increasingly dominated by the Drude contribution of the free carriers.

Overall, the simulations in Figure 2 clearly demonstrate how increasing specific electrical
conductivity ¢ causes a transition from dielectric-like to more metallic-like reflectance behavior. The
spectral features associated with bound vibrational modes are gradually masked by the growing

influence of free charge carriers.
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Figure 2. Spectral reflectance obtained from four simulations with different electrical
conductivities 6. With increased conductivity, a pronounced reduction of spectral features
is observed, which can be attributed to the increasing dominance of free charge carriers.
The resonances (Lorentz oscillators) are increasingly subdued. At lower wavenumbers, the
reflectance curve exhibits a negative curvature toward lower reflectance values.

2. Materials and methods

2.1. Sample preparation

Commercial polypropylene (PP) plastic was used for the samples, which were produced by
extrusion, injection molding, or pressing. No specific pretreatment, such as cleaning or drying, was
applied. The PP was supplied in granular form, allowing it to be processed in controlled quantities. PP
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granulate was used as the base material for sample preparation. The PP was compounded with carbon
nanotubes (CNTs) and graphite. CNTs were incorporated to impart electrical conductivity to the
composite, while graphite served to improve the dispersion of the conductive fillers within the polymer
matrix and to facilitate processability during extrusion. Moreover, graphite is assumed to support the
formation of conductive pathways by occupying interstitial spaces between CNTs, thereby enhancing
the percolation behavior. The CNT content varied between 1 wt% and 3 wt%, whereas the graphite
content ranged from 50 wt% to 57 wt%. The CNT and graphite contents refer to nominal compositions
defined during compounding; no independent post-processing quantification was performed.

The screw geometry, extrusion speed, melt temperature, and die temperature were chosen to
achieve optimal mixing of the components. This allowed the production of samples with specifically
adjusted electrical conductivities. After extrusion, the composite material was re-granulated and
subsequently processed into plates.

Before incorporating CNTs into a polymer matrix to achieve electrical conductivity, it is essential
to ensure that the CNTs themselves are conductive. In this context, a distinction must be made between
single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs), as they
can differ significantly in their properties, particularly in terms of charge transport. A key factor
influencing the electrical conductivity of CNTs is their chirality, i.e., the specific way in which the
graphene sheet is rolled into a tube [17].

When CNTs and graphite are embedded into the polymer, the extrusion process must be carefully
controlled to ensure that a sufficient amount of CNTs and graphite leads to the formation of a
percolation network. This means that the CNTs must come into contact with each other to form
continuous, electrically conductive pathways throughout the polymer sample [18,19].

A further requirement for the extrusion process is that, once the percolation threshold is reached,
the conductive structure within the polymer must not be disrupted by mechanical forces acting during
processing. Therefore, the process must be highly controlled and reproducible.

To ensure the quality and consistency of the composite material, the use of an inline sensor for
monitoring electrical conductivity during the manufacturing process is recommended [20]. Morphological
aspects such as filler dispersion and surface microstructure were not systematically analyzed in this study,
as the primary focus was on the optical response as a function of electrical conductivity.

A quantitative determination of the CNT and graphite contents by infrared spectroscopy is not
feasible for the investigated samples. Due to the high electrical conductivity of the composites, free
charge carriers dominate the optical response, leading to strong reflection and limited penetration depth
of the infrared radiation. As a result, characteristic vibrational features of the additives and the
polymer matrix are significantly suppressed or fully masked, preventing reliable quantitative
analysis by FTIR methods.

2.2. Measurement of specific electrical conductivity of polymer plates

To determine the electrical conductivity, a four-point probe measurement was carried out using a
Keithley 2400 system. Four electrodes were linearly positioned on the surface of the plastic sample
(Figure 3). A constant current was applied through the outer electrodes (xi1 and x4), while the voltage
drop was measured across the inner electrodes (xz and x3). This arrangement effectively eliminates the
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influence of contact resistance, which is particularly crucial for materials with low conductivity, such

as plastics. The electrical conductivity ¢ is calculated from the measured voltage drop U, the applied

current /, and the sample geometry, with s = x3—x2 being the distance between the voltage probes and

A =Db-d the cross-sectional area (with d the sample thickness and b its width), according to the relation:
I s

U A

This equation for determining and measuring the electrical conductivity ¢ is valid for infinitely

o

large samples or samples with large geometric dimensions, where the current flow is not disturbed.
However, in realistic samples with finite geometries, the measurements are influenced and thus
distorted. Therefore, the measurements must be corrected using a correction function F(d,s), and the
equation for calculating ¢ becomes:

1 I s

T Fd,s5U 4

The correction functions are either tabulated or available analytically for simple geometries. They
distinguish between thick and thin sample geometries. More details are found in [21,22].
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X; |d X, X3 X4
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Figure 3. Schematic diagram of the four-point probe setup for measuring the specific
electrical conductivity.

In Figure 4, a plastic plate is shown, on which electrical conductivity measurements were
performed. The four-point probe (FPP) used for the measurements can be seen in the upper right corner
of the image. Several measurements were taken at different positions on the sample. The FPP was
gently pressed onto the surface of the sample. A measurement value was recorded only when a stable
reading was achieved. The measurements were then evaluated according to the equations for the
specific conductivity provided above.
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Figure 4. Illustration and image of an electrical conductivity measurement on a plastic

plate. The four-point probe is visible in the upper right corner. Up to six measurements

were taken at different positions on the sample.

Table 1. Sample compositions, processing methods, surface treatments, and average

values of the specific electrical conductivity. The average values were calculated based on

six measurements taken at different locations on each sample (see Figure 4). An exception

is sample LF PP1, for which seven measurements were taken on the sample surface.

Sample name Mixture Fabrication Sample Specific conductivity*
process surface (S/cm)
LF PP1 CNT 3% Hot pressing ~ Ground 24
Graphite 57% (average from 7 measurements
at different points)
LF PP2 CNT 3% Extrusion No 2.4
Graphite 57% pretreatment  (average from 6 measurements
at different points)
LF PP3 CNT 1% Extrusion No 5.3
Graphite 50% pretreatment  (average from 6 measurements
at different points)
LF PP4 CNT 1% Injection No 0.019
Graphite 50% molding pretreatment  (average from 6 measurements
at different points)
LF PP5 CNS 10% Extrusion No 4.6
pretreatment (average from 6 measurements

at different points

The samples were not pretreated, i.e., no additional cleaning or surface treatment was carried out

Clean Technologies and Recycling

in order to avoid altering the measurement results. However, care was taken to place the probe only on
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areas of the sample free from visible surface layers or moisture, as these could have significantly
distorted the measurements. The locations of the six measurement points on the sample surface are
shown in Figure 4. Table 1 shows the sample compositions, processing methods, surface treatments,
and average values of the specific electrical conductivity. The average values were calculated based
on six measurements taken at different locations on each sample (see Figure 4). An exception is sample
LF PP1, for which seven measurements were taken on the sample surface. shows the samples along
with their composition, manufacturing process, surface treatment, and the results of the electrical
conductivity measurements

3. Results and discussion

Infrared spectroscopy of polymer samples poses several practical challenges. In particular, the
condition of the sample surface plays a crucial role in the quality of the measurements. Contaminants,
surface residues, moisture films, or mechanical damage, such as scratches, can significantly influence
the recorded reflectance spectrum. Such effects often lead to the overlay or distortion of the actual
material-specific signals. A scratched surface, for example, increases diffuse reflection, which not only
reduces signal intensity but can also alter the position and shape of absorption bands. As a result,
misinterpretations are likely, especially in automated analysis workflows.

Despite careful sample preparation and selection of suitable measurement points, some of the
samples examined in this study exhibited surface imperfections that could not be fully avoided. In the
following section, the measured reflectance spectra of all five samples are compared with their
respective simulated curves. Each sample is discussed individually, with a focus on the degree of
spectral structure, the reflectance behavior at low wavenumbers, and any discrepancies between
measured and fitted conductivity values. Surface-related artifacts and uncertainties are explicitly
considered in the interpretation. The values of all fitting parameters are given in Table 2. Measured
and modeled spectra are shown in Figure 5.

Table 2. Results of the fit parameters from fitting the fit function Eq. (1) to the measured
spectra. Column 3 contains the measured values of the specific conductivities, and column
2 contains the values from the fitting process.

Sample OFit S/cm Gmess S/cm TS ve em’! n €0
LF PP1 26 24 1-10°1 1000 1 6
LF PP2 5 2.7 3-1014 650 1 6
LF PP3 / 5.3 / / / /
LF PP4 6.5 0.019 1-10°14 1200 1 5
LF PP5 7 4.6 410 1000 1 6.5
PP black 0 0 / / / 2.8
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Figure 5. Comparison of measured (red) and modeled (black) IR reflectance spectra of
different LF-PP samples (PP1-PP5) and black PP samples in the range 3500-500 cm™.
The measured electrical conductivity Gmess 1s indicated in the diagrams.

The present work does not aim at quantitative chemical analysis by FTIR, but at identifying
fundamental physical limitations of infrared-based polymer identification.

The sample LF PP1 exhibited the highest specific electrical conductivity in the dataset at 24 S/cm.
In its reflectance spectrum, virtually no pronounced peaks were observed. The curve appears flat and
featureless over the entire mid-infrared range. This matches theoretical expectations for highly
conductive polymers: the resonances of bound molecular vibrations are almost completely masked by
free charge carriers. The simulated curve agrees well with the measurement, confirming the model’s
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validity in this regime. This sample illustrates the central finding of this study: as electrical
conductivity increases, black polymer composites lose their characteristic IR signatures, making
spectral identification practically impossible. Similar suppression of characteristic spectral features by
free charge carriers has also been reported for electrically conductive inorganic material systems,
where the optical response is dominated by free-electron contributions rather than localized vibrational
or resonant excitations [23-25].

Sample LF PP2 shows a much lower conductivity of 2.7 S/cm. Accordingly, some residual
vibrational peaks are still visible in the spectrum, although significantly attenuated. The fitted
conductivity was 5 S/cm, which falls within an acceptable range considering possible measurement
uncertainties and surface-related effects. The simulation successfully reproduces the spectral features
and the increasing reflectance toward lower wavenumbers.

In the case of LF PP3 (measured conductivity 5.3 S/cm), no meaningful spectral fit was possible.
The spectrum deviated substantially from the expected shape, and no consistent agreement with any
model parameters could be achieved. Visual inspection revealed noticeable scratches and surface
irregularities, most likely caused during sample processing or handling. These imperfections can lead
to strong scattering and measurement artifacts. Consequently, this measurement is considered invalid,
and no reliable conclusions can be drawn from it.

Sample LF PP4 had an unusually low measured conductivity of just 0.019 S/cm. In contrast, the
spectrum could be fitted well with a conductivity value of 6.5 S/cm. This significant discrepancy
strongly suggests that the conductivity measurement was likely faulty, possibly due to poor contact,
localized inhomogeneities, or undetected contamination. The spectral fit, however, shows typical
characteristics and good agreement with the measured curve. This case illustrates that spectral analysis
can, under certain circumstances, provide a more reliable indication of bulk conductivity than four-
point measurements, particularly when surface quality is suboptimal.

Sample LF PP5 occupies an intermediate position in the dataset. The measured conductivity was
4.6 S/cm, while the fitted value was 7 S/cm. The spectrum still shows partially recognizable vibrational
features, albeit clearly damped. The fit is stable and matches the overall spectral shape. This sample
demonstrates that in the range of moderate conductivity, meaningful spectral information remains
accessible, and accurate modeling is still feasible.

The reference sample “PP black” exhibits zero electrical conductivity (Gmess =0 S/cm). In contrast
to the conductive LF-PP samples, its infrared reflectance spectrum shows a clearly structured spectral
shape with pronounced modulations and no decrease of reflectance toward lower wavenumbers. In
particular, the reflectance remains nearly constant below approximately 1000 cm™, indicating the
absence of a free-carrier-dominated response.

The measured spectrum can be adequately reproduced using a dielectric function composed solely
of Lorentz oscillators, without inclusion of a Drude term. The fitted conductivity is o= 0 S/cm, fully
consistent with the electrical measurement. The purpose of this fit is not a detailed reproduction of
individual vibrational bands, but to demonstrate that the overall spectral shape—including the absence
of low-wavenumber reflectance suppression—can be described without invoking free charge carriers.
This result confirms that the low-frequency reflectance decay observed in conductive samples is a
direct consequence of electrical conductivity rather than black coloration.
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4. Conclusion

This study demonstrates that the applicability of FTIR spectroscopy for the identification of black
polypropylene (PP) polymers is progressively limited by increasing electrical conductivity. The
influence of free charge carriers on the infrared reflectance response becomes detectable already at
very low conductivities on the order of 6 = 0.02 S/cm, where a noticeable attenuation of characteristic
vibrational features is observed. With further increased conductivity, the suppression of polymer-
specific infrared bands becomes increasingly pronounced. The inclusion of a non-conductive black
reference sample demonstrates explicitly that black coloration alone does not lead to suppression of
infrared spectral features or to a decrease of reflectance at low wavenumbers. Only the presence of
free charge carriers, i.e., finite electrical conductivity, gives rise to the Drude-like response observed
in conductive polymer composites.

At conductivities exceeding approximately ¢ = 20-25 S/cm, no distinct vibrational modes of the
polymer matrix can be identified anymore. In this regime, the infrared response is fully dominated by
the free-electron contribution, resulting in a curved, featureless reflectance spectrum. Consequently,
spectroscopic identification of the polymer using FTIR becomes fundamentally impossible.

This behavior, often attributed solely to black coloration, is shown to be primarily governed by
electrical conductivity. The observed transition from vibration-dominated to free-carrier-dominated
infrared response is consistent with recent studies on conductive carbon-based materials, where
broadband, largely featureless optical absorption is governed by delocalized charge carriers rather than
molecular vibrational modes [26]. In such systems, increasing electrical conductivity leads to a
progressive suppression of spectroscopic signatures, independent of macroscopic coloration. This
broader perspective confirms that the limitations of FTIR-based polymer identification identified in
this work are of fundamental physical origin and extend beyond the specific polypropylene composites
investigated here. Importantly, similar limitations can therefore also occur in non-black polymer
materials that exhibit sufficiently high conductivity due to the incorporation of conductive fillers.
These findings define a clear physical limitation of FTIR-based material identification in plastic
recycling applications and underline the necessity of alternative analytical approaches for conductive
polymer systems.

Alternative analytical methods must therefore be considered and implemented in sorting lines that
handle significant fractions of electrically conductive plastic materials. One promising approach is
laser-induced breakdown spectroscopy (LIBS), which has the potential to overcome the limitations of
infrared-based methods by directly probing the elemental composition of the samples. LIBS offers high
sensitivity and rapid data acquisition, making it, in principle, suitable for industrial process monitoring.

However, the applicability of LIBS as an in-line or on-line technique in plastic recycling
environments has not yet been fully established. Challenges such as measurement stability, calibration
robustness, and integration into existing sorting infrastructures require further systematic investigation.
Consequently, additional experimental validation and process-oriented studies are necessary to assess
the practical feasibility of LIBS for large-scale industrial deployment.
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