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Abstract

In this work, waste medical masks collected from daily life usage were pyrolyzed and
catalytically decomposed with perovskite-type LaosCaos4Coi-Fe.O3-s pre-catalysts for co-
production of carbon nanomaterials and Hz. The influences of catalysis reaction temperature
and Co/Fe ratio in the investigated pre-catalysts on the yields and selectivity of the gaseous
products and carbon deposition were systematically studied. The physicochemical
characteristics of the produced carbon nanomaterials were comprehensively characterized by
the state-of-the-art techniques. Lao.cCao.4Coo2Fe0sO3 s possessed the highest hydrogen and
carbon nanomaterials yields at 850 °C among all the investigated pre-catalysts. Especially, this
pre-catalyst showed an excellent performance during the 10 cycles of successive deconstruction
of plastic wastes with the highest hydrogen yield of 34.33 mmol / gpiastic at the 7" cycle. More
importantly, carbon nanotubes generated had higher graphitic characteristics and fewer defects.
The presented results demonstrated that the developed perovskite-type pre-catalyst is a
promising candidate for the production of hydrogen and carbon nanotube composites for energy

storge applications from medical waste plastics.
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1. Introduction

The global demand and consumption of plastic materials have significantly increased with the
development of modern industry and population growth in the past few decades. It is reported
that 367 million tons of plastics were produced in 2020, which was over 120 times than the
value (3 million tons) in 1950 [1]. The COVID-19 pandemic further enhanced the consumption
of medical plastic materials, which are used to produce single-use health protection products

including facemasks and gloves.

The exploding consumption of plastics significantly increased the concerns of the post-
customer wastes. For example, medical face masks are commonly made of non-degradable
synthetic polymers such as polypropylene and polyethylene [2]. Typically disposal routes
nowadays include thermal utilization (incineration) and landfill [3], which is environmentally
unfriendly. Besides, about 10 % healthcare waste released from clinical and other health care
facilities are containing infectious pathogens [2,4]. Their negative impacts on the environment,
marine life, humans, and animals [5] have been proven by considerable recent studies.
Therefore, more sustainable and efficient proper recycling strategies are highly needed to turn

the medical plastic wastes into hazardous-free and value-added materials.

Chemical recycling approaches like pyrolysis, which can meet the disinfection conditions for
coronavirus-contained objects reported by World Health Organization (WHO) and other
literature [6], provides a cyclic economy approach to manage medical plastic wastes [7]. It can
directly transform the plastic wastes into chemical products including H»-rich gases,
hydrocarbon fuels, and carbon nanomaterials [2,8—13]. Hydrogen as main gaseous product is a
primary energy carrier, which is considered as an alternative choice for traditional fossil fuels
in the future energy systems [14], especially for mobile applications. Comparing with gasoline
and other liquid fuels, hydrogen’s chemical energy density of 120 MJ/kg is at least three times
higher [15—17]. Moreover, a hydrogen fuel cell electric vehicle converts energy at a higher rate
(50-60%) than conventional cars that use fossil fuels and internal combustion engines whose
maximum efficiencies are about 25% [17,18]. Carbon nanotubes (CNTs) which have been
proven as one possible solid product from thermal disposal of plastic waste [19-21] are
employed in various industrial sections especially in energy storage devices such as
photovoltaic cells and lithium ion batteries [22—26] because of their remarkable physical and
electrical properties. Several economic feasibility analyses have demonstrated that the scale of
the plant is a crucial factor in determining the profitability of thermal pyrolysis technology [27].

Fivga et al. [28] conducted a sensitivity analysis and determined that for a plant with a capacity



of 100 kg/h of plastic waste, an external heating source is not necessary for the high temperature
requirement of the process since the total thermal energy required by the pyrolysis reactor is
more than three times smaller than the energy generated from burning the generated pyrolysis
char and gases. Additionally, Osung et al. [29] pointed out that upscaling the pyrolysis plant to
a feed rate of 50,000 tons/year resulted in a higher net present value (NPV) and greater
economic competitiveness for the catalytic pyrolysis process compared to the pure thermal
process. Moreover, catalytic pyrolysis also produced higher quality carbon and gas products,
which is an added advantage. From an economic and sustainable perspective, pyrolysis presents
a promising technique for converting a significant amount of mixed plastic waste that cannot
be efficiently recovered through conventional mechanical recycling into hydrogen production

and carbon capture and storage. This could play a critical role in the future energy infrastructure.

The introduction of a catalyst in the thermal pyrolysis process not only strengthens the gas
production, but also serves as a critical factor for the formation of carbon nanotubes. Currently,
the most applied catalysts are transition metal-based catalysts, in particular nickel- and iron-
based catalysts [30—32]. Former is widely utilized in thermal treatment for hydrocarbon liquid
and gas production [33], the other is often used to generate carbon nanotubes [34,35]. Moreover,
a recent study illustrated that catalysts with a mixture of iron and nickel (bimetallic catalysts)
convinced with a higher efficiency than single metal catalysts in the co-production of hydrogen
and carbon nanotubes [36]. Apart from traditional metal-based catalysts, perovskite-type pre-
catalysts have also been proven their excellent catalytic performance in methane decomposition

[37] or reforming [38] for the production of hydrogen and carbon nanomaterials.

Catalysis temperature is another crucial parameter, having significant impacts on the yields of
desired products. Several investigations have been conducted on pyrolysis with in-line catalytic
deconstruction of plastics at temperatures ranging from 550 °C to 900 °C. Acomb et al. [20]
and Jagodzinska et al. [39] discovered an intensification of filamentous carbon formation with
increasing reaction temperature from 700 °C to 800 °C. However, further increasing of the
temperature to 900 °C resulted in a decrease in non-condensable gases. Aside from the product
yields, Liu et al. [40] and Jagodzinska et al. [39] observed an improvement on the quality
(degree of carbonization) of CNTs when increasing the temperature up to 800 °C. Jia et al.
discovered that higher catalytic temperatures of 900 °C caused a partial transition of CNTs into
carbon nano-onions (CNOs) [41]. Therefore, the investigation in this study was extended to
include a range of pre-catalyst bed temperatures, from 750 °C to 850 °C. Nevertheless, some
barriers for the co-production of hydrogen and carbon nanotubes from plastic waste pyrolysis

need to be addressed.



One issue for example is how to separate the formed CNTs from the catalysts for further use.
Currently, most researches apply acids to separate the CNTs in the laboratory scale, it causes
an obvious economic drawback when considering upscale the pyrolysis into an industrial scale.
Pyrolysis of waste plastics employing perovskite-type materials to produce H, and composite
materials may represent a potential solution to this problem since the metal oxide carbon
composite materials products could be entirely applied without further separating process.
Several studies have demonstrated that the generated metal oxide CNT composite materials
could be utilized directly in energy-storage materials such as batteries [42—44] and solid oxide

cells (SOCs) [45].

Therefore, investigations on the co-production of hydrogen and composite materials employing
perovskite-type oxides are crucial. However, to the best of our knowledge, the utilization of
perovskite-type pre-catalysts in the thermal deconstruction of (medical) plastic wastes has not
been studied yet. In this work, we proposed a two-stage thermal process for upcycling wasted
medical face masks with the introduction of a series of perovskite-type Lao.sCao4Co1-<Fe,O3-s
(x = 0.2, 0.5, 0.8) pre-catalysts. The physicochemical properties of the pre-catalysts were
characterized by state-of-the-art techniques. The influences of catalytic temperature and pre-
catalyst composition on gas production and carbon species were investigated. Furthermore, the
stability of the perovskite pre-catalysts and reproducibility was also studied through successive

cyclic pyrolysis processes.

2. Experimental section

2.1 Pre-catalyst preparation

A reverse co-precipitation method was used to prepare the perovskite-type LagsCao.4Coi-
FexOs-s (x =0.2, 0.5, 0.8) pre-catalysts [46]. At a temperature of 60 °C, a weighed solution of
metal nitrates (La(NOs3)3-6H,O (Alfa Aesar, 99.9%), Ca(NO3):4H,O (SIGMA-
ALDRICH, >99%), Co(NO3)2'6H,O (SIGMA-ALDRICH, >98%), and Fe(NO3)3-9H>O
(SIGMA-ALDRICH, >98%) ) was added to an ammonium carbonate solution slowly while
vigorously stirred. To make a precipitate suspension, the pH was adjusted to 8.5-9 with
ammonium carbonate (Alfa Aesar). The precipitates were aged at 60 °C for 1 hour while stirring,
then filtered and washed multiple times with hot demineralized water to remove excess ions
before drying at 110 °C for 12 hours. The dried material was crushed and calcined in air for 5

hours at 1050 °C to produce the final Lag.¢Cao.4Co1-<FexOs3-s (x = 0.2, 0.5, 0.8) pre-catalysts.



2.2 Characterization of materials

Powder X-ray diffraction (XRD) was used to determine the phase structures of the samples with
a PANalytical empyrean X-ray diffractometer (Co-Ka1). The diffraction patterns were recorded
from 10° to 80° (2 theta) (scanning rate: 0.5 °/min). The surface texture information of the pre-
catalysts is determined by N> adsorption at —196.15 °C using Brunauer—Emmett-Teller (BET)
analysis (Micromeritics). The Raman spectra of the samples were measured using a micro-
Raman spectrometer (Bruker) with a 532 nm laser as the excitation wavelength at 2 mW.
Surface morphology of the samples was examined by a Zeiss-MERLIN scanning electron
microscope (SEM) equipped with an OXFORD X-Max 80 X-ray detector for Energy-dispersive
X-ray spectroscopy (EDXS). Temperature program oxidation (TPO) measurements were
performed by using a NETZSCH STA 449F3. Around 30 mg sample was heated at a rate of
10 °C/min from room temperature up to 800 °C in an alumina crucible in air with a flow rate of
30 mL/min. The surface morphologies of the investigated perovskite pre-catalysts and produced
carbon materials were examined by a JEM2100F (JEOL, Tokyo, Japan) transmission electron

microscope (TEM) at 200 kV.
2.3 Experimental system

The experiments were performed in a dual-stage fixed bed system, and the schematic of the
reactor system is displayed in Figure 1. It consists of a gas supply system, a reaction system,
and a gaseous product condensing and collecting system. The reaction system is divided into
two stages (two heating zones): the stage I for feedstock decomposition and the stage II for

catalytic pyrolysis. The reaction temperatures of both stages can be controlled separately.

For each single experiment, 0.4 g of pre-catalyst (powder) was filled in a honeycomb ceramic
holder loosely as shown in Figure 1, which was afterwards placed in the stage II of the reaction
system. For the reference tests, only the honeycomb ceramic holder was used. Three different
catalysis reaction temperatures of 750 °C, 800 °C, and 850 °C were studied in this work.
Nitrogen with a flow rate of 120 mL/min was employed as the inert and carrier gas, which was
controlled by a mass flow controller. Prior to the experiment, the entire system was firstly
purged with nitrogen to ensure the inert condition. After reactor stage II with pre-catalysts
reached pre-set temperature and kept stable, 1 g of used medical masks collected from the daily
life usage was loaded in stage I and heated up to 500 °C with a heating rate of 15 °C/min and
held for 15 min. Produced gaseous products from the system were introduced into the condenser
system, and the non-condensable gas was collected with a 10 L gas sample bag for further

analysis using Agilent gas-phase chromatograph (GC) equipped with a thermal conductivity



detector (TCD) and a flame ionization detector (FID). The Na-flow was continued until the
reactor system cooled down to room temperature, allowing all of the generated gases to be
collected and providing an inert atmosphere for the produced solid products. Following that,
solid residues, including spent pre-catalysts, were poured out of the honeycomb ceramic holder
and saved for further analysis. To establish reliability, the reproducibility of the reaction system
was investigated and experiments were repeated. Since C3 and C4 hydrocarbons were produced
in very small quantities in this work (see Figure S1), which is also consistent with the previous
reported studies [21,36]. Thus, the gas yields of these hydrocarbons were assumed to be zero in

this work.
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Figure 1. Schematic diagram of the pyrolysis process of plastic wastes system.

2.4 Definition of parameters

In this work, the mass of gaseous products was calculated based on the results from GC
measurements. Each gas product can be determined by its relative volume percentage in the
collected gas product mixture. The volume of each gas product can then be obtained. Based on
that, the mass of each gas product can be calculated. The overall gas yield was calculated by
the mass of generated gases divided by the total mass of wasted masks fed in the experiment
(Equation 1). The solid (carbon) yield was determined by the mass difference between the spent
and fresh pre-catalyst (Equation 2). The liquid yield was calculated by the mass change of the

condenser system after each reaction (Equation 3).



mass of gas produced

ield (wt. %) = 1
Gas yie ( /0) mass of medical mask ( )
. . mass of reacted pre—catalyst — mass of fresh pre—catalyst
) — )
Solid (carbon) yield (wt. %) — (2)
Liquid yield (wt. %) =
mass of condenser system after reaction — mass of condenser system before reaction (3)

mass of medical mask

Thereafter, the mass balance was estimated according to equation 4 for each test in this work

in order to ensure the reliability of the experimental system.
Mass balance (wt. %) = Gas yield (wt. %) + Solid yield (wt. %) + Liquid yield (wt. %)(4)

The H» yield was described as the millimoles of H> produced divided by the total weight of

used plastic medical mask (Equation 5).

milimole of H, produced

HZ yield (mmOl / gplastic) = (5)

mass of medical mask

Results and discussion

3.1 Characterization of fresh Lag.cCao.4Co1-<Fe.Os3-; pre-catalysts

Figure 2 shows the XRD patterns of Lao.cCao4Co1.FexOs-s (x = 0.2, 0.5, 0.8). XRD patterns
are displaying the characteristic reflections of the perovskite-type phase using a pseudo-cubic
indexing. No impurities can be identified in the XRD patterns, which indicates that changing
the Co/Fe ratio does not induce major changes in the crystal structure. As shown in Figure 2 (b)
the reflection splitting suggests an orthorhombic structure [46,47]. However, the splitting
vanishes with increasing Fe substitution content. In parallel, the position of the pseudo-cubic
110 reflection(s) shift(s) to a lower angle pointing to an expansion of the unit cell based on the
larger ionic radius of iron ((Fe*" ) = 0.645 A) than cobalt (#(Co*") = 0.61 A) [48] at the same
oxidation state and coordination number. Figure 3 shows SEM images and EDXS elemental
distribution of LageCaosCoi~Fe,O3-s pre-catalysts with different Co/Fe ratios. The
morphologies of the different pre-catalysts are quite similar, which is also confirmed by the
TEM images as shown in Figure S2. The EDXS analysis demonstrates that the elements
including Ca, La, Co, O, and Fe, are uniformly distributed in the probed pre-catalyst surface for

all the studied cases.
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Figure 2. (a) XRD patterns of the LagsCao4Coi—<Fe:Os-—5(x = 0.2, 0.5, 0.8) pre-catalysts; (b) close-
up of the XRD patterns at 37° <26 < 40°.




Figure 3. SEM images and EDXS elemental distribution of the fresh LasCao4Coi-.Fe,O3-s(x =0.2, 0.5,
0.8) pre-catalysts: (a) x = 0.2, (b) x = 0.5, and (c) x =0.8.

3.2 Effect of reaction temperature on the product yield and gas composition

In this work, the thermal pyrolysis of used medical masks collected from daily life usage were
investigated systematically at different reaction temperatures without and with perovskite-type
Lao.sCao.4Co1-Fe O3 pre-catalysts in terms of product yields and selectivity. Table 1 displays
the yields of products in different phases and the mass balance of each experiment. Generally,

both gas and solid yields increased whereas liquid yields decreased as the reaction temperature



was raised from 750 °C to 850 °C at different catalytic conditions. When catalysts were
introduced to the reaction system, there was a significant improvement on the solid yield upon
the introduction of the pre-catalysts from 800°C to 850°C, which was consistent with the earlier
findings [36,49]. Interestingly, at non-catalytic condition, the production of gas and solid were
higher in our case compared to the previous research by Yao et al. [36]. This increase could be
attributed to the employment of a honeycomb ceramic holder, which can transfer the heat better
to the produced pyrolyzed gases, thereby increasing the conversion achieved by pure thermal
pyrolysis. The mass balance was also studied for each experiment as shown in Table 1 to ensure
the reliability of the reaction system. For some cases, the mass balance was relatively low,
which can be attributed to the difficulties in collecting the liquid products since some of
condensable vapors condensed on the wall of reactor. Figure 4 shows the productions of carbon
and H> from thermal catalytic decomposition of plastics at different reaction temperatures.
Under a non-catalytic condition, the H> yield showed an increase from 9.86 mmol / gplastic to
14.77 mmol / gplasiic as rising the reaction temperature from 750 °C to 850 °C, but generally
maintained at a relatively low level. Higher temperature promotes the decomposition of larger
C,H, gas molecules into smaller ones and the tendency is in a good agreement with the reported
results in literature [36]. Similarly, the carbon production illustrated in Figure 4 (a) was also
enhanced by raising the reaction temperature in the absence of a pre-catalyst, improving from
95 mg/gplastic at 750 °C to 120 mg/gplasiic at 850 °C, which indicated that carbon materials can

be formed by pure thermal cracking.

Table 1. Results of pyrolysis and catalytic decomposition of medical plastic wastes at different reaction

temperatures with Lag¢Ca4Coi_Fe,Os-5(x = 0.2, 0.5, 0.8) pre-catalysts.

Non-catalytic process Lay.cCay.4CoosFep 2035 Lay.cCay.4Coo.sFe) 5035 Lay.cCay.4C0o.2Fe) 3035

Yield
(wt. %) 750° 800° 850° 750° 800° 850° 750° 800° 80° 750° B0O° 850°
C C C C C C C C C C C C
Gas 415 55.5 55.1 40.1 44.6 47.9 333 425 47.4 335 39.6 45.1
Solid 9.5 11.0 12.0 10.5 11.0 18.5 11.5 20.8 22.3 11.0 21.5 24.5

Liquid 37.6 18.0 21.0 43.0 28.0 28.0 57.6 34.0 15.0 453 35.0 29.0

Mass
88.6 84.5 88.1 93.6 83.6 94 .4 102.4 97.3 84.7 89.8 96.1 98.6
balance

When the pre-catalysts were introduced to the reaction, there was a significant enhancement in

the H» production. At a lower temperature of 750 °C, the yields of H> were similar over all



studied pre-catalysts with 16.94 mmol / gplasiic for Lao.cCao4Coo.sFe0.203-s, 16.75 mmol / gplastic
for Lao.sCao.4Coo.5Fe0.503-5, and 16.28 mmol / gpiasiic for Lao.sCao4Coo.2Fe0s03-s. The generation
of H> was steadily increased with increasing temperature for LagsCao4CoosFeo203-s and
Lao.6Cao.4Coo.5Fe0.503-5, reaching a maximum of 17.92 mmol / gpiasiic and 18.89 mmol / gplastic,
respectively. A further significant improvement of H» yield could be achieved by increasing the
reaction temperature when LagsCao4Coo2Fe0s03-s was employed, reaching a maximum of
24.92 mmol / gplasiic at 850 °C, which was also the highest value among all the investigated

reaction conditions.

Regarding the solid products from the catalytic process, the production of carbon was generally
promoted by the presence of the pre-catalysts as well. In comparison to the non-catalytic case,
carbon deposition was slightly improved over all the examined pre-catalysts at a lower
temperature of 750 °C. The carbon deposition was considerably increased as the reaction
temperature was raised. It is interesting to note that the carbon production was significantly
enhanced with the rising substitution content of Fe in the studied LaoCao4Co1<Fe Os-s
perovskite pre-catalysts, which can be attributed to the higher carbon solubility of Fe [50]. The
maximum carbon deposition of 245 mg / gpusic was obtained in the presence of the
Lao.6Cao.4Coo.2Fe0 3035 pre-catalyst at 850 °C. These findings indicate that Fe is more active in
C.H, cracking, resulting in a higher hydrogen yield and carbon deposition, which is consistent
with the previous findings [51,52]. However, complete substitution of Co by Fe in
Lao.sCao.4Coi1-Fe.O3-5 (x = 1) resulted in a drop of both H» yield and carbon deposition at the
same reaction condition at 850 °C (see Table S1). The slight increase in H> production with
Lag.6Ca0.4Coo.5Fe0.503-5 in comparison to Lao.sCa.4Coo.sFeo203-5 as shown in Figure 4 can be
explained in part by the smaller BET surface area of LagsCao.4Co0o.5Fe0s503-5. Although the
higher Fe content promotes the H> production (see Table S2).
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Figure 4. H» yield and carbon deposition at different reaction temperatures over (a) non-catalyst, (b)

Lag.sCao4CoosFe0203-5, (¢) LagsCag4Cop.sFeosOs-s, and (d) LagsCaosCoo2Fes03-s.

Furthermore, the composition of produced gases was investigated and depicted in Figure 5. It
can be observed from Figure 5(a), CH4 and H> accounted for the majority of the gas products,
taking 37.26 vol% and 35.28 vol%, respectively at 750 °C, then followed by C,Ha, C2Hs, and
C2H,. Both CH4 and H; had an increasing tendency when the temperature was raised to 850 °C,
reaching 43.68 vol% and 36.49 vol%, respectively, whereas the volumetric content of C;He and
C>Hs declined. These results agree well with the increased H» yield as shown in Figure 4 (a)
that higher reaction temperature promotes the breakdown of larger C;H, gas molecules (C2Hs
and C;Ha) into smaller ones (H> and CH4). In contrast to the non-catalytic process, H> had the
highest concentration in the gaseous mixture for all the measurements in the presence of pre-
catalysts at different reaction temperature as shown in Figure 5 (b)-(d). When raising the
temperature from 750 °C to 850 °C, H> concentration in the gaseous mixture over both
Lag.cCao.4Coo.5Fe0203-5 and LaosCao4CoosFeosO3-s showed small declines but remained at
44.9 vol% and 46.72 vol%, respectively, substantially greater than that from the non-catalytic
thermal decomposition case (36.49 vol%). The highest H, proportion of 58 vol% again was
obtained over Lag.cCao.4Coo.2Fe803-s but with 800 °C at lower temperature. Higher reaction

temperatures encouraged the breakup of C.H, gas molecules into smaller ones, which



corresponded to a drop in C2Hg and a rise in CHy in the presence of the pre-catalysts. Different
starting weight ratios of medical masks to LaosCao.4Coo2FeosOs3 s pre-catalyst were also
investigated at a reaction temperature of 850 °C (see Figure S3 and Figure S4). The results
showed that the best H> and carbon materials yield was obtained with a weight ratio of 1:1,
where the optimal weight ratio will allow the pre-catalyst to continue to work efficiently in the

subsequent cycles of plastic waste degradation.
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Figure 5. Gas composition at different reaction temperature over (a) non-catalyst, (b)

Lao.sCao4Coo.sFe020s-5, (¢) LaosCao.sCoosFeosOs s, and (d) LagsCao4Coo.2FeosOs-s.

3.3 Carbon materials production over Lao.sCao4CoxFe1xO3_s pre-catalysts

Figure 6, Figure 7, and Figure S5 present the SEM images of spent pre-catalysts with generated
carbon materials at different catalytic conditions. In the low magnification SEM images (Figure
6), it can be observed that the surface of the studied perovskite-type pre-catalysts was

completely covered with the produced carbon materials. Very crowded and dense material of



filamentous carbon can be observed for all examined pre-catalysts at the reaction temperatures
of 750 °C and 800 °C. When further increasing the temperature to 850 °C, quite a lot of
flocculation occurred and entangled filamentous carbon can be found, illustrating the formation
of carbon materials with a higher density, which is consistent with the promoted carbon yield
at higher temperature. The high magnification SEM images exhibited various shapes of the
generated carbon materials such as silk-like (Figure 7 (b)), chain-like (Figure 7(c)), and spiral
(Figure 7(f)). However, there is no clear evidence of a link showing the relationship between
the morphology of carbon products and catalysis conditions. In order to have a more thorough
examination of the structure of these filamentous carbons, TEM measurements have been
employed. As noted from Figure 8, both carbon nanofibers and a multi-walled structure of the
generated carbon nanotube composites can be observed. The carbon materials created in this
work at 850 °C always displayed a bamboo-like structure, which is interestingly consistent with
our earlier reported results regardless of the pre-catalyst composition [12]. Detailed analysis of
temperature-programmed oxidation and Raman spectroscopy results in the subsequent section
confirm that the carbon materials produced are primarily composed of carbon nanotubes with
an outer diameter of approximately 50 nm. The mechanism of carbon nanotubes growth is
complex and can vary depending on pre-catalysts, feedstocks, and reaction conditions.
According to the literature [53], the formation of carbon nanotubes followed a three-step
“particle-wire-tube” evolution mechanism: 1) capturing of carbon species and the formation of
nanoparticles; ii) self-assembling of nanoparticles to nanowires (particle-to-wire assembly); iii)
transformation of nanowire to nanotubes. Figure 9 and Figure S6 show the TEM images with
corresponding EDXS spectra of the carbon materials produced using different pre-catalysts at

850 C°. The dark spots (such as spots 3 , 4, and 6) in the images represent the metallic catalyst

clusters where the nanocarbons grow, which is confirmed by the EDXS spectra (Figure S6).
These findings suggest that the active sites for capturing carbon species and the formation of
nanoparticles are Co and Fe produced in situ from the used pre-catalysts. The appreciable
solubility of carbon in Fe and Co species is expected to result in carbon filament growth and

metal encapsulation, as illustrated in Figure 9 (spots 1, 2, and 10).
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Figure. 6 Low magnification SEM images of the carbon materials synthesized with LagsCao.4Coi-
FeO3-5(x=0.2, 0.5, 0.8) pre-catalysts at different reaction temperatures (750 °C, 800 °C, and 850 °C):
(a,b,c) x=0.2, (d,e,f) x=0.5, and (g,h,i) x =0.8.
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Figure. 7 High magnification SEM images of the carbon materials synthesized with LagsCao.4Coi-
FeO3-5(x=0.2, 0.5, 0.8) pre-catalysts at different reaction temperatures (750 °C, 800 °C, and 850 °C):
(a,b,c) x=0.2, (d,e,f) x=0.5, and (g,h,i) x =0.8.

Figure 8. TEM images of the carbon materials produced using Lag¢Ca4Coi_Fe.Oss(x = 0.2, 0.5, 0.8)
pre-catalysts at a reaction temperature of 850 °C: (a,b,c) x = 0.2, (d,e,f) x = 0.5, and (g,h,i) x = 0.8.
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At% C (0] Ca Fe Co La
Spot 1 99.7 0.2 0.0 0.0 0.0 0.0
Spot 2 99.7 0.3 0.0 0.0 0.0 0.0
Spot 3 67.1 53 0.1 131 141 0.2

At% C (0] Ca Fe Co La
Spot 4 2.7 0.7 0.1 27.2 694 0.0
Spot 5 156 5.6 0.0 23.8 549 0.0
Spot 6 30.7 6.0 0.3 349 278 04



(k)

Q) At% C 0 Ca Fe Co la
Spot7 51 1.8 00 101 830 00
Spot8 724 154 01 37 85 0
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Spot10 992 04 00 00 03 00

Figure 9. TEM images with EDXS spectra of the carbon materials produced using Lao sCao4Coi_Fe,O3-5
(x=10.2, 0.5, 0.8) pre-catalysts at a reaction temperature of 850 °C: (a,b,c,d) x = 0.2, (e,f,g,h) x = 0.5,
and (i,j,k,1) x = 0.8. The element Cu is from the copper grid.

TPO analysis was also carried out to evaluate the quality and type of the carbon materials
collected. For a better understanding and fair comparison, the TPO measurements were
conducted for the fresh pre-catalysts as well. As observed from Figure 10 (a), there are no sharp
and significant mass changes in the entire analyzed temperature range (up to 800 °C) for all the
investigated pre-catalysts, which confirmed that the employed catalysts make only a neglectable
contribution to the weight loss of the mixture of pre-catalysts and generated carbon materials.
Oxidation of carbon materials caused the weight loss between 450 °C and 750 °C, and
remaining weight was coming from the applied pre-catalysts. Among all the examined pre-
catalysts, LaopsCao4Coo2Fe0s03-s demonstrated the greatest weight loss during TPO
measurements at the reaction temperatures of 800 °C and 850 °C, indicating the largest amount
of carbon deposition on the surface. These TPO results accord well with the carbon deposition
results shown in Figure 4. According to the literature, the peaks occurred in derivative weight
profiles at around 520 °C~600 °C and 800 °C were standing for carbon nanotubes and carbon
nanofibers, respectively [11,54,55]. As increasing the substitution content of Fe in the pre-
catalysts, the derivative profiles showed that both oxidation peaks (see Figure 10) tended to
shift to higher temperature for the three investigated reaction temperatures, which indicates the

produced carbon materials possess a higher thermal stability. Moreover, the predominate



oxidation peaks are located at nearly 600 °C for the carbon materials generated with
Lao.6Cao.4Coo.2Fe0.303-s at reaction temperatures of 800 °C and 850 °C, giving a hint to the

resistance of the high crystallinity carbon materials.
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Figure 10. Temperature programmed oxidation (a, c, e, g) and derivative plots (b, d, f, h) of fresh pre-
catalysts and carbon materials produced with LagsCao4CoiFe.Os-s (x = 0.2, 0.5, 0.8) at different

reaction temperatures.

Raman spectroscopy was also used to analyze the produced carbon materials in order to assess
the purity and microstructural information of carbon nanotubes or nano filaments based on
vibrational mode information. A Raman spectrum with three sharp bands can be identified from
all the investigated samples as displayed in Figure 11. According to the reported literature, in
graphene- and graphite-related carbons the D band at 1350 cm™! is attributed to amorphous or
disordered carbon and refers to a breathing mode of hexagonally arranged carbon atoms (Aig
symmetry) [56-60], whereas the G band at 1580 cm™ is created by an in-plane mode (Ezg
symmetry) of carbon atoms [57,58,60—62]. In single-walled carbon nanotubes (SWCNTs), the
G band is a multiple peak due to curvature effects [63,64] and is related to the tangential modes
[60,65]. The Raman characteristics of multi-walled carbon nanotubes (MWCNTs) might be
attributed to the Raman characteristics of both SWCNTs and graphite-related carbons, their
contributions to the spectra are not distinguishable [66]. When assuming MWCNTs consisting
of many layers, the Raman features could be associated to similar processes like in graphite-
related carbons, then similar vibrational mode and structure properties could be attained [60,67].
The G’ band detected at roughly 2700 cm™! links to the second-order two-phonon scattering
process and an overtone of the D band [60,62,66,68]. The intensity ratio of the D and G band
Ip/I is utilized to estimate the degree of disorder of the carbon deposits, and a higher ratio of
Ic"/Ig also indicates higher purity of carbon phase [11]. As shown in Figure 11, the produced
carbon composites with different pre-catalysts at various catalysis temperatures have Ip/lg
ratios ranging from 0.34 to 0.97 and I/ ratios ranging from 0.35 to 0.63. For increasing

reaction temperatures, a general trend to a lower Ip/lg ratio can be observed, indicating a



decreasing degree of disorder [57]. At 800 °C, Lao.cCao.4Coo.2Fe0.803 s showed an Ip/IG ratio of
0.97. It might be caused by structural rearrangements as observed for other types of carbon [69],
but would require further analysis. Interestingly, it was found that an increasing Fe/Co ratio in
the LagsCao4CoiFeOs3-s pre-catalysts promotes the formation of CNTs with higher
carbonization degree and structural order at a reaction temperature of 850 °C. Among all the
investigated pre-catalysts, the highest /g°/Ic of 0.63 and lowest /p/IG ratio of 0.34 were obtained
with Lag.sCao.4Coo.2Feo303-s pre-catalyst at 850 °C, which implies that the CNTs generated had

higher graphite-like stacking order and fewer disorder.
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Figure 11. Raman analysis of carbon materials at different reaction temperatures over the LagsCa.4Coi-
FexO3-s(x = 0.2, 0.5, 0.8) pre-catalysts at 532 nm laser excitation: (a) x = 0.2, (b) x = 0.5, and (¢) x =
0.8.

3.4 Successive cycles of the thermal catalytic pyrolysis of used medical masks
Based on the above results, the Lao.sCao4Coo.2Feos03-5 pre-catalyst demonstrated an excellent
conversion performance especially at a reaction temperature of 850 °C towards hydrogen and
high value-added carbon products comparing to the others. Therefore, further successive cycles
of measurements were performed with this pre-catalyst to evaluate its deactivation behavior
and potential to continue functioning during the thermal catalytic pyrolysis of plastics. 0.4 g
pre-catalyst was employed throughout the experiment. Every cycle was performed directly
following the previous cycle. Medical plastic wastes (0.4 g) were added sequentially with no
further catalyst additions between each cycle. In order to maintain the same experimental
conditions, the pre-catalysts were not collected after each cycle in this study. 10 successive
cycles were performed. In general, the hydrogen yield from successive cycles of catalytic
deconstruction of used medical masks fluctuated between 17.98 and 34.33 mmol / gplastic. It can
be observed from Figure 12(a), that the hydrogen yield reached 32.26 mmol / gpiasiic when fresh
Lao.6Cao.4Coo.2Fe0.303-s was employed. The hydrogen yield then decreased in the following 5
cycles due to the accumulated carbon deposits, which was also observed in the reported studies
[9,55]. Interestingly, the hydrogen yield reached its highest point of 34.33 mmol / gplastic at the
7™ cycle. This enhanced hydrogen production could be linked to the catalytic destruction of
hydrocarbon gases with the produced carbon materials (autocatalysis). Carbonaceous catalysts

have been widely studied and proven to be effective catalysts for methane cracking for



hydrogen production with stable performances and high resistance to deactivation [70,71]. The
decreased contents of hydrocarbon gases (CH4 and C2Hs) and increased content of Hz in the gas
composition as shown in Figure 12 (b) confirmed our hypothesis. Nevertheless, although the
produced carbon materials can compensate the partial hindering of the active sites of the pre-
catalysts, more and more catalytic active sites were still covered due to the large amount of
accumulated carbon deposits over the entire cyclic measurements as shown in Figure 13, which
led to the further decrease of hydrogen yield in the following cycles. This phenomenon becomes
more apparent when four successive cycles of catalytic pyrolysis of used medical masks with a
higher plastic/pre-catalyst ratio of 2.5 are performed (see Figure S7 and S8). Raman analysis
was also performed on the spent catalysts after ten successive cycles of measurements and
shown in Figure S9. Comparing with the single measurement, the produced carbon after 10
cycles holds a lower Ip/IG ratio of 0.25, and a similar /g//G ratio of 0.62. The generated metal
oxide CNT composite materials in this work will be utilized directly in energy-storage materials
without further separating process in future studies.

The H; yield and H> selectivity obtained in the present work from catalytic pyrolysis of
plastic wastes are benchmarked with the representative literature studies as shown in Table 2.
It can be shown that the values of H; yield and selectivity generated from our sequential
experiments using the Lao.cCao.4Coo.2Feo.s03-s pre-catalyst are among the highest observed for
other approaches utilizing other catalysts. The presented results show that the perovskite-type
Lao.6Cao.4Coo.2Fen 3035 pre-catalyst with excellent performances and the potential to continue
functioning make it a promising candidate for thermal catalytic decomposition of waste plastics

for co-producing of hydrogen and carbon nanotube composites.
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Figure 12. Successive cycles of the deconstruction of used medical masks over the
Lag.sCao4Coo.2Fes03-5 pre-catalyst at 850 °C: (a) Hz and solid (carbon) yields and (b) gas composition
(vol%). 0.4 g of used medical masks is added to each cycle of measurement and the amount of pre-

catalystis 0.4 g.




Figure 13. Low magnification (a,b,c) and high magnification (d,e,f) SEM images of spent

Lao¢Ca4Coo2Feos03-s pre-catalyst at 850 °C after 10 successive cycles of the deconstruction of used

medical masks.

Table 2 Summary of the products evolved from catalytic pyrolysis studies of plastic wastes.

Successive cycles

H:in
Type of Type of  Temperatu H: yield the
reactor Catalyst plastic re (°C) (mmol / plastic) evolved . H: in Ref.
gas Cyel H: yield the
(vol %) yele (mmol / evolved
NO.
Eplastic) gas
(vol %)
Used
Two-stage . CanuConsFens0s,  Medical 850 343 627 10 24.6 499  This
fixed bed masks work
(PP)
Real-
Microwav world
crowave FeAlOx waste 300-380 50.5 88.0 10 8.9 416 [55]
reactor .
plastics
(HDPE)
Two-stage Ni(50)/C Disposa 800 21.5 49.9 - - -
ble face
fixed bed (9]
mask
reactor Zn/C (PP) 500 0.7 18.6 7 0.3 6.6
Two-stage FeNil 25.1 533 - - -
fixed bed PP 800 [36]
reactor FeNi2 20 46.7 - - -
Landfill
waste 800 9.0£0.2 50 - - -
Two-stage (mixture
fixed bed FeNi/Al of PE; [39]
reactor PP PS 900 6.6 +0.4 48 - - -
and
PVC)
Two-stage LDPE 24.5 74.8 - - -
fixed bed LaosNio.1sFeossOs-s 800 [72]
reactor HDPE 232 72.58 - - -
LaosNio.15C00.503-5 PP 700 16.6 82.2 - - - [41]



Two-stage 800 19.8

fixed bed
reactor 900 12.8
Ni/y- ALOs 22.5 52.6
Real-
world
Fe/y- ALOs waste 800 22.9 57.5
Two-stage pla}stlcs
. (mixture
fixed bed Ni-Fe/y-ALOs of 31.8 62.9 - - - [21]
reactor HDPE;
Ni-Fe/y-ALO3 LDPE 900 43.7 72.2
PP and
. PS)
Ni-Fe/y-AlOs3 700 27.2 66.5
Two-stage
fixed bed Ni/ZSM5-30 HDPE 850 30.1 68.8 - - - [73]
reactor
Two-stage Fe-Si0O»2-S 15.4 41.7 -
fixed bed PP 800 [74]
reactor Fe-SiO»-L 25.6 50.3

4. Conclusions

This work studied the pyrolysis and catalytic decomposition pathway of medical waste plastics
for a co-production of hydrogen and high value-added carbon nanomaterials by employing
perovskite-type LagsCao4Coi-FeiOs—s pre-catalysts prepared via a scalable reverse co-
precipitation approach. The experiments were carried out using a dual-stage fixed bed system
and the effects of reaction temperature and pre-catalyst composition on the production of gas
and carbon products were systematically investigated. The results reveal that the presence of
the studied pre-catalysts considerably boosts the generation of both hydrogen and carbon
nanomaterials. The higher Fe/Co ratio in the perovskite pre-catalysts resulted in a significant
improvement of the hydrogen yield and promoted the formation of carbon nanotubes in the
composites with a higher graphitic characteristics and purity based on the results by Raman
spectral analysis. Lao.cCao.4Coo.2Feo 8035 pre-catalyst among all the investigated pre-catalysts
produced the highest carbon nanotubes yield of 245 mg/gpiasiic and hydrogen yield of 24.92
mmol/gplasiic at 850 °C, respectively. During the 10 cycles of successive decomposition of
medical waste plastics, the pre-catalyst kept a high hydrogen yield of 24.63 mmol/gplastic after
10 cycles, with the highest hydrogen yield of 34.33 mmol/gplasic at the 7' cycle at 850 °C. The
results show that the prepared perovskite-type Lao.sCao.4Coo2Feo803-s material is a promising
pre-catalyst for thermal catalytic decomposition of medical waste plastics for producing

hydrogen and carbon nanotube composites, e.g., for energy conversion and storage applications.
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