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Abstract. Undeniably, non-sanitary landfills existing worldwide pose considerable environmental risks
related to air, water and soil pollution. Despite that, the landfill mining concept does not spread swiftly around
the world. To prevent its fading into oblivion, it is necessary to transform the perception of landfills as waste to
seeing them as stocks of valuable materials. Guided by this idea, this novel study investigates the possibility of
producing carbon nanotubes (CNTSs) and hydrogen-rich gas, materials crucial for our transition towards a more
sustainable future, from excavated waste as these. To the best of our knowledge, this is the first study on
catalytic pyrolysis of excavated waste. For this purpose, excavated waste was subjected to pyrolysis followed
by in-line catalytic decomposition of the produced pyrovapours. The impact of the catalyst type and catalyst
bed temperature on the process performance was analysed. Six types of monometallic and bimetallic Ni- and
Fe- based catalysts, synthesised using two methods (the sol-gel and the impregnation method), were considered.
Three catalyst bed temperatures were taken into account, namely 700°C, 800°C, and 900°C. The results showed
that the bimetallic catalyst prepared by using the sol-gel method (FeNi/Al_Sg) outperformed the other analysed
catalysts, yielding 9 mmol/gsampie_darOF Hz @and 76 Mg/gsampie_dar 0f CNTs at 800°C. The product yields and quality
were comparable to those reported in the open literature for homogeneous plastic waste pyrolysis. Eventually,
the future research directions were discussed.
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1. Introduction

Undoubtedly, a circular economy concept spreads over all economic and social activities around the world.
One of the concept's pillars is recovering anthropogenic resources, including the so-called stocks (i.e., old
landfills) [1,2]. Their recovery is referred to as landfill mining or Enhanced Landfill Mining (ELFM) when it
encompasses recovering material and energy from excavated waste and simultaneously fulfilling rigorous
ecological and social criteria [2].

The ELFM is an emerging concept, and, consequently, it suffers from deficiencies in a systematic
knowledge of it as a whole and its economic performance [3]. This hinders its spreading around the world. One
of the aspects requiring more research is the energy recovery from excavated waste. Hitherto, incineration has
been considered to be the most suitable way of excavated waste valorisation as it is a better-established
technology than gasification or pyrolysis [4-7]. However, waste incineration is not covered by a greater
objective of the circular economy concept. Therefore, alternatively, plasma gasification was identified as a
viable technology for material and energy recovery from excavated waste [8,9]. Accordingly, several studies
have been performed on excavated waste gasification [10-13]. This process, however, still faces some
unknowns related to the quality or marketability of the obtained products. Therefore, more research on the topic
is required [10,11,14,15].

Along with a need for more research on excavated waste gasification, the need for more research on other
waste-to-energy technologies was raised [16,17]. As one of the technologies complementary to gasification,
pyrolysis offers a method of excavated waste valorisation [18-20]. For this reason, a lab-scale study on the
pyrolysis of refuse-derived fuel (RDF) formed from excavated waste was performed [21]. Due to a complex
feedstock composition, the obtained condensables were not of commercial interest, but they showed the
potential for being upgraded to higher-quality products [21]. Ergo, this study aims at investigating the
possibility of their upgrading.

The analysed RDF formed from excavated waste is characterised by a high content of plastics —
approx. 60wt% of the non-inert part of the feedstock, from which over 50wt% is PE. The pyrolysis process

followed by in-line catalytic decomposition (without using steam) was chosen in this study as, according to
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Yao et al. [22], for olefin types of plastics (e.g., PE), thermal decomposition reactions are favoured over steam
reforming reactions to produce higher hydrogen yields.

Hitherto, numerous studies on pyrolysis and in-line catalytic decomposition of mono-mixtures of
plastics [23-25] or the so-called 'real-world' waste plastics [26—-29] were performed. Most of them focused on
the production of hydrogen along with carbon nanotubes (CNTSs), as both have a vast number of industrial
applications [30-32]. Hydrogen is considered a clean fuel and is firmly rooted in future energy scenarios [33].
Presently, however, it is predominantly produced from fossil fuels, and due to their phasing out, adopting
alternative H, sources is of crucial importance [34]. Carbon nanotubes (CNTSs) have attracted attention due to
their characteristics of, among others, high electrical conductivity and tensile strength over 100 times greater
than that of stainless steel [35—-38]. For that reason, they are used in numerous industrial applications (e.g., as
electrically conductive fillers in composite plastic materials, as supercapacitor electrodes and adsorbents for
environmental remediation, in photoelectrodes, or even in biomedicine) [30-32,38-40]. Up to now, CNTs
produced from waste plastics have been positively assessed in a few applications, for instance, as strengthening
reinforcement in the fabrication of composite materials or for herbicide removal from wastewater [39,41].

In the light of the foregoing, pyrolysis followed by in-line catalytic decomposition poses a considerable
potential for answering future demands of H, and CNTs. For the purpose of their production, various catalysts
have been used, but Fe- and Ni-based catalysts are the most common due to their favourable ratio between
catalytic activity and price [42,43]. Similarly, various catalyst supports were used, but y-Al,O3 is most common
due to its chemical and psychical stability, high mechanical resistance, and strong interactions with transition
metals allowing their better dispersion among the support [26,44]. For these reasons, Fe- and Ni-based catalysts
on y-Al,O3 support were investigated within the study.

Besides catalyst composition, a catalyst synthesis method is another element to consider [45]. In previous
studies, catalysts were synthesised using co-precipitation, impregnation, and sol-gel methods [26,46,47].
Yao et al. [22] investigated the influence of different catalyst synthesis methods on the hydrogen yield. The
catalyst prepared using the sol-gel method was characterised by a higher surface area and more uniform metal

dispersion than catalysts prepared using the impregnation or co-precipitation methods. Consequently, the sol-



gel catalyst generated a higher H; yield, followed by the impregnation catalyst. Therefore, these two synthesis
methods were chosen for the current study.

Another crucial parameter in catalytic decomposition is catalyst bed temperature. Several studies have been
performed regarding pyrolysis with in-line catalytic decomposition using temperatures in the range of 550-
900°C. However, no consensus on the influence of catalytic bed temperature on the CNTs quality was reached.
For instance, Acomb et al. [48] and Yao et al. [26] observed intensification of the filamentous carbon formation
with temperature increase from 700°C to 900°C; however, the quality of these deposits decreased at 900°C in
comparison to that at 800°C. On the contrary, Zhang and Williams [49], Liu et al. [50], and Mishra et al. [51]
observed not only an increase in the amount of filamentous carbon produced but also in its quality
(graphitisation) with temperature increase. This discrepancy might be related to differences in feedstocks (e.qg.,
waste tires and different types of plastics), reactors, or catalysts used. Therefore, in this study, the analysis was
expanded to include different catalyst bed temperatures (in the range of 700°C-900°C).

Several types of two-stage reactors have been used for the pyrolysis process with in-line catalytic
decomposition. Batch fixed bed-fixed bed reactors were used extensively in previous research [52-54] due to
their relative simplicity of construction, operation, and maintenance. For these reasons, such a configuration
was used in this study as it is a preliminary study on the matter, which will be the base for further research. On
the other hand, Namioka et al. [55] and Wu and Williams [56] took a step further and used a two-stage fixed
bed reactor with a continuous feeding system for pyrolysis and in-line steam reforming of waste plastics. This
was done to bring the process closer to the continuous commercial systems and deeper analyse the impact of
operating parameters on the quality of process products. Other researchers used, for instance, a conical spouted-
bed reactor coupled with fixed-bed [57] or fluidised-bed reactors [58-60]. Using a conical spouted-bed reactor
minimises bed agglomeration problems due to plastics fusing in continuous systems [57], whereas the fluidised-
bed reactors were used to avoid bed blockage and gas flow circulation issues caused by carbon deposition [59].
Last but not least, the set-ups consisting of two fluidised-bed stages were used to enable the production of larger
CNTs amounts [39].

To sum up, an investigation of pyrolysis and in-line catalytic decomposition of excavated waste was

performed. To the best of our knowledge, this is the first study on catalytic pyrolysis of excavated waste. The



process was performed for six Fe- and Ni-based catalysts using pyrolysis and catalytic bed temperatures of
600°C and 800°C, respectively. Additionally, the influence of catalytic bed temperature on the catalyst
performance was investigated — in this case, two additional catalyst bed temperatures (700°C and 900°C) were
taken into account. The process products were extensively characterised, and their quality was assessed and
discussed. The feedstock used within the study was RDF made of excavated waste from an existing Belgian

landfill site.

2. Material and methods

2.1. Feedstock properties

The refuse-derived fuel (RDF) used within the study was extensively described in the work by
Jagodzinska et al. [21]; hence only an abridged description is presented herein.

The RDF was formed from waste excavated at the old part of the Mont-Saint-Guibert landfill in
Belgium [61]. A total of 130 m? of the buried waste (construction and demolition waste, municipal solid waste,
and non-hazardous industrial waste), disposed of at the landfill between 1958 and 1985, was excavated.
Subsequently, the material was ballistically sorted into three fractions (light, heavy and fine fractions).
However, only a light fraction (particle size of 90-200 mm) was selected for this study due to its relatively high
heating value and low level of impurities. The chosen fraction was ground to particle sizes below 3 mm prior
to the tests to improve its homogeneity and to enable the performance of lab-scale tests with a certain
repeatability.

The feedstock's composition is shown in Table 1 [21,61]. It is characterised by a high ash content related
predominantly to a high content of the so-called fine fraction (soil-like material) and impurities adhered to the
surface of other fractions, e.g. plastic particles. The so-called 2D plastic fraction is primarily made of thin PE
fragments, whereas the 3D plastic fraction is a mixture of PVC, PE, PP and PS [62]. The so-called rest fraction
(the remaining unclassified fraction) consists mainly of foam, rubber, and lignocellulosic material [62]. The

feedstock is characterised by a high CI content, predominantly related to PVVC presence among the 3D plastic



fraction, whereas sulphur content can be linked to the presence of sulphur cross-linked rubber particles among

the rest fraction [62].

Table 1 Composition of the feedstock in a dry state [21,61]

Fraction Content, wt% Compound/element Content, wt%
Wood 0.7 ash 46.48 + 4.65
Paper 35 moisture 1.5+£0.15
Textile 8.4 C 40.5+2.025
2D plastic 375 H 6.1+0.61
3D plastic 4.8 N 1.1+£011
Ferrous metals 1.7 S 0.234 +0.023
Non-ferrous metals 0.2 Cl 1.203 £ 0.301
Inert 1.5 O (calculated) 4.3
Rest 10.5
Fines (particles < 20 mm) 31.2

2.2. Catalysts preparation

Six types of Fe- and Ni-based catalysts were used within the study — four monometallic and two bimetallic.
For the bimetallic catalysts, the molar ratio between Fe and Ni was 3:1, following the study of Yao et al. [27],
in which such a ratio resulted in the highest yield of hydrogen and CNTSs.

The catalysts were prepared using impregnation and sol-gel methods with an initial metal loading of 10wt%,
following the procedure described by Yao et al. [22]. For the impregnation method, the metal nitrates (Sigma
Aldrich, 99.999% for Ni(NOs),-6H,0 and 98%-+ for Fe(NO3);-9H,0) were dissolved in absolute ethanol (Fisher
Chemical, 99%+), and subsequently, y-Al,O3 (Alfa Aesar™, 99.9%) was added. The mixture was continuously
stirred until it formed a slurry. Prior to calcination in air at 750°C for 3 h (holding time), the mixture was dried
overnight at 50°C to remove the excessive ethanol. For the sol-gel method, initially, aluminium tri-sec-butoxide

(ATB, Sigma Aldrich, 97%) was dissolved in absolute ethanol (Fisher Chemical, 99%-+), and the mixture was



stirred at 50°C for 2.5 h until a homogeneous slurry was formed. Simultaneously, metal nitrates were dissolved
in deionised water. After stirring the ATB-ethanol mixture, the metal nitrates solution was slowly added to the
mixture. The formed mixture was then stirred at 75°C for 30 min. 1M nitric acid was used as a pH adjusting
agent until the mixture reached a pH value of 4.8. The obtained catalyst was dried and, afterwards, calcinated
in air at 550°C for 3 h (holding time). After the calcination, the catalysts were crushed and sieved to the particle
size of 75-200 um. No reduction of the catalysts was performed before the tests as vapours generated during
the pyrolysis reduce the metal oxides in-situ [26].

The catalysts prepared using the impregnation method are further referred to as Ni/Al_Im, Fe/Al_Im and
FeNi/Al_Im, and the catalysts prepared using the sol-gel method were marked as Ni/Al_Sg, Fe/Al_Sg, and

FeNi/Al_Sg.

2.3. Pyrolysis tests

The tests were performed in a fixed bed reactor shown in Fig. 1. The test rig comprises two electrically
heated stainless steel reactors (inner diameter of 24 mm), a condensing section with a cooling jacket and a set
of impingers immersed in a cooling bath, and an aerosol trap. The pyrolysis temperature is controlled by the
thermocouple immersed in the sample ceramic basket, whereas the catalytic bed temperature is regulated by
the thermocouple below the catalytic bed. The first stage of the reactor is also equipped with a cooling zone,
and the cooling agent (isopropanol/water mixture at -15°C) circulates between the cooling jacket, cooling bath,
and cooling zone.

The test procedure was as follows: 2 g of feedstock sample (dried overnight at 80°C) was placed in the first
stage of the reactor, whereas 1 g of catalyst (or sand in the case of reference tests without any catalyst) was
placed in the second stage of the reactor in the stainless-steel basket. The feedstock/catalyst ratio of 2 was
chosen following the findings of Saad and Williams [63]. From the beginning of the reactor heating, it was
being flushed with nitrogen (250 ml/min) to ensure that an inert atmosphere of the reaction was obtained. The
pyrolysis temperature was set at 600°C to minimise the solid residue yield [21], whereas the catalytic bed
temperature was set at 800°C as this temperature was found to be optimal in previous studies [48,63,64]. In the
part of the study focused on investigating the influence of catalytic bed temperature on the catalyst performance,

the catalytic bed temperature was set at 700°C and 900°C. When the reactor reached the desired temperature,
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the sample was promptly introduced to the first stage and kept there for 30 min. The produced volatiles flew
through the second stage of the reactor with the catalyst bed and, afterwards, through the condensing section,
where condensables were collected. The non-condensable volatiles (non-condensables) flew further to a drum-
type gas meter (TG1 type, Ritter, Germany), and, subsequently, they were collected in a Tedlar™ gas sample
bag to enable a determination of their total composition using the Micro GC (490 Micro GC System QUAD,
Agilent). The sample basket, the catalyst basket, the elements of the condensing sections (cooling jacket,
impingers), and an aerosol trap were weighed before and immediately after the experiment to determine the
product yields. Eventually, the closure of the mass balance was done by calculating the non-condensables yield
from their known composition and flow. Additionally, H, yield and H, conversion rate were given separately
in the manuscript. The H, yield was calculated using the known (measured) volumetric content of hydrogen in
gas and the total gas volume. The H, conversion rate was calculated using the known volumetric content of
hydrogen in gas (converted to mass) and the known mass of theoretical maximum H, yield (calculated from the
measured H, content in the sample and the sample mass). Random order of tests was introduced to avoid

consecutive run errors, and the tests were repeated at least 2 times to ensure a good repeatability of the results.

Fig. 1 A general scheme of the test rig (C - cooling zone; DT - digital thermometer; 1,2 — first and second

stage of the reactor)



2.4. Pyrolysis products characterisation

The condensables were collected using a DCM/methanol solution (volume ratio of 1/2). Their water content,
analysed by Karl Fischer titration (T5 titrator, Meter Toledo), did not exceed 2.5wt%. Their composition was
analysed using GC/MS (Agilent 7890A/Agilent 5975C) with a DB-1701 column (30 m x 0.25 mm x 0.25 um,
Agilent). The MS scanning range was m/z 45-300, with a frequency of 2.83 scans/sec. The MS source and
quadrupole temperatures were 230°C and 150°C, respectively. Samples were introduced to the GC injector at
280°C (splitless) with helium as a carrier gas (1 ml/min). The temperature profile was as follows: holding at
35°C for 5 min, heating with 3°C /min to 280°C, and holding for 3 min with five isothermal 3-minute steps in
between at 137°C, 152°C, 236°C, 260°C, 263°C. In order to enable a comparison between the results of the
repetitions (condensables obtained within the same case for one catalyst or no catalyst), the weight-
normalisation of the GC/MS results was done. The weight-normalisation was done by dividing the peak areas
by the weight of condensables from each experiment. After that, the repetitions' results were combined, and the
identification of compounds was done manually using the NIST-11 library with a minimum match factor of
85%. Additionally, the identification of chosen compounds (2-methylnaphthalene, acenaphthene, anthracene,
benzo[a]pyrene, benzo[e]pyrene, biphenylene, fluoroanthene, fluorene, naphthalene, perylene, phenanthrene,
pyrene, triphenylene) was verified using the reference standards of a chromatographic grade (Sigma Aldrich,
Sweden). The total weight-normalised area% of those compounds was above 84% of the total weight-
normalised area% of all detected compounds.

The collected non-condensables were analysed using the Micro GC (490 Micro GC System QUAD,
Agilent), equipped with Molsieve 5A, PoraPLOT U, Al,O4/KCl, and CP-Sil 5CB columns. The Micro GC was
calibrated for N, O,, H,, CH,, CO, CO,, H,S, and C,-C, hydrocarbons.

The proximate compaosition of the solid residue was analysed according to the EN-1SO 18122:2015 (ash

content) and EN 15414-3:2011 (moisture content) standards [65,66].

2.5. Catalyst characterisation

To characterise the fresh catalysts, multiple techniques were used. First of them was X-ray diffraction (XRD;

D8 Discover, Bruker) analysis performed using a Cu Ka radiation (A = 0.15418 nm) with an X-ray generator



voltage of 40 kV and the current of 40 mA, using a scanning step of 0.0249°/s in the 26 range of 10-89°. Peaks
were identified using the DIFFRAC.EVA software package. The second technique was a temperature-
programmed reduction (TPR; AutoChem 2910, Micromeritics) performed in a hydrogen atmosphere (5vol% of
H, balanced by Ar). Around 0.2 g of the sample was preheated to 300°C and held for 1 h, and, subsequently,
cooled down and heated up again to 900°C using a heating rate of 10°C/min. Additionally, an external lab
(Department of Materials and Environmental Chemistry, Stockholm University) determined the porous
properties of the catalysts. For this purpose, the N, adsorption-desorption measurement was performed using a
Micromeritics ASAP 2020 instrument, and the catalyst's surface area was calculated using Brunauer-Emmett-
Teller (BET) method. The total pore volume was determined at a relative pressure p/p, of 0.99, and the pore
distribution was obtained from the desorption isotherms using the Barrett-Joyner-Halenda (BJH) method. The
BJH average pore width was calculated from the BJH average adsorption and desorption pore widths. The
samples were degassed at 250°C for 12 h prior to the measurement. The morphology and metal dispersion over
the catalyst were examined using a scanning electron microscope (SEM; S3700N, Hitachi).

The yield of coke deposition on spent catalysts was determined as C content measured according to the EN
15407:201 standard (Vario EL cube CHNS elemental analyser, Elementar) [67]. The character of coke
deposition was examined using temperature-programmed oxidation (TPO; STA 449 F1 Jupiter, NETZSCH) in
approx. 5vol% of O, balanced by N,. 0.250-0.35 g of the spent catalyst was heated up at 10°C/min to 120°C,
heated further up at 5°C/min to 850°C, and held for 2 min. As amorphous carbon is more reactive than
filamentous deposition [43], it yields a TPO peak at lower temperatures — below 500°C [57,58,68]. Therefore,
the mass loss at temperatures below 500°C is associated with amorphous coke mass, whereas the mass loss at
higher temperatures is attributed to filamentous carbon deposits. The graphitic nature of the coke deposits was
examined by an external lab (Department of Materials and Environmental Chemistry, Stockholm University)
using a Raman spectroscopy (LabRAM HR 800, Horiba) with a green laser (wavelength of 532 nm) and a
Raman shift of 100-3000 cmt. Additionally, the chosen spent catalyst (with the highest quality of carbon
deposits) was examined using a field emission scanning electron microscope (FE-SEM; HI-9044-0005,

Hitachi).
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3. Results and discussion

3.1. Fresh catalysts characterisation

The BET surface areas and pore size properties of the fresh catalysts are shown in Table 2. The physisorption
isotherms for the catalysts are shown in Fig. Al in the Supplementary material. Fresh catalysts were also
characterised using XRD (Fig. 2) and TPR (Fig. 3). Additionally, the results of the SEM analysis are shown in
Fig. A2-3 in the Supplementary material.

The catalysts prepared using the sol-gel method are characterised by having significantly higher BET
surface areas than those prepared using the impregnation method (Table 2), which is in line with the findings
of Yao et al. [22,23]. Similarly, their pore volumes and BJH average pore sizes are higher. The exceptions are
Ni-based catalysts characterised by similar BJH average pore widths. However, the Ni/Al_Sg catalyst has more
than two times higher pore volume than the Ni/Al_Im catalyst, indicating that it has a more porous structure.
According to the IUPAC classification, all of the obtained physisorption isotherms are type IV (Fig. Al in the
Supplementary material), which, along with the average pore width in the range of 8-11 nm, means that they
can be categorised as mesoporous materials [69]. Furthermore, the sol-gel catalysts show a more ‘fluffy’
structure than the impregnation catalysts in the SEM analysis (Fig. A2-3 in the Supplementary material),
additionally indicating their higher surface area [23,70]. The SEM analysis also shows the uniform dispersion

of metals among the catalysts with a slight Fe agglomeration in the bimetallic catalysts.

Table 2 The porosity analysis results for the fresh catalysts

Catalyst BET surface area, m?/g Pore volume, cm3/g BJH average pore width, nm
Ni/Al_Im 81.90 0.20 8.24
Fe/Al_Im 81.18 0.21 7.86
FeNi/Al_Im 82.97 0.21 8.08
Ni/Al_Sg 240.41 0.49 8.25
Fe/Al_Sg 224.43 0.71 11.12
FeNi/Al_Sg 239.60 0.65 9.79
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The XRD results for the sol-gel catalyst show their more amorphous nature than that of the catalysts
prepared using the impregnation method, which yielded intense and sharp peaks indicating their more
crystalline nature (Fig. 2) [26,71]. The XRD profiles for the catalysts agree with the findings of the previous
studies [26,43,72]. Fe,05 was identified extensively in the Fe/Al_Im catalyst, as reported in Acomb et al. [43].
Besides Al,O3, NiO and NiAl,O4 were detected in the case of Ni/Al_Im, as reported in Saad et al. [72].
Moreover, the presence of spinels (FeAlO; and NiAl,O,) in all analysed catalysts indicates the enhanced
interaction between metal and catalyst support [26]. In the case of bimetallic catalysts (FeNi/Al_Im and
FeNi/Al_Sg), peaks related to NiO or NiAl,O,4 are not well pronounced due to relatively low Ni contents (Fe:Ni
ratio of 1:3). Following Dong et al. [68], the lower the Ni content, the stronger metal-support interactions, which
lead to the formation of NiAl,O, spinels. In addition, the presence of Ni and Fe was detected in sol-gel catalysts,

which is in line with the findings of Yao et al. [22].

Fig. 2 XRD analysis for the fresh catalysts

The obtained TPR profiles for the impregnation and sol-gel catalysts differ significantly (Fig. 3). The
Ni/Al_Im catalyst shows two main peaks at around 580°C and 800°C, which may be associated with the
reduction of NiO and NiAl,O,, respectively [59,68]. Similarly, the peak at 700-800°C for the Ni/Al_Sg catalyst
is associated with NiAl,O4. Nevertheless, only a slight peak at around 430°C was detected for the Ni/Al_Sg,
which might indicate the presence of a surface or bulk NiO weakly bonded to the base material [41]. NiO was,
however, not detected in the XRD analysis for the Ni/Al_Sg catalyst, which, as mentioned before, might be

related to its small amount in the catalyst [68]. On the contrary, Fe/Al_Im and Fe/Al_Sg catalysts show a main
12



peak at 470°C and 500°C, respectively. Following Park et al. [73], this peak is related to the conversion of
Fe, 03 to Fe;04, and further overlapping and asymmetric peaks are related to the reduction of Fe;O, to FeO and,
eventually, to Fe. Additionally, a pronounced peak at a temperature higher than 850°C for Fe/Al_Sg indicates
the presence of barely reducible Fe-Al spinel structures.

A merged series of peaks for FeNi/Al_Sg at 600-900°C (Fig. 3) indicate the presence of different mixed Fe
oxides and Fe-Al spinels [74,75]. A slight peak shift to lower temperatures can be observed for the bimetallic
catalysts compared to the Fe-based catalysts, as they occur at 425°C and 450°C for FeNi/Al_Im and FeNi/Al_Sg
catalysts, respectively. The bimetallic interactions occurring in the Fe-Ni catalysts were also observed by
Winter et al. [76] and Huang et al. [77]. It is most likely caused by the presence of Ni promoting the reduction
of Fe species [23,78]. This improved reducibility might indicate a higher activity of bimetallic catalysts over
monometallic catalysts [23].

In general, all analysed catalysts showed intermediate metal-support interactions (Fig. 3) except for
Fe/Al_Sg, which mainly yielded one peak at a temperature below 600°C and no pronounced peaks at the higher

temperature, which suggest weaker metal-support interactions [43].

Fig. 3 TPR analysis for the fresh catalysts

3.2. Catalytic pyrolysis using different catalysts types
3.2.1. Product yields
The mass balances for pyrolysis using different types of catalyst and a reference case (Sand) are shown in
Table 3. Additionally, Fig. 4 presents the yield values in a dry-ash free state (overlooking the inert-material
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yield) to facilitate the comparison between the catalysts. In this case, a solid residue was divided into inert
material (ash) and combustible material (char), whereas a carbon deposition on a catalyst was referred to as
coke in the figure. The variation of inert material contents shown in Table 3 results from variations in feedstock
composition, which are common in the case of waste.

The decrease of condensables yield in favour of non-condensables and coke deposition can be observed in
the case of all analysed catalysts. Overall, the catalysts prepared using the sol-gel method show higher
condensables yield reduction than those prepared using the impregnation method. The sol-gel catalysts also
tend to yield higher coke yields than the impregnation catalysts, except for Fe/Al_Sg. This is because Fe/Al_Sg
shows weaker metal-support interactions compared to the other catalysts (Fig. 3), which might cause the
reduced formation of metal particles that could participate in the deposit formation [43,70]. This is in line with
the findings of Yao et al. [22,23], where catalysts prepared using the impregnation method yielded higher
condensables and lower coke yields than those prepared using the sol-gel method.

Among all the analysed catalysts, Ni/Al_Im yields the highest condensables amount and, consequently, the
lowest non-condensables yield. This is in line with the findings of Acomb et al. [43] and Yao et al. [23,26],
where among Ni- and Fe- based catalysts, Fe- catalysts show better overall performance in terms of
condensables reduction in favour of non-condensables and coke.

The highest coke and non-condensables yields were obtained using the bimetallic catalysts (FeNi/Al_Im
and FeNi/Al_Sg). Similar non-condensables vyields characterise these two catalysts, but FeNi/Al_Sg
outperformed FeNi/Al_Im with respect to the coke yield. The performance of the bimetallic catalysts might be
related not only to its higher BET surface area and pore volume (Table 2) but also to its improved reducibility
indicating higher activity in comparison to Fe- based catalysts, as seen in the TPR results (Fig. 3). Yao et al.
[23] also observed higher coke yield when using a FeNi/Al_Sg catalyst compared to a FeNi/Al_Im catalyst and

very similar non-condensables yields when using the sol-gel and impregnation Fe- and FeNi- catalysts.
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Table 3 Pyrolysis product yields in a dry state for different catalysts

Yield, wt% Sand Ni_Im  Ni/Al_Sg Fe/Al_Im Fe/Al_Sg FeNi/Al_Im FeNi/Al_Sg
inert material 47.0£05 48.3x05 52.9+0.6 47.5%0.7 55.0+0.2 50.1+1.5 55.4+0.5
char 6.2+0.1 5.9+0.1 5.4+0.1 5.6+0.1 5.8+0.02 5.9+0.2 4.5+0.04
condensables 33.1+09 26.0£0.5 18.7+0.1 21.5+0.8 17.8+0.4 20.9+0.1 16.2+0.8
non-condensables | 10.1+0.1  8.6+0.1 9.8+0.1 11.6+0.5 12.6+0.6 15.7+0.7 14.1+0.4
coke 3.4+0.2 8.0+£0.7 9.0£0.2 11.1+0.3 4.9+0.1 4.5+0.01 8.0+0.5

Fig. 4 Pyrolysis products yields in dry-ash free state for different catalysts

3.2.2. Non-condensables composition
The non-condensables composition for different catalysts is shown in Fig. 5. The exact values can be found
in Table Al in the Supplementary material. In addition, the H, yields and the H, conversion rates (fraction of
an initial H, mass in the feedstock converted into H, gas) are presented in Table 4.
The H, content increase and the CH,; and C,4-gases contents decrease, compared to the reference case
(Sand), can be seen for all catalysts (Fig. 5). This tendency coincides with the findings of Acomb et al. [43] and
Yao et al. [22,23] and indicates the catalytic decomposition of pyrovolatiles. Overall, the sol-gel catalysts

outperform the impregnation ones, which is in line with the findings of Yao et al. [22] and is likely due to the
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aforementioned improved reducibility (Fig. 3) and porosity (Table 2) of those catalysts. The highest hydrogen
concentration was observed for Ni/Al_Sg, followed by the FeNi/Al_Sg catalyst (Fig. 5). However, the
bimetallic catalyst shows a higher H, conversion rate than the Ni/Al_Sg catalyst (Table 4) because it yields a

higher non-condensables amount (
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Table 3). This might be related to the aforementioned Fe-Ni interactions (e.g., tuned carbon solubility) in
the bimetallic catalyst improving reactions selectivity towards promoting the C-H bond dissociation and,
consequently, intensifying the carbon deposition hydrogen release [23,79].

In general, the Fe/Al_Im outperforms the Ni/Al_Im catalyst in terms of H, yield and its conversion rate
(Table 4). This tendency is in line with the findings of Acomb et al. [43] and Yao et al. [26] for the catalysts
prepared with the same method and same metal loading. Similarly, Yao et al. [23] reported the Fe/Al_Sg
catalyst's better performance than the Ni/Al_Sg catalyst. This was suggested to be due to a higher carbon
solubility of Fe than that of Ni, which resulted in the intensified carbon deposition and, therefore, a higher H,
yield as hydrogen is given off during carbon deposition [26,39]. Notwithstanding that, in the current study, the
analysed Fe/Al_Sg catalyst shows a lower efficiency than that of the Ni/Al_Sg catalyst. This might be related
to the aforementioned weaker metal-support bonds in the Fe/Al_Sg catalyst, which caused the detaching of
metal particles from the support, their subsequent sintering, and, as a result, a decrease in the catalyst activity
[70].

The obtained H, conversion rates (Table 4) are generally lower than those detected by Acomb et al. [43] for
the in-line catalytic decomposition of pyrovapours from LDPE pyrolysis. Similarly, Yao et al. [27] obtained a
higher H, yield when using a FeNi/Al_Im catalyst for the pyrolysis of plastic waste (predominantly polyolefins).
This might result from the complex composition of the analysed feedstock and, consequently, a complex
pyrovapours composition containing numerous compound types like, for instance, aromatic compounds and
polycyclic aromatic hydrocarbons [21]. These are more difficult to reform than aliphatics from polyolefins
pyrolysis [39]. In addition, it might be related to relatively high Cl and S contents in the feedstock, causing

catalyst poisoning and, consequently, decreasing its efficiency [39,80].

17



Fig. 5 The non-condensables composition for different catalysts

Table 4 H, and CNTs yields for different catalysts

H. yield, mmol/gsmpie dar  H2 cOnversion ratio, wt% CNTSs yield, Mg/Gsample_dar

Sand
Ni/Al_Im
Ni/Al_Sg
Fe/Al_Im
Fe/Al_Sg
FeNi/Al_Im

FeNi/Al_Sg

2.6+0.27 4.6 -
5.5+0.24 9.8 22
7.8+0.48 12.5 82
6.6+0.28 11.5 31
6.8+0.26 12.3 11
7.7+0.73 135 47
9.0+0.23 15.7 76

3.2.3. Condensables chemical composition

Table 5 shows five main compounds found in the condensables, along with their contents altogether. The

complete list of the identified compounds in the condensables can be found in Tables A2-3 in the Supplementary

material.
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The obtained condensables for the reference case (Sand) and for the cases using catalysts predominantly
consist of polycyclic aromatic hydrocarbons (PAHSs), where phenanthrene, pyrene, and fluoranthene dominate
(Table 5). Their formation is likely due to the secondary Diels-Alder, dehydrogenation and condensation
reactions triggered by the elevated temperatures [21,59,81]. As a mixture of low- and high-molecular-weight
PAHs, the obtained condensables pose a considerable risk to the environment and, most likely, would have to
be treated as hazardous waste [82,83].

High contents of PAHs among condensables are in line with the results reported in the study of
Blanco et al. [84] on the RDF pyrolysis with catalytic steam reforming of the produced pyrovapours. However,
the obtained results within this study show no catalysts' influence on the condensables composition, which does
not coincide with the studies of Blanco et al. [84], Acomb et al. [28], and Zaini et al. [11]. Blanco et al. [84]
detected cracking of pyrene and anthracene when using a Ni/Al,O3 catalyst. Similarly, Acomb et al. [28]
observed intensified cracking of larger molecules (such as phenanthrene or benz[a]anthracene) to smaller
aromatics over a catalyst during the steam reforming of pyrovapours from the pyrolysis of waste electrical and
electronic equipment (WEEE). Furthermore, Zainiet al. [11] performed steam gasification of the same
feedstock, which is used within this study (RDF formed from excavated waste), and obtained tars with mostly
smaller aromatic compounds (toluene, xylenes, and naphthalene). This discrepancy between the current and the
mentioned studies might be related to the presence of steam in the latter's case, which intensified the cracking

of larger hydrocarbons over the used catalysts.
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Table 5 The main components detected in the condensables

Sand Ni/Al_Im Ni/Al_Sg Fe/Al_Im Fe/Al_Sg  FeNi/Al_Im FeNi/Al_Sg

phenanthrene phenanthrene  phenanthrene pyrene phenanthrene  phenanthrene phenanthrene
pyrene pyrene pyrene phenanthrene pyrene pyrene pyrene

fluoranthene fluoranthene  fluoranthene fluoranthene fluoranthene  fluoranthene fluoranthene

benz[a]anthracene  naphthalene  naphthalene  benz[a]anthracene  anthracene biphenylene anthracene
anthracene anthracene biphenylene naphthalene perylene anthracene benz[a]anthracene
Content altogether,

66.7 65.1 74.1 89.9 65.1 61.6 754

weight-normalised area%



3.2.4. Carbon deposition characterisation

The carbon depositions on the catalysts were characterised using temperature-programmed oxidation (TPO)
and Raman spectroscopy (Fig. 6). The Ip/lg and I/l ratios calculated from the Raman spectra can be found in
Table A4 in the Supplementary material. The yields of CNTSs, calculated based on the TPO analysis, are
presented in Table 4. Additionally, the spent catalyst with the highest carbon deposit quality was examined
using FE-SEM, and the result is shown in Fig. A4 in the Supplementary material.

Raman spectroscopy was used to study the graphitisation degree of the carbon deposits (Fig. 6a-b). The so-
called D (a wavelength of ~1350 cm) and G (a wavelength of ~1600 cm1) peaks can be seen for all catalysts.
Additionally, in some of the catalysts' spectra, the so-called D' (a shoulder of the G peak) and a G' band (a
wavelength of ~2700 cm) can be seen. The D band and its sister band D' are related to the structural defects
of graphite or amorphous carbon, the G band is a graphitic band, whereas the G' band can be used to estimate
the purity of the deposited carbon [85]. For assessing the graphitisation degree of the carbon deposits, the
intensity Ip/lg ratio is used, whereas the I/l ratio is used to evaluate the degree of graphite crystallinity [86].
In addition, the thermal oxidation patterns of the spent catalysts were studied using TPO (Fig. 6¢c-d) to
complement the Raman analysis, as peaks occurring at temperatures below 500°C are associated with
amorphous coke, whereas those at above 500°C correspond to filamentous coke [58]. Moreover, for some
catalysts (Ni/Al_Sg, FeNi/Al_Sg, FeNi/Al_Im), an increase in mass can be seen in TPO, indicating the
oxidation of remaining Ni at their surface [87].

The catalysts prepared using the sol-gel method are generally characterised by lower Ip/lg ratios than that
of the impregnation catalysts, indicating less disordered carbon in their case. Moreover, the Ni/Al_Sg and
FeNi/Al_Sg catalysts show well-pronounced peaks in the TPO profile at temperatures around 600°C (Fig. 6d),
confirming the presence of filamentous carbon. The lowest I/l ratio (0.92) among all analysed catalysts occurs
in the case of the FeNi/Al_Sg catalyst, whereas its | g/l ratio is 0.89. Additionally, the FE-SEM analysis
confirmed the presence of dense, entangled filamentous carbon structures at the FeNi/Al_Sg surface, which
length was up to several microns (Fig. A4 in the Supplementary material).

On the contrary, the Fe/Al_Sg Raman spectrum does not show the G' band (Fig. 6b), indicating somewhat

disordered carbon deposition on this catalyst [85]. Those results are in line with the observations of
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Nahil et al. [86], where the catalysts with higher BET surface areas resulted in the formation of more
filamentous coke. The lower carbon deposit quality at Fe/Al_Sg might also be related to the aforementioned
weaker metal-support interactions, causing detaching of metal particles from the support, their sintering, and
thus decreasing the catalyst activity [70]. Last but not least, the obtained Ip/l¢ ratios are in the same range as in
the study of Yao et al. [26], in which the same types of catalysts were used.

Among the catalysts prepared using the impregnation method, only the Ni/Al_Im Raman spectrum shows
a pronounced G' band (Fig. 6a), indicating a more disordered structure of the deposits at the other two catalysts
(Fe/Al_Im, FeNi/Al_Im). Moreover, the TPO analysis of the Ni/Al_Im yielded one pronounced peak at around
660°C (Fig. 6¢), confirming the presence of filamentous coke. However, its Ip/lg ratio is relatively high (1.35),
which indicates that a considerable amount of amorphous coke is also present on the catalyst surface [86].
Similarly, in the case of the Fe/Al_Im and FeNi/Al_Im catalysts, the TPO profiles indicate the presence of both
amorphous and filamentous coke, as is reflected by two peaks at around 440°C and 700°C (Fe/Al_Im) or one
flat overlapping peak starting below 450°C (FeNi/Al_Im). Likewise, the TPO profile of the FeNi/Al_Im

comprises one prolonged flat peak being overlapping peaks.

22



Fig. 6 The Raman spectra of carbon depositions (a,b) and TPO results (c,d) for different catalysts

3.3. Catalytic pyrolysis at different catalyst bed temperatures

The FeNi/Al_Sg catalyst was chosen to further investigate the influence of the catalytic bed temperature on
the process products. This is because it outperformed other analysed catalysts with respect to the H, yield and
H, conversion rate as well as showed one of the highest CNTSs yields (Table 4).

Fig. 7 shows the process product yields in a dry-ash free state (overlooking the inert-material yield) for
pyrolysis using the FeNi/Al_Sg catalyst at different catalytic bed temperatures. The exact values of product
yields are shown in Table A5 in the Supplementary material.

No significant difference between product yields formed with the catalyst at 700°C and the reference case
without catalyst can be observed (Fig. 7). This indicates the low activity of the catalyst at this temperature. On
the contrary, the catalytic decomposition combined with thermal cracking occurs at 900°C; however, lower

non-condensables and coke yields are formed compared to the process performed at 800°C. The decrease of the
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non-condensables yield at higher temperatures was also observed by Acomb et al. [48], and the intensification
of coke deposition followed it. However, no such intensification was observed in this study (Fig. 7; Table 6),
which might be related to the sintering of metal particles at higher temperatures, resulting in decreased carbon
deposition yields [88].

To investigate the reason behind the non-condensables yield decrease, additional tests were performed at a
higher catalytic bed temperature (900°C) using sand instead of catalyst. The tests showed a similar non-
condensables yield (9.6£0.5wt%) to the case with a catalyst used (Fig. 7). Therefore, it can be concluded that
at 900°C thermal cracking is the main cause of non-condensables yield increase. When comparing the non-
condensables yield at 900°C to that at 800°C, it is lower than at 800°C because, at 800°C, catalyst cracking

takes place, which is more intensive than thermal cracking alone.

Fig. 7 Pyrolysis products yields in dry-ash free state for the FeNi/Al_Sg catalyst at different catalytic bed

temperatures

Similarly, the low activity of the catalyst at 700°C is reflected in the non-condensables chemical
composition (Fig. 8). More specifically, it has a lower H, yield and higher CH, and C,_4-gases yields than the
reference case without catalyst (Sand). The highest reduction in CH, and the light hydrocarbon gases (C,.4-

gases) can be seen at 800°C. Moreover, a high C,.4-gases yield (Fig. 8) and a relatively high H, conversion ratio
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at 900°C (Table 6) are likely related to both catalytic decomposition as well as thermal cracking at elevated

temperatures [89].

Fig. 8 The non-condensables composition for the FeNi/Al_Sg at different catalyst bed temperatures

Table 6 H, and CNTs yields at different catalyst bed temperatures

H. yield, mmol/gsampie dar  H2 CONversion ratio, wt%  CNTSs yield, Mg/Gsample_daf
Sand 2.6+0.27 4.6 -
FeNi/Al_Sg_700°C 1.8+0.10 3.0 29
FeNi/Al_Sg_800°C 9.0+0.23 15.7 76
FeNi/Al_Sg_900°C 6.6+0.36 11.7 3

The results of the characterisation of carbon deposits at different catalyst bed temperatures using Raman
spectroscopy and TPO are shown in Fig. 9. It can be observed that the graphitisation degree of carbon deposits
is the highest at 800°C, which is represented by a well-pronounced G' bond in a Raman spectrum and a lower

Io/lg ratio (Fig. 9a). Moreover, with an increased temperature, the quality of the carbon deposition decreases,
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which is reflected by a shifting of a TPO peak towards lower temperatures around 400°C (Fig. 9b).
Consequently, at 900°C, the CNTSs yield is the lowest (Table 6). This tendency coincides with the observations
of Acomb et al. [48] and Yao et al. [26], who observed higher CNTSs yields at 800°C than at 700°C, and detected
a decrease in CNTs quality (crystallinity) at 900°C.

In light of the foregoing, it can be concluded that the initially chosen catalyst bed temperature of 800°C is

optimal when using a FeNi/Al_Sg catalyst.

Fig. 9 The Raman spectra of carbon depositions (a) and TPO results (b) for the FeNi/Al_Sg catalyst at

different catalyst bed temperatures

3.4. Discussion on possible further research directions

The main aim of this study was to investigate the possibility of producing a hydrogen-rich gas and CNTs
from excavated waste using pyrolysis followed by the in-line catalytic decomposition of the pyrovapours. It
was done to explore an additional way of excavated waste valorisation, which might complement gasification.
A consensus on those two technologies' technical and economic potential has not yet been reached, and contrary
statements on their feasibility can be found in the open literature [57,59]. Therefore, this study constitutes a
starting point for the initial comparative analysis of those two processes and further research on their

optimisation.
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Within this study, the bimetallic catalyst synthesised using the sol-gel method (FeNi/Al_Sg) is proposed to
be used in a further investigation as it overperformed the other studied catalysts. It yielded 0.15 g/Qsampie_dar OF
non-condensables with the H,/CO ratio of 2, the H, content of 50vol%, and a lower heating value (LHV) of
18 MJ/Nm3. On the contrary, Zaini et al. [11] performed steam gasification of the same feedstock (RDF formed
from excavated waste) at 800°C, which resulted in significantly higher syngas yield (around 0.75 9/Qsampie_daf
with the H, content of 38vol%) characterised by a higher H,/CO ratio (2.5) and LHV of 24 MJ/Nm3.
Notwithstanding that, pyrolysis with in-line catalytic decomposition of the pyrovapours results in the formation
of carbon nanotubes (CNTS), constituting an additional value, which shall be taken into account while assessing
the process' feasibility. The FeNi/Al_Sg catalyst yielded 76 mMQ/Qsampie dar OF CNTs with promising
characteristics (Ip/lg = 0.92) comparable to commercially used CNTs (Ip/lg = 0.2-2.0) [27,85,90].

The obtained H, and CNTSs yields (0.02 g/Gsampie_dgar 810 76 MQ/Gsample_aar, respectively) are, in general, lower
but still comparable to those found in the open literature. As an example, Yao et al. [27] performed pyrolysis
of mixed plastics with the subsequent catalytic decomposition of the produced pyrovapours using a FeNi/Al_Im
catalyst, which resulted in 460 Mg/gsampie_dar OF CNTs and 0.085 9/Qsampie_dar OF Ho. Acomb et al. [88] performed
LDPE and PS pyrolysis over a Ni/Al_Im catalyst and obtained 188 mg/gsampie_¢ar OFf CNTS With 0.033 9/Qsample_daf
of H, for LDPE and 96 mg/gsampie_dar OF CNTs with 0.027 g/sampie_dar OF H2 for PS. In another study,
Acomb et al. [48] performed LDPE pyrolysis and catalytic decomposition of the pyrovapours using a Fe/Al_Im
catalyst, which yielded around 175 mg/Qsampie daf Of CNTs and 0.039 g/Qsample_dar Of Ho. On the contrary,
Zhang et al. [91] obtained only 0.015 g/sampie_dar OF H, from waste tires pyrolysis using Fe/Al_Im catalyst.
However, the H, yield was doubled when using Ni/Al_Im catalyst.

Given the above, it can be concluded that the feedstock composition and the catalyst type are crucial for the
process performance. Therefore, the lower process efficiency in the current study might be related to the
feedstock's heterogeneity, which is reflected in the complex composition of the produced pyrovapours. This, in
turn, has an adverse effect on the catalyst activity. Moreover, the analysed feedstock is characterised by
relatively high contents of sulphur and chlorine, which cause catalyst poisoning and thus decrease its activity

[39,80]. Nevertheless, a margin for improvement regarding the process's efficiency can still be identified.
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In the open literature, multiple ways of improving the efficiency of pyrolysis with in-line catalytic
decomposition can be found. Firstly, a feedstock/catalyst ratio and parameters of catalyst calcination
(atmosphere and temperature) play a crucial role in the process performance [48,86,92]. Secondly, in this study,
catalysts were not reduced prior to the test as it was assumed that the reduction would occur in-situ by
pyrovapours. However, in further process development, the reduction of catalysts before the process shall be
considered as well as it might also increase CNTs yield [52,93] by improving catalyst activity [94]. Moreover,
according to Yao et al. [70], increased H, and CNTSs yields can be caused by changing the catalyst support to a
highly porous (e.g., MCMA41) or altering the catalyst composition by adding other metals (e.g., Co [43,72]).
This porous structure results in a fine distribution of active species among the support, which improves the
catalyst's activity. Furthermore, the quality of CNTs can be enhanced by increasing the Ni content in the
bimetallic catalyst (leading to smoother and longer CNTs [27]) or by increasing the reaction pressure [95]. Also,
the collection of produced CNTs can become easier when changing the catalyst support to, for instance, stainless
steel mesh [24,52]. Finally, following Erkiaga et al. [57], commercial catalysts show better performance
compared to those synthesised in the lab using a simplified methodology; therefore, the usage of commercial
catalysts likely would increase the process' efficiency.

Adding steam to the process might be another way of enhancing its performance, even though it might
increase the process's operational costs and decrease the CNTs yield [48]. However, according to Wu et al. [96],
this CNTs yield decrease is also connected with improving the product quality. This is because adding steam to
the process causes a considerable reduction of amorphous coke (of around 7 times), while filamentous coke is
reduced less intensively (the reduction of around 2 times) [96]. The same tendency was observed by
Xu et al. [97] when adding steam to the co-gasification of biomass and plastic waste.

The synthesis of pure and untangled CNTs remains challenging, hindering their use in various industries on
a larger scale [31,52]. Therefore, improvement of CNTs quality should also be considered while planning
further process development, even though the following purification step is often required in all CNTs
production techniques (i.e., chemical vapour deposition, laser-ablation and arc-discharge) [31]. Last but not

least, one of the biggest obstacles related to the thermochemical processing of waste is the tar presence in the
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obtained gas, hindering its utilisation in downstream applications [98,99]. Therefore, the purification of the
obtained gas (i.e., tar and undesirable gases removal) shall also be taken into account in further research.

To sum up, there is an apparent need for further research on excavated waste pyrolysis with the in-line
catalytic decomposition of pyrovapours, focusing on improving the process efficiency. As discussed above,
numerous ways of enhancing the activity of the catalysts can be found in the open literature, such as, for
example, modifying catalyst composition and its synthesis method, reaction pressure, or, eventually, adding

steam to the process.

4, Conclusions

The study aimed to investigate the possibility and potential of producing carbon nanotubes (CNTs) and
hydrogen rich-gas from excavated landfill waste. It was performed by subjecting the waste to pyrolysis followed
by catalytic decomposition of the formed pyrovapours. The investigation covered the impact of the catalyst
composition, its synthesis method, and the catalyst bed temperature on the process products' qualities.

The specific findings of the study can be summarised as follows:

1. The catalysts synthesised using the sol-gel method outperform the impregnation ones, both in terms of

their properties (porosity and reducibility) and the H, and CNTs yields.

2. The bimetallic catalysts outperform the monometallic ones, which is related to the Fe-Ni interactions
(Fe-Ni alloy), promoting the catalyst's selectivity towards C-H bond dissociation, thereby intensifying
carbon deposition and hydrogen release.

3. The FeNi/Al_Sg catalyst yielded the highest CNTs and non-condensables amounts with the highest H,
conversion rates being more than three times higher than that of the reference case (no catalyst).

4. The performance of the FeNi/Al_Sg catalyst is optimal at a catalytic bed temperature of 800°C.

Overall, this novel study demonstrates that excavated waste pyrolysis can yield comparable qualities and
amounts of CNTs and H, as those from homogeneous plastic waste pyrolysis, despite the complex composition
of the excavated waste and its high contamination. Consequently, it can be concluded that the process has the
potential to tackle the environmental risks posed by non-sanitary landfills and simultaneously provide society

with highly valuable products necessary for the transition to a more sustainable future.
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However, as the presented concept is emerging, it naturally requires further investigations and
developments, and there are numerous possible directions for future work. Based on the performed study,
however, three main optimisation parameters are suggested for further investigations:

- catalyst composition (e.g., changing the catalyst support),

- catalyst preparation method (e.g., changing calcination temperature or atmosphere),

- process parameters (e.g., a catalyst/sample ratio or the process pressure).
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Highlights

It is a novel study on catalytic pyrolysis of excavated waste.

Six Fe- and Ni- catalysts and three catalyst bed temperatures were considered.
Catalysts were prepared using sol-gel and impregnation methods.

The sol-gel catalysts outperformed the impregnation catalysts.

The FeNi sol-gel catalyst yielded 9 mmol Hyand 76 mg CNTS per Qsample_daf-
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