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Abstract: A novel approach to the in situ regeneration of a spent alumina-supported cobalt–iron
catalyst for catalytic methane decomposition is reported in this work. The spent catalyst was
obtained after testing fresh catalyst in catalytic methane decomposition reaction during 90 min.
The regeneration evaluated the effect of forced periodic cycling; the cycles of regeneration were
performed in situ at 700 ◦C under diluted O2 gasifying agent (10% O2/N2), followed by inert
treatment under N2. The obtained regenerated catalysts at different cycles were tested again in
catalytic methane decomposition reaction. Fresh, spent, and spent/regenerated materials were
characterized using X-ray powder diffraction (XRD), transmission electron microscopy (TEM), laser
Raman spectroscopy (LRS), N2-physisorption, H2-temperature programmed reduction (H2-TPR),
thermogravimetric analysis (TGA), and atomic absorption spectroscopy (AAS). The comparison
of transmission electron microscope and X-ray powder diffraction characterizations of spent and
spent/regenerated catalysts showed the formation of a significant amount of carbon on the surface
with a densification of catalyst particles after each catalytic methane decomposition reaction preceded
by regeneration. The activity results confirm that the methane decomposition after regeneration cycles
leads to a permanent deactivation of catalysts certainly provoked by the coke deposition. Indeed, it is
likely that some active iron sites cannot be regenerated totally despite the forced periodic cycling.

Keywords: carbon; combined Co–Fe species; deactivation; hydrogen production; methane
decomposition; regeneration

1. Introduction

The reduction of catalytic activity over time is an issue of considerable and continuing concern
in industrial practices of catalytic processes. Catalyst replacement and process shutdown could cost
the industry very large financial resources every year. The catalyst deactivation changes extensively;
for example, in the case of catalytic methane decomposition, catalyst deterioration may be on the
scale of seconds, whereas in NH3 synthesis the Fe-catalyst may stay for 5–10 years. Nevertheless, it is
unavoidable that all catalysts drop their activities.

Hydrogen is a pure fuel source which can replace fossil fuels. It can be utilized to run numerous
devices like fuel cells, engines, vehicles, and electric devices [1]. Subsequently, the attention given
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to hydrogen production has been progressively growing these past years. H2 can be obtained from
several sources and methods, for example, reforming of hydrocarbons, biomass, electrolysis, and
photo-splitting of water, in addition to water-gas shift reaction [2–6]; however, the steam reforming
reaction is the main conventional method for hydrogen production. The high H2/CO ratio of the
saturated hydrocarbons, particularly CH4, makes them the major feedstock for H2 production by
reforming reactions. For example, partial oxidation, if properly controlled, is a more suitable method
to produce hydrogen than the dry-reforming process because the H2/CO ratio is 2 and the reaction
is mildly exothermic, whereas dry-reforming being endothermic is energy-intensive with a low
ratio: H2/CO = 1 [7]. The graphene hydro/dehydrogenation process might be used as an active
and eco-friendly device to yield and store hydrogen from water. Its mechanisms involve water
decomposition at the graphene/metal interface at room temperature to hydrogenate the graphene sheet,
which is buckled and decoupled from the metal substrate. Likewise, thermal programmed reaction
experiments demonstrate that molecular hydrogen can be released upon heating the water-exposed
graphene/metal interface above 400 K [8].

The endothermic catalytic methane decomposition (CMD) reaction [9] could provide a promising
substitute for the conventional processes, like steam reforming, partial oxidation, and autocatalysis
of methane, used for hydrogen production [10–12]. The CMD process produces pure hydrogen and
valuable carbon (i.e., free carbon nanotubes) [13–16]. The formation of carbon nanotubes (CNT) can be
of high economic interest; it enjoys many applications, such as catalysts, catalyst-support, H2 storage,
electronic components, and polymer additives [17–20]. Transition metals such as Ni, Co, and Fe
supported on different oxides, such as MgO, Al2O3, and SiO2, are often used for CMD reaction [21–24].
Furthermore, it has been stated that the properties of a single metal catalyst can be improved by
introducing a second metal to form a bimetallic catalyst [24–28]. Numerous articles have been lately
published on bimetallic catalytic systems for CMD reaction [29–34].

The utilization of supported bimetallic Ni–Fe, Ni–Co, and Fe–Co catalysts was examined for
catalytic methane decomposition by several researchers such as Awadallah et al. [35]. The catalytic
data showed that the bimetallic catalyst exhibited remarkably higher activity and stability and a higher
yield of multi-walled carbon nanotubes. The Fe and Co play the role of active metal in the catalyst;
they are cheap and abundant compared to noble metals and Ni. The catalytic activity of 30 wt %
Fe and 15 wt % Co bimetallic catalyst, reduced at 500 ◦C and operated at 700 ◦C, showed excellent
performance among all the tested catalysts which comprised Fe/Al2O3, Co–Fe/Al2O3, Ni–Fe/Al2O3

with different amounts of Co and Ni loading [13]. The present work underscores the features of catalyst
regeneration performance in activity and stability.

Pudukudy et al. [34] investigated the direct decomposition of CH4 over SBA-15-supported Ni-,
Co- and Fe-based bimetallic catalysts. Their results specified that all of the bimetallic catalysts were
highly active and stable for the reaction at 700 ◦C even after 300 min of time on stream. Co–Fe/SBA-15
catalyst revealed high catalytic stability [34]. Bimetallic Ni–Fe, Ni–Co, and Fe–Co supported on MgO
catalysts with a total metal content of 50 wt % were examined for CMD by Awadallah et al. [35].
The catalytic data exhibited that the bimetallic 25%Fe–25%Co/MgO catalyst displayed remarkably
higher activity and stability up to ~ 10 h of time on stream and a higher yield of multi-walled carbon
nanotubes [35]. The deactivation of heterogeneous catalysts due to carbon deposition is a global issue
that causes a reduction in catalytic activity with time. Various types of carbon and coke that change in
morphology and reactivity are created. The more reactive, amorphous forms of carbon created at low
temperatures are transformed into less reactive, graphitic forms at high temperatures over a period
of time [36]. Normally, catalyst regeneration is considered to restore catalytic activity by removing
carbon, poisons, and site blockage [37]. Hazzim et al.; studied the regeneration for CMD using an
activated carbon catalyst [38]. They found that the activity at the start and the final mass gain of the
catalyst increased as the reaction temperatures rose from 850 to 950 ◦C. However, at 850 and 950 ◦C
reaction temperatures, the activity and mass gain declined after each regeneration step. The decrease
was slower under severe regenerating conditions [38].
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In this work, a cobalt–iron supported on alumina catalyst (noted 15%Co–30%Fe) was synthesized
for catalytic methane decomposition (CMD) reaction (CH4 → C + 2H2:∆H◦ = 75:6 KJ/mol). The effect
of the catalyst regeneration was evaluated by using different oxidizing forced periodic cycling.
The regenerated catalysts were tested again in CMD reaction for coproduction of hydrogen and
carbon nanomaterials. This study focused on identifying the nature of the carbon deposits formed
after each CMD testing that precedes the regeneration cycles; also in addition, the obtained yields of
hydrogen were quantified to understand the reaction’s mechanism.

2. Results and Discussion

Because of the materials’ complexity, structural and textural properties and morphology
of spent/regenerated catalysts (referred to as SP-180 min, SP-360 min, and SP-720 min) were
examined using X-ray diffraction (XRD), transmission electron microscopy (TEM), laser Raman
spectroscopy (LRS), N2-physisorption, hydrogen temperature programmed reduction (H2-TPR),
and thermogravimetric analysis (TGA), and the carbon amount was evaluated by atomic absorption
spectrometry (AAS). For each of these three samples, the oxidative regeneration process was performed
every 90 min of the test. For comparison, the un-regenerated SP-90 min was used as a reference.

2.1. Structure and Morphology

XRD patterns of fresh catalyst (15Co–30Fe/Al2O3), SP-90 min, and three spent/regenerated
samples are shown in Figure 1. As mentioned previously [39], the diffractogram of the fresh solid
showed the presence of γ-Al2O3 phase at 2θ ca. 40◦, 49◦, and 64◦ in accordance with (ICDD# 004-0875)
lines. In this sample, additional peaks related to Fe3O4 magnetite were found at 2θ ca. 32◦, 35.5◦,
45◦, 55◦, and 60◦ according to (ICDD# 04-006-6550), whereas Fe2O3 hematite was not observed at 2θ:
32◦, 35◦ (most intense) and 25◦, 50◦, 54◦ (less intense) in accordance with (ICDD# 089-0598). Peaks
observed at 2θ ca. 32◦, 37◦, 45◦, 56◦, 59◦, and 66◦ correspond to CoAl2O4 spinel (ICDD#44-0160).
The formation of CoAl2O4 was ascribed to the strong interactions between cobalt species and γ-Al2O3

lattice during the synthesis process. No peak corresponding to Co–Fe mixed oxides like CoFe2O4

spinel was observed; this was plausibly due to a stronger interaction between cobalt and alumina
which have more pronounced acidic properties than that of iron oxides.

The XRD pattern of spent SP-90 min was completely different from that of the fresh catalyst;
it was dominated by the reflection of (200) planes observed in 2θ = 20◦–30◦ range, attributed to
carbon species with a graphite-like structure. No reflections corresponding to CoAl2O4 spinel, Fe3O4

magnetite, or Fe2O3 hematite phases were detected. The presence of γ-Al2O3 phase was not clearly
ascertained. However, a close inspection of this diffractogram revealed the presence of the common
reflection of cobalt and iron chemically in the oxidation state zero, indicating the reduction under the
reaction mixture. Part of CoAl2O4 and Fe3O4 directly forms Co and Fe metallic species or probably
Co–Fe alloy. The authors supposed that the reduction of CoAl2O4 and Fe3O4 was incomplete under
CH4 atmosphere. The presence of unreduced species CoAl2O4 spinel and Fe3O4 could not be clearly
checked because their lines are probably overlapped by those of the Co and Fe metallic species.

In the case of the SP-180 min sample, the pattern performed after the oxidative regeneration
process was similar to that of SP-90 min, but the intensity of the peaks was different. The SP-180 min
pattern revealed the presence of graphitic carbon with very low-intensity peaks due to the removal of
surface carbon in the form of CO2. Cobalt and iron were always observed in the metallic form, that is,
no cobalt and iron oxides were observed after oxidative treatment. From these results, it might be
inferred that filamentous carbon stabilized the cobalt and iron in oxidation state zero.

In the SP-360 min and SP-720 min samples, the intensity of the carbon lines increased with the
time of CMD reaction due to an additional deposit of carbon in well-structured forms that is difficult to
eliminate during the regeneration process. The presence of Fe0 metallic species was always ascertained,
but that of Co0 is unlikely. However, the diffractogram revealed the presence of a new phase attributed
to CoC2 cobalt carbide and identified after Rietveld refinement; this identification is observed by a
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slight peak splitting situated at 2θ ≈ 45◦ (ICDD#44-0962). No reflections corresponding to iron carbide
species (like Fe5C2 or Fe3C) could be observed in these samples.

Nevertheless, with a refinement scan, some traces of Fe3O4 magnetite and Fe2O3 hematite
were identified indicating the re-oxidation of iron during the regeneration process. Unlike the
spent/regenerated sample SP-180 min, the SP-360 min and SP-720 min samples revealed the presence
of a new phase recorded as θ-Al2O3 observed at 2θ positions of 29.8◦, 41.0◦, 44.2◦, 50.81◦, 61.8◦, 67.9◦,
and 79.1◦ in accordance of (ICDD#086-1410). From these results, it could be inferred that the θ-Al2O3

would probably help to make and stabilize more iron species at the surface of SP-360 min and SP-720
min samples [40,41].
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Figure 1. X-ray diffraction (XRD) patterns of fresh, spent, and spent/regenerated catalysts.

Transmission electron microscopy (TEM) was performed in order to get more information on the
carbon morphology detected by XRD. TEM micrographs of the spent and spent/regenerated catalysts
are shown in Figure 2. In all cases, the formation of filamentous-type carbon was confirmed. It is
known that the fibers of carbon nanotubes (CNTs) are composed of two kinds: (1) single-walled carbon
nanotubes (SWCNTs) which consist of a single tube of graphite and (2) multi-walled carbon nanotubes
(MWCNTs). Generally, in TEM analysis, it is difficult to establish the length of nanotubes to compare
them. However, it is well known that nanotube diameters can range from just a few nanometers for
SWCNTs to several tens of nanometers for MWCNTs. In their study, Jorio et al. [42] demonstrated by
TEM that diverse SWCNT diameters varied between 0.7 and 3.0 nm. On the other hand, Hou et al. [43],
using the same technique, found that MWCNT were generally in the diameter range from 10 to 200 nm.
In this work, only MWCNT fibers with 27–53 nm diameters were identified (Figure 2). Similarly, in an
earlier report [39] of CMD on SP-90 min, the lengths of the produced carbon (CNT) at 90 min of CMD
(observed by TEM) varied between 14.09 and 72.0 nm, which were the characteristics of MWCNTs.
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Figure 2. Top surface transmission electron microscopy (TEM) micrographs of spent and
spent/regenerated 15Co–30Fe/Al2O3 catalysts obtained after different times (90, 180, 320, and 720 min).

For all spent and spent/regenerated samples, TEM micrographs showed large amounts of
graphitic carbon layers around the Co metal particles. In fact, these Co particles were mostly
encapsulated within CNTs; on the other hand, the Fe particles clung to the CNT surface in accordance
with XRD analysis, which showed, after oxidative regeneration, a re-oxidation of iron metallic species
in Fe3O4 magnetite or in Fe2O3 hematite (according to XRD observations); it however showed no
oxidized form of cobalt which was encapsulated and stabilized with filamentous carbon. According
to the literature [44], a metal encapsulated into the CNTs was not very accessible to reactants and
therefore resistive to any oxidative regeneration process. Besides metal particles encapsulated (Co) and
metallic particles located on top of nanocarbons (Fe), all TEM images (Figure 2) showed agglomerate
black particles clearly observed in the tips of MWCNTs and dispersed on the CNT surface. These
black particles are more numerous on the unregenerate sample (SP-90 min) and are attributed to
condensation of carbon nanoparticles. These black particles could be easily removed in CO2 form
(C→ CO2 ) during the regeneration process.

Table 1 summarizes the average size of carbon crystallites determined by XRD and obtained
by TEM. The crystallite size (XRD) was estimated using the Debye–Scherrer formula [45] for the most
intense (002) peak of carbon and using the equation τ = 0.94 × λ

FWHM × Cos( 2θ
2 )

, where λcu = 1.5406 Å, τ (Å) is

the carbon crystallite size, 2θ (radian) is the diffraction peak position, and Full width at half maximum
(FWHM) (radian) is full width at half maximum describing the width measurement of carbon peak.
In TEM, the calculation of sizes was realized using the ImageJ software package (1.52 h, National
Institutes of Health, Madison, WI, USA, 2018). Except for SP-720 min (with instrumental broadening
×50 against ×200), the TEM investigation displays homogeneous distribution of carbon species with a
particle size 52.31, 49.28, and 53.23 nm for 90, 180, and 360 min samples, respectively. Similar trends
were observed by XRD for these three samples (49.74 and 42.63 Å). In the case of the SP-720 min,
the crystallite sizes (XRD or TEM) were the smallest as compared to those of other catalysts because of
the removal of amorphous carbon species from the MWCNT surface (loss of carbon C→ CO2) [46].
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Table 1. Estimation of carbon crystallite size using XRD and TEM techniques.

Samples (SP) Crystallite Size (*)

of Carbon Graphite (Å)
Average Size (**)

of Carbon Particles (nm)

90 min 49.7 52.3
180 min 42.6 49.3
360 min 59.6 53.2
720 min 39.7 27.5

(*): XRD calculations with Debye–Scherrer formula on the (002) most intense reflection; (**): TEM calculations from
05–08 zones of each micrograph.

As a conclusion, XRD and TEM measurements are complementary techniques, but not comparable:
XRD involves some heterogeneity properties such as crystalline structures, types (carbon, carbide,
etc.), and amorphous regions, whereas TEM gives information on the particle organization of carbon
(homogeneous distribution), dispersion, and distribution of metals.

To confirm the carbon nature and structure observed by XRD, laser Raman spectroscopy (LRS)
was applied to provide useful information about material crystallinity, phase transition, and structural
disorder. The spectra of the spent and spent/regenerated samples are shown in Figure 3. The single
band observed between 1000 and 2000 cm−1 could be associated with different carbon bonds;
it revealed the presence of a carbon graphite structure on the molecular level. According to previous
reports [47], this band with a maximum at 1363.6 cm−1 was attributed to the D-band of sp2 carbon
material. Deconvolution of this band revealed two components (Figure 3); the second component,
centered at 1580.54 cm−1 is associated with the G-band. According to Ferrari [48], the Raman G-band
was a characteristic of graphite with high crystallinity and the D-band was attributed to defects and
lattice distortions in the carbon structures; an increase in the intensity of the D-band reflected an
increase in the disorder of the carbon atoms and thus a restructuring of the nanotubes. Therefore,
the ratio of D-band intensity on G-band intensity (ID/IG) gave an indication of defects or graphitic
order. In Figure 3, the ratio ID/IG was calculated after deconvolution. The ID/IG ratios, which varied
in the order of 1.84 (360 min) > 1.75 (180 min) >1.66 (720 min) > 1.51 (90 min), indicated the formation
of new phases detected by XRD in spent/regenerated samples, which could be directly responsible
for the higher level of lattice distortion in the carbon graphite structures. However, the values
(ID/IG = 1.66–1.84), obtained after regeneration, had slightly increased compared to that of SP-90 min
(ID/IG ~ 1.51), which means that with the oxidative treatment, the structure of the nanotubes was
disturbed but not totally damaged.
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2.2. Surface Characterization

The Brunauer–Emmett–Teller BET surface areas were determined by nitrogen
adsorption-desorption at 77 K. All nitrogen adsorption–desorption isotherm curves and variations
of the specific surface areas are depicted in Figure 4. According to the International Union of Pure
and Applied Chemistry (IUPAC) standard, the catalysts exhibited the IV type isotherm showing
that the materials were essentially mesoporous. The fresh sample exhibited H4 hysteresis loop
which corresponded to the narrow slit-like pores, whereas the hysteresis loops of spent (90 min)
and spent/regenerated (SP-180, 360, and 720 min) samples had the characteristic of a type H3 loop.
Compared to fresh and not regenerated samples, the spent/regenerated samples showed a lower
amount of nitrogen adsorbed at the high relative pressure (P/P0 = 1), which suggests a strong decrease
in the mesoporosity because of the aggregated pores between the CNTs. In addition, as is shown in
Figure 4, the displacement of the hysteresis loops toward the lower partial pressures is an indication of
the porosity’s evolution.
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and spent/regenerated catalysts at different reaction times.

BET surface areas of spent and spent/regenerated samples were relatively small compared to that
of the fresh sample. They decreased linearly with the time of CMD reaction in the following order:
fresh-sample (122 m2/g) > SP-90 min (109 m2/g) > SP-180 min (74 m2/g) > SP-360 min (64 m2/g) >
SP-720 min (61 m2/g). During the CMD reaction or oxidative regeneration process, the formation of
new phases (such as Co and Fe metallic species, CoCx, carbon, and θ-Al2O3, etc.) caused the blocking
of the pores with the subsequent loss of surface area as evidenced by XRD analysis. This result was
consistent with AAS findings, which showed an increase in the mass of carbon deposited with the
number of reaction cycles. The decline in catalyst activity might be related to the reduction in porosity
which occurred during the decomposition process.

2.3. H2-TPR and TG Analysis

Hydrogen temperature programmed reduction experiments were carried out in 100 to
1000 ◦C temperature range under a hydrogen atmosphere. H2-TPR profiles of fresh, spent,
and spent/regenerated 15Co–30Fe/Al2O3 samples are shown in Figure 5a,b. Figure 5a is for fresh
catalyst, whereas Figure 5b is for the spent catalyst. The reduction profiles can be classified into three
regions. In region I (200–450 ◦C), the reduction of hematite (Fe2O3) to Fe3O4 and the reduction of
Co3O4 to CoO take place. In region II (450–710 ◦C), the reduction of Fe3O4 to FeO and the reduction of
CoO to Co occur. In region III (710–900 ◦C), the reduction FeO to Fe happens. Similar results were
observed by other investigators [49–51].
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Catalysts 2018, 8, x FOR PEER REVIEW  10 of 17 

 

 

Figure 5. (a) H2-TPR for fresh catalyst, (b) H2-TPR for used catalyst, and (c) thermogravimetric (TG) 
profiles, of 30Fe-15Co/Al2O3 catalysts at different regeneration temperatures. 

2.5. Catalysts Behavior under CMD-Regeneration Cycles 

In most cases, during CMD reaction, carbon encapsulates the active sites and this carbon 
accumulation is responsible for catalyst deactivation. To increase the catalyst lifetime, regeneration 
cycles by gasification using oxygen as an oxidizing agent was introduced as has been described 
before. The regeneration step obviously required the interruption of the production process for 10 
min. The catalytic activity of catalysts was determined by evaluating methane conversion and 
hydrogen yield obtained during the CMD process. In the present work, Weight hourly space 
velocity (WHSV) is calculated from the feed gas consisting of 15 mL/min of CH4 and 10 mL/min of 
N2 and weight of catalyst 0.3 g, as follows: WHSV = (15 + 10)	mL/min		60	min/h0.3	gcat = 25		60	mL/	(h)0.3	(g − cat) = 5000	mL/(h ∙ gcat. ) 

The methane conversion obtained here for regenerated catalysts is above 60%. Zhou et al. 
conducted an Fe catalyst for CMD and investigated the effect of space velocity on the methane 
conversion. When a space velocity (3750 mL/g-cat/h), close to the one used in the present work (5000 
mL/g-cat/h), was considered, they found a methane conversion of about 38% [52].  

Figure 6 compared the evolution, with time of stream (TOS), of the methane conversion 
obtained over the fresh catalyst and the spent catalysts subjected to successive cycles of 
CMD/regeneration. As can be seen, the results were not the same after the regeneration cycles. Only 
the points on the curve at 90, 180, 360, and 720 min corresponding to the samples SP-(90, 180, 360, 
720 min) were considered. As is shown, the methane conversion decreased, as the reaction time was 
increased, in the order of 68% (90 min, zero cycle) > 63% (180 min, after two cycles) > 62% (360 min, 
after four cycles) > 56% (720 min, after eight cycles). This degradation of catalytic activity and loss of 
stability of the catalysts (about Δ% = 12% from 90 to 720 min of TOS) was due probably to 
irreversible deactivation caused by covering and encapsulating of active sites by deposited carbon. 
The same trend was observed in the BET surface area which decreased when the number of 
decomposition/regeneration cycles was increased, as is shown in Figure 3. On the other hand, it was 
shown that the reducibility of catalysts decreased when the number of decomposition/oxidation 
cycles was increased; this was attributed to the blocking of metallic particles (in the oxidation state 
zero) by the formation of encapsulating carbon species, consequently leading to the loss of active 
sites and catalyst deactivation. From these results, it could be concluded that the degradation of 
physicochemical and catalytic properties was essentially related to carbon formation that was not 
completely removed after repetitive oxidative regeneration steps. Therefore, the higher the amount 
of carbon deposited , the lower the catalytic activity. 

Through this study’s experiments, the authors were able to verify that significant catalyst 
deactivation occurred toward higher regeneration times (involving a succession of cycles) despite a 

Figure 5. (a) H2-TPR for fresh catalyst, (b) H2-TPR for used catalyst, and (c) thermogravimetric (TG)
profiles, of 30Fe-15Co/Al2O3 catalysts at different regeneration temperatures.

From the XRD analysis, the possible reducible phases in fresh sample were the following: Fe3O4,
CoAl2O4 spinel, and probably some amorphous (or highly dispersed) Fe2+ and Co2+ species which
could not be detected easily by XRD. Al2O3 was non-reducible under this work’s conditions due to
the high binding energy between Al and O. Large differences in H2-TPR profiles were observed that
depended on the time of reaction and the number of decomposition-oxidation cycles. However, for all
samples, the reduction peaks observed below 450 ◦C were ascribed to the reduction of Co2+ species to
nanoparticles of metallic cobalt, whereas the peaks observed between 450 and 900 ◦C were ascribed to
the reduction of Fe3+ species of metallic iron. In the case of the SP-360 min and SP-720 min samples
compared to other samples, several reduction peaks were observed at low and high temperatures;
they could be ascribed to successive steps of the reduction to cobalt and iron species and/or to the
presence of various types of Co and Fe species of different interactions with the support or with
different particle size. Indeed, it is well known that the increase in the degree of the agglomeration and
consequently the size of metal oxide particles could cause a decrease in the metal-support interaction
and make reduction easier. From H2-TPR results, it should be pointed out that the H2 consumption
decreased with the increasing reaction time (or the number of decomposition-regeneration cycles),
probably because of the increase in the encapsulation rate of metallic particles in a zero-valence state
that makes their oxidative regeneration difficult due to their inaccessibility to hydrogen molecules.
This could justify the lower reducibility of both SP-360 min and SP-720 min samples. During the
H2-TPR process, a hydrogasification of carbon deposits could also happen at temperatures above
700 ◦C by releasing methane (C(s) + 2H2 → CH4). An analysis of gaseous effluents (using, for example,
mass spectrometry) is however necessary to assess this hypothesis.
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TGA results of spent and spent/regenerated catalysts are shown in Figure 5c that shows a weight
change in the temperature range 100–850 ◦C. All samples displayed weight loss (WL) from 500 to 850 ◦C
which was related to the combustion of different kinds of carbon (cobalt carbide amorphous carbon and
carbon nanotubes). The TGA curves showed that the weight loss decreased in the order WL(SP-90 min)
> WL(SP-720 min) > WL(SP-360 min) > WL(SP-180 min). As expected, the highest weight loss was
observed in the spent and not regenerated sample (SP-90 min). Comparing the regenerated samples,
it was found that SP-180 min exhibited the lowest weight loss, indicating that the accumulation
of encapsulating carbon deposition (difficult to remove) increased with the increasing number of
decomposition-oxidation cycles. This result corresponded to the XRD finding which exhibited a more
intense peak of carbon for samples having undergone several decomposition–regeneration cycles.
In the case of SP-720 min, a change was noticed in the slope of the TGA curve, which suggested two
kinds of coke deposit may be related to the more abundant presence of cobalt carbide over this catalyst.

2.4. Catalysts Behavior under CMD-Regeneration Cycles

In most cases, during CMD reaction, carbon encapsulates the active sites and this carbon
accumulation is responsible for catalyst deactivation. To increase the catalyst lifetime, regeneration
cycles by gasification using oxygen as an oxidizing agent was introduced as has been described
before. The regeneration step obviously required the interruption of the production process for 10 min.
The catalytic activity of catalysts was determined by evaluating methane conversion and hydrogen
yield obtained during the CMD process. In the present work, Weight hourly space velocity (WHSV) is
calculated from the feed gas consisting of 15 mL/min of CH4 and 10 mL/min of N2 and weight of
catalyst 0.3 g, as follows:

WHSV =
(15 + 10) mL/min × 60 min/h

0.3 g-cat
=

25 × 60 mL/ (h)
0.3 (g-cat)

= 5000 mL/(h·g-cat.)

The methane conversion obtained here for regenerated catalysts is above 60%. Zhou et al.
conducted an Fe catalyst for CMD and investigated the effect of space velocity on the methane
conversion. When a space velocity (3750 mL/g-cat/h), close to the one used in the present work
(5000 mL/g-cat/h), was considered, they found a methane conversion of about 38% [52].

Figure 6 compared the evolution, with time of stream (TOS), of the methane conversion obtained
over the fresh catalyst and the spent catalysts subjected to successive cycles of CMD/regeneration.
As can be seen, the results were not the same after the regeneration cycles. Only the points on the curve
at 90, 180, 360, and 720 min corresponding to the samples SP-(90, 180, 360, 720 min) were considered.
As is shown, the methane conversion decreased, as the reaction time was increased, in the order of
68% (90 min, zero cycle) > 63% (180 min, after two cycles) > 62% (360 min, after four cycles) > 56%
(720 min, after eight cycles). This degradation of catalytic activity and loss of stability of the catalysts
(about ∆% = 12% from 90 to 720 min of TOS) was due probably to irreversible deactivation caused
by covering and encapsulating of active sites by deposited carbon. The same trend was observed in
the BET surface area which decreased when the number of decomposition/regeneration cycles was
increased, as is shown in Figure 3. On the other hand, it was shown that the reducibility of catalysts
decreased when the number of decomposition/oxidation cycles was increased; this was attributed to
the blocking of metallic particles (in the oxidation state zero) by the formation of encapsulating carbon
species, consequently leading to the loss of active sites and catalyst deactivation. From these results,
it could be concluded that the degradation of physicochemical and catalytic properties was essentially
related to carbon formation that was not completely removed after repetitive oxidative regeneration
steps. Therefore, the higher the amount of carbon deposited, the lower the catalytic activity.

Through this study’s experiments, the authors were able to verify that significant catalyst
deactivation occurred toward higher regeneration times (involving a succession of cycles) despite a
very interesting catalytic formulation. The formation of cobalt carbide CoC2 may then complicate the
regeneration of metal catalysts (Figure 1), as reported in the literature [52].
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(WHSV = 5000 mL/H·g-cat), total flow rate = 25 mL/min and CH4/N2 = 1.5.

Figures 6–8 present, respectively, the evolution with time on stream (TOS) of H2 yield and the
coproduced carbon on SP-(90, 180, 360, 720 min) samples. The hydrogen production by 67.8% (90 min)
> 66.8% (180 min) > 63.7% (320 min) > 57.7% (720 min) followed the same evolution as the methane
conversion. Similar to the conversion of methane, the hydrogen yield was affected by the number of
regeneration cycles. It decreased with the increase in the regeneration number, but to a lesser extent.
On the other hand, in the case of the carbon deposit, an increasing trend of carbon with the increase in
the regeneration number was observed: 1.2 (180 min) < 1.5 (320 min) < 3.2 (720 min).

As reported by some authors [53], the catalyst deactivation mechanism rests on progressive pore
blocking by carbon deposition. The carbon formation involved in the first step is the dissociative
adsorption of methane on the metal surface (iron and cobalt) producing hydrogen and carbon atoms.
The adsorbed carbon atoms could dissolve and diffuse through the metal. Those on the surface form,
thereby encapsulating carbon, blocking the access of methane to the active sites, and causing a
reduction of activity, as proposed by the following steps. During CMD reaction, the carbon may
chemisorb firmly as a monolayer or physically adsorb in multilayers while releasing hydrogen [54].
In either case, this blocks the reactants from reaching the metal surface. The behavior is complex,
because the carbon threads may grow from the top surface of the metal particles or the carbon may
spread into the metal and form bulk carbides (e.g., formation of CoC2), as observed in the study’s XRD.
According the H2-TPR conclusions, it can be stated that methane molecules may be formed through
the reaction between carbon encapsulating particles and chemisorbed hydrogen gases.

The formation of encapsulating carbon on the metallic surface could be limited by Cads + H2 →
CH4 reverse reaction (with H2 produced by reaction or added to the feed). This step was favored in
the presence of a high hydrogen concentration in the feed which depended on the methane conversion.
Besides coke deposition, the sintering of metallic active phase (Co, Fe) occurred during CMD reaction
and oxidative regeneration process and was the second factor responsible for catalyst deactivation.
Similar to carbon deposition, sintering brings about the loss of surface area and porosity. Despite the
coke deposits and many oxidative treatments, the present catalysts remained active with a methane
conversion and hydrogen yield exceeding 56% and 58%, respectively (after eight reaction cycles).
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Further tests were needed to optimize the regeneration step to eliminate quantitatively the carbon
deposits and improve the catalytic performance.
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3. Experimental Section

3.1. Preparation of Fresh Catalyst

A wet-impregnation technique was used to prepare a combined 15%Co–30%Fe supported on
alumina catalyst. The synthesis steps are described as follows:

Alumina (γ-Al2O3; SA6175) were obtained from Norton Chemical Company (Short Hills, NJ,
USA). The alumina were disintegrated into tiny particles before being employed as a ultimate
support material. A first solution was prepared from a certain volume of double-distilled water
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and stoichiometric ferric nitrate amount (Fe(NO3)3·9H2O, Ass. ≥ 99%, Sigma-Aldrich, Taufkirchen,
Germany). Dissolving a certain mass of cobalt nitrate (Co(NO3)3·9H2O, Ass. ≥ 99%, Sigma-Aldrich,
Taufkirchen, Germany) in double-distilled water, a second solution was obtained. As in a typical
wet-impregnation procedure, the two solutions of Co2+ and Fe3+ were simultaneously impregnated
on the γ-Al2O3 support. The mixture was stirred at 80 ◦C for 3 h. After the stirring/heating step,
more than 50% of the water contained in the mixture–solution evaporated. The final mixture was
dried at 120 ◦C for 12 h (without washing) and followed by calcination at 450 ◦C for 3 h under air
atmosphere. The mixed catalyst was designated as 15Co–30Fe/Al2O3.

3.2. Characterization Methods

XRD: X-ray powder diffraction (XRD) was carried out using a Rigaku (Miniflex) diffractometer
(Rigaku, Bahrain, Saudi Arabia). The unit was set, using a Cu Kα radiation run at 40 kV and 40 mA,
to investigate the diffraction peaks of the catalysts before and after the reaction. The 2θ step and the
scanning range were set at 0.02◦ and 10–85◦, respectively. The instrumental raw data was analyzed via
X’pert HighScore Plus software (3.0.5, Malvern Panalytical Ltd, Malvern, UK, 2017). An ASCII file
of the peak intensity was produced at granularity 8, bending factor 5, minimum, peak significance
1, minimum peak width 0.40, maximum tip width 1, and peak base width 2 by minimum second
derivatives. Additional dissimilar phases with their marks were accorded using the JCPDS data bank
(N.B.S*AIDS83, International Center for Diffraction Data, Newtown Square, PA, USA, 1980) and X’pert
HighScore Plus software.

TEM: Samples were arranged for transmission electron microscopy (TEM) investigation by
crushing the powders between clean glass slides and then scattering them onto a lacey carbon film
held on a Cu mesh grid. Bright-field transmission electron microscopy (BF-TEM) and selected area
electron diffraction (SAED) experiments were performed using a JEOL 2000FX microscope (JEOL,
Peabody, MA, USA) fitted with a thermionic LaB6 source working at 200 kV.

LRS: Laser Raman spectroscopy apparatus was represented by a highly sensitive CCD Q15
spectrograph (Thorlabs, Munich, Germany) having two 215 excitation lasers of 532 and 785 nm with
CCD cooling temperature reaching up to 60 ◦C and high-throughput laboratory fiber optic probes.
Moreover, the scanning was fixed between 250 and 2350 cm−1.

N2-physisorption: The distribution of the pore size and the specific surface area of the catalysts
were computed from N2 adsorption–desorption data. Measurements of the BET surface area were
conducted by nitrogen adsorption at −196 ◦C using a Micromeritics Tristar II 3020 (Micromeritics,
Riyadh, Saudi Arabia) surface area and porosity analyzer. In each test, 300 mg of catalyst was degassed
at 300 ◦C for 3 h to remove the wetness and adsorbed gases from the catalyst surface. Pore size
distribution was computed via the Barrett-Joyner-Halenda (BJH) technique.

H2-TPR: Micromeritics Auto Chem II apparatus (Micromeritics, Riyadh, Saudi Arabia) was
employed in the temperature programmed reduction (TPR) to examine the reducibility by taking
0.07 g for each test. High purity argon flow was first passed thought the samples at 150 ◦C for 30 min.
Then, the samples were brought to 25 ◦C. Lastly, the furnace temperature was set to 1000 ◦C at a
10 ◦C/min rate while running 40 mL/min flow rate of H2/Ar mixture that had 10 vol % of H2.
A thermal conductivity detector (TCD) checked the H2 consumption signals.

TGA: The quantitative investigation of coke formation on the used catalysts after the duration
of 90, 180, 360, and 720 min reaction at 700 ◦C was conducted using thermogravimetric analysis (TGA)
in the presence of air via a Shimadzu TGA (Thermo-gravimetric/Differential) analyzer (Shimadzu,
Jebel Ali Free Zone, Dubai). The temperature of the spent catalysts weighing 10–15 mg was increased
from 25 ◦C to 1000 ◦C at a heating rate of 20 ◦C/min, and the mass reduction was recorded.

AAS: Atomic absorption spectrometry was employed to examine samples of Fe and Co
components in the catalysts. The AAS analyses were conducted using a Model 951 AA/AE (Berkeley
Nucleonics corporation, San Rafael, CA, USA) spectrophotometer with graphite furnace and Model
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254 Auto sampler. The composition of Co and Fe in catalysts were theoretically determined and
compared to those experimentally obtained by AAS.

3.3. Activity Test (Regeneration Procedure)

CMD activity tests were done in a fixed-bed quartz reactor (id = 9 mm). Before the CMD reaction,
0.3 g of the catalyst was reduced in situ under hydrogen flow (40 mL/min) at 500 ◦C for 60 min.
Then 20 min of N2 flushing was carried out. Subsequently, the reactor temperature was raised to
700 ◦C under N2. For all runs, a fixed feed gas composed of 15 mL of CH4 and 10 mL of N2 was used.

The regeneration cycles were performed in situ at 700 ◦C under diluted O2 gasifying agent
(10%O2/N2), followed by inert treatment under N2. The obtained regenerated catalyst was tested again
in CMD reaction. First, the CMD reaction was carried out for 90 min in CMD reaction. Then, the spent
catalyst (labeled SP-90 min) was removed for characterization as a reference. Then, the reactor was
charged with fresh catalyst and the above steps were repeated for each of the following experiments:

In the first regeneration experiment: the CMD reaction was performed for 90 min. At this point,
10 mL/min of O2 was added to the system for 10 min. Then, the reactor was fed with N2 at a rate
of 20 mL/min for 20 min and the CMD reaction was continued for another 90 min to finally obtain
180 min (= 2 × 90 min). Then, the spent/regenerated catalyst (noted as SP-180 min) was removed
for characterization.

In the last regeneration experiment: the reactor was again recharged with a fresh catalyst.
The CMD reaction was allowed to run for 90 min. Then, 10 mL/min of O2 was used to regenerate the
catalyst for 10 min. Then, 20 mL/min of N2 was used to flush the reactor for 20 min and the reaction
was continued for another 90 min. After that, the above addition of O2 and N2 was periodically
repeated for eight cycles to give a total time of reaction/regeneration of 720 min (= 8 × 90 min). Then,
the spent/regenerated catalyst (labeled as SP-720 min) was removed for characterization.

Finally, in this work, three regenerations of periodic cycling (with 2×, 4×, and 8× of 90 min) were
chosen and the spent samples at 180, 360, and 720 min were removed for characterizations.

The CH4 reactant and H2 product were evaluated using an online GC (Alpha MOS PR 2100,
Alpha MOS, Toulouse, France,) fitted with a sampling valve and two thermal conductivity detectors
for examining heavier and lighter gases. CH4 conversion and H2 yield were computed using
Equations (1) and (2):

CH4 conversion(%) =
CH4in −CH4out

CH4in
× 100, (1)

H2Yield(%) =
H2out

2 × CH4 converted
× 100. (2)

4. Conclusions

In this work, an alumina-supported cobalt–iron sample (15Co–30Fe/Al2O3) was prepared and
used in the catalytic methane decomposition and regeneration process. In situ regeneration of spent
catalysts was performed with different oxidizing forced periodic cycling at 180, 360, and 720 min.
The X-ray powder diffraction results showed the presence of γ-Al2O3 phase, Fe3O4 magnetite and
CoFe2O4 spinel in fresh catalyst, whereas SP-90 min spent catalyst provided only graphite, Fe0 and
CoC2 reflections. The X-ray powder diffraction profile of SP-720 min spent/regenerated catalyst
exhibited a new allotropic phase identified as θ-Al2O3. Transmission electron microscopy of spent and
spent/regenerated samples indicated the formation of filamentous multi-walled carbon nanotubes;
these nanotubes were formed by large amounts of encapsulating carbon on the surface which played
an important role in the explanation of the reaction mechanism. Furthermore, different carbon bonds,
detected by laser Raman spectroscopy, revealed the presence of graphite carbon structure on the
molecular level. The reduction peaks were ascribed to the reduction of Co2+ species to nanoparticles
of Co0 (below 450 ◦C) and Fe3+ → Fe2+ → Fe0 (between 450 and 900 ◦C). The catalytic activities of
spent/regenerated catalysts exhibited lower activity at a higher cycle number. Hydrogen yield was
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affected by the oxidizing regeneration number (same trend as methane conversion); on the other hand,
carbon deposit (calculated by atomic absorption spectroscopy) followed the reverse trend. Indeed,
the formation of carbon encapsulating on the metallic surface could be limited by the Cads + H2 →
CH4 reverse reaction. This observation has been confirmed by the hydrogasification of carbon deposit
(in H2-TPR toward 700 ◦C) by releasing methane (C(s) + 2H2 → CH4). The authors believe that the
main factors responsible for the catalyst deactivation are coke deposition and weak sintering of the
metallic active phase (Co–Fe) which occurred during the catalytic methane decomposition reaction
and regeneration process.
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