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Abstract: Pharmaceutical packaging is one of the most used packaging types which contains alu-
minum and plastics. Due to increasing amounts of waste and rising environmental concerns, recycling
approaches are being investigated. Since blisters usually contain a balanced amount of plastics and
metals, most of the approaches focus on recycling only one material. Therefore, more sustainable
recycling approaches which recover both plastic and aluminum fractions are needed. This study
investigates the thermal behavior and degradation mechanisms of plastic-rich and aluminum-rich
pharmaceutical blisters using various analytical techniques. Structural characterization revealed that
plastic-rich blisters have a thicker profile with plastic and aluminum layers, while aluminum-rich
blisters consist of plastic layers between aluminum sheets. Thermal degradation analysis showed
two main stages for both types: plastic-rich blisters (polyvinyl chloride) exhibited significant weight
loss and long-chain hydrocarbon formation between 210 and 285 °C, and aluminum-rich blisters
(polyamide/nylon) degraded from 240 to 270 °C. Differential Scanning Calorimetry and Fourier
Transform Infrared Spectroscopy analyses confirmed the endothermic behavior of such a transfor-
mation. The gas emissions analysis indicated an increased formation of gasses from the thermal
treatment of plastic-rich blisters, with the presence of oxygen leading to the formation of carbon
dioxide, water, and carbon monoxide. Thermal treatment with 5% O, in the carrier gas benefited
plastic-rich blister treatment, reducing organic waste by up to 80% and minimizing burning risk, lever-
aging pyrolytic carbon for protection. This method is unsuitable for aluminum-rich blisters, requiring
reduced oxygen or temperature to prevent pyrolytic carbon combustion and aluminum oxidation.

Keywords: pyrolysis; thermal treatment; complex scraps; multilayer packages; waste utilization

1. Introduction

Pharmaceutical blister packages are commonly used packaging materials in pharma-
ceutical manufacturing because of their low price and good protection against moisture [1].
They are also easy to use compared to other types of pharmaceutical packaging (e.g., glass
bottles, tubes, etc.). Pharmaceutical blister packages provide easy information about their
content as it is possible to print text on the surface, and are a good advertising tool for phar-
maceutical companies as they can be easily branded [2]. They are also suitable for the use
of solid-form drugs. Drugs in blister packages can be stored separately in airtight spaces.

Pharmaceutical blisters are commonly produced using thermoforming or cold forming
methods. Blisters consist of four main components: films, lidding materials, inks, and
heat coatings [3]. Plastics such as polypropylene (PP), polyvinyl chloride (PVC), and
polyethylene terephthalate (PET) are commonly used to produce forming films. They are
used as packaging materials due to their moisture resistance and long-term viability [2].
The lidding properties of aluminum make it a reliable material for drugs to be kept out
of the air. Lidding and forming films of cold-formed pharmaceutical blisters are usually
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made from aluminum. Compared with thermoforming, cold forming is highly resistant to
moisture and light. However, cold forming is a more costly process [3].

Additionally, due to the increasing demand of the pharmaceutical industry, the volume
of pharmaceutical packaging waste has increased. Recovering blister packaging is essential
to mitigate negative environmental and economic impacts. Currently, there are three main
scenarios for end-of-life blister packaging [2], landfill, incineration, and direct recycling,
depending on societal policies and attitudes. Plastic and aluminum parts can acidify the
soil if landfilled. Additionally, the lack of secondary sources increases primary aluminum
production, which is an energy-demanding process [4]. This waste harms the environment
and pollutes the air and water [5]. Blister packages containing more plastic are increasingly
being assessed as plastic waste because they contain a high amount of plastic and are sent to
processes where the metal cannot be recycled. The multilayered structure of pharmaceutical
blisters also complicates their recycling, and the separation of the layer might require the
usage of chemicals [6].

Pyrolysis is a thermochemical conversion that occurs under anoxic conditions and
typically results in no waste, minimal energy, or non-energy consumption. Since phar-
maceutical blister packages have a balanced content of plastics and metal, it is difficult to
separate both fractions without losing their value. After pyrolysis of waste pharmaceutical
blisters, the residue contains both carbonaceous and metallic materials, which can be later
recovered using simple metallurgical processes [7].

In the literature, most publications regarding the thermal treatment of pharmaceutical
blisters focus on pyrolysis and involve inert media. Kumar et al. graphitized pharma-
ceutical blisters through pyrolysis, and the product was utilized as an anion material [8].
Parameter optimization can be used to optimize the degradation of polymers into fuels,
resulting in higher yields for target products. Klejnowska et al. examined the impact of
temperatures on the off-gas composition during the pyrolysis of pharmaceutical blisters [8].
The fuel properties of charcoal obtained from pharmaceutical blister pyrolysis were in-
vestigated by Pikon et al. [9]. Although the pyrolysis of blister packages is technically
possible, there are still many aspects that need to be addressed to optimize this process
and make it economically viable. During pyrolysis, the carrier gas interacts solely with
the initial carbon and the developing substances. However, when it comes to pyrolytic
gas, the process becomes more complex, leading to variations in the product distribution
and char properties [10]. Compared to nitrogen, the CO, environment can enhance the
product’s characteristics and output. It has been proven to enhance the warm productivity
of biomass and plastic pyrolysis [11,12].

Currently, most of the aluminum scraps and waste containing organics more than
5% need pre-treatment to reduce the organics levels. Scraps with larger organics result
in strong exothermic reactions, which result in uncontrollable temperature levels in the
melting stage and increased metal losses due to oxidation [13]. The objective of this study is
to explore the potential of thermal pre-treatment with controlled oxygen levels (0-20%) to
improve the thermal degradation of organic compounds found in pharmaceutical blisters.
By optimizing the quality of the gasses and aluminum products, this approach could
enhance their suitability for a more sustainable recycling approach without using the value
of both fractions. This research includes a comprehensive analysis of the targeted blister
types, as well as a fundamental examination of their thermal behavior, kinetics, and reaction
mechanisms during thermal pre-treatment in Ny, Ny + 5% Oy, or air (20% O,) atmospheres.
Furthermore, this study presents a detailed mass balance of the tested materials.

2. Materials and Methods

Over 1000 pharmaceutical blister packages were collected from pharmacies located
in Izmir, Tiirkiye. Waste blisters were classified according to their type and their brand.
In total, plastic-rich (plastic-rich) blister packages with 210 different brands produced by
67 pharmaceutical companies and aluminum-rich (aluminum-rich) blister packages with
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66 different brands produced by 32 pharmaceutical companies were used in this study.
Figure 1 presents the blisters used in this study for the pyrolysis experiments.

Figure 1. Types of pharmaceutical blisters: (a) plastic-rich, (b) aluminum-rich.

The thicknesses and structures of the aluminum and plastic layers were measured
using a Scanning Electron Microscope (SEM) (FEI QUANTA 250 FEG-Oxford Aztec, Hills-
boro, OR, USA). For the characterization of the plastic layers, the plastic was shredded
to obtain a representative sample which was analyzed by using FTIR (Fourier Transform
Infrared Spectroscopy—Perkin Elmer BX Spectrum, Shelton, CT, USA) with a spectral
resolution of 4 cm ! and wavenumber range of 4000-500 cm !, TGA (Thermogravimetric
Analysis—Perkin Elmer Diamond) up to 800 °C with a heating rate of 10 °C/min under N,
atmosphere, and DSC (Differential Scanning Calorimeter) (Perkin Elmer Diamond) with a
heating rate of 10 °C/min under N, gas flow.

Figure 2 shows a schematic of the experimental setup used in the pyrolysis experiments.
The experiments were started by loading 5 g of plastic-rich or aluminum-rich blisters, cut
in 0.5 x 0.5 cm pieces, into a sintered aluminum oxide crucible positioned centrally within
the reactor. A precision thermocouple was then placed within the crucible to monitor the
temperature, with readings recorded at 20 s intervals using a thermologger.
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Figure 2. Schematic of the furnace used for laboratory-scale thermal pre-treatment trials.

Subsequently, the reactor was sealed and inserted into a resistance furnace, with
insulation provided by glass wool to minimize heat dissipation. The gas inlet and exhaust
systems were connected to the reactor and the exhaust was directed through a scrubber unit
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designed to collect condensable gasses. Safety precautions were implemented to protect
against water flowing into the reactor in the event of pressure loss.

The furnace was programmed to ramp up at a rate of 600 °C/h to a temperature of
800 °C and a dwelling time of 1 h, followed by natural cooling. Throughout the experiment,
a continuous flow of Ny, Ny + 5%0O,, or air (20% O,) was injected into the reactor at a rate
of 6 L/min. Gas sampling, conducted at 2 L/min directly from the reactor, was facilitated
by a probe connected to analytical instruments, including FTIR, O,, and H, analyzers, as
illustrated in Figure 2. The process parameters were selected according to common practice
for laboratory-scale pyrolysis and aligned with the parameters applied to the TGA-DSC.

Gas analysis was performed using a DX4000 FTIR analyzer from Gasmet, Vantaa,
Finland, which can detect various gasses, such as H,O, CO,, CO, NO, NO,, N,O, SO,,
NHj3;, CHy, HCI, HF, and different volatile organic compounds. The system has a pump that
extracts the process gas from the reactor at the above-mentioned rate, fills the measuring
cell every 20 s at 180 °C to prevent the condensation during measurement, and releases
the measured gas. In this way, the measurement is made continuously, and data is stored
every 20 s. Additionally, a PMA 10 paramagnetic O, analyzer and LFE Conthos 3E thermal
conductivity H, analyzer were utilized to detect O, and H; in vol%, respectively. Each
experiment was repeated at least once.

The total volume per component of gas produced during laboratory-scale thermal
pre-treatment was calculated by integrating the time—concentration records from the FTIR
to obtain the total volumes in normal liters (NI), as shown in Equation (1).

1 n
V=3 Yo V (tix1 —ti)(cip1 — i) /2 (1)

where V is the volume of the compound (N1), d is the diluted ratio, V is the flow rate of the
carried gas (N1/min), ¢; is the concentration of the compound at time t; (ppm), and i1 is
the concentration of the compound at time ti,1 (ppm).

3. Results and Discussion

The thickness of all of the collected samples were measured using an electronic
caliper. The average thickness of plastic-rich and aluminum-rich blisters were measured as
298.56 pm (£0.036 pm) and 208.04 um (£0.029 pum), respectively. Figure 3 shows the SEM
images, with EDS mapping of plastic- and aluminum-rich blister cross-sections. Plastic-rich
blisters have a high volume of plastic layers, shown in blue, and one layer of aluminum
between the plastic layers, shown in green. Carbon (shown in red) was observed in the
plastic layers due to the C content of plastics. The plastic layers also contained chlorine, ow-
ing to the PVC content. The plastic layer is located between the double layers of aluminum
in the aluminum-rich blisters.

Figure 4 shows the TGA results of the plastic fractions. The DTG curves showed no
weight loss until at least 210 °C, and degradation occurred in two main stages for both the
samples. During the TGA analysis of the plastic-rich blisters, the first degradation stage was
observed from 210 °C to 285 °C, and the second stage was observed from 375 °C to 455 °C.
The first stage indicates the highest degradation rate and is driven by an endothermic
process, as indicated by the heat absorption. Moreover, during pyrolysis in the first stage, a
tar product is generated, which is then deposited and solidified [14]. The second stage can
be explained as being the secondary degradation of the tar generated during the first stage
of degradation.

In the temperature range between 285 °C and 375 °C and between 455 °C and 500 °C,
the degradation of organics slowed down, and no further degradation was observed after
500 °C. The total mass loss of plastic-rich blisters was 90 wt.%, and the TGA analysis curve
matches the TGA results of PVC materials in the literature [15,16].
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Figure 3. SEM images and EDS mapping of the blisters from the cross-sections of (a) plastic-rich and
(b) aluminum-rich blisters.
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Figure 4. Weight loss, derivative thermogravimetry (DTG), and heat flow during TGA-DSC analysis
of thermal pre-treatment of (A) plastic-rich blisters and (B) aluminum-rich blisters.
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Figure 4 shows the DSC curves of the plastic fractions of the plastic-rich and aluminum-
rich blisters. The DSC analysis for plastic-rich blisters appears to be very similar to the DSC
curve of PVC materials, which has several characteristic transitions. PVC is an amorphous
polymer that does not exhibit a clear glass transition. However, it shows a gradual increase
in the heat capacity in the glass transition region, between 70 and 140 °C. This transition
represents a change in the molecular mobility of a polymer.

As shown in Figure 4, the TGA of the aluminum-rich blisters showed two main stages
of thermal degradation, but with a slower degradation rate and minimized weight loss com-
pared to that of the plastic-rich blisters. The initial weight loss occurred at approximately
240-250 °C. The second weight loss with a marked change was observed between 380 and
450 °C and could be attributed to the dissociation of the amide bond. The final weight
loss could be due to generalized plastic backbone degradation, which occurs between 400
and 500 °C [6,17]. The aluminum-rich blisters mainly consisted of PA /nylon [17], and no
significant weight loss was observed at temperatures above 500 °C, indicating that the
blister samples were completely decomposed at that temperature.

The DSC results of aluminum-rich blisters show similar characteristics to PA /nylon,
which is also a thermoplastic material such as PVC with many characteristic transitions.
PA /nylon normally undergoes a melting transition when heated above the crystal melting
temperature and then undergoes thermal degradation. The melting temperature of the
PA /nylon material in aluminum-rich samples is in the range 260280 °C [17]. The remain-
der of the curve describes the behavior of aluminum during heating, including its melting,
as depicted by the endothermic peak at approximately 660 °C.

Nylon may thermally breakdown during heating at higher temperatures, as evidenced
by a downward shift in the baseline of the DSC curve as an endothermic peak at 260280 °C,
and the generated structure is later degraded again above 380 °C until 450 °C. Both regions
indicated an increased DTG.

The pyrolyzed samples (Al- and plastic-rich blisters) were characterized by the pres-
ence of aluminum and pyrolytic carbon. The latter is the final product of organic decompo-
sition, which is normally characterized by high C-C bonds and is deposited on the surface
of the aluminum foils or found as a fine powder.

As shown in Figure 5 in the FTIR analysis, the plastic fraction of the plastic-rich samples
showed characteristic peaks that appeared similar to the PVC spectra measured by Higgins
and Jung et al. [18,19]. The spectrum of the adhesive material between the layers (Al and
plastic) was very similar to that of the acrylic adhesive spectrum studied by Zieba-Palus
et al. [20]. The two groups of peaks located at 2600-3250 cm ! agreed with the asymmetric
stretching of HCI [21]. These results are in line with the TGA results, where a strong
mass loss at 300-360 °C was observed, supporting the presence of dichlorination. Zhou
et al. reported strong absorption peaks between 2600 and 3100 cm ™! at 238-409 °C [22,23].
As shown in Figure 5, the C-Cl stretching mode can be observed at 1426 cm~!, CH,
rocking mode at 1326 cm !, C-C stretching mode at 1240 cm~!, C-H bending mode at
1096 cm~! and 952 cm~!, and CH; bending mode at 614 cm~! for all of the samples.
The FTIR spectrum was similar to that of pure PVC reported by S. Ramesh et al. [24].
However, different absorbance peaks were observed, such as the C=0O stretching 51 mode
at 1632 cm~!, NH bending, and the C-N stretching mode at 1540 cm~! in aluminum-rich
blisters. This result shows that the aluminum-rich samples also contained PA /nylon as
a plastic fraction, which matched the TGA results. Moreover, minor differences were
observed in the FTIR spectra. This may be due to the different adhesive materials used
for blisters.
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Figure 5. FTIR analysis of plastic fractions of plastic-rich and aluminum-rich blisters.

3.1. Influence of Oxygen during Thermal Degradation

In Figure 6, for all experiments at the set heating rate and variable oxygen concentra-
tion, the temperature increased steadily to the target temperature of 800 °C. The consistency
of the temperature profile across different oxygen concentrations shows that the thermal
conditions were maintained, ensuring that any differences in the gas evolution were due to
the chemical environment rather than temperature variations.

In general, like the TGA results, two main degradation phases were observed. How-
ever, the peak degradation temperatures shown in Figure 6 are at least 20 °C higher than
those indicated by TGA. These slight differences are most likely attributable to variations
in the experimental setup.

A clear trend can be observed where the concentrations of certain gasses, such as CO,
and H,O, increase with higher oxygen levels and above 200 °C. This finding supports the
hypothesis that oxygen facilitates oxidation reactions, leading to the formation of these
gasses. It is particularly noteworthy that the increase in CO, concentration with higher
oxygen levels suggests the complete combustion of the carbonaceous material. The decrease
in CO at 580 °C indicates complete combustion and sustained CO, generation. The increase
in CO, and H,O also increases the oxidation of aluminum, which increases metal losses
during thermal treatment.

The presence of various hydrocarbons (e.g., methane, ethane, and propane) under an
inert atmosphere (0% oxygen) indicates that pyrolysis is the dominant process. However,
their reduced concentrations in the presence of oxygen (5% and 20%) suggest partial
oxidation and a shift from pyrolysis to combustion reactions. The online FTIR analysis
indicated that the main degradation stage (210-280 °C) in the TG analysis yielded mainly
long-chain hydrocarbons, whereas the second one (375455 °C) yielded mainly oxidation
products, as demarked by CO, CO,, and H,O compounds.

Pyrolysis oils from plastics require costly halogen removal before use. Therefore, a re-
duction in oil production during pyrolysis offers economic and environmental benefits [25].
The formation of paraffins, naphthenes, and aromatics in gasses can lead to the production
of oils. As shown in Figure 6, the formation of paraffins such as hexane, heptane, and
octane generally decrease with an increase in oxygen concentration in the carrier gas during
thermal treatment. In the case of cyclohexane, a representative of the naphthene group, its
concentration also tends to decrease, but is still detected at 20% O,. Within the aromatic
group, toluene is predominantly present during thermal treatment in the absence of oxygen.
The reduction in these compounds in the presence of 5% oxygen suggests that oxidative
degradation pathways are prevalent [14]. This is because the reactions with oxygen are
stronger than those with hydroxyl radicals, as would occur during pyrolysis in the absence
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of elemental oxygen. This effect is relevant because aluminum can be cleaned from py-
rolytic carbon without undergoing a strong oxidation effect and avoiding the production of
oils, which is normally undesirable owing to the expensive cleaning treatment [25]. Dittrich
et al. stated that in the presence of 5 wt.% Oy, a thin protective oxide film immediately
forms and hinders the further oxidation of aluminum [26].
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Figure 6. Temperature profile and main species concentration (ppm) during thermal treatment of
plastic-rich blisters using 0%, 5%, and 20% oxygen heated at temperatures ranging from 600 °C/h to
800 °C.

The gas concentration profiles show that most compounds peak at approximately
the same time as the temperature reaches their maximum, suggesting that the highest
rate of gas production coincides with the maximum thermal stress on the material. The
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subsequent decreases in concentration are likely due to the consumption of degradable
materials and the completion of primary thermal degradation reactions.

The presence of significant amounts of hydrogen (H;), especially in inert atmospheres,
is a common byproduct of the pyrolytic breakdown of organic materials [25]. The influence
of oxygen on hydrogen production is noteworthy, as it is no longer detected in Figure 6
in trials with 5% and 20% O,. This suggests that, even if hydrogen could potentially form
during hydrocarbon degradation, it may be oxidized to form H,O or not formed at all
during the cracking phase, and H,O may be detected as a product of oxidative reactions
with the generated hydrocarbons (CxHy). Figure 6 shows evidence of H,O formation;
however, there is insufficient evidence to fully understand the exact pathway of this process.
In this context, understanding the formation of H, and H,O during pyrolysis is a topic for
further research, as it could have a positive impact by offering an alternative method for
“grey hydrogen” production for energy use in an inert atmosphere, or a negative impact
due to undesired aluminum oxidation in the presence of H,O.

The production of NOy gasses is minimal in an inert atmosphere, but becomes de-
tectable at 5% oxygen and significantly more-so at 20% oxygen. This is a critical point of
discussion because NOx gasses have important environmental and health implications.
This is relevant because of the high amount of organic matter in plastic-rich blisters.

The data suggest that, at lower oxygen concentrations, particularly in an inert atmo-
sphere (0% O,), long-chain hydrocarbons such as n-hexane, cyclohexane, and n-decane are
present. These compounds are likely formed due to the thermal breakdown of complex
polymers within the blister material. This observation is consistent with a previous study
on the pyrolysis of various organic waste materials which suggested that the presence of
oxygen decreases the formation of long-chain hydrocarbons and increases the formation of
short-chain molecules [27]. Additionally, it results in the increased formation of combusted
products such as CO, and H,O.

The introduction of oxygen into the system seemed to facilitate the breakdown of long-
chain hydrocarbons into simpler molecules, as evidenced by the decreased concentration
of such hydrocarbons at higher oxygen levels. Furthermore, an increased concentration
of oxygen leads to the enhanced formation of CO,, which can cleave hydrocarbon chains,
resulting in the formation of alkanes, benzene, olefins, and HC], as reported by Wang
etal. [7].

Figure 7 presents a detailed account of the gas emissions from the aluminum-rich
blisters during thermal treatment in atmospheres with 0, 5, and 20% oxygen. In general, a
similar discussion of the degradation mechanisms can be made for aluminum-rich blisters.
However, a remarkable observation from this figure is the relatively lower total volume
of gasses produced compared to plastic-rich blisters, suggesting a composition that is less
prone to volatilization and the increased presence of metals.

When it comes to NOx, a higher concentration of oxygen can lead to an increased
formation of NOx. However, in the case of aluminum-rich blisters, the results indicate
a more stable formation of such compounds, compared to plastic-rich blisters, during
the whole temperature range. The only explanation for this phenomenon could be the
increased concentration of nylon in the case of aluminum-rich blisters compared to that of
plastic-rich blisters, which is predominantly made of PVC.

In Figure 7, the gas profile also shows that while there is an increase in the production
of certain gasses with the addition of oxygen, this increase is not as pronounced as might
be expected given the variation in the oxygen concentration. Additionally, compared to the
plastic-rich blister, CO, reaches zero at 20% O, above 750 °C, indicating the complete com-
bustion of carbon in the sample. It is worth noting that 5% O; still results in a small amount
of CO, formation, suggesting that carbon remains in the sample and that combustion is
hindered by kinetic factors due to the highly packed C-C bonds.
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Figure 7. Temperature profile and main species concentration (ppm) during thermal treatment of
aluminum-rich blisters using 0%, 5%, and 20% oxygen heated at temperatures ranging from 600 °C/h

to 800 °C.

Moreover, the presence of hydrogen generated in aluminum-rich blisters when ex-
posed to 5% oxygen presents a notable divergence from the behavior of plastic-rich blisters.
As illustrated in Figure S1, hydrogen formation in aluminume-rich blisters occurs concur-
rently with the production of long-chain hydrocarbons. Given the higher aluminum content
in aluminum-rich blisters, as reported by Diaz et al. and Scholz et al. [14,28], it is plausible
that catalytic reactions facilitated by aluminum, especially in molten conditions, enhance
hydrogen production via methane cracking. In this context, no references were found in
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the literature specifically using aluminum, but other metals [29] and aluminum oxide [30],
which are known to form a protective layer on aluminum foils, have been studied. More
research is needed to understand the catalytic effect of aluminum in both solid and liquid
states to form hydrogen from aluminum foils.

The chemical mechanisms contributing to hydrogen generation could include the
breakdown of ethane, as suggested by [14], methanation reactions [31], along with metha-
nation and water—gas shift reactions [31,32]. Furthermore, the incorporation of metals
such as aluminum and nickel in aluminum-rich blisters may catalyze reactions such as the
water—aluminum reaction and steam and dry reforming processes in Equations (2) and (3),
respectively. These catalytic processes can lower the temperature threshold required for the
cracking of hydrocarbons, as detailed by [13,26], indicating a more complex interplay of
thermal and catalytic degradation pathways in aluminum-rich blisters.

Catalytic steam reforming reaction [31]:

CpHyp + nHO — (n n %)Hz +1nCO 2)
Catalytic carbon dioxide (or dry) reforming reaction [31]:
CpHy +nCOy — (%)Hz 1+ 21CO 3)

A comparative analysis of the total volume of compounds produced during the
thermal treatment of phosphorus-rich (plastic-rich) and aluminum-rich (aluminum-rich)
blisters under three different oxygen concentrations, 0%, 5%, and 20% O, can be seen in
the annexed data depictions.

3.2. Mass Balance

During pyrolysis, the mass of the input material is transferred to the pyrolyzed char
or solid residue and the pyrolysis gasses. In this context, pyrolysis gasses are also referred
to as the mass of material classified as volatile, which is considered a “Weight loss” in
the context of aluminum recycling. Figure 8 shows that weight loss for both blister types

increases with higher oxygen concentration, promoting the oxidation and decomposition
of pyrolytic coke.

Aluminium-rich Blister
ANOVA p-value: 3.85 x 10" {-23}

T-test (0% vs 5% O2) p-value: 1.66 x 10~{—73} (Significant) T-test (0% vs 5% O2) p-value: 1.11 x 10~ {—17} (Significant)
T-test (5% vs 20% O2) p-value: 5.23 x 10*{—56} (Significant) T-test (5% vs 20% O2) p-value: 6.80 x 10" {—1} (Not Significant)

T-test (0% vs 20% O2) p-value: 1.80 x 10" {—82} (Significant)

T-test (0% vs 20% O2) p-value: 5.04 x 10*{—17} (Significant)

2
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Figure 8. Weight loss after thermal treatment of (a) plastic-rich and (b) aluminum-rich blisters with 0,
5, and 20% O,.
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For aluminum-rich blisters, the t-test p-values indicate significant weight loss changes
between 0% O, and 5% O, and between 0% O, and 20% O,. However, the change between
5% Oy and 20% O, is not significant, suggesting minimal remaining carbon. The lower
weight loss in the aluminum-rich blisters, as indicated in Figure 8, when compared to the
gas emission profiles shown above (Figures 6 and 7), provides a supporting view of its
thermal degradation behavior and the amount of volatile matter. The reduced generation
of gasses such as CO, and CO, even in the presence of oxygen, could imply a material
matrix that is inherently more resistant to thermal oxidative breakdown, or simply that the
availability of carbon-containing compounds is limited in the material.

For plastic-rich blisters, significant weight loss changes are observed between 0%
O, and 5% O, and between 0% O, and 20% O,. The change between 5% O, and 20%
O, is also significant, indicating that increasing oxygen concentration continues to affect
weight loss. As expected, the presence of oxygen would promote oxidation reactions,
leading to a greater degree of decomposition of pyrolytic coke and, hence, a higher weight
loss. Moreover, it is evident that the thermal treatment of plastic-rich blisters with low
oxygen concentrations offers advantages. The existence of a possible kinetic barrier in
the gasification of carbon at lower temperatures could allow for a controlled process that
facilitates the smelting of aluminum without reaching high temperatures, thereby reducing
unwanted oxidation of this metal, as the pyrolytic carbon would protect the aluminum
layer during smelting and promote sustainability by reducing metal losses.

3.3. Metallurgical Assessment

The metallurgical recovery of aluminum containing organic waste has been extensively
discussed in the past for aluminum with organic coatings [6]. However, the application of
this knowledge to pharmaceutical blisters presents challenges due to the high organic content.

In this context, the ideal approach would be to perform thermal pre-treatment to
reduce the organics without leading to the oxidation of aluminum, leaving an input material
that can be incorporated into conventional aluminum recycling operations. According
to the results, it is suggested that a pre-treatment with a limited presence of oxygen
(4-5%) and a temperature of around 550 °C could sufficiently remove organics from both
pharmaceutical blister types (plastic-rich and aluminum-rich), potentially allowing for a
unified treatment process. This method avoids the risk of uncontrollable combustion and
maintains a lower temperature in the material during organic cracking. The system behaves
endothermically under pyrolysis conditions, thereby sustaining reducing atmosphere
and preventing undesired aluminum oxidation. The reasons behind this assessment are
reported in previous studies on the effect of gasses from organic degradation in melting
operations [13,26]. Reduced organics and increased C-C bonds in the pyrolytic coke
formed during thermal degradation, compared to untreated organic matter, lack oxygen
and hydrogen in their organic structure. Therefore, a reduced oxygen partial pressure
marked by reduced CO, and H,O presence in the system would be expected. Consequently,
minimized dross formation and higher aluminum yield should be anticipated.

Despite the positive prognosis, a dedicated study on the metallurgical recycling of
thermally treated pharmaceutical blisters should be conducted.

4. Conclusions

This study investigated the thermal behavior and degradation mechanisms of plastic-
rich and aluminum-rich blister samples using various analytical techniques. Structural
characterization revealed distinct differences between the two blister types, with plastic-
rich blisters showing a thicker profile and a combination of plastic and aluminum layers,
while aluminum-rich blisters had plastic layers sandwiched between aluminum sheets.

The thermal degradation analysis indicated two main stages of degradation for both
blister types. Plastic-rich blisters, primarily composed of PVC, exhibited substantial weight
loss, endothermic phase transitions, and remarked formations of long-chain hydrocarbons
at temperatures between 210 and 285 °C, while aluminum-rich blisters displayed stages
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corresponding to the degradation of PA /nylon, indicating a strong degradation period
from 240 to 270 °C. Differential Scanning Calorimetry provided further insights into the
thermal behavior, revealing characteristic transitions consistent with PVC in plastic-rich
blisters and PA /nylon in aluminum-rich blisters.

The FTIR analysis confirmed the presence of PVC in plastic-rich blisters and PA /nylon
in aluminum-rich blisters, supporting the compositional analysis. The gas emissions
analysis demonstrated differences in gas composition, with plastic-rich blisters producing
more gasses. The present study concluded that oxygen, even at a low concentration, could
lead to the strong generation of CO,, H,O, and CO. Longer-chain hydrocarbons decrease
with rising oxygen levels, while hydrogen is detected, even with 5% oxygen, in aluminum-
rich blisters, possibly due to the catalytic effects of metallic molten aluminum. Other
compounds are present in minor concentrations.

The results evidence that the thermal treatment of plastic-rich blisters would benefit
from a low concentration of oxygen, decreasing the organic concentration in the waste
by up to 80%, and drastically reducing the surface burning risk in melting operations,
reducing dross formation and resulting in a higher recovery yield, thus enabling a more
sustainable recycling process. This process takes advantage of pyrolytic carbon, which
acts as a layer protecting against the oxygen’s interaction with the metal and the reduced
involvement of CO, and H;O gasses during melting. However, this method would not
be applicable to solely aluminum-rich blisters under the tested conditions, as either the
oxygen concentration or the temperature would need to be decreased to avoid the complete
combustion of the pyrolytic carbon, risking aluminum oxidation. In this case, blending
plastic-rich and aluminum-rich blisters could help maintain a unified treatment process and
simplify general recycling operations. Alternatively, aluminum-rich blisters can be recycled
after a pre-treatment that separates the layers, as proposed in previous research [7].

Future research could explore additional factors influencing the degradation behav-
ior of blister materials, such as temperature ramp rates, pressure, and moisture content.
Further investigation into the catalytic effects of aluminum and other metals present in
blister materials could indicate new degradation pathways and opportunities for improved
recycling technologies, aiming for better quality of the pyrolysis gasses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/sul16208968 /51, Figure S1: Total Volume of compounds generated during
thermal treatment of (A) Pl-rich, (B) Al-rich blisters.
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