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Abstract

Catalytic methane decomposition (CMD) is an environmentally friendly method of hydro-
gen production that, unlike other conventional processes, such as steam methane reforming,
partial oxidation of methane, and dry reforming of methane, can convert methane into hy-
drogen with a simultaneous generation of solid carbon without CO2 emissions. This study
mainly focused on the application of carbon-based catalysts derived from biomass and
biowaste for the CMD process. For this purpose, eight catalysts were produced from three
carbon materials (wood, sewage sludge, and digestate) through the subsequent processes
of pyrolysis, leaching, and physical activation. The comparison of catalysts prepared from
the slow pyrolysis of biowaste and wood indicated that carbon materials with a lower ash
content achieved a higher initial methane conversion (wood char > digestate char > sewage
sludge char). For feedstocks with a high initial ash content, such as digestate and sewage
sludge chars, an improvement in the catalytic activity was observed after ash removal
through the leaching process with HNO3. In addition, physical activation through CO2

fluxing led to an enhancement in the BET surface area of these catalysts, and consequently
to a growth in methane conversion. The initial methane conversion was assessed for all
chars under operating conditions of 900 ◦C, a gas hourly space velocity (GHSV) of 3 L/g/h,
and a CH4:N2 ratio of 1:9, and it was 65.9, 59.1, and 42.6% v/v, respectively, for chars de-
rived from wood, sewage sludge, and digestate; these values increased to almost 80% v/v
when these chars were upgraded by chemical leaching and physical activation.

Keywords: hydrogen; catalytic methane decomposition; waste management; sewage
sludge biochar; pyrolysis; leaching; physical activation

1. Introduction
The continued use of fossil fuels as an energy source has raised serious concerns

about the depletion of these resources and the environmental problems associated with
greenhouse gas emissions. Therefore, it is crucial to find more environmentally friendly
alternatives to diversify the supply of energy resources and mitigate the negative impact of
fossil fuels on the environment. Hydrogen is an attractive energy vector. It is carbon-free
and has the highest energy content per unit weight compared with fuels such as methane,
diesel, and gasoline [1]. There are several pathways for hydrogen production such as steam
methane reforming [2], the partial oxidation of methane [3], dry reforming of methane [4],
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coal gasification [5], methane decomposition [6], and water electrolysis [7]; however, most
of these processes are CO2 emitting, except for methane decomposition and electrolysis [7].
Among these two methods, methane decomposition is more attractive due to its lower
hydrogen production cost, which is approximately 2.12 $/kg H2 compared with about
4 $/kg H2 for water electrolysis [8].

Methane decomposition is the single-step process of converting methane into hy-
drogen and carbon at temperatures around 1200 ◦C [9,10]. The use of metallic catalysts
and carbon-based catalysts facilitates methane decomposition at more moderate tempera-
tures [8]. Although higher catalytic activity has been observed for metallic catalysts such
as iron [11,12], nickel [13,14], and cobalt [15,16] compared with carbon-based catalysts,
they suffer from rapid deactivation due to carbon deposition, which is a significant draw-
back. Also, the regeneration procedure of metal-based catalysts and the separation of
the carbon deposited on their surface area, though potentially valuable, present further
challenges. Carbon nanotubes, which are high-value products, can be obtained through cat-
alytic methane decomposition over metallic catalysts. However, separating the nanotubes
without damaging their structure or leaving catalyst residues is difficult. Additionally, the
recovery of carbon nanotubes often requires specialized equipment, such as high-speed
centrifuges, vacuum filtration systems, or advanced chemical reactors, which increases
the initial capital investment and operational complexity of the process. Conversely, al-
though carbonaceous catalysts generally lack the ability to control the structure of carbon
nanotubes, no recovery step is needed since the carbon produced during methane decom-
position simply deposits on the surface of the carbon catalyst, which makes the process
simpler and more cost-effective. Furthermore, catalysts derived from carbon materials are
generally cheaper and exhibit greater resistance to impurities and high temperatures [17].

Carbon-based catalysts can be classified into three groups based on their crystallinity:
highly ordered, less-ordered, and disordered carbons. Highly ordered carbons are materi-
als such as graphite and diamond with a well-defined crystalline structure. Less-ordered
carbons have a partially ordered structure including glassy carbon, fullerene (C60/70),
fullerene soot, carbon nanotubes, and ordered mesoporous carbons. Disordered carbons
consist of materials with almost no crystallinity such as amorphous carbons, microcrys-
talline carbons, activated carbon, carbon black, and acetylene carbon [18]. The results of
experimental studies carried out on methane decomposition over different carbon-based
catalysts have revealed that activated carbon and carbon black have higher activity than
various ordered carbon catalysts such as graphite, glassy carbon, diamond, fullerenes,
glassy carbon, carbon fibers, and carbon nanotubes [19–21].

The presence of inorganics and surface functional groups in carbon-based catalysts is
highly dependent on the source material and the catalyst preparation methods. The pyroly-
sis of biosolids leads to the creation of inorganic-containing chars, which can demonstrate
catalytic activity in methane decomposition reactions. For example, metals, such as Fe, Ni,
and Co, have been detected as inorganic constituents present in carbon-based catalysts,
particularly carbon blacks. However, since they are in the form of oxides, their impact
on the catalytic activity of these catalysts was negligible [20]. This issue has also been
confirmed in other studies. According to Kim [22], metals, when present in carbonaceous
catalysts, have minimal influence on catalytic activity and their activation energies do
not align with those typical of metal catalysts, primarily due to alterations in the porous
structure following ash removal. Furthermore, two factors of surface area and particle
size were investigated in this research study. It was observed that while there was no
discernible trend between the initial activity and the surface area, the particle size affected
the catalyst activity. Smaller particles exhibited a higher activity than larger ones, indicating
intraparticle mass transport limitations.
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Although various carbon-based catalysts have been extensively assessed for the CMD
process, such as wood char [23], activated carbon [24,25], carbon black [25,26], ordered
mesoporous carbon [27], graphite [28], glassy carbon [19], multi-wall nanotubes [29],
acetylene black [19], soot [19], diamond powder [19], carbon nanotubes (CNT) [29], and
fullerenes [19], the application of carbon-based catalysts derived from waste materials,
like sewage sludge, has rarely been studied within the CMD framework. The conversion
of sewage sludge into char through pyrolysis not only mitigates the challenges of waste
management, but also offers a promising catalyst for hydrogen production. Therefore, this
work aimed at developing a method to prepare a waste-derived carbon-based catalyst
for methane decomposition with a catalytic activity similar to activated carbon, which is
one of the most utilized catalysts in the CMD system. The choice of two other catalysts
including wood and digestate as feedstocks was made to represent materials with different
ash contents and compositions, allowing us to investigate how these parameters affect
the catalytic performance. Also, the impact of operating parameters such as temperature,
feedstock purity, and space velocity as well as catalyst characteristics including surface
area and ash content are comprehensibly discussed in this research work.

2. Materials and Methods
The use of carbonaceous catalysts in the CMD process enables the production of both

a clean energy vector (hydrogen) and an economically feasible carbon material (carbon-
enriched spent catalyst), so the use of carbon-based catalysts for methane pyrolysis offers
an optimistic prospect for industrial decarbonization. The characteristics of these catalysts,
and consequently their catalytic activities in the CMD process, largely depend on properties
associated with the catalyst’s feedstock and the production process. Studies carried out on
the characteristics of carbonaceous catalysts have shown that ash content and BET surface
area are two important parameters that could highly impact methane conversion [8].
Therefore, the main objective of this section is to explain the experimental design and
methods utilized for the synthesis of these catalysts as well as describe the equipment and
procedures employed in conducting CMD lab scale experiments.

2.1. Materials and Reagents

Three different feedstocks were used for catalyst preparation in this study. Sewage
sludge, supplied by SMAT (Turin, Italy), a waste material with a high ash content, served
as the primary feedstock. In addition, poplar wood, obtained from Consortium for the
Management of Agro-Forestry Resources of Villa Basilica (Lucca, Italy), and agricultural
digestate derived by a biogas plant located in lombardy, Italy, were selected to investigate
the influence of catalyst characteristics such as ash content and composition. To improve the
characteristics of these materials, nitrogen (99.99%) was employed as the inert atmosphere
during pyrolysis, while nitric acid (HNO3, 65%, Sigma-Aldrich, St. Louis, MO, USA) and
carbon dioxide (99.99%) were applied for leaching and activation, respectively.

2.2. Catalyst Preparation

The pyrolysis experiments were carried out in a screw reactor, as shown in Figure 1, at
an operating temperature of 550 ◦C for approximately 60 min. Since the particle size also
plays a significant role in both the chemical leaching and CMD processes, all three produced
biochars were ground and sieved to obtain a powder form with a particle size smaller than
500 µm, in order to minimize the impact of the catalyst particle size on methane conversion.
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Figure 1. Screw reactor used for the pyrolysis experiments.

The yield of pyrolysis based on the mass of biochar produced to the mass of feedstock
is typically expressed according to Equation (1):

Biochar Yield (%) =
Mass of Biochar Produced (g)

Mass of inlet feedstock (g)
× 100 (1)

To assess the influence of the ash content and surface area of the catalyst on methane
conversion, two methods of catalyst upgrading were considered: (1) a leaching process
to decrease the level of ash content (accomplished through extraction of phosphorus and
metals by nitric acid at 80 ◦C), and (2) a physical activation by purging CO2 to increase the
porosity and surface area at 800 ◦C. Given the fact that biochar derived from poplar wood
contains a very low level of ash content, the leaching process was not necessary to upgrade
this catalyst.

Since the leaching process requires a prior drying step, sieved chars obtained from
sewage sludge and digestate were first dried in an oven at 105 ◦C for 24 h. Then, inorganic
elements were extracted by leaching the char samples in a 1 M nitric acid solution, main-
taining a biochar-to-acid weight ratio of 1:10. The mixture was heated to 80 ◦C and stirred
magnetically for an hour to ensure uniformity. At the end of the reaction time, the solution
was filtered by vacuum in a Büchner funnel. The separated solids (leached biochars) were
also washed with hot water at 80 ◦C, with a water–solid ratio of 10. Finally, the leached
biochars were dried in an oven at 105 ◦C for 24 h. The performance of the leaching process
was evaluated by calculating the ash extraction efficiency, as described in Equation (2):

Ash extraction efficiency =
Char Ash (g)− Leached Char Ash (g)

Char Ash (g)
× 100 (2)

Additionally, the yield of leached biochar was defined according to Equation (3):

Leached Biochar Yield (%) =
Mass of Leached Biochar Produced (g)

Initial Mass of Biochar (g)
× 100 (3)

The second stage of catalyst upgrading involved the physical activation of two leached
chars and the wood char using CO2. This process was carried out in a fixed-bed quartz
reactor with an internal diameter of 32 mm. During the heating of the reactor from
ambient temperature to 800 ◦C, nitrogen was purged through the reactor at a flow rate of
250 mL/min to ensure an inert atmosphere. After reaching 800 ◦C, the nitrogen valve was
closed, and CO2 was introduced through the bed at the same flow rate for an hour. Finally,
purging CO2 was stopped, and the system was cooled down to ambient temperature in the
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presence of N2. Figure 2 demonstrates two steps of carbon catalyst upgrading. Equation (4)
is expressed as the yield of activated leached biochar.

Activated Leached Biochar Yield (%) =
Mass of Activated Leached Biochar Produced (g)

Initial Mass of Leached Biochar (g)
× 100 (4)

 

Figure 2. Catalysts upgrading setup. (a) Leaching process. (b) Activation process.

After completing the two upgrading steps, a total of eight different carbon-based
catalysts were produced including three chars, two leached chars, two activated leached
chars, and an activated wood char. Wood char was not processed by leaching due to its low
ash content. Table 1 outlines a brief description of each catalyst, along with the selected
operating conditions for their preparation and upgrading. The catalysts were categorized
into four groups based on the raw materials utilized for char production.

Table 1. List of catalysts and operating conditions for their production and upgrading.

Name of Catalyst Pyrolysis Process Leaching Process Activation Process

Wood char 500 ◦C, 40–60 min - -

Activated wood char 500 ◦C, 40–60 min - CO2, 0.25 L/min, 1 h, 800 ◦C

Sewage sludge char 550 ◦C, 30 min - -

Leached sewage sludge char 550 ◦C, 30 min HNO3—1 M, 10:1, 1 h, 80 ◦C -

Activated leached sewage
sludge char 550 ◦C, 30 min HNO3—1 M, 10:1, 1 h, 80 ◦C CO2, 0.25 L/min, 1 h, 800 ◦C

Digestate char 550 ◦C, 60 min - -

Leached digestate char 550 ◦C, 60 min HNO3—1 M, 10:1, 1 h, 80 ◦C -

Activated leached digestate
char 550 ◦C, 60 min HNO3—1 M, 10:1, 1 h, 80 ◦C CO2, 0.25 L/min, 1 h, 800 ◦C

2.3. Methods of Catalyst Characterization

Different analyses including BET surface area (ASTM D6556-10 [30]), ash content (UNI
EN ISO 18122:2016 [31]), MP-AES (UNI EN ISO 16967:2015/UNI EN ISO 16968:2015 [32,33]),
and CHN (UNI EN ISO 16948:2015 [34]) were conducted on the produced catalysts in the
laboratory of the RE-CORD company (Turin, Italy) to thoroughly characterize the carbon-
based catalysts (Figure 3).
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Figure 3. The equipment for analytical characterization of the catalysts. (a) Thermogravimetric
analyzer for ash content analysis, (b) CHNS elemental analyzers, (c) BET surface area analyzer, and
(d) microwave plasma atomic emission spectrometry (MP-AES).

2.4. Methane Decomposition Experimental Setup

Methane decomposition experiments were conducted at RE-CORD using the same
laboratory apparatus for the catalyst activation. This apparatus is equipped with three
mass flow controllers (for methane, nitrogen, and carbon dioxide), a quartz tube reactor,
a furnace, two pressure sensors to monitor the pressure drop inside the reactor, and a
thermocouple for controlling the temperature of the catalysts. A MicroGC (Agilent 990,
Santa Clara, CA, USA) was used to analyze the composition of the outlet gas. Figure 4
shows a schematic of this CMD experimental setup.

Figure 4. Schematic of the experimental setup used for CMD.
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2.5. CMD Experiments

Figure 5 shows the experimental setup used for the CMD experiments. In a typical
test, 10 g of fresh catalyst was loaded into the reactor. The reactor was heated up to 900 ◦C,
while nitrogen was fluxed inside the reactor with a flow rate of 250 mL/min. At 900 ◦C,
a gas mixture containing CH4 and N2 was passed through the reactor at a flow rate of
500 mL/min to achieve a GHSV of 3 L/g/h. This process was conducted for 30 min, and
the outlet gas was collected in a gas bag every 5 min. Also, two additional gas samples
were collected at 2 and 7 min to monitor the catalytic activity of catalysts more frequently
during the first 10 min of the process. The sampling procedure was carried out in one
minute to ensure that the gas bag was filled with the outlet gas, and the composition of all
eight samples was analyzed by microGC. Each experiment was performed three times to
ensure the accuracy of the results. Based on the concentration of methane and hydrogen in
the outlet gas, methane conversion (XCH4) was calculated using Equation (5).

XCH4(%) =
CH2

CH2 + 2CCH4

× 100 (5)

 
Figure 5. Methane decomposition unit. (a) Methane decomposition apparatus and gas bags. (b) MicroGC.

3. Results and Discussion
3.1. Catalyst Production Yield

Table 2 demonstrates the yield of pyrolysis, leaching, and activation processes. As
shown in this table, the biochar yield resulting from the pyrolysis process varied depending
on the initial ash content of the materials. The biochar yield is typically in the range of
20–35% by weight for feedstocks with low ash content such as lignocellulosic biomass.
Conversely, the char yield for sewage sludge, which has a higher ash content, can be higher
than 50% by weight. This discrepancy is due to the fact that during pyrolysis, a portion
of the organic matter in the feedstock is converted into pyrogas, while the ash content
remains inert and is retained in the solid product. Consequently, char yields obtained
from the pyrolysis of sludge tend to be higher than those from lignocellulosic biomass
feedstocks. After the leaching process, mass reductions were 23.4 wt.% and 42.2 wt.%
for the digestate char and sewage sludge char, respectively, primarily due to the removal
of inorganic elements from the structure of these carbon-based catalysts. Ultimately, the
biochar yield after physical activation for wood char stood at 95% by weight. However, for
the leached digestate and sewage sludge chars, characterized by elevated volatile content,
the activation yield dropped to approximately 75–79% by weight.
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Table 2. The yield of pyrolysis, leaching, and activation processes.

Feedstock Name
Name of Process

Pyrolysis [wt.%] Leaching [wt.%] Activation [wt.%]

Wood 25.5 - 95

Digestate 43 77.6 75

Sewage sludge 1 56 57.8 79

3.2. Catalyst Characterization

The characteristics of the catalysts and consequently their catalytic activities in the
CMD process largely depend on properties associated with the catalyst’s origin and pro-
duction process. In this study, sewage sludge, digestate, and wood were used as the raw
materials for catalyst production, and the thermochemical process of slow pyrolysis was
employed for catalyst preparation, potentially followed by leaching and physical activation
processes for catalyst upgrading. The impact of leaching and physical activation processes
on the characteristics of biochars is demonstrated in Figures 6–8.

Figure 6. Ash content of chars from wood, digestate, and sewage sludge before and after leaching
and activation (* d.b = dry basis).

The investigation of the ash content of different catalysts revealed that, as anticipated,
wood char was a catalyst with a low ash content, while 32 wt.% of digestate char and
66 wt.% of sewage sludge char were represented by ash (dry basis). Figure 6 illustrates
that the degree of demineralization was 62 wt.% for digestate char and 38 wt.% for sewage
sludge char. Also, an increase in ash content was observed for all of the chars produced after
physical activation, probably due to the devolatilization of organic compounds. According
to Figure 7, the ash extraction efficiency of the leaching process for digestate and sewage
sludge chars was 70 wt.% and 64 wt.%, respectively.

Studies on the surface area of the carbon-based catalysts indicated that the surface
area of activated leached char produced from sewage sludge was almost double that of the
corresponding leached char (Figure 8). The effect of physical activation on enhancing the
surface area of a catalyst with low ash content (wood char and leached char from digestate)
was even more pronounced. This enhancement in surface area after the activation step may
be attributed to the evaporation of condensed organic compounds within the char structure.
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Another notable observation was the growth in surface area after the leaching process. This
was due to the removal of metal traces from the catalytic matrix and the generation of new
pores, or the partial extraction of condensed organics through acid leaching.

Figure 7. Carbon and ash composition of the digestate and sewage sludge chars before and after
nitric acid leaching (digestate leaching yield = 77.6 wt.% and sewage sludge yield = 57.8 wt.%).

Figure 8. Surface area of chars derived from wood, digestate, and sewage sludge before and after
upgrading.

As shown in Figure 9, investigation of the ash composition in chars derived from
digestate and sewage sludge after slow pyrolysis revealed that these catalysts contained
significant amounts of phosphorus and metals. Comparing the phosphorus and metal
concentrations before and after leaching showed that the concentration of phosphorus
in the digestate and sewage sludge chars was reduced to below 2500 mg/kg from initial
values of 37,102 mg/kg and 53,771 mg/kg, respectively. Also, Figure 10 demonstrates
that this process effectively extracted Ca, Mg, Fe, Zn, and Al from the structure of the
carbon-based catalysts, achieving an extraction efficiency of more than 50 wt.%.
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Figure 9. Impact of leaching on the concentration of inorganic elements (* w.b. = wet basis).

Figure 10. Leaching efficiency in inorganic extraction (digestate leaching yield = 77.6 wt.%; sewage
sludge yield = 57.8 wt.%).

3.3. Impacts of Process Parameters
3.3.1. Optimization of Experimental Conditions

According to the literature, high methane conversion depends on both the operating
conditions and catalyst characteristics. In this work, the impacts of parameters, such as
temperature, GHSV, methane concentration in the feed gas as well as catalyst properties
including ash content and surface area, were investigated in detail.

Figure 11 shows the influence of temperature on methane decomposition over acti-
vated wood char at GHSV = 3 L/g/h and CH4:N2 = 1:9. Three distinct temperatures of
800 ◦C, 850 ◦C, and 900 ◦C were considered for this purpose. Since CMD is an endothermic
process, at higher temperatures, the equilibrium shifts toward the products (hydrogen and
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carbon), resulting in a higher conversion of methane. Based on the results, while the initial
methane conversion in the temperature range of 800 to 850 ◦C was around 35% v/v, a
significant enhancement was observed after increasing the temperature to 900 ◦C. Also,
results from the blank experiment at the same operating conditions revealed that the ther-
mal decomposition of methane without a catalyst was negligible at 900 ◦C (<2 mol.%).
Since operating at temperatures above 1000 ◦C increases the possibility of thermal methane
decomposition, 900 ◦C is considered the optimal temperature for investigating catalytic
methane decomposition.

Figure 11. Impact of operating temperature on methane conversion (activated wood char, GHSV =
3 L/g/h, and CH4:N2 = 1:9).

The impact of GHSV on methane conversion over activated char was experimentally
investigated at two different rates of 1.5 L/g/h and 3 L/g/h while maintaining a temper-
ature of 900 ◦C and using pure methane (Figure 12). As expected, operation at a higher
GHSV led to a decrease in methane conversion. However, it should be noted that operating
at a lower GHSV requires a higher quantity of catalysts for a given gas flow rate or entails
using a constant weight of catalysts while reducing the gas flow rate.

Figure 12. Impact of GHSV on methane conversion (activated wood char, T = 900 ◦C, and CH4:N2 = 1:0).
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3.3.2. Activity of Carbon Catalysts

Six experiments were conducted to evaluate and compare the catalytic activity of
three chars derived from wood, digestate, and sewage sludge. These experiments were
carried out under consistent operating conditions of T = 900 ◦C, GHSV = 3 L/g/h, and
CH4:N2 = 1:1 and 1:9.

Based on the findings shown in Figure 13, higher methane conversion rates were
observed at lower methane concentrations across all three catalysts. For CH4:N2 = 1:1,
the reactivity declined rapidly in the first 20 min as active sites were filled with carbon
deposits during the CMD reaction. However, values were found to be less declined after
20 min and stable around a 5% v/v conversion due to the higher catalytic activity of
new crystalline carbon deposits that formed during the experiment. This is similar to the
results reported in the literature [35,36]. A comparison of the results of different catalysts
highlighted the impact of ash content on methane pyrolysis. The initial methane conversion
over raw chars derived from wood, digestate, and sewage sludge under the mentioned
operating conditions was 65.9, 59.1, and 42.6% v/v, respectively. While a higher initial
methane conversion was achieved in the case of catalysts with lower concentrations of
phosphorus and metals, catalysts produced from sewage sludge maintained a higher
methane conversion over an extended period.

 

Figure 13. Impact of methane concentration and catalyst’s origin (T= 900 ◦C, GHSV = 3 L/g/h,
CH4:N2 = 1:1 and 1:9).

As depicted in Figure 14, the effect of catalyst upgrading on methane conversion was
investigated at a temperature of 900 ◦C, GHSV of 3 L/g/h, and CH4:N2 ratio of 1:9. This
suggests that a high ash content can block active carbon sites and reduce the surface area,
whereas the removal of inorganic species such as Fe, Ca, and K during leaching could help
to expose additional active sites that enhance catalytic performance.

The activation process resulted in a more than 10% v/v increase in methane conversion.
The comparison of methane decomposition using activated carbon-based catalysts with
those before activation showed a 15–20% v/v increase in initial methane conversion under
the same conditions. After upgrading, all three carbon-based catalysts showed around
an 80% v/v initial methane conversion, regardless of the catalyst’s origin. These results
indicate that chars derived from waste materials such as sewage sludge and digestate
could also be effectively used in the CMD process after undergoing leaching and physical
activation steps.
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Figure 14. Methane decomposition over different catalysts (T= 900 ◦C, GHSV = 3 L/g/h, CH4:N2 = 1:9).

3.4. Catalyst Characterization

As methane splits into hydrogen and solid carbon during the CMD process, carbon
deposition occurs on the surface of carbon-based catalysts. As shown in Table 3, the
CHN analysis results on the fresh and spent upgraded carbon-based catalysts indicate an
increase in the total carbon content of all of these catalysts after the reaction. This increase
in the overall carbon content of the catalysts, as confirmed by the analysis, reflects the
effectiveness of the process in capturing carbon on the catalyst’s surface. Similar results
have been observed in other studies [36].

Table 3. Impact of carbon deposition on the characteristics of the catalysts (T = 900 ◦C, GHSV = 3 L/g/h,
CH4:N2 = 1:9).

Name of Catalyst
Fresh Catalyst Spent Catalyst

Total C
(% d.b *).

Total H
(% d.b).

Total N
(% d.b).

Total C
(% d.b).

Total H
(% d.b).

Total N
(% d.b).

Activated wood char 88.39 1.10 0.63 89.3 0.55 0.17

Activated leached digestate char 80.3 0.8 3.4 81.6 0.52 3.00

Activated leached sewage sludge char 42.37 0.96 3.38 47.13 0.5 2.19
* d.b = dry basis.

Over time, the accumulation of carbon atoms on the surface of catalysts can affect the
catalyst’s activity by blocking the active sites, thus preventing further methane decomposi-
tion. Due to the importance of this issue, the effect of carbon deposition on the surface area
of activated leached chars produced from sewage sludge and digestate was studied under
the conditions of 900 ◦C, GHSV of 3 L/g/h, and CH4:N2 ratio of 1:1 (Figure 15) to evaluate
the effect of methane concentration in the inlet stream.

The results indicate that the fresh activated leached digestate char initially showed a
much higher surface area compared with that obtained from sewage sludge. However, the
activated leached char from sewage sludge showed a more gradual reduction in surface
area, decreasing by only 60 m2/g after 15 min, whereas the digestate char experienced a
much larger reduction of nearly 400 m2/g over the same timeframe. This sharp reduction in
the surface area of activated leached digestate char led to a decrease in methane conversion,
and as a result, caused a slower rate of carbon deposition after 15 min.



Energies 2025, 18, 5162 14 of 18

 
Figure 15. Impact of carbon deposition on the surface area of catalysts and methane conversion
(T = 900 ◦C, GHSV = 3 L/g/h, CH4:N2 = 1:1).

3.5. Perspectives of Using Waste-Derived Carbon-Based Catalysts in the CMD Process

Given the fact that using a gas mixture including methane and an inert carrier gas
as feedstock for the CMD process is not reasonable on a commercial and industrial scale,
the potential of carbon-based catalysts, especially the ones derived from waste materials,
for the CMD process should be assessed in the presence of pure methane. Thus, two
experiments were conducted with pure methane at 900 ◦C and GHSV = 3 L/g/h using
activated wood char and activated leached sewage sludge char to evaluate the CMD process
using waste-derived carbon-based catalysts as a commercial hydrogen (and solid carbon)
production unit.

The results, as demonstrated in Figure 16, indicate that the initial methane conversion
for carbon-based catalysts derived from sewage sludge was 28% v/v, which is comparable
with the activated carbon derived from biomass. The initial methane conversion was within
the range reported in the literature [37], however, the catalysts exhibited a more stable
conversion performance over extended operation compared with the coal employed as a
catalyst in the referenced study. To maintain a high level of methane conversion, the spent
catalyst must be continuously replaced with fresh material. A moving bed reactor offers an
ideal setup for this purpose as it ensures a constant supply of active catalyst for sustained
methane decomposition performance. According to these data, employing a moving bed
reactor with a catalyst residence time of 2 min under operating conditions of 900 ◦C and
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GHSV = 3 L/g/h can consistently deliver a gas stream with a composition of H2 = 45% v/v
and CH4 = 55% v/v.

 

Figure 16. Commercial hydrogen production using the CMD process with waste-derived carbon-
based catalysts (T = 900 ◦C, GHSV = 3 L/g/h, CH4:N2 = 1:0).

A gas stream with this level of hydrogen purity can be utilized in steel manufacturing
companies [38]. Furthermore, the hydrogen purity could be increased up to 95% v/v by
designing an effective adsorption-based unit. Hydrogen with a purity exceeding 95% v/v is
the feed gas of industries such as hydrodesulfurization, hydrogenation, hydrocracking,
and petrochemical processes [39].

4. Conclusions
This study mainly focused on the effectiveness of waste-derived carbon-based catalysts

in the catalytic methane decomposition process for sustainable hydrogen production. Since
the operating parameters and catalyst characteristics can greatly affect methane conversion,
this research experimentally examined the effects of temperature, feedstock purity, space
velocity as well as catalyst surface area and ash content.

A total of eight catalysts were produced using poplar wood, digestate, and sewage
sludge through processes of pyrolysis, leaching, and physical activation: three chars from
poplar wood, digestate, and sewage sludge, two leached chars derived from digestate and
sewage sludge, and three activated versions of the wood char and the leached chars.

Temperature was the first parameter studied, and experiments on methane decomposi-
tion over activated wood char at GHSV = 3 L/g/h and CH4:N2 = 1:9 revealed that 900 ◦C is
the optimal temperature for catalytic methane decomposition. Working under temperatures
below 900 ◦C led to a significant reduction in methane conversion, while temperatures
above 900 ◦C shifted the process toward thermal methane decomposition. Also, a higher
methane conversion was observed at lower GHSV and methane concentration, however, it
should be noted that operating at a lower GHSV necessitates a higher quantity of catalysts
for a given gas flow rate or entails using a constant weight of catalysts while reducing the
gas flow rate.

Comparing the results of methane decomposition over three biochars with different
sources highlighted the impact of ash content on methane pyrolysis. The initial methane
conversion over chars derived from wood, digestate, and sewage sludge under operating
conditions of 900 ◦C, a GHSV of 3 L/g/h, and a CH4:N2 ratio of 1:9 was 65.9, 59.1, and
42.6% v/v, respectively. While a higher initial methane conversion was achieved when
catalysts with lower concentrations of ash content were used, catalysts produced from
sewage sludge exhibited better methane conversion values over an extended period.
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The effect of catalyst leaching and physical activation on methane conversion was
investigated at 900 ◦C, GHSV of 3 L/g/h, and CH4:N2 ratio of 1:9. After upgrading,
all three carbon-based catalysts showed around an 80% v/v initial methane conversion,
regardless of the catalyst’s origin. This issue proves the fact that chars derived from waste
materials such as sewage sludge and digestate could also be effectively used in the CMD
process after undergoing leaching and physical activation steps. The results indicate at
least 10% v/v enhancement in methane conversion for each stage of upgrading. Also,
the analysis of the characteristics of the fresh and spent upgraded carbon-based catalysts
indicated a growth in the total carbon of all of these catalysts after the reaction, confirming
the process’s effectiveness in capturing carbon on the catalyst’s surface.

Regarding the perspectives of using waste-derived carbon-based catalysts in the
CMD process, two experiments were conducted with pure methane at 900 ◦C and
GHSV = 3 L/g/h, using activated wood char and activated leached sewage sludge char
to evaluate the potential of this process as a commercial hydrogen production unit. The
results show that employing a moving bed reactor with a catalyst residence time of 2 min
working under the mentioned operating conditions can consistently deliver a gas stream
with a composition of H2 = 45% v/v and CH4 = 55% v/v, which can be utilized in steel
manufacturing companies.
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