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A B S T R A C T   

Catalytic tar cracking is a promising technique for hot syngas cleaning unit in gasification plants because it can 
preserve tars chemical energy, so increasing the syngas heating value. The cost associated with catalyst prepa-
ration is a key issue, together with its deactivation induced by coke deposition. Iron is a cheap and frequently 
used catalyst, which can also be found in some industrial wastes. The study aims to assess the catalytic efficiency 
for tar cracking of two waste-derived materials (red mud and sewage sludge) having high content of iron. The 
catalysts were supported on spheres of γ-Al2O3, and their efficiency was compared to that of a pure iron catalyst. 
The role of support was investigated by testing pure red mud, with and without the support. A series of long-term 
tests using naphthalene as tar model compound were carried out under different values of process temperatures 
(750 ◦C-800 ◦C) and steam concentrations (0 %-7.5 %). The waste derived catalysts showed lower hydrogen 
yields compared to pure iron catalyst, due to their lower content of iron. On the other hand, the conversion 
efficiencies of all the tested catalysts resulted rather similar, since the Alkali and Alkaline-Earth Metallic species 
present on the surface of waste-derived catalyst help in preventing coke deposition. The iron oxidation state 
appears to play an important role, with reduced iron more active than its oxidised form in the tar cracking re-
actions. This indicates the importance of tuning steam concentration to keep constant the reduced state of iron 
while limiting coke deposition.   

1. Introduction 

Gasification is the thermochemical conversion of a carbonaceous 
solid or liquid material into a synthesis gas (syngas), composed of H2, 
CO, and lower amounts of CH4, together with different organic and 
inorganic impurities and particulates. These contaminants must be 
removed to allow the syngas use in different high-added value appli-
cations, such as high-efficiency electric energy generation, production of 
fuels, and synthesis of building block chemicals (Arena, 2013). Among 
the different contaminants, tars are the main compounds to deal with in 
the gasification processes. They are mixtures of high molecular weight 
hydrocarbons having high dew points, which lead to operating and 
environmental problems, such as clogging and corrosion of pipelines 
and auxiliary devices, catalyst damage, release of smelly gases. Tar 

removal technologies include physical and chemical techniques. Phys-
ical processes just transfer the tars from the gaseous phase to another 
phase, which then must be disposed of. Chemical processes allow to 
preserve tars chemical energy generally with the aid of a catalyst, by 
converting them into H2 and CO, thus increasing the heating value of the 
syngas mixture (Anis & Zainal, 2011). The use of catalysts improves tar 
conversion and reduces the high temperatures required for its cracking 
(Li et al., 2015). However, different issues must be considered to enable 
an efficient tar cracking through catalytic processes at a Technology 
Readiness Level (TRL) suitable for commercial applications. The cost of 
catalytic materials is one of the main problems, together with limitations 
induced by deactivation phenomena of the active species. 

Deactivation is a common phenomenon observed in tar cracking and 
reforming processes. Physical deactivation is mainly due to the 
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deposition of coke, a by-product of tar cracking reactions, which covers 
active sites (Parrillo et al., 2023). Chemical deactivation is caused by the 
poisoning of active species due to impurities such as chlorine and 
sulphur (Yeo et al., 2019) and, at high temperature, to the sintering and 
then the agglomeration of low melting metals (Ochoa et al., 2018). This 
leads to phase changes resulting in surface area reduction (Duprez, 
1992), loss of active metal by volatiles evaporation (Hunston et al., 
2021; Yung et al., 2009) and diffusion on the support matrix (Bartho-
lomew & Farrauto, 2010). While the use of a stable support can partially 
prevent chemical deactivation, the physical deactivation by coke re-
mains one of the main limitations, leading to the loss of catalytic activity 
in a rather short time (Parrillo et al., 2023). Coke deposition can be 
limited by converting it into H2 and CO through steam reforming and 
water–gas (WG) reactions. However, steam cannot completely avoid 
carbon deposition (Rostrup-Nielsen, 1984). It is therefore necessary to 
optimize the chemical physical characteristics of active catalyst to 
obtain higher tar conversion and minimising coke formation. 

Carbonaceous catalysts such as Activated Carbon (AK) are commonly 
studied in recent years due to their high porosity and rather good con-
tent of Alkali and Alkaline-Earth Metallic (AAEM) species contained in 
the AK parent material (Fuentes-Cano et al., 2018; Di Gregorio et al., 
2016). However, self-gasification phenomena under severe operating 
conditions and in presence of steam could limit their application at in-
dustrial scale. It is also complex to investigate the mechanism of depo-
sition, since the coke and AK structure are often not easily 
distinguishable (Boccia et al., 2021). Non-carbonaceous catalysts, such 
as transition metals and their metal oxides, do not suffer problems of 
self-gasification and could help to better investigate the coke layer’s 
nature under different operating conditions. This could also allow to 
partially prevent its formation or improve its conversion. Nickel-based 
catalysts show high tar removal efficiencies. However, they are expen-
sive and sensible to deactivation due to coke formation and sintering of 
Ni0. The reaction temperatures used in these processes (800 ◦C) are 
higher of the Tamman temperature of Ni, above which sintering occurs 
(Talebkeikhah et al., 2023). Moreover, small amounts of nitrogen, 
sulphur, and chlorine-containing compounds in the feed gas can poison 
the active sites, significantly reducing its performance, and further 
increasing operating costs due to frequent replacement (Gao et al., 
2020). Iron-based catalysts are widely used in industrial Fischer-Tropsch 
synthesis (Dayton et al., 2019), and in the water–gas shift (WGS) pro-
cesses (Jansen et al., 2015; Chianese et al., 2015). They have also shown 
good catalytic performances in tar cracking and reforming, both alone 
(Guan et al., 2016; Meng et al., 2019) and in combination with other 
active metals such as nickel (Bian et al., 2017; Koike et al., 2015). Iron 
could be found in different industrial by-products, which are low-cost 
materials that need to be safely disposed of. An example of waste ma-
terials rich in iron are the ashes from sewage sludge and red mud. 

Sewage sludge is a liquid or semi-solid liquid generated from the 
wastewater treatment processes. The solid content ranges from 0.25 % 
to 12 % by weight (Djandja et al., 2022), and it is composed of water, 
organic matter, pathogens, but also inorganic components such as 
various types of salts (sulphates and phosphates), minerals (quartz, 
feldspars) and clays, among other substances. The annual production in 
the European Union of dry sewage sludge is between 6 and 9 million 
tonnes (Huygens et al., 2022), which is an excessive amount to be sent to 
landfill disposal. Thermochemical conversion such as incineration, 
gasification, and pyrolysis, have been recognised as the most promising 
alternatives to valorise the sewage sludge. They can reduce the amount 
of sewage sludge up to 70 % by mass, removing organic pollutants (Kang 
et al., 2023) and generating energy, fuels, and ashes with high con-
centrations of catalytic elements for tar cracking, especially iron 
(Ruoppolo et al., 2021). Red mud is a waste by-product of the Bayer 
process used to extract aluminium from bauxite ores, which is produced 
worldwide at a capacity of about 120 million tonnes each year (Silveira 
et al., 2021). Red mud is composed mainly of Fe2O3, Al2O3, SiO2 and 
TiO2 among other oxides (Kapelari et al., 2023; Nath et al., 2015; Gou 

et al., 2023), and its exact chemical composition depends on the place of 
origin. Due to its high basicity and potential leaching, its storage and 
disposal have critical environmental threats (Qi, 2021), and thus it is 
currently stored in dams. It is necessary to find industrial applications 
able to consume large volumes of this material and minimize its envi-
ronmental impact. There are several studies on the application of red 
mud in the metallurgical and construction industry (Mahinroosta et al., 
2020; Wang et al., 2021). Furthermore, some properties of red mud, 
such as its relatively high surface area, its inorganic composition with 
high iron content in the form of oxides such as FeO and Fe2O3, and the 
resistance to poisoning make it exploitable in chemical industries as an 
alternative to expensive metal oxide catalysts for different applications 
(Das and Mohanty, 2019; Shin and Kim, 2024; Zhang et al., 2024). 

The conversion of waste residues into a potential resource such as 
catalyst for industrial processes is a very attractive option due to its high 
environmental and economic sustainability. However, their use in these 
applications is still at R&D stage, and more studies are needed to fully 
understand the true potentialities and limitations. Despite sewage 
sludge ashes and red mud have already been studied as catalysts in other 
fields, at the best of the author’s knowledge only a few studies have been 
carried out on the use of these materials as catalysts for high- 
temperature tar cracking (Ruoppolo et al., 2021; Zhang et al., 2022; 
Wang et al., 2022a; Cheng et al., 2020). Ruoppolo et al. (2021) showed 
that sewage sludge ashes were more active on heavy hydrocarbons 
rather than light hydrocarbons as primary catalyst for gasification of 
wood with air. Zhang et al. (2022) tested a sewage sludge char condi-
tioned with quicklime to reform the volatiles produced by sewage sludge 
pyrolysis at 750 ◦C. The conditioning improved the volatile reforming, 
and the sewage sludge char achieved 84.1 % conversion of mono-
aromatic and 100 % conversion of oxygenated compounds. Wang et al. 
(2022a) tested a red mud catalyst supported on char. The obtained tar 
conversion efficiency was improved by the carbonaceous support which 
promotes Fe reduction and the dispersion of the active phase. Cheng 
et al. (2020) obtained similar results by using a combination of red mud 
and char in the cracking of naphthalene, under different atmosphere 
(CH4, CO, CO2, H2O, H2). These studies highlighted the positive effect of 
red mud and sewage sludge utilisation in catalytic applications. How-
ever, most of them used the catalysts in combination with various 
carbonaceous supports. The use of this type of material is tricky when 
dealing with syngas and steam, as the support itself is consumed by the 
reacting atmosphere, leading to a loss of material in longer duration tests 
(Boccia et al., 2021). 

This study used naphthalene as a tar model compound and measured 
the removal efficiency obtained by using sewage sludge ashes and red 
mud, supported on alumina. The performances have been compared 
with those of a pure Fe-catalyst by means of a series of long-term tests, 
under different values of process temperatures (750 ◦C-800 ◦C) and 
steam concentrations (0 %-7.5 %). The role of the support has been also 
considered by testing pure red mud with and without the support. The 
study aims to assess the possibility of using new, cheap, and efficient 
catalysts for tar cracking compared to commercial catalysts, and to in-
crease the knowledge about the effect of operating conditions on the 
catalyst performance. 

2. Materials and methods 

2.1. Tar model compound and catalysts 

Naphthalene (C10H8) was used as tar model compound since it is 
recognised as one of the main and more stable hydrocarbons in a tar 
mixture obtained from waste and biomass gasification processes (Boccia 
et al., 2021; Parrillo et al., 2023). Table A.1 in Annex A reports the 
features of its solid crystals (as provided by Sigma Aldrich), which have 
been used during the tests. 

The tested catalysts are industrial wastes produced in huge quanti-
ties: one is a red mud (RM), which is a residue of the Bayer process for 
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the extraction of aluminium from bauxite; the other one (SS) derives 
from ashes obtained by a municipal sewage sludge (Fig. A.1 in the Annex 
A). Both have high concentrations of iron, a metal with known catalytic 
potential due to its tendency to donate or accept electrons. The effi-
ciencies of these waste-derived catalysts were compared to those of a Fe- 
catalyst supported by γ-alumina (Fe/γ-Al2O3), used in many industrial 
processes and utilised in a previous experimental campaign (Parrillo 
et al., 2023). Fe/γ-Al2O3 was prepared with an iron content of 3 wt% by 
dissolving the corresponding amount of iron nitrate nonahydrate Fe 
(NO3)3⋅9H2O (98+%, Sigma-Aldrich) in aqueous solution and adding a 
suitable amount of alumina support. The material was then dried at 
120 ◦C for 12 h and calcined with air at 850 ◦C. The support allows to 
avoid loss of active metals by means of strong bounds formed between 
them. Alumina is one of the most used catalytic supports for tar 
reforming reactions due to its good mechanical strength, chemical/ 
physical stability, great resistance to sintering, and high melting point 
(Prins, 2020; Ochoa et al., 2020). It was available as commercial γ-Al2O3 
spheres produced by Sasol Germany GmbH©, having a diameter of 1 
mm, a high specific surface of 150–170 m2/g, a pore volume higher than 
0.45 cm3/g (Miccio et al., 2016), and a good resistance to high tem-
peratures (He et al., 2018). 

The first waste-derived catalyst, red mud, was used without (RM) 
and with support (RM/γ-Al2O3) to investigate the role of gamma- 
alumina on the catalytic performances. The supported red mud was 
prepared by using the same procedure adopted for the Fe/γ-Al2O3. An 
amount of RM corresponding to a load of active phase of about 5 wt% in 
the catalyst was suspended in deionised water and stirred by using a 
magnetic stirring. The γ-Al2O3 support was added, and the slurry was 
dried at 120 ◦C for 12 h in a rotavapor up to the complete vaporisation of 
water. This step was followed by calcination with air at 850 ◦C, to 
promote the chemical bonds between the active phase and support. 

The unsupported red mud was instead first compressed to 5 bar and 
then crushed and sieved to obtain granules with a size range between 0.8 
and 1.2 mm, similar to the diameter of the γ-Al2O3 spheres, to avoid any 
external diffusion limitation (Parrillo et al., 2020). The sewage sludge- 
derived catalyst (SS/γ-Al2O3) was prepared in a different way, since 
the procedure adopted for RM/γ-Al2O3 and Fe/γ-Al2O3 cannot be 
applied because SS ashes do not stick to the support surface. A fluidised 
bed combustor (FBC), with bed material made of γ-Al2O3 spheres, was 
fed with the dry sewage sludge, obtaining its complete burn-out. The 

sludges were treated for 220 min at 850 ◦C at a fluidization velocity of 1 
m/s, and an air excess of 47 %. The discharged SS ashes appeared well 
adhered to the γ-Al2O3 particles and ready to be used as tar cracking 
catalyst. Fig. A.1 in the Annex schematically shows the catalysts used 
and the related preparation methods. 

2.2. Apparatus and procedures for fresh and spent catalysts 
characterisation 

Fresh and spent catalysts were characterised by different ways to 
acquire data and information that can support the interpretation of the 
experimental results. Fresh catalysts were analysed by means of i) ICP- 
MS, Inductively Coupled Plasma equipped with Mass Spectrometry, by 
using an Agilent 7500 CE instrument, to obtain their inorganic compo-
sition (Table 1); ii) TPD, Temperature Programmed Desorption, anal-
ysis, by using a Micromeritics TPD/TPR 2900 analyser, to estimate their 
acidity strength. Both fresh and spent catalysts were also characterised 
by means of i) BET, Brunauer–Emmett–Teller method, by N2 adsorption 
at 77 K and the density functional theory (DFT) and Monte-Carlo 
simulation method (DFT Kernel), by using a Quantachrome Autosorb 
1-C analyser, to determine the specific surface area, pore volume and 
pore size distribution (Tables 1 and 2); ii) TGA, Thermogravimetric 
Analysis, by using a TGA 701 LECO, to provide a reliable estimation of 
the mass variation of the whole bed of catalysts, before and after each 
test; iii) XRD, X-Ray Diffraction analysis, by using a Rigaku Miniflex 600, 
to investigate the surface composition, the degree of crystallinity of the 
pure catalyst and the active sites dispersion on the support. The peak 
recognition was carried out with the support of the QUALX2.0 software 
(Altomare et al., 2015), while the crystallite size was measured by 
Scherrer Equation (Behrens and Schlögl, 2012); iv) SEM-EDX, Scanning 
Electron Microscopy with Energy Dispersive X-Ray Analysis, by using a 
Field Electron and Ion Inspect™ S50 SEM, to study the catalyst surface 
by providing detailed high-resolution images of the catalysts surface. 
Finally, ultimate analyses were carried out by using a CHN 2000 LECO 
elemental analyser, according to the ASTM D5373, to obtain informa-
tion about the coke layer that covers their surface: these deposits have 
been recognised as the main issue for tar cracking and reforming pro-
cesses (Boccia et al., 2021). 

Table 1 
Physical properties and inorganic composition of the fresh catalysts and their parent materials.  

Physical properties  

γ-Al2O3* RM SS** RM/γ-Al2O3 SS/γ-Al2O3 Fe/γ-Al2O3
*** 

Surface Area (m2/g) 150–170 94.6 n.a. 156 146 147 
Pore Volume (cm3/g) >0.45 0.20 n.a. 0.45 0.41 0.47  

ICP MS analysis (mg/kg)** 
Li – 6.0 – 0.3 – – 
Na – 42,160 268 1294 331 – 
K – 680 1404 550.9 1423 – 
Al – 1960 4931 32,490 –  
Mg – 997.5 2210 – 296 – 
Ca – 2662 10,320 – 4014 – 
Zn – 5.7 303 12.2 185  
Ti – 21,630 – 507 – – 
V – 377.3 – 28 – – 
Cr – 394.8 – 13.0 – – 
Mn 15 283.0 122 11.6 29 – 
Fe 217 124,300 14,170 3600 10,470 30,000 
Co – 24.1 – 0.1  – 
Ni – 42.6 41 – 12 – 
Cu 118 8.4 171 – 249 – 

*Supplied by Sasol Germany GmbH©; ** As received; ***Data from Parrillo et al., 2023. 
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2.3. Apparatus and procedures for experimental tests 

The tests were carried out in a bench-scale tubular quartz reactor 
having an internal diameter of 14 mm and a total height of 600 mm 
(Fig. 1). A detailed description of the apparatus is reported elsewhere 
(Boccia et al., 2021). Nitrogen was used as inert carrier gas and fed into 
two bubblers, each containing 20 g of solid crystal of naphthalene. The 
bubblers were kept at 65 ◦C in an oil bath to allow the vaporization of 
naphthalene. Steam was fed by a peristaltic pump (Ismatec Regloo 
Digital 2-Channel©) and vaporised in a 15 cm long pipe kept at 150 ◦C. 
The generated steam was mixed with nitrogen and naphthalene in a 
mixing section before entering the reactor. All the lines of the feeding 
and exit sections were heated at 150 ◦C to avoid gas condensation. The 
produced gas was cleaned to remove residual naphthalene and water 
before its entrance in a gas chromatograph equipped with a thermal 
conductivity detector (GC-TCD, 3000a Micro GC), able to measure, 
every five minutes, the content of H2, CO, CH4, N2, CO2, and low 
molecular-weight hydrocarbons. The produced gas was then directed 
into a sampling section, made by three bubblers containing 2-propanol 
at 0 ◦C, by switching a three-way valve. The collected residual naph-
thalene was analysed by a gas chromatograph coupled with a mass 
spectrometer, GC–MS Agilent HP6890/HP5975. 

The catalysts were tested in a N2 atmosphere, by using a naphthalene 
concentration of 22.5 mg/LN, without and with an addition of steam, 
and temperatures of 750 ◦C and 800 ◦C. The selected tar concentration, 
as well as the temperature and steam concentration, are typical values 
that can be found at the exit of a biomass/waste fluidized bed gasifier 
(Arena, 2013). The peristaltic pump was calibrated before each test to 
ensure a fixed concentration of 7.5 % of steam. This concentration was 
selected based on the previous study of Boccia et al. (2021), which 
investigated the effect of different steam concentration in the catalytic 
cracking of tars. A bed of 2.6 g of each supported catalyst was used to 
obtain a bed height of 3 cm, which gave a residence time of 0.11 s. The 
bed amount was increased to 3.6 g for the tests with pure RM, to keep 
gas residence time constant. When steam was added, the N2 flowrate 
was adjusted according to the operating conditions selected to ensure 
the same total flowrate and concentrations. After the system reached the 
steady state, the nitrogen was sent to the bubblers and then to the 

reactor. The first naphthalene sample was collected 5 min after the start 
to assess the initial conversion efficiency of the catalytic bed. The suc-
cessive samples were collected every 30 min for the first two hours of 
testing, and then every hour until the end of the tests, to assess the 
deactivation over time. The reactor was purged with N2 and cooled 
down to room temperature after each test. 

3. Results and discussion 

3.1. Characterisation of the fresh catalysts 

Physical properties and inorganic composition of the fresh catalysts 
and their parent materials are reported in Table 1. All the supported 
catalysts show specific surface areas of approximately 150–170 m2/g, 
which is like that of pure γ-Al2O3, highlighting the positive contribution 
of this support. The unsupported RM, which was only compressed, 
shows a smaller specific surface of about 95 m2/g. The iron content of 
the catalysts is different due to its concentration in the parent material 
and preparation method. RM shows the highest concentration of iron, 
ten time larger than that of pure SS. The waste-derived supported cat-
alysts have an iron concentration lower than that of Fe/γ-Al2O3. All el-
ements, including AEEM, are well distributed on the surface, as 
indirectly confirmed by the value of specific surface area that is rather 
close to that of pure γ-Al2O3. 

The microscopic structure and physical features of the catalysts 
surface were analysed by SEM-EDX. Fig. B.1 in Annex B reports four SEM 
images together with a specific iron mapping related to each of them. 
Although these images refer to small areas of a highly magnified sample, 
they can provide useful information (Marsh & Rodriguez-Reinoso, 
2006). The distribution of active material on the support appears ho-
mogenous, with the formation of clusters that occurred during the cat-
alyst’s preparation. The waste-derived supported catalysts, RM/γ-Al2O3 
and SS/γ-Al2O3, present many nanoparticle clusters with an irregular 
morphology, as can be seen in Figs. B.1-B and B.1-C. These uneven 
clusters were produced during the preparation procedure and are made 
of nanoparticles of different compounds (metal oxides, silicon dioxide, 
and others). This could suggest an uneven distribution of active sites. 
The XRD analyses reported in Fig. 2 show however that spectra related 

Fig. 1. Schematic representation of the experimental apparatus.  
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to pure γ-Al2O3, which predominate over those of active species, appear 
almost completely superimposable to those of RM/γ-Al2O3 and SS/ 
γ-Al2O3. This indicates a homogenous distribution of the iron on the 
support surface, without any visible effect of the mentioned clusters. 
XRD spectra of pure RM and pure SS can be used to identify the content 

of main oxides since they are not affected by the γ-Al2O3 signal. 
The RM spectrum (Fig. 2, top-left, orange line) shows peaks corre-

sponding to aragonite (CaCO3), hematite (Fe2O3), sodalite (Na8 
(Al6Si6O24)Cl2), perovskite (CaTiO3), boehmite (γ-AlO(OH)), calcite 
(CaCO3), and titania (TiO2). The dominant phases are hematite and 
sodalite, having an average crystallite size of 11.4 nm and 32.3 nm 
respectively, which was also detected in the RM/γ-Al2O3 catalyst. The 
XRD spectrum of SS (Fig. 2, top right, red line) shows the signal of 
whitlockite (Ca9(MgFe)(PO4)6PO3OH) and, in particular, of hematite 
(Fe2O3): this suggests that iron is largely present under its most oxidised 
form. 

The acidic strength of the catalysts was assessed by a TPD analysis, 
which allows the quantification of acid sites on a catalytic surface by 
desorption of an alkaline probe molecule (Alreshaidan et al., 2022). The 
acidity plays a crucial role in various hydrocarbon catalytic reactions, 
including cracking, isomerisation, and polymerisation (Bartholomew & 
Farrauto, 2010). The acidity is also the main cause of coke deposition on 
the catalyst surface, due to the cleavage of C-C and C-H bonds (Jenness 
et al., 2014; Umansky et al., 1990). The TPD analyses of fresh catalysts 
are reported in Fig. 3. 

The peaks on the obtained curves indicate the presence of acid sites 
with different strengths (Mosallanejad et al., 2018): the peaks at lower 
temperatures (150 ◦C–200 ◦C) could be associated to weak acidic sites, 
while those at higher temperatures (300 ◦C–400 ◦C) to medium acidic 
sites. All the supported catalysts exhibit both the acidic sites, while 

Fig. 2. XRD spectra of the fresh catalysts. Top-left: spectra for the γ-Al2O3 support, RM supported catalyst, and pure RM. Top-right: spectra for the γ-Al2O3 support, 
SS supported catalyst, and pure SS. Bottom: Spectra for the support and all the supported catalysts. Legenda: H, hematite; S, sodalite; B, boehmite; T, titania; A, 
aragonite; C, calcite; P, perovskite; W, whitlockite. 

Fig. 3. TPD-NH3 analyses of the different fresh catalysts and pure γ-Al2O3.  
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unsupported RM shows a limited amount of only weak acidic sites: 
hence, the acidity is mainly a characteristic of the γ-Al2O3 support 
(Busca, 2019). The alkali compounds contained in RM and SS cause a 
decrease of acidic site concentration, as indicated by the amount of 
desorbed ammonia measured during the analyses (Zhang et al., 2020): 
pure γ-Al2O3 shows an amount of 4.69 mmol/g compared to those of 
0.61 mmol/g and 0.52 mmol/g related to RM/γ-Al2O3 and SS/γ-Al2O3, 
respectively. The absence of alkali compounds on the surface of Fe/ 
γ-Al2O3 causes a lower decrease of acidic sites, with an amount of des-
orbed ammonia of 1.67 mmol/g. The higher acidity of Fe/γ-Al2O3 im-
plies a greater ability to break the tar molecules but, on the other hand, a 
greater tendency to accumulate coke on its surface, as reported by Feng 
et al. (2016). 

3.2. Tar cracking tests 

The experimental tests were carried out under the following oper-
ating conditions: naphthalene concentration = 22.5 mg/LN; reactor 
temperature = 750 ◦C or 800 ◦C; carrier gas volumetric flow rate = 0.49 
LN/min or 0.47 LN/min, to keep constant the gas residence time (0.11 s); 
and steam concentration = 0 % or 7.5 %. The tests aimed at evaluating 
the tar cracking efficiencies for each catalyst, comparing the related 
performances, and investigating the effect of reactor temperature and 
steam addition, at a fixed residence time. 

3.2.1. Time evolution of gas composition 
Fig. 4 reports the H2 production for each catalyst under the different 

operating conditions tested. In the experiments without steam (Fig. 4 A 
and 4C), the trends appear not affected by temperature. RM, RM/ 
γ-Al2O3 and SS/γ-Al2O3 show a low H2 concentration in the first 25 min, 
which subsequently increases, being almost constant in the remaining 
time. The initial trends are not comparable to those obtained with Fe/ 
γ-Al2O3 and may be attributed to the oxidation state of iron. The reduced 
Fe0 has a greater activity in the cleavage of C-C and C-H bonds compared 
to that of Fe oxides because it allows a better overlap of atomic orbitals 
of the involved species (Wang et al., 2022a). Such feature is attributed to 
the absence of oxygen atoms in the lattice structure, which affects the 
intermolecular interactions due to steric hindrance (Chi et al., 2018). 
The waste-derived catalysts contain iron in oxidized form that could be 

reduced by hydrogen produced in the early stages, improving their 
performance. Viceversa, Fe/γ-Al2O3 is not fully oxidised and therefore 
already active in the first few minutes (Miccio et al., 2016). RM shows 
the lowest hydrogen trend but also a lower deactivation tendency. This 
could be related to its higher iron content and, above all, the presence on 
its surface of other inorganic elements that can hinder the accumulation 
of coke on the surface. 

In the experiments with steam (Fig. 4B and 4D), the trends are clearly 
affected by temperature, since WG and WGS reactions are triggered at 
800 ◦C. The waste-derived catalysts show lower H2 yields than those 
generated by Fe/γ-Al2O3, which are approximately two times larger due 
to the higher iron content. H2 yields appear rather constant for all cat-
alysts up to six hours of testing (although the already mentioned acti-
vation phenomenon is visible in the first few minutes). Finally, the 
efficiency of the RM catalysts appears not favoured by steam concen-
tration at 750 ◦C, as it is shown by Fig. B.2 in ANNEX B, since at this 
temperature the reforming reactions are not activated and, at the same 
time, steam increases the iron oxidation, reducing its catalytic activity 
(Cheng et al., 2020). 

The measured time evolution of gas composition with steam allows 
comparing the concentration of the other produced gases (Fig. 5). Tests 
carried out with the two RM catalysts (Figures from 5A to 5D) show 
significant generation of CO2 in the initial phase, which are likely 
related to the decomposition of carbonates such as aragonite and calcite, 
at both temperatures. This effect is more pronounced with pure RM, 
because of the higher content of these elements. SS-derived catalyst 
(Fig. 5E-5F) does not show this phenomenon since calcite and aragonite 
are not present in the parent material (as highlighted by Fig. 2). After the 
initial phase, CO2 trends are stable for all the catalysts throughout the 
entire test duration. The CO behaviour is different since its production 
by WG reaction is strongly limited at 750 ◦C, and just increases at 
800 ◦C, when reforming reactions are promoted (Daza & Kuhn, 2016; 
Kharaji et al., 2013). 

3.2.2. Naphthalene conversion efficiency 
Naphthalene was sampled at different time during each test to assess 

its conversion efficiency with the different catalysts (Fig. 6). The cata-
lysts show rather similar conversion efficiencies, particularly under 
presence of steam. This appears not in agreement with the low yields of 

Fig. 4. Time evolution of H2 under the different operating conditions tested.  
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hydrogen measured with waste-derived catalysts in the tests with steam 
(Fig. 4). A possible explanation could be the oxidation of part of the 
generated hydrogen to reduce the iron oxides present on the surface of 
the waste-derived catalysts. Fig. 6 also suggests that RM/γ-Al2O3, 
despite its lower concentrations of Fe and AAEMs (Table 1), has slightly 
higher conversion efficiencies compared to those of RM: this could 
confirm the positive role of the support, which in turn is related to a 
larger specific surface area and a better dispersion (and, likely, 
anchoring) of the active sites. 

Reactor temperature has a positive effect on naphthalene conversion 
for all tested catalysts, in tests with and without steam, due to the 
endothermic nature of the reactions involved. Finally, deactivation 
phenomena after six hours were observed only with Fe/γ-Al2O3, at 
800 ◦C and without steam: this is likely due to the absence of AAEM 
elements, which could favour coke deposition without any possibility of 
its conversion, as confirmed by the decrease of H2 production (Fig. 4C). 
Fig. 6 also suggests that the main effect of steam appears to be that of 
promoting reforming reactions, and thus limiting coke deposition and 
allowing a longer activity time of the tested catalysts. Its expected 
contribution to an increase of naphthalene conversion efficiency, as 
already observed in tests with activated carbon catalysts (Boccia et al., 

2021), appears rather limited. A possible explanation is that without 
steam, the more active Fe0 is longer present on the catalyst surface, 
mainly due to hydrogen action. When steam is present, it competes with 
reducing gases by partially oxidising iron, so inhibiting its complete 
reduction, which leads to a decrease in the amount of naphthalene 
cracked, and to conversion efficiencies rather close to those obtained 
without steam. This effect of steam on the iron oxidation state can be 
directly observed (Fig. B3 in ANNEX B) by analysing the XRD spectra 
related to fresh and spent RM catalysts, after tests at 800 ◦C, with and 
without steam. The spectrum of the fresh catalyst indicates a predomi-
nant presence of hematite, which is the most oxidised form of iron; that 
of the spent catalyst after a test without steam, shows instead the pre-
dominance of reduced iron; finally, the spectrum of spent catalyst after a 
test with steam, highlights the predominance of magnetite, which is a 
form of intermediate oxidation of iron. 

3.2.3. Mass variation and catalyst surface characterisation 
Fig. 7 reports the mass variation of the catalysts at the end of the 

tests, carried out at 800 ◦C, without and with steam. Data are reported as 
time-specific unit, to compare tests having different duration (Ravenni 
et al., 2020). A positive mass variation indicates coke deposition on the 

Fig. 5. Time evolution of the main gases produced in the tests with waste-derived catalysts under presence of steam.  
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catalyst surface, due to naphthalene cracking (Parrillo et al., 2023); a 
negative variation indicates a degradation of the catalyst structure 
(Boccia et al., 2021). The highest mass variations were obtained without 
steam, due to the absence of any reforming agent, able to operate coke 
removal. Tests with steam were instead characterised by reduced mass 
variation for all the catalysts, being coke converted through WG and 
steam reforming reactions. SS/γ-Al2O3 and RM/γ-Al2O3 show a lower 
mass variation than that of Fe/γ-Al2O3, due to the combination of a 
slightly lower catalytic activity and the presence of AAEM elements on 
their surface which hinder the coke build-up (Feng et al., 2016). AAEMs 
have the potential to suppress carbon formation (Ashok et al., 2020), 
thus enhancing the quality of the gaseous products. The negative mass 
variations observed in the tests with unsupported RM is explained by its 
partial consumption: this makes challenging, or likely impossible, to 
assess the extent of coke deposition. With pure RM, the surface con-
sumption due to the absence of support, causes a loss of about 1.5 mg/ 
min of material: it is expected to lose all the material in tests longer than 

about 40 h. On the other hand, and until the complete loss of catalytic 
mass, this same consumption could improve the conversion efficiency by 
removing coke from the surface, so exposing new active elements. 

A deeper investigation on the nature of coke layer required an 
analysis of spent catalysts obtained in all the tests. Fig. 8 reports the 
curves obtained by TGA with air, together with data of total mass loss 
(Δwt), measured by TGA, and carbon content, measured by CHN ana-
lyses. All fresh catalysts show only an initial weight loss around 100 ◦C, 
due to the evaporation of adsorbed water (RM/γ-Al2O3 and SS/γ-Al2O3 
about 5 %, Fe/γ-Al2O3 about 2.5 %). Only spent catalysts also show 
another weight loss, starting after 400 ◦C, which further supports the 
presence of a coke layer. The TGA of RM/γ-Al2O3 and SS/γ-Al2O3 show 
different weight losses in the absence of steam. These variations, 13.9 % 
for SS/γ-Al2O3 (with a C content of 18 %) and 27.4 % for RM/γ-Al2O3 
(with a C content of 22 %) are mainly attributed to carbon deposition. 
The lower variation measured for SS/γ-Al2O3 is attributed to the pres-
ence of higher amounts of active elements other than Fe, such as Ca and 
K, that hinder coke deposition (Table 1). Furthermore, the temperature 
at which coke starts to decompose is about the same for the different 
operating conditions tested (around 400 ◦C), suggesting the formation of 
a coke with a similar structure (Ochoa et al., 2020). Fe/γ-Al2O3 shows 
two different temperature of mass losses (400 ◦C, without steam, and 
550 ◦C, with steam), suggesting different structures of coke, which could 
deposit on different parts of the surface, as further investigated by SEM 
observations reported in the following. TGA of pure RM show a 
completely different trend compared to the supported catalysts. Fresh 
sample shows a constant weight loss during the analysis (8 %), due to 
water evaporation at the initial stage, and dehydroxylation of bohemite 
and decomposition of carbonates at higher temperatures (Brostow & 
Datashvili, 2008; Madadkhani et al., 2021). Spent RM does not show a 
mass loss but instead a mass gain, of 1 % and 0.1 %, without and with 
steam, respectively, which can be attributed to the oxidation of 
magnetite into hematite by air. TGA of the sample from tests without 
steam shows another mass gain of 3.4 % in the temperature range 400 
◦C–450 ◦C, due to the oxidation of Fe0 (Wang et al., 2022b; Lysenko 
et al., 2014). The presence of Fe0 and magnetite is confirmed by the XRD 
analysis of the spent RM catalysts (Fig. B3 of ANNEX B), without and 
with steam, respectively. Finally, a coke layer should be present also on 

Fig. 6. Naphthalene conversion efficiencies under the different operating conditions tested.  

Fig. 7. Mass time variation of the catalysts at the different operating condi-
tion tested. 
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the surface of pure RM, since low carbon concentrations (7 %, without 
steam, and 0.09 %, with steam) were measured. This indicates that 
catalyst oxidation caused by air (i.e., the amount of oxygen on the sur-
face) was greater than the amount of carbon deposited by cracking and 
reforming reactions, resulting in a mass gain. 

3.3. Characterisation of the spent catalysts 

3.3.1. Porosity measurements 
Table 2 shows - for each fresh catalyst and for spent catalyst from 

tests at 800 ◦C, with and without steam - the values of specific surface 
area and volume of pores. Just for spent catalysts, the table also reports 
data of masked specific surface area, defined as the ratio between the 
masked surface (obtained as the difference between those of fresh 

catalyst and spent catalyst) and the surface of the fresh catalyst. No 
micropores were detected since the catalyst porosity depends on the 
mesoporous nature of the support used. 

RM has the highest surface coverage compared to the others (more 
than 80 %), under all the operating conditions tested. In the absence of 
the support, the combined effect of catalyst degradation due to the 
abrasion of the carrier gases at high temperatures (as confirmed by the 
negative mass variation reported in Fig. 8), together with a strong ten-
dency to sintering, led to a remarkable loss of active surface. The other 
supported catalysts show values of masked specific surface almost three 
times lower than RM, since active metals are bound to the support 
surface and there is no sintering phenomenon. Without steam, the per-
centage of masked surface is the highest; with steam, it decreases since 
part of coke is converted through WG and steam reforming reactions. 

Fig. 8. Thermogravimetric analysis of the different catalysts tested at 800 ◦C, without and with 7.5 % of steam.  

Table 2 
Porosimetric analysis of the catalysts tested at 800 ◦C, without and with 7.5 % of steam.   

Catalyst status (Temperature, ◦C) Steam concentration, % Surface area, m2/g Pore volume, cm3/g Masked specific surface area, % 

RM Fresh (25 ◦C) – 95  0.20 –  
Spent (800 ◦C) 0 16.7  0.07 82  
Spent (800 ◦C) 7.5 10.6  0.08 89 

RM/γ-Al2O3 Fresh (25 ◦C) – 156  0.45 –  
Spent (800 ◦C) 0 116.5  0.26 25  
Spent (800 ◦C) 7.5 121.1  0.32 22 

SS/γ-Al2O3 Fresh (25 ◦C) – 147  0.41 –  
Spent (800 ◦C) 0 93.5  0.19 36  
Spent (800 ◦C) 7.5 100.6  0.25 32 

Fe/γ-Al2O3 Fresh (25 ◦C) – 147  0.46 –  
Spent (800 ◦C) 0 102  0.20 31  
Spent (800 ◦C) 7.5 129  0.37 12  
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The values for RM/γ-Al2O3 and SS/γ-Al2O3 are rather similar to those of 
Fe/γ-Al2O3, even though the latter shows a stronger decrease in masked 
surface area due to steam action, from 31 % to 12 %, together with the 
greatest mass variation (0.97 mg/min) among all supported catalysts. 
This difference could be attributed to the sintering of AAEM elements, 
such as potassium, at high temperatures (Morris & Bartholomew, 2015), 
which are not as strongly bound to the surface as in the case of the iron in 
Fe/γ-Al2O3. Sintering causes the increase in the size of the crystallites on 
the surface which obstruct the pores of the waste-derived catalysts, 
contributing to the loss of specific surface area. However, any study 
about mechanism and extension of sintering is complicated by the 
complex composition of the two waste-derived catalysts. 

3.3.2. SEM-EDX analysis 
Figs. B.4 and B.5 in ANNEX B report the SEM-EDX analyses of the 

different spent catalysts, as obtained by tests at 800 ◦C, without steam 
(Fig. B.4) and with steam (Fig. B.5). The SEM images on the left side of 
the two figures indicate that the supported catalysts show rather ho-
mogeneous surface, with the presence of different clusters, which could 
be attributed to several elements deposited on the surface. The images 
on the middle of the two figures report the mapping of all the elements 
recognised in a thickness of 2 µm by EDX analysis. It is noteworthy that, 
in this kind of analyses, the element with the greatest thickness and 
concentration overlays the others, which are deposited in thinner layers. 
The mapping of the Fe/γ-Al2O3 catalyst shows this behaviour since the 
presence of the γ-Al2O3 support makes it difficult to distinguish the thin 
layer of iron. Instead, both SS/γ-Al2O3 and RM/γ-Al2O3 do not show this 
effect: for SS/γ-Al2O3 the main element on the surface is silica under 
both the operating conditions, while for RM/γ-Al2O3 a heterogeneous 
layer, containing Fe and Mn as main elements, is instead present. 
Finally, with reference to spent samples of pure RM, that from tests 
without steam (Fig. B.4), presents Fe and Al as the main elements, with 
less oxygen compounds compared to that from tests with steam, so 
confirming the iron reduction operated by H2. The EDX images reported 
in the right column of the two figures, refer instead only to the carbon 
layer, which appears masking all the tested catalysts. Nevertheless, 
carbon is not present in the overlay images (of the middle), indicating a 
thickness lower than 2 µm, which is anyway sufficient to partially 
deactivate the catalyst (Boccia et al., 2021; Parrillo et al., 2023). The 
carbon maps also show some darker areas representing the metal clus-
ters and indicating a lower deposition rate in that spot. The coke can be 
distinguished according to the location in where it is deposited (Ochoa 
et al., 2020), namely: (i) coke deposited on metal particles (also known 
as encapsulating coke); (ii) coke deposited at the metal-promoter/ 
support interface; (iii) coke deposited on support. While coke (i) is 
readily accessible by steam and converted more easily, coke (ii) and (iii) 
may be produced after a longer residence time and are less reactive 
towards WG and steam reforming reactions. This means that naphtha-
lene, which is bound to the active site during the reaction, is more easily 
converted to lighter gases and the production of coke (or a thicker layer 
of it) is not favoured, resulting in a slower deactivation. 

4. Conclusions 

The catalytic efficiency of two waste-derived materials, red mud 
(RM/γ-Al2O3) and sewage sludge (SS/γ-Al2O3), for tar cracking re-
actions was investigated. The role of the support was studied by testing 
red mud catalysts with and without the γ-alumina support. 

The research quantified the naphthalene conversion efficiencies and 
time evolution of generated gases during the cracking process in long- 
term tests, carried out under different values of process temperatures 
(750 ◦C-800 ◦C) and steam concentrations (0 %–7.5 %). The perfor-
mance of each waste-derived catalyst was compared with that of a pure 
iron-based catalyst (Fe/γ-Al2O3). 

The Fe/γ-Al2O3 catalyst shows the highest hydrogen yield with 
steam, confirming the positive activity of iron as steam reforming 

catalyst. However, the naphthalene conversion efficiencies of all the 
γ-Al2O3 supported catalysts are rather similar throughout the tests and 
remained almost constant in a range between 60 % and 80 %. This seems 
to confirm the role of AEEMs, which help to hinder the coke deposition, 
as it is highlighted by the measured lower mass increasing of the waste- 
derived catalysts (about 0.20 mg/min, 0.48/min for RM/γ-Al2O3, SS/ 
γ-Al2O3, respectively) compared with that (0.97 mg/min) of Fe/γ-Al2O3. 
The pure RM shows instead a loss of catalyst mass, highlighting the role 
of support, which helps to prevent sintering and loss of catalytic ele-
ments during the process. 

The tests allowed following the evolution of physical and chemical 
characteristics of the catalysts and characterising the coke layers 
deposition on the catalyst surfaces. The XRD spectra of RM catalyst show 
different oxidation states of iron depending on the operating conditions: 
without steam, it is detected as Fe0 (the most reduced form), with steam 
it is detected as magnetite (the intermediate oxidation form). Tuning the 
steam concentration appears then important to keep constant the 
reduced state of iron while limiting coke deposition, that is known as the 
main cause of catalyst deactivation. 

Further studies are necessary to better highlight the strengths and 
weaknesses of these waste-derived materials, by using a real syngas 
flow, so helping a reliable assessment of the potential for their utilisation 
as catalysts in hot syngas cleaning. They could be a key element of an 
efficient strategy to reduce the cost of tar removal in waste gasification 
processes and, at the same time, provide an alternative for a valuable 
treatment of these residual wastes. 
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