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Abstract: This study investigates the combustion behavior of polycarbonate (PC) and
polycarbonate–carbon nanotube (PC-CNT) composites in fluidized bed reactors. The pri-
mary objective was to evaluate the influence of carbon nanotubes (CNTs) on the thermal
stability and combustion efficiency of PC. Simultaneous thermogravimetric and differential
scanning calorimetry (TG-DSC) analyses were conducted under both air and oxygen-
deficient conditions to assess decomposition temperature ranges and energetic effects.
Additionally, a simultaneous TG-DSC analysis of the samples’ decomposition in a 2 vol.%
O2 atmosphere was carried out to simulate adverse combustion conditions that may occur
in some combustion technologies, such as the accumulation of degraded material on the
grate. Combustion experiments were performed in inert and catalytic fluidized beds, the
latter incorporating Fe2O3-coated cenospheres to enhance catalytic activity. The results
demonstrated that the presence of CNTs alters the combustion mechanism, reducing en-
ergy release in the initial degradation stage while significantly intensifying exothermic
effects in subsequent stages. Under oxygen-deficient conditions, both PC and PC-CNT
required higher temperatures and extended times for complete decomposition. The cat-
alytic fluidized bed markedly improved combustion efficiency at lower temperatures,
achieving up to 90% conversion at 550 ◦C, compared to inert beds that required 750 ◦C for
similar efficiency.

Keywords: polycarbonate; carbon nanotubes; combustion; fluidized bed

1. Introduction
Polycarbonate (PC), an amorphous thermoplastic polymer, is widely recognized for

its excellent optical transparency, high impact resistance, and thermal stability [1,2]. This
synthetic thermoplastic polyester has an average high molecular weight conferring fair
stability to aging [3]. These characteristics make PC an ideal candidate for various advanced
applications, including those in the field of nanocomposites [4]. It is mainly produced by the
polycondensation of Bisphenol A with phosgene [5]. It contains carbonate groups, making
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it an oxygen-containing polymer as the mass fraction of C/O = 0.189. PC is characterized
by the presence of rigid aromatic functionalities in the polymer backbone; this characteristic
imparts outstanding physical and chemical properties. It starts to decompose at 433 ◦C;
however, the destructive process of PC is mostly efficient when a temperature of about
550 ◦C is reached [6–8].

The extensive production of PC worldwide incites academic researchers to valorize
its mechanical, electrical, and electromagnetic performances by introducing low-volume
fractions of nanoparticles such as multi-walled carbon nanotubes (MWCNTs). These
nanocharges essentially consist of rolling multiple cylinders made of a graphene tube on a
common central hollow with a spacing of 0.34 to 0.39 nm between the layers [9]. MWCNTs
allow the reinforcement of the host polymer as well as the formation of new hybrid
systems that are actively used as microwave shielding devices to reduce electromagnetic
pollution [10]. With more than 350 million tons of plastic produced in 2018 and less than
15% collected for recycling globally, the amount of plastic waste being released into the
environment is increasing exponentially [11–13]. The successive processing of PC and
PC-CNT blend up to twenty cycles leads to a decrease in mechanical and rheological
properties of PC-CNT compared to neat resin. This decrease is attributed to chain scission
and molecular weight reduction from the repeated high shear and thermal stresses in the
recycling process. It was concluded that mechanical recycling of filled PC-CNT should be
avoided as nanocomposites lose the properties that lead to them being applied in industry
in the first place. When mechanical recycling ceases to be beneficial, thermal methods
should be taken into consideration, specifically combustion and feedstock recycling.

PC has an excellent resistance to fatigue and high chemical stability [14,15]. Thus, its
presence in the environment may make its degradation resistant for many years. Recycling
becomes a great challenge involving the implantation of infrastructures for the chemical
recycling of most commodity materials instead of landfilling plastics into the soil. The
upcycling of a polymer consists of its selective conversion into higher-value chemicals or
materials which allows for a significant reduction in the use of fossil fuels, the recovery
of monomers or useful building blocks for subsequent polymerization, energy savings,
and a reduction in the amount of plastics in the environment, which also generates an
economic benefit [16,17]. Combustion is a high-temperature oxidation process. In the
process, the compound is destroyed with the formation of new substances. The end
products for the complete production of compounds containing carbon, hydrogen, and
oxygen atoms are carbon dioxide and water vapor [18]. In fact, each type of combustion
is a very complex process with a series of intermediate stages, and complete combustion
products are not always produced in the first combustion zone. The most harmful products
of incomplete combustion, primarily carbon monoxide and volatile organic compounds,
must be oxidized in the next combustion zone. This applies to industrial incinerators
and waste incinerators [19]. Fluidized bed (FB) reactors are very favorable equipment for
thermal heat energy recovery from various types of waste [20]. In an industrial fluidized
bed reactor, a chemically inert or active layer is fluidized by air, and fuels are mixed with
the fluidized bed and the oxygen source supplied by air. If the combustion materials
considered are relatively resistant to decomposition and therefore hardly oxidizing, the hot
particles in the fluidized bed heat them and accelerate their thermal decomposition [21].
Połomska et al. [8] have investigated the co-combustion of polycarbonate with propane in
the presence of air in the fluidized bed reactor, filled with quartz sand or limestone, from
visual observation and quantitative analysis; the authors suggested limestone as a fluidized
reactor bed for the combustion of PC while a higher growth of temperature in the reactor
freeboard space and some diffusive flames were provided by the higher hydrodynamic
mixing of the fuels with air provided by limestone FB. The thermal degradation of PC has
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also been analyzed with the help of TGA-FTIR analysis by Esin Apaydin-Varol et al. in
work [22], but so far these have only been the qualitative analyses of bands in the spectrum
of the mixture of products [23]. However, an appropriately selected analytical method with
the help of FTIR may also allow a quantitative evaluation of the products of the process,
and is the objective of the present study. Studies conducted in a thermogravimetric analyzer
provide valuable information about the thermal properties of materials and can be useful
in preliminary research, but they are conducted on a small scale and therefore, may not
reflect the behavior of materials in industrial reactors.

In the face of escalating climate challenges, a comprehensive approach to the produc-
tion of new materials is becoming increasingly important. It is crucial not only to ensure the
efficient use of raw materials and minimize environmental impact during their acquisition
and processing but also to consider the ultimate disposal of products. The long-term utility
of materials does not end with their use. An equally important aspect is planning for their
life after the end of use. This strategy, known as the “cradle to grave” approach, assumes
the responsibility of producers not only for the quality and functionality of products but
also for their future fate. Incorporating the disposal stage into the entire product lifecycle is
fundamental for sustainable development. This requires innovation in product design so
that they are easier to recycle or biodegrade.

Laboratory-scale studies of PC–CNT composite combustion focus on evaluating ma-
terial flammability, identifying combustion mechanisms, and determining the total heat
released during the process [24]. The behavior of PC–CNT composites under combustion
conditions similar to those found in commercial waste incineration plants was presented in
ref. [25]. The experimental approach was based on a standard fluidized bed with sand as the
bed material. The use of sand required a high volumetric air flow rate (130 dm3/min for a
reactor with a diameter of approximately 10 cm). To achieve sufficiently low concentrations
of pollutants in the flue gas, the authors implemented multistage secondary air injection
and the electrical preheating of the process gases. Another unfavorable phenomenon,
resulting from Archimedes’ principle, is the entrainment of PC particles above the fluidized
bed. The density of a fluidized bed made of sand is about 1.5 g/cm3 [26] and the density
of polycarbonate is about 1.2 g/cm3. Hence, in accordance with Archimedes’ principle,
polycarbonate will tend to rise to the surface of the fluidized bed. Połomska et al. used a
transparent quartz reactor to enable the direct observation of diffusion flames above the
sand-fluidized bed during the combustion of polycarbonate [8,27]. In a process organized
in such a way that the combustion of gases evolved from PC occurs above the fluidized
bed, the use of a catalytic fluidized material cannot provide the expected improvement in
PC conversion.

Since the key challenge in fluidized bed combustion of polymeric materials lies in the
proper localization of the combustion zone, it becomes essential to shift the combustion
process into the fluidized bed, where more stable thermal and flow conditions exist. In
this context, the application of cenospheres—hollow microspheres with a density below
1 g/cm3—as bed material may fill a significant research gap and offer new possibilities for
the efficient combustion of polycarbonate. This innovative approach using a low-density
inert fluidized bed can also be extended to a catalytic fluidized bed, provided that an
active catalytic layer is deposited onto the cenospheres. The proposed solution offers
the potential to accomplish the following: (I) localization of the combustion of PC into
the fluidized bed, (II) extension of the residence time of reactants, thereby improving
combustion efficiency and potentially eliminating the need for additional post-combustion
zones, which otherwise complicate the system design, and (III) facilitation of the reactor
operation at a lower pressure drop due to the lower bulk density of cenospheres compared
to sand.



Energies 2025, 18, 1833 4 of 16

2. Materials
Makrolon® OD2015 from Bayer AG (Leverkusen, Germany) polycarbonate was used

as the polymer matrix. As conductive nanofillers, multi-walled carbon nanotubes NC7000
from NanoCyl SA (Sambreville, Belgium) were used. The nanotubes were produced by
the catalytic chemical vapor deposition method. Their physical properties are reported
in [28]. The densities of PC and MWCNTs are 1.19 g/cm3 and 1.75 g/cm3, respectively.
CNTs were added with a 5% weight concentration. Such a CNT content in PC allows for
achieving a balance between obtaining functional electrical properties and maintaining
the processability and mechanical integrity of the material [29]. It was proved in [28] that
the composite PC—5 wt.% CNT reached the best absorption index following the Rozanov
formalism with the implementation process by hot extrusion. The composite compounds
were melt-blended at 280 ◦C for 5 min at 150 RPM in a micro 15 DSM micro-compounder.
Composite pellets were twice hot-pressed in Fontijne press under 290 ◦C, 7.5 T, and 2.5 min
to produce films with 140 µm thickness.

Cenospheres were provided by the Połaniec power plant in Poland. Completely intact,
whole spheres without any damage or perforations were isolated from others by floating
on the surface of the water. Cenospheres are hollow aluminosilicate microspheres, having
thermal resistance of up to 1400 ◦C and a mechanical strength of up to 210–350 kg/cm2.
The low density and good sphericity make this material fluidized at a low minimum
fluidization velocity (at 700 ◦C, minimum fluidization velocity is 1.0 cm/s, and terminal
fluidization velocity is 78.1 cm/s) as reported in [22]. The catalytic Fe2O3 cenospheres
contained 12% mass of oxide and were obtained by covering the cenospheres with iron
during the process of thermal decomposition of Fe(CO)5 at 180 ◦C, and then oxidized by
air according to the procedure described in [30].

For STA (simultaneous thermal analysis) and FTIR (Fourier-Transform Infrared Spec-
troscopy) analyses, two types of gases were utilized, both sourced from Air Products.
The first gas was nitrogen, of the ’Premium’ grade, with a high purity level of 99.995%.
The second gas was oxygen, designated as ’Ultra-Pure’, also notable for its high purity,
measured at 99.999%. The combustion tests were conducted in a fluidized bed using a
stream of atmospheric air.

3. Methods
The preliminary studies of simultaneous thermal analysis (STA), incorporating con-

current thermogravimetry (TG) and differential scanning calorimetry (DSC) measurements,
were conducted using the STA 449 F3 Jupiter Analyzer from Netzsch (Selb, Germany). The
STA was performed in an atmosphere of 21% O2 in the range of 50 to 1000 ◦C based on a
dynamic temperature increase of 20 ◦C/min. The masses of the samples used for the STA
were 9.86 and 6.63 mg, respectively, for PC and PC-CNT. The carrier gas containing 21% O2

was obtained using flows of 100 mL/min of nitrogen and 26 mL/min of oxygen.
The primary combustion tests for the PC and PC-CNT blend films were conducted

in a fluidized bed (FB) reactor, as depicted in the schematic arrangement presented in
Figure 1. The quartz reactor, cylindrical in shape, stood vertically and had dimensions
of 530 mm in length and a diameter of 96 mm. A ceramic heater surrounding the reactor
was used to heat the fluidized bed. The thermocouple was installed at the bottom of the
reactor. Additionally, the reactor was wrapped in mineral wool insulation to minimize heat
exchange with the atmosphere. Fluidized beds were heated to 550, 600, 650, 750, and 850 ◦C.
PC and PC-CNT samples with a mass of around 200 mg were loaded into the fluidized bed
through the free space at the top of the reactor. Exhaust gases were continuously sampled
from the top of the reactor and analyzed using an FTIR spectrometer (model DX-4000,
GASMET Technologies Oy (Vantaa, Finland). The entire gas path between the reactor
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and the analyzers was maintained at 180 ◦C to avoid the condensation of water and other
components. The setup was equipped with a camera visualizing the surface of the fluidized
and a cyclone, which was used to capture particles escaping outside the reactor.
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Figure 1. Experimental setup: 1—an; 2—gas valve; 3—A/D converter; 4—cyclone; 5—exhaust
gases fan; 6—computer; 7—isolation; 8—settler; 9—gas pipe; 10—gas distributor; 11—thermocouple;
12—plenum chamber; 13—camera.

The FB reactor was filled with 300 g of inert or catalytic cenospheres. The bed materials
were fluidized by 30 l/min of air getting in through the perforated Cr/Ni steel distributor
on which the FB reactor was rested. The inert bed was formed from cenospheres with a
grain size of 250–300 µm and a density of 845 kg/m3. The catalytic bed was created using
cenospheres of the same grain size, coated with a nanometric layer of Fe2O3. The Fe2O3

nanometric layer increased the grain mass by 12.5% but did not significantly affect its
diameter (<1/250 diameter). The density of the Fe2O3-coated cenospheres was 951 kg/m3.
The fluidization behavior of materials used was described in the study [30], and based
on experimentally determined minimum fluidization velocities, it was established that
the Wen and Yu equation can be applied to calculate the minimum fluidization velocity
(Umf) at elevated temperatures for these materials. According to the Wen and Yu equation,
for an equivalent diameter of 275 µm, densities of materials and the temperatures used
for the combustion of PC and PC-CNT, the Umf values of cenospheres, and Fe2O3-coated
cenospheres were determined in Table 1.
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Table 1. Fluidization velocities depending on bed temperature (Umf—minimum fluidization velocity,
cm/s; U—superficial gas velocity in the reactor, cm/s; Utr—terminal velocity of particles, cm/s).

Fluidized Bed
Cenospheres Fe2O3 Cenospheres

Bed Temp., ◦C Umf, cm/s U, cm/s U/Umf Utr, cm/s Umf, cm/s U, cm/s U/Umf Utr, cm/s

20 2.57 6.91 2.69 116.8 2.88 6.91 2.40 127.4
550 1.18 19.4 16.4 84.9 1.33 19.4 14.5 94.3
600 1.13 20.6 18.1 82.5 1.28 20.6 16.1 91.7
650 1.08 21.8 20.0 80.2 1.22 21.8 17.8 89.2
750 1.01 24.1 24.0 76.1 1.13 24.1 21.3 84.7
850 0.93 26.5 28.2 72.3 1.06 26.5 25.1 80.6

Within the assumed temperature range of 550 to 850 ◦C, the Umf of the materials varied
from 1.18 to 0.93 cm/s for inert cenospheres and from 1.33 to 1.06 cm/s for Fe2O3-coated
cenospheres. The materials were fluidized using air at a constant volumetric flow rate
of 30 dm3/min. At this gas flow rate and for a reactor diameter of 9.6 cm, the U/Umf

ratio at room temperature was 2.69 for cenospheres and 2.40 for Fe2O3-coated cenospheres.
This choice of U/Umf ensured proper material mixing during the heating of fluidized
beds. As the temperature increases, the superficial gas velocity in the reactor (U) also rises,
reaching 26.4 cm/s at 850 ◦C. Simultaneously, according to calculations using the Wen
and Yu equation, Umf decreases—up to 2.5 times at 850 ◦C compared to Umf at ambient
temperature. As a result of these two changes, the U/Umf ratio increases to 28.2 for
cenospheres and 25.1 for Fe2O3-coated cenospheres at 850 ◦C. High U/Umf values ensure
significant bed turbulence, which enhances the oxidizer’s accessibility to the combusted
material, leading to the desired combustion efficiency. Despite some differences in bed
fluidization behavior, the U/Umf values at given temperatures remained comparable. At
the highest temperature, the superficial gas velocity (U) is 2.7 to 3 times lower than the
particle transport velocity (Utr), preventing mass loss of the bed during the process.

4. Results
4.1. Simultaneous Thermal Analysis in Air and Oxygen-Poor Atmosphere

The results of the simultaneous thermal analysis (STA) presented in Figure 2 show
the mass loss of samples (green TG curves) and the accompanying thermal effects (blue
DSC curves) obtained for the PC (Figure 2a) and for the PC-CNT composite (Figure 2b).
The registered DSC curves are net thermal effects of complex processes, some of which are
certainly endothermic, and some are exothermic. From the DSC curve, the instantaneous
and total net heat effects can be determined. Instantaneous Net Heat Effect—i.e., a tem-
porary, resultant thermal effect that takes into account both the instantaneous course of
endothermic and exothermic processes. In the graph, the values of this Instantaneous Net
Heat Effect are represented by the DSC curve (in mW/mg). Total Net Heat Effect—the total
resultant thermal effect (calculated on the basis of the selected temperature range) refers to
the total thermal effect recorded by the DSC. In Figure 2, this effect is marked in the form
of hatched fields and the numerical values (in J/g) of this effect are additionally placed on
the DSC plot. By convention, positive heat effects are associated with exothermic processes,
whereas negative values indicate endothermic processes.
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Figure 2. TG curves (in green) and DSC curves (in blue) obtained during the decomposition of
(a) pure PC; (b) PC-CNT composite in an air atmosphere with a dynamic temperature increase
of 20 ◦C/min.

Taking into account the shapes of the TG in the combustion of pure PC and PC-CNT
composite, two stages of mass loss have been distinguished and are indicated in Figure 2.
In the first stage of PC mass loss, the mass loss occurs in the range of 370–550 ◦C, amounting
to 69.9% of its mass (Figure 2a). The maximum value of the instantaneous net heat effect
was recorded at 532 ◦C, amounting to 14.1 mW/mg. As a result of the processes occurring
in this stage, 1294 J/g was released. The second stage of PC mass loss was recorded in
the temperature range of 550–692 ◦C, with the maximum instantaneous net heat effect at
608 ◦C amounting to 12.1 mW/mg. This stage involves a 30.6% mass loss and is associated
with a total net heat effect of 2926 J/g. This corresponds to 70% of the total net heat effect
recorded throughout the analysis. The high value of the total net heat effect in the second
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stage indicates processes related to the combustion of the solid residue (char) after the
polymer decomposition.

During the STA of PC-CNT combustion (Figure 2b), a similar two-phase arrangement
was observed. The first stage of PC-CNT mass loss shows a lower degree (65% by mass)
compared to pure PC. The lower values of the maximum instantaneous net heat effect
(5.8 mW/mg) compared to PC (14.1 mW/mg), as well as the lower total net exothermic
effect (796 J/g) compared to PC (1294 J/g) may indicate a modification of the polymer
decomposition mechanism by the presence of CNT at first stage. This suggests that carbon
nanotubes may influence the decomposition processes, potentially acting as barriers limit-
ing the availability of polymer material for combustion reactions. Castillo et al. reported
that the reduction in the change in heat capacity suggests that polymer chains are immo-
bilized by the nanotubes, which can potentially affect the fire resistance properties [31].
It is stated in [32–35] that dispersed CNT enhances the flame retardancy of polymeric
nanocomposites. Additionally, carbon nanotubes can reduce material flammability by
forming a protective layer made up of a network of nanoparticles. This layer acts as a heat
shield, re-emitting much of the incident radiation, which slows down polymer degradation
and protects the matrix from oxygen radical attack. The main flame-retarding mechanism
of nanofillers like carbon nanotubes in polymers is the formation of a char layer. The small
filler-to-filler distance and large interface area of these carbon nanostructures help create a
compact, dense char layer, which effectively slows heat transfer to combustible gases and
restricts oxygen access to the underlying semi-pyrolyzed polymer [36].

The second stage of mass loss for the PC-CNT composite, amounting to 34.4%, oc-
curred in the range of 543–682 ◦C, and is characterized by a higher maximum of instanta-
neous net heat effect (23.1 mW/mg) compared to pure PC (12.5 mW/mg) and higher total
net heat effect (up to 3900 J/g) compared to pure PC (2926 J/g). This indicates a modifica-
tion of the polymer decomposition mechanism by the presence of CNT also at the second
stage. The presence of CNTs enhances thermal stability by promoting a gas barrier effect
and increasing char residue at the second exothermic decomposition. Well-dispersed CNTs
at elevated temperatures create a tortuous path for gas escape, delaying the exothermic
process during decomposition. This results in higher thermal stability and increased mass
of char residue [37].

In order to achieve the complete utilization of PC, the combustion process should be
organized in such a way as to ensure the supply of a sufficiently large amount of oxygen.
The use of grate technology may result in uneven distribution of waste on the grate. In
places where the density of the material is higher, the supply of oxygen is limited. The
molten polymer can form an additional coating that further reduces the supply of oxidizers.
In the rotary kiln, the materials are turned. PC combustion in this technology may be
associated with the formation of viscous layers that make it difficult for oxygen to reach
the burned mass. One of the advantages of the combustion process in the fluidized bed
technology over the above-mentioned technologies is intensive mixing, which allows for
better contact of the oxidizer with the waste. In order to verify whether more efficient air
distribution is necessary for the processing of PC and PC-CNT, in terms of the rate of mass
loss and energy demand, additional tests were carried out and the 2% O2 atmosphere was
chosen to simulate oxygen-deficient conditions.

The results of the STA in the 2% O2 atmosphere are shown in Figure 3a,b for the
PC and PC-CNT, respectively. Limited oxygen access had no impact on the number of
distinguished combustion stages but it did affect the magnitude of mass loss. In the first
stage, the mass loss for PC increases from 69.8% in the air to 71.6% in the presence of 2 vol.%
O2. For PC-CNT, the mass loss rises from 65.0% in the air to 68.5% with 2 vol.% O2. It may
be surprising that the mass loss is greater in the oxygen-poorer atmosphere than in the
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air. It is known from the scientific literature that in the process of combustion of polymer
materials, a char layer can be formed on the surface of the material [38]. Especially for
PC, which is aromatic, the formation of such a layer can be formed by the condensation of
phenolic groups. Most likely, a more oxygen-rich atmosphere promotes faster formation
of this char layer, preventing further reactions of the polymer with oxygen. A higher
temperature is necessary for the char to react, and this is observed in the second phase.
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(a) pure PC; (b) PC-CNT composite in an oxygen-deficient atmosphere (2%vol. O2) with a dynamic
temperature increase of 20 ◦C/min.

On the DSC curves, during the first stage of combustion in 2% O2, it can be observed that
the instantaneous net heat effect reaches its minimum, amounting to −2.0 mW/mg at 539 ◦C
for PC and −0.7 mW/mg at 529 ◦C for PC-CNT. A temporary negative net effect results from



Energies 2025, 18, 1833 10 of 16

changes in the proportions of endothermic and exothermic complex processes, depending on
which is dominant at a given moment. During the decomposition of PC in an atmosphere
containing 2% O2, multiple endothermic and exothermic processes occur simultaneously and
overlap. Breaking the covalent bonds in polycarbonate requires an input of energy, making
this process endothermic. At the same time, heterogeneous reactions involving oxygen, which
are exothermic, take place on the polymer’s surface. As the rate of sample mass loss increases,
the oxygen deficit near the sample also increases. When the maximum mass loss rate is
reached, the intense release of gaseous products limits oxygen diffusion to the sample surface,
resulting in an instantaneous net heat effect of an endothermic nature.

In the second stage of PC decomposition in an atmosphere with 2 vol.% O2, the
processes associated with the burning of the solid residue slowed down so much that the
PC sample burned out at 976 ◦C (Figure 3a), which is more than 283 ◦C higher than in the
combustion process in an atmosphere with 21 vol.% O2 (Figure 2a). A similar trend was
observed for the PC-CNT composite, which burned out at approximately 946 ◦C under
limited oxygen conditions compared to around 683 ◦C in air. The total net heat effects of
PC and PC-CNT combustion in an atmosphere with 2 vol.% O2 are approximately 1000 J/g
lower than for combustion of these samples occurring in an air atmosphere, and amount to
3521 J/g and 3466 J/g for PC and PC-CNT, respectively.

Based on the instantaneous net heat effects recorded in a 2% O2 atmosphere (Figure 3),
it can be concluded that the presence of CNTs clearly limits flammability, particularly in the
570–740 ◦C range, which appears to be critical during the fire development stage. On the
other hand, under conditions of full oxygen availability (21% O2, Figure 2), CNTs behaved
as an additional fuel, increasing the exothermic effect in stage 2 and not contributing to
flammability reduction.

The STA results indicated that, under local oxygen deficit conditions, the decomposi-
tion of PC and PC-CNT would require significantly more time and higher temperatures,
emphasizing the importance of ensuring a good supply of the oxidizing agent to maintain
combustion efficiency. This can be achieved by fluidized bed technology, where intensive
mixing in the fluidized bed allows for uniform oxygen delivery to the degrading material.
Taking into account the maximum loss rates of the second stage of PC and PC-CNT decom-
position in the air (Figure 2), it was established that the inert fluidized bed in which the
process of thermal utilization of these materials will be tested must be heated to at least
650 ◦C to ensure effective decomposition of these materials.

4.2. Fluidized Bed Combustion of PC and PC-CNT

The chemical analysis of the combustion process of PC and PC-CNT in a fluidized
bed was based on the FTIR spectra of the gaseous product mixture. The FTIR spectra were
recorded every 7–8 s in the range of 900–4000 cm−1. Each molecule in the gaseous mixture
has its own characteristic IR spectrum, which serves as its fingerprint. In comparison
to the IR spectra of solids and liquids, the spectra of gaseous components are much
clearer and more accurate, making not only qualitative but also quantitative analysis
possible. The quantities of individual components in the product mixture were determined
based on reference spectra. The chemical results of experimental studies on PC and PC-
CNT combustion in inert and catalytic fluidized beds are presented in Figures 4 and 5,
respectively. They consist of four charts, labeled A to D. Chart A illustrates the conversion
rate of polymeric carbon into the main combustion products—specifically CO2, CO, and
organic compounds, as influenced by temperature and the type of raw material used. Chart
B depicts the distribution of organic products into aromatic, aliphatic, and oxygenated
derivatives. Charts C and D, respectively, show the proportions of individual aromatic and
aliphatic products, respectively.
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Figure 4. Composition of the PC and PC-CNT combustion in an inert fluidized bed formed by
cenospheres: (a) main division into CO2, CO, and organic compounds; (b) division of organic
products into aromatic, aliphatic, and oxygenated derivatives; (c) share of individual organic products;
(d) share of individual aliphatic products.

At low temperatures, 600–650 ◦C, in the inert fluidized bed (Figure 5a), the combustion
of both PC and PC-CNT showed significant emissions of incomplete combustion products.
In the bed heated to 600 ◦C, the conversion to CO2 was only 62.7% for PC and 67.5% for
PC-CNT. At this temperature, about one-third of the remaining gaseous products were
organic compounds, and two-thirds were CO. When the temperature increased to 750 ◦C,
the conversion to CO2 for PC rose to 94.6%, and for PC-CNT to 94.8%. At the highest tested
temperature (850 ◦C), both PC and PC-CNT demonstrated high conversion to CO2, with
values of 98.6% and 94.8%, respectively. It may appear that, in the range of 750 to 850 ◦C for
PC-CNT, increasing the temperature does not lead to an increase in conversion. However,
the error bars in Figures 4 and 5 indicate the average value for PC-CNTs is associated with
a much greater fluctuation in concentrations compared to the combustion process of the PC.
This suggests that the addition of CNTs may physically alter the heterogeneous combustion
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of polycarbonate, e.g., as a result of the fact that the nanotube exposed to oxygen will burn
more slowly than the polymer exposed to oxygen.
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Figure 5. Composition of the PC and PC-CNT combustion in a catalytic fluidized bed formed
by Fe2O3 cenospheres: (a) main division into CO2, CO, and organic compounds; (b) division of
organic products into aromatic, aliphatic, and oxygenated derivatives; (c) share of individual organic
products; (d) share of individual aliphatic products.

If PC is burned, the contact surface between the polymer and the air is quite homoge-
neous in terms of the content of individual components, and hence small fluctuations in
the combustion products. On the other hand, the combustion of PC-CNTs in a fluidized
cenospheric bed leads to a contact surface between the particle and the air, which is much
more complex and variable due to the presence of another material with different combus-
tion characteristics. A higher temperature, 850 ◦C, can enhance these differences and cause
heterogeneous combustion on a two-component surface (PC-CNT) to proceed with even
higher fluctuations than at 750 ◦C.

The total share of organic compounds in the products of the combustion process of PC
and PC-CNT in an inert fluidized bed appears to be comparable at each tested temperature.
The influence of CNT primarily causes differences between CO and CO2. The presence of
CNT in PC-CNT helps achieve higher efficiency in the conversion of CO to CO2 at lower
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temperatures, up to 650 ◦C. As the temperature of the inert bed increases, the conversion of
carbon in PC and PC-CNT to organic compounds decreases from 11% to 1% at 750 ◦C.

The use of the catalytic bed made of Fe2O3 cenospheres increased the combustion effi-
ciency at low temperatures (Figure 5a). At 600 ◦C, 88.5% (for PC) and 88.9% (for PC-CNT)
of the carbon was completely burned off. Based on these results, it was decided to lower the
temperature of the catalytic fluidized bed by another 50 ◦C. At 550 ◦C, a total combustion
efficiency of 89% for PC and 90% for PC-CNT was achieved. However, the time required for
combustion at this temperature increased from 2 min to 25 min. While this result is chemi-
cally acceptable—since industrial installations have post-combustion stages—the extended
combustion time is operationally unacceptable. This prolonged duration significantly
impacts the overall efficiency and feasibility of the process in a practical industrial setting.

Higher combustion efficiencies in the catalytic fluidized bed reduced both CO and
organic products of the process. At 600 ◦C, the conversion of carbon to CO and organic
products was 7.5% and 3.9% for PC, respectively. For PC-CNT, the conversion rates were
7.2% and 3.9%, respectively. These values are approximately three times lower than
those observed in the inert fluidized bed at the same temperature. While the results
obtained in the inert bed showed a clear impact of CNT on the process products (Figure 4a),
especially at low temperatures, the results for PC and PC-CNT on the catalytic bed are very
similar (Figure 5a). This suggests that the influence of Fe2O3 on combustion efficiency is
significantly greater than that of CNT.

The standard deviation values of the results obtained on the catalytic bed (Figure 5a)
are significantly lower than those on the inert bed (Figure 4a). This increased repeatability
is due to the change in the combustion mechanism. Besides being more efficient and re-
peatable, heterogeneous combustion is also safer. In this process, gas explosions in bubbles
are eliminated, and the reaction occurs in the immediate vicinity of the catalyst grains.

The catalytic fluidized bed influences both the reduction in the proportion of or-
ganic products at various temperatures and their composition. On the inert fluidized
bed (Figure 4b), aromatic compounds constitute the main organic fraction. Their share in
organic products ranges from 76.5% and 75.8% for the combustion of PC and PC-CNT
at 600 ◦C to 54.7% and 63.8% for the combustion of PC and PC-CNT at 850 ◦C. On the
catalytic fluidized bed, the proportion of aromatics and aliphatic compounds is very similar
(Figure 4b), indicating easier degradation of aromatic rings in the presence of Fe2O3. The
main aromatic products are phenol and p-cresol on both the inert and catalytic fluidized
beds (Figures 4c and 5c), while for aliphatic compounds, the main product is methane
(Figures 4d and 5d).

5. Conclusions
It has been shown that the use of a fluidized bed made of a low-density material

(which can be chemically inert or can have catalytic properties) promotes the proper
organization of the combustion process of PC and PC-CNT. In such a process organization,
in a fluidized bed made of cenospheres, it is possible to achieve high conversion rates to
CO2 amounting to 94.6% for PC and 94.8% for PC-CNT already at 750 ◦C without the
need for additional gas afterburning systems. By using a fluidized catalytic bed in which
a layer of Fe2O3 is deposited on the cenosphere, it is possible to increase the combustion
efficiency at lower temperatures (600–650 ◦C) achieving a conversion to CO2 of 88.5% for
PC and 88.9% for PC-CNT compared to inert bed 62.7 for PC and 67.5% for PC-CNT. U/Umf

fluidization conditions in the range of 16–25 were applied, which ensured intensive mixing
in the bed. As a result, a good supply of oxidizing agents was ensured to maintain the
efficiency of PC and PC-CNT combustion. A difference has been observed between the
combustion process in the catalytic and inert beds. If the fluidized bed layer has catalytic
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properties, the fluctuations in the concentrations of combustion products decrease. It means
that the layer plays an active role in the combustion of gaseous products formed in the
heterogeneous process. Such an effect in other solutions (using a sand-fluidized bed) is
achieved only through the use of the addition of secondary air and heating of the reactants
in the freeboard zone.

In addition, simultaneous thermal analyses were performed to determine how a single
particle behaves under conditions of elevated temperature and different concentrations of
oxygen in a gaseous atmosphere. The results of the STA in the air atmosphere prove that
the combustion processes of PC and PC-CNT take place in two stages. In the first stage, the
addition of CNTs acts as barriers, limiting the availability of the oxidant to the polymer,
causing (I) a lower degree of mass loss (65 mass%) compared to PC (70 mass%); (II) lower
values of the maximum net instantaneous thermal effect (5.8 mW/mg) compared to PC
(14.1 mW/mg); (III) lower total net exothermic effect (796 J/g) compared to PC (1294 J/g).
In the second stage of combustion, CNT becomes an additional fuel, causing (I) a higher
maximum of the net instantaneous thermal effect (23.1 mW/mg) compared to pure PC
(12.5 mW/mg); (II) a higher total net thermal effect (up to 3900 J/g) compared to pure PC
(2926 J/g).

The results of the STA under 2 vol.% O2 conditions proved that the process of com-
bustion of PC and PC-CNT under oxygen deficit (I) conditions requires a longer time
and higher temperatures of 976 and 946 ◦C, respectively, for PC and CNT, compared to
692 and 693 ◦C for PC and PC-CNT in an atmosphere of 21 vol.% O2; (II) the presence of a
net instantaneous thermal effect of an endothermic nature as opposed to the decomposition
in an atmosphere of 21 vol.% O2, in which the material always release heat during com-
bustion; (III) is associated with lower total net thermal effects of 3521 J/g PC and 3466 J/g
PC-CNT compared to the atmosphere of 21 vol.% O2 4220 J/g PC and 4696 J/g PC-CNT.
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