iriried applied
L sciences

Article

Influence of Temperature on the Composition and
Calorific Value of Gases Produced during the
Pyrolysis of Waste Pharmaceutical Blisters

Katarzyna Klejnowska 1-*©, Krzysztof Pikon 2, Waldemar Scierski 2, Krzysztof Skutil 3> and
Magdalena Bogacka 2

1 Fukasiewicz Research Network, Institute of Non-Ferrous Metals, 44-121 Gliwice, Poland

2 Silesian University of Technology, Faculty of Energy and Environmental Enginnering, 44-100 Gliwice, Poland;
Krzysztof.pikon@polsl.pl (K.P.); waldemar.scierski@polsl.pl (W.S.); magdalena.bogacka@polsl.pl (M.B.)
Silesian University of Technology, Faculty of Chemistry, 44-100 Gliwice, Poland; krzysztof.skutil@polsl.pl
Correspondence: katarzynak@imn.gliwice.pl

check for

Received: 20 November 2019; Accepted: 11 January 2020; Published: 21 January 2020 updates

Featured Application: Such results suggest that when considering a potential technology for
WPB processing, the most favorable conditions for the production of gases would be at higher
temperatures. After providing the satisfactory composition and calorific value, the gases can be
used as a fuel, i.e., to heat the process.

Abstract: Waste pharmaceutical blisters (WPBs) are a type of multimaterial waste that contain layers
of plastic and metal connected permanently. The separation of those materials with the application of
mechanical methods is impossible. One of the methods that can be used to recover metal from WPBs
is pyrolysis—a thermal decomposition process performed in the absence of oxygen. The products are
a solid fraction that contain char and metal, liquid fraction, and gases. The gases produced during
the process can be used as a fuel, either alone or mixed with another gaseous fuel such as natural gas.
The presented research was focused on the determination of the influence of the process temperature
on the composition of gases produced during the pyrolysis of two types of pharmaceutical blister
waste: pre- and postconsumer. The postconsumer waste contains trace amounts of pharmaceutical
products. One of the goals was to determine whether those compounds influence the gas properties.
The method of neutralizing these materials can be part of the circular economy, the idea of which
is to strive to maximize the use of natural resources and bring them back into circulation. The
presented method allows not only to recover char, oil, and metal that can be easily separated from
the solid fraction, but also to reuse the process gases as a fuel and, possibly, to form HCI during the
decomposition of PVC. The paper includes the analysis of the input material, as well as a detailed
chemical analysis of the produced gases.
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1. Introduction

Multimaterial waste is a significant group of waste that requires the application of special recycling
techniques in order to reduce its negative impact on the environment [1]. In general, it is made of at
least two different materials connected permanently [2]. According to the regulations (Polish Act of
13 June 2013 on Packaging and Packaging Waste and Polish Act of 14 December 2012 on Waste), it is
treated like the material that is present in the highest amount, i.e., if the material consists of 70% paper
and 30% plastic it should be treated like paper and collected in the designated container [3,4].
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The European Union'’s strategy in the plastics field is closely linked to the circular economy.
This strategy pays special attention to plastic recycling and the possibilities of reducing it. Currently,
59% of plastic products are plastic packaging, including blisters for drugs, which are very difficult to
manage. Packaging recycling is very difficult, but the pyrolysis of waste medicine blisters is one of the
answers to the challenges of the circular economy. In the future, the process proposed in this article
can be treated as a closed circuit in this group of packaging waste.

Waste pharmaceutical blisters (WPBs) are a type of multimaterial waste. They are the most
commonly used type of packaging to store pharmaceutical products [5,6]. They contain approx.
80% thermoformable plastic films (usually polypropylene (PP) and pure polyvinyl chloride (PVC),
or polyvinyl with diaphone addition (PVC/PVDC) or chlorotrifluoroethylene PVC/CTFE)) and 20%
aluminum alloy (containing approx. 85% Al, 11,5% Mg, and 0,8% Ti) [7,8]. The type of plastic used to
produce the blister is usually chosen based on moisture permeability, which has a huge influence on
the durability of the products and the price. In order to provide the highest protection from external
conditions, the companies sometimes use the Al/Al type blisters, which contain polyamide, aluminum,
and PVC. Two layers of aluminum protect the products from moisture, which may decompose the
active ingredients and affect the expiration date of the medicine, oxygen, and sunlight [9].

Currently, used blisters are either treated as plastic waste or collected at pharmacies together with
the expired medicine and directed to thermal utilization plants, where metal is not recovered [4,10].
As for most multimaterial waste, the mechanical separation of the materials used to produce them
is complicated or, sometimes, impossible [11]. Therefore, in order to comply with the circular
economy requirements, WPBs require a special treatment to efficiently recycle both metal and
plastic fractions [12,13]. Wang et al. [5] analyzed the hydrometallurgical method to recycle waste
blisters. The method was based on the leaching of 1 cm x 2 cm pieces of WPBs in hydrochloric acid.
Under optimum conditions, this method allowed to separate as much as 100% of plastic from the metal.
The obtained aluminum was of excellent quality, but the metal recovery required additional steps, i.e.,
precipitation, solvent extraction, adsorption, or the application of the ion-exchange method. Also, large
amounts of HCl were required to separate the materials. Yin et al. [14] analyzed the thermal method
of aluminum recovery, which also generates high-quality gaseous fuel. The material used in the
research was a similar multimaterial packaging waste used to store face mask sheets—a postconsumer
Neutrogena face mask packaging made of aluminum foil, PET (polyethylene terephthalate), and PP
(polypropylene). The produced aluminum was characterized by a high purity and an extremely low
surface oxidation level. The process also resulted in the production of 67 wt% of hydrocarbon gases,
which can be used as a fuel.

Pyrolysis is a thermal decomposition process that occurs in the absence of oxygen. The products
can be divided into a solid, a liquid, and a gaseous fraction. The solid fraction may contain the materials
that do not pyrolyze, i.e., metals, which can be easily separated from the char and recovered in a
simple metallurgical process. In addition, other products can be further used, i.e., as a fuel or carbon
black [15]. This paper is focused on the gases generated during the process. If their quality is high
enough, the gases can be used as a fuel, i.e., to generate heat for the pyrolysis. Such a holistic approach
can contribute to making even a thermal process sustainable.

2. Materials and Methods

The literature provides no detailed information about the composition of the gases generated
during the pyrolysis of WPBs. The presented research was focused on the analysis of the influence
of the process temperature on the composition of the gases, with a special focus on hydrocarbons.
Two waste materials were analyzed in order to determine the potential influence of the trace amounts
of medical products on the quality of the gases. The potential of the process gases to be used as a fuel,
individually or mixed with natural gas, was analyzed.
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2.1. Materials

Two waste materials were analyzed—pre- and postconsumer waste. The preconsumer WPBs,
delivered by the manufacturer of a dietary supplement, were collected after the production line.
The preconsumer waste had no contact with the product, and the plastic used as a lidding material
was transparent.

Postconsumer WPBs included various mixed pharmaceutical blisters after the medicines had been
removed. The material had contact with various products and was not washed before the analysis,
in order to provide a reliable source of information that could be used for a real process. The analyzed
portion of the mixed types of blisters contained:

o  White plastic: 38.5%,

e  Transparent plastic: 32.7%,
e  Orange plastic: 15.0%,

e  Al/Al blisters: 9.9%,

e Red plastic: 3.9%.

The illustrative pictures of the pre- and postconsumer waste used for the tests are presented in
Figure 1.

Figure 1. Analyzed materials; (a) preconsumer waste, (b) postconsumer waste.

Both materials were analyzed for the content of the basic elements. The results of the analysis are
presented in Table 1.

Table 1. Chemical analysis of the pre- and postconsumer waste.

Content (%)

Sample
C H Cl N S
Preconsumer 45.46 447 43.66 0.60 10.83
Postconsumer 44.27 3.37 35.03 0.35 11.33

The contents of carbon (approx. 45%), hydrogen (approx. 4%), nitrogen (below 1%), and sulfur
(approx. 11%) were similar for both materials. The differences were mainly caused by the impurities
present in the postconsumer waste as a result of the contact with the pharmaceutical products.
The chlorine content in preconsumer waste was much higher (approx. 44%) than that found in
postconsumer waste (35%). The reason for such differences was the lidding material. For preconsumer
waste, the results suggest that PVC was the main material, while postconsumer waste contained various
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materials. However, the high chlorine content suggests that PVC was one of the most commonly
used materials.

2.2. Experimental Method

The materials were subjected to the pyrolysis process at three temperatures—400 °C, 425 °C,
and 450 °C—in a laboratory-scale furnace. The thermocouple was located in the central part of the
reaction chamber. The scheme of the reactor is presented in Figure 2. During each test, the sample
weight was precisely 150 g. The process temperature was controlled with two thermocouples—one
thermocouple, located on the bottom of the reaction chamber, measured the temperature inside the
sample, while a second thermocouple, located in the central part of the reaction chamber, measured
the process temperature. The thermocouples were automatically calibrated each time the equipment
was switched on.

During each test, three gas samples were collected in order to determine their composition.
The gases were analyzed for the content of hydrocarbons (CH4, C;Hg, CoHy, C3Hg, C3Hg, C4Hyg,
C4Hg, C4Hy, C5+) and inorganic compounds (Hp, Oy, Ny, CO, and CO,) in order to determine their
potential to be used as a fuel (i.e., natural gas substitute). The gases were collected at the beginning of
the process, in the middle of the process, and after the maximum temperature was reached, into 0.5
and 0.2 dm? glass pipettes equipped with two cut-off valves. The gases were injected into the analyzers
with the application of the hydrostatic pressure method, performed with a liquid (brine) introduced
from the bottom of the container. The gases were injected into the analyzer from the second valve.

The gases were analyzed with the application of gas chromatography using two separate sections
supplied with a carrier gas (high-purity argon). Hydrocarbons were analyzed on the Alumina packed
column (I =2 m; d = 1 mm) with FID (flame ionization detector). Inorganic ingredients were analyzed
on the Carbosphere column (2 m; 3 mm) with a TCD (thermal conductivity detector). The gas
composition was determined with the application of the external standard with the relative response
rates. The relative uncertainty of the measurement was 2%.

[

e | L

Figure 2. Scheme of the reactor used to pyrolyze WPBs; 1—bed, 2—thermocouples, 3—safety valve,

4—cooling water (a) inlet and (b) outlet, 5—control device, 6—gas cooler, 7—output used to collect
process gases, 8—liquid fraction vessel.

3. Results

The tests were performed in two series. Series 1 refers to the preconsumer waste. Series 2 refers to
the postconsumer waste. During each series, the tests were performed for three maximum process
temperatures: 400 °C, 425 °C, and 450 °C. Also, three gas samples were collected during each test: at
the beginning of the process, during the process, when the decomposition was the most rapid, and
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after the maximum temperature was reached. The moment of most rapid mass loss in the sample was
determined based on the thermogravimetric study [9].

The solid and liquid products were weighed after the process, after the reactor was cooled to room
temperature. The mass of the generated gases was calculated based on the measurements. The mass
diagrams for the products obtained from series 1 and 2 are presented in Figure 3.

The amount of generated gases increased with temperature both during series 1 and 2. At the
lowest temperatures, the amount of generated gases was very small. The process performed at lower
temperatures is most likely to generate more oil and solid products. This may also suggest that at
lower temperatures, not all the material was decomposed. Higher temperatures generate more gases
and less oil and solid products.

Series 1 - preconsumer waste Series 2 - postconsumer waste
msolid moil +wax mgases msolid moil +wax mgases

100% 2% 6% 10% 100% 1% 5% 9%
90% 90%
80% 80%
70% 70%
60% 60%
50% 50%
40% 40%
30% 30%
20% 20%
10% 10%
0% 0%

PFO (400°C) PF1(425°C) PF2 (450°C) PBO (400°C) PB1(425°C) PB2 (450°C)

Figure 3. Masses of the products obtained during series 1 and 2.

Slightly more gases and liquid fraction have been generated during the pyrolysis of the
preconsumer waste, while the postconsumer waste generated more solid products (aluminum and char).
However, those differences were almost negligible. Therefore, there was almost no difference between
the yields and the quality of the products generated during the pyrolysis of pre- and postconsumer
waste. It seems that the trace amounts of pharmaceutical products left on the used blisters did not
affect the process and the quality of the products.

The results of the gas analysis of two materials at 400 °C, 425 °C, and 450 °C are presented in
Tables 2-7.

Table 2. Gas composition, preconsumer material, 400 °C.

Temp. Hydrocarbons (wt%) Inorganic Compounds (wt%)
O CH4 CzHG C2H4 C3H8 C3H6 C4H1o C4H3 C4H6 C5+ Hz 02 Nz co COZ Other
210 026 011 023 005 007 004 033 006 019 1960 000 6460 156 772 518 100

320 3.94 1.43 0.87 0.57 0.53 0.27 1.17 0.03 040 4750 0.00 2050 290 6.02 13.87 100
400 1137 276 1.18 1.04 0.85 0.45 116 0.06 0.68 4934 011 1330 547 485 7.38 100

Z cyo

Table 3. Gas composition, preconsumer material, 425 °C.

Temp. Hydrocarbons (wt%) Inorganic Compounds (wt%)
( C) CH4 C2H5 C2H4 C3Hs C3H6 C4H10 C4H8 C4H6 C5+ Hz 02 Nz CcOo COZ Other
210 0.10 0.04 013 0.03 0.04 0.02 001 0.00 0.01 197 148 8390 180 745 3.02 100

320 3.38 1.23 1.01 0.44 0.39 0.16 0.40 0.00 0.03 18.00 094 5730 490 990 192 100
425 14.60 4.73 1.58 1.75 1.80 0.42 0.86 0.02 018 4210 0.00 1450 460 698 588 100

E cyl)




Appl. Sci. 2020, 10, 737 6 0f 10

Table 4. Gas composition, preconsumer material, 450 °C.

Temp. Hydrocarbons (wt%) Inorganic Compounds (wt%)
( C) CH4 C2H6 C2H4 C3H8 C3H6 C4H1() C4H3 C4H6 C5+ Hz 02 Nz co COZ Other

210 0.10 0.04 0.13 0.02 0.04 0.01 0.12 0.00 035 791 088 7700 1.65 877 298 100
320 5.20 2.09 1.42 0.83 0.71 0.42 1.48 0.12 1.87 3480 0.00 2980 421 970 7.35 100
450 1536 349 1.38 1.33 1.69 0.39 0.98 0.20 1.34 3857 0.00 1276 578 931 742 100

E o/o

For series 1 (preconsumer waste), the concentration of hydrocarbons increased with the
temperature. The total content of hydrocarbons at max. temperature 400 °C was 19.5%, 25.9%
at 425°C, and 26.2% at 450°C. The oxygen content at the beginning of the process was neglectable.
Nitrogen content in the gases decreases during the process. The amount of CO in the gases was higher
at higher temperatures. Based on the results it can be concluded that the quality of the gas as a fuel
increases with the process temperature.

Table 5. Gas composition, postconsumer material, 400 °C.

Temp. Hydrocarbons (wt%) Inorganic Compounds (wt%)
o
€O "CH, CH, CpH; CsHg CsHy CyHyp CsHs CiHy Cs; H, O, N, CO CO, Other

210 0.23 0.12 0.14 0.05 0.07 0.02 0.00 0.13 000 573 09 8280 3.02 326 347 100
320 2.89 1.05 0.63 0.43 0.48 0.20 0.72 0.21 019 3260 0.00 40.60 3.90 1120 4.90 100
400 7.61 243 1.27 0.99 1.08 0.41 2.18 0.34 011 4660 0.00 1070 6.66 1250 7.12 100

Z 0/0

Table 6. Gas composition, postconsumer material, 425 °C.

Temp. Hydrocarbons (wt%) Inorganic Compounds (wt%)
(C) CH4 C2H6 C2H4 C3H8 C3H6 C4H1() C4H8 C4H6 C5+ Hz 02 Nz co C02 Other

210 0.19 0.09 0.13 0.04 0.04 0.03 0.19 0.01 0.05 1000 020 7410 1.82 971 3.40 100
320 1.86 0.66 0.47 0.27 0.27 0.14 0.68 0.08 032 2990 040 4700 311 998 4.86 100
425 1091  3.57 1.40 1.33 1.41 0.52 1.96 0.28 158 4185 0.05 1370 651 1114 3.79 100

Z 0/0

Table 7. Gas composition, postconsumer material, 450°C.

Temp. Hydrocarbons (wt%) Inorganic Compounds (wt%)
( C) CH4 C2H6 C2H4 C3H8 C3H6 C4H1() C4H3 C4H6 C5+ Hz 02 Nz CcOo COZ Other

210 0.28 0.13 0.20 0.06 0.06 0.04 0.26 0.01 030 730 099 7590 299 692 4.56 100
320 3.32 1.08 0.69 0.45 0.37 0.25 0.87 0.03 0.87 29.00 0.00 4470 4.68 9.14 455 100
450 1220 4.10 1.52 1.67 1.74 0.63 1.53 0.05 212 3910 0.00 1250 6.40 9.78 6.66 100

E 0/0

Similarly to what happened in series 1, in series 2 the content of hydrocarbons increased with
the temperature. The concentration at max. temperature 400 °C was 16.4%, 23% at 425 °C, and 25.6%
at 450 °C. The nitrogen content decreased during the process. For the mixed waste pharmaceutical
blisters, the amount of generated CO at different max. temperatures was almost constant, while the CO,
content increased. This may have been caused by the fact that the material contained trace amounts of
pharmaceutical products that may react more quickly than plastic. Another possible explanation is
that some oxygen may have penetrated into the gas cooler and reacted with other gas components.

The diagrams showing the changes in the contents of the selected gas compounds are presented
in Figures 4-6. Tests PF0 and PBO were performed at a maximum temperature of 400 °C. Tests PF1 and
PB1 were performed at the max. temperature 425 °C, and tests PF2 and PB2 were performed at the
max. temperature 450 °C.
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Figure 4. Methane content at different max. temperatures during series 1 and 2.

Methane is the main hydrocarbon generated during the process. Preconsumer waste generated
more methane than postconsumer WPBs. The highest amount of this gas was generated at the highest

temperature for both series.
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Figure 5. Carbon oxide content at different max. temperatures during series 1 and 2.

More carbon oxide was generated during series 2. The CO content increased at higher temperatures
for all tests except in series 1 at 425 °C, where its concentration slightly decreased.
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The nitrogen content decreased with temperature during both series. The minimum level (approx.
10%) has been reached by the end of each process. The level of nitrogen was high at the beginning
of the process, which was caused by the presence of this gas in the atmospheric air. As the process
proceeded and the gases were generated, nitrogen was removed from the reactor.

In order to confirm that the gas quality as a fuel increases with the max. process temperature, the
calorific value was calculated according to the equation:

n
CV = 2 1CV; )
=1

1
where:

CV—calorific value of the gas generated during pyrolysis,
M—mass fraction of the gas component,
CV;—calorific value of the gas component.

The calculated calorific values of the gases for series 1 and 2 at three temperatures—at the
beginning of the process, during the process, and after reaching the maximum temperature—are
presented in Tables 8 and 9, respectively.

Table 8. Calorific value of the process gases at different temperatures, series 1.

Series 1
Calorific Value (M]J/m?3)
Tmax =400 °C Tmax =425 °C Tmax =450 °C
tstart 3.52 0.69 1.95
tmid 11.70 6.63 15.04
tmax 17.33 19.39 20.14

Table 9. Calorific value of the process gases at different temperatures, series 2.

Series 2
Calorific Value (MJ/m?3)
Tmax =400 °C Tmax =425 °C Tmax =450 °C
tstart 1.52 1.93 2.41
toid 8.55 7.04 9.48
tmax 16.42 20.58 21.96

The calorific value of the gases increased with the duration of the process and the maximum
process temperature. The highest calorific values for both series could be observed at the maximum
process temperatures. The highest value was obtained during the pyrolysis of mixed postconsumer
waste. The highest quality of the gaseous products was observed for the tests performed at the highest
maximum temperature on the postconsumer waste. Such results suggest that, when considering a
potential technology for WPB processing with the production of a gaseous fuel, the most favorable
conditions for the production of gases would be at higher temperatures. However, it needs to be
stressed that this maximum calorific value cannot be maintained during the whole process. The process
needs to be continuous in order to provide the highest calorific value possible. This would require a
constant batching of the input material and a simultaneous removal of the solid products.

4. Conclusions

Due to the depleting sources of raw materials and fossil fuels, the recovery of material resources
as well as energy is of high importance for the circular economy. Providing a high efficiency of material
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recovery as well as energy efficiency can help maintain the natural environment. The fractions present
in multimaterial waste, due to their composition and production methods, cannot be easily separated
only with the application of simple mechanical methods. Therefore, it is highly important to develop
a technology for their processing. Pyrolysis is a thermal process that can be used to separate plastic
from the metal fraction of waste pharmaceutical blisters in order to recover aluminum and generate
gaseous fuel. Within the presented research, two types of waste pharmaceutical blisters were pyrolyzed
at three maximum temperatures: 400 °C, 425 °C, and 450 °C. The gases used for the analysis were
collected at the beginning and during the process and after the maximum process temperature was
reached. The analysis of the chemical composition of the gases was performed with the application
of chromatography.

A higher temperature favors the production of larger amounts of process gas rather than oil
and wax. In addition, the calorific value of the gas at the maximum temperature 450 °C is higher
(21.96 MJ/m?) for the mixed postconsumer waste than for the clean preconsumer material (20.14 MJ/m3).

One of the goals of the study was to determine whether the presence of trace amounts of medical
products as well as the more complex character of the postconsumer material influence the process
products. No significant differences in the process performed on the clean preconsumer waste and
postconsumer waste contaminated with the trace amounts of pharmaceutical products have been
observed. The results suggest that there is no necessity to wash the blisters before thermal process,
since the impurities do not affect the quality of the gas. In order to provide the optimal conditions for
the production of gaseous fuel, the process should be carried out at 450 °C.

Most EU-level documents show that there is a need for multisectoral research in value chains,
going beyond waste management, the environment, and active building of consumer awareness
toward the acceptance of a circular economy. Each element, which is part of the concept of qualitative
recycling, directed at waste that is difficult to manage, will be an indispensable element in building a
full circular economy [16-20]. The presented research results have the potential to be implemented
and are part of the circular economy.
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