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ABSTRACT: 
 
Thermo Catalytic Decomposition of methane using Ni and Ni-Cu catalyst is studied. The conventional co-
precipitation method is compared versus an easier preparation method based on the fusing of the metallic 
nitrates. The role of copper has also been analyzed. TCD has been carried out in a bench scale fixed bed 
and a semi-pilot scale fluidized bed. Catalysts prepared by both methods shown similar behaviour. 
Introduction of copper in the catalyst promoted NiO reduction which prevented hydrogen from CO 
contamination. Fluidodynamic studies have shown that TCD can be carried out in a fluidized bed reactor 
without reactor clogging provided that a methane velocity of two times the minimum fluidization velocity is 
used. This high spatial velocity resulted in a reduction of methane conversion. So the optimum gas velocity 
should be chosen in terms of hydrogen production rates and fluidization quality. 
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1. INTRODUCTION 
 
Hydrogen is an emerging alternative to conventional fuels to reduce CO2 emissions. It is generally accepted, 
that in the near-to-medium term hydrogen production will rely on fossil fuels, primarily natural gas. In order to 
minimise the important concerns derived from hydrogen transport, hydrogen should be produced “on site”, 
i.e., in small-to-medium decentralised installations located near to use. However, the cost of hydrogen 
produced by steam reforming including carbon capture as CO2, would be very high, mainly due to the cost of 
CO2 capture and transport to the final sink. In this scenario, Thermo Catalytic Decomposition of Natural Gas, 
TCD, with carbon being captured as a solid of added value product appears as a very interesting alternative 
to steam reforming [1].  
 
The main advantages of this approach relate to the production of hydrogen in a single step, no need for gas 
conditioning and simple CO2 removal since no CO/CO2 by-products are generated. Feasibility of TCD in 
economical terms is very sensible to the carbon selling price which depends on the properties of the carbon 
obtained. The quality of carbon produced from TCD largely depends on the operation conditions and the 
type of catalyst used. Using metal-based catalysts lead to the production of carbon forms of high quality 
whose high selling price would compensate the high cost of the catalyst. Several prior studies on methane 
decomposition using mainly transition metals have been reported in the literature [2]. However, in many 
cases, the carbon produced was burned off to recover the initial activity of the fresh catalyst. TCD of 
methane using Ni and Ni-Cu catalysts to produce hydrogen and novel carbonaceous materials was first 
reported by Muradov [3] and Parmon et al. [4]. 
 
TCD of methane using a commercial Ni catalyst has been proved to proceed with hydrogen yields close to 
thermodynamic values. In a previous work [5], it has been shown that the time for catalyst deactivation is 
highly dependent on the operating conditions, so that, the higher the temperature and methane flow rate, the 
shorter the life time of the catalyst. Deposited carbon appears either as long filaments a few nanometres in 
diameter emerging from Ni particles or as uniform coatings. Operating conditions promoting high methane 
decomposition rates enhance the formation of uniform coatings versus long filaments shortening catalyst life. 
 
In this work, Ni and Ni-Cu catalyst have been prepared using different methods in order to study the 
influence on hydrogen production, catalyst deactivation and the amount and quality of the carbon produced. 
The role of copper as a promoter of the methane decomposition for hydrogen production has also been 
analyzed.  
 
Among the different methods of catalyst preparation used, co-precipitation include washing and filtering 
steps which are time and energy consuming and involve the use of huge amounts of water. These could be 
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important drawbacks for their use at an industrial scale. For that reason an easier preparation method based 
on the fusing of the metallic nitrates has also been studied at the same operating conditions. 
 
The issues related to the development of a reactor suitable for catalytic methane decomposition with 
continuous withdrawal of carbon product were treated by Muradov [6], using carbonaceous catalyst. The 
fluidized bed reactor was selected as the most promising reactor for a large scale operation. FBR are used 
successfully in a multitude of process both catalytic and noncatalytic. A FBR system provides constant flow 
of solids through the reaction zone, which makes it particularly suitable for the continuous addition and 
withdrawal of carbon particles from the reactor. In a FBR, the bed of catalyst particles behaves as a well 
mixed body of liquid giving rise to high particle-to-gas heat and mass transfer. The fluidized bed reactor was 
proposed in order to overcome the reactor plugging problem due to carbon deposition, which was resulted in 
the shut down of the fixed bed reactor.  
 
2. EXPERIMENTAL 
 
2.1. Catalysts. Two types of catalyst have been prepared using different procedures: 1) co-precipitation 
catalysts: Catalysts with different Ni/Al and Ni/Cu/Al ratio were prepared by co-precipitation from an aqueous 
solution of the respective nitrates with sodium carbonate. The precipitates were then washed, dried and 
calcined at 450ºC; 2) Catalysts prepared by fusing nitric salt of nickel (and copper nitrate in some cases) with 
nitric salt of aluminium followed by decomposition of the mixes at 350ºC and calcinations at 450ºC. Prior to 
activity test the catalysts were subjected to a reduction treatment using a flow rate of 20ml/min of pure H2 for 
3h at 550ºC or 650ºC. Different reduction temperatures have been tested to evaluate the influence of the 
pre-reduction treatment on the catalyst behaviour and specially on the purity of the hydrogen produced. 
 
 
2.2. Activity tests. Activity test were run in a bench scale fixed bed quartz reactor 2 cm i.d., 60 cm height. 
The gas produced was analyzed by gas chromatography using two packed columns and TCD detector. The 
evolution of CO and CO2 has been studied using a modified gas chromatograph equipped with a flame 
ionization detector, including two packed columns connected to a catalytic hydrogenation reactor. This way, 
levels of carbon oxides in the range of ppmv can also be measured. 
 
2.3 Preparative Runs. Preparative experiments were carried out in a pilot plant scale fluidized bed Kanthal 
reactor (6.5 cm I.D. and 80 cm height). A horizontal perforate plate with 10% holes is used to divide the 
reactor in two stages. The perforate plate has 3 mm holes. Quartz wool is used to prevent material from 
plugging the holes.  
 
2.4. Characterization techniques. The textural properties of the fresh and used samples were measured by 
N2 adsorption at 77K. The homogeneity, degree of Ni dispersion in the fresh catalysts and the morphological 
appearance of the deposited carbon have been carried out in a scanning electron microscope (SEM). 
Powder X-ray diffraction (XRD) patterns for the study of the crystalline chemical species and high resolution 
electron microscopy (HREM) studies have also been carried out. 
 
3. RESULTS 
 
3.1. Bench scale plant 
 
3.1.1. Hydrogen yields 
 
TCD of methane using Ni:Al or Ni:Cu:Al catalyst proceeds with hydrogen yields close to the thermodynamic 
values. The catalysts prepared by the different methods show a similar behaviour although it is slightly better 
when a small concentration of copper is introduced in its composition. The hydrogen concentration in the 
outlet gas is around 70% (CH4 conversion around 60%) for NiAl-70:30 and no catalyst deactivation was 
observed after 8 hour run time. Apparently, the catalyst performance is independent of the method of 
preparation used at the tested operating conditions. 
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 (mmol/min.g) (mmol/min.g) (g/g catalyst)  
 

70-0-30 
78-6-16 

70-0-30(*)

78-6-16(*) 

70-0-30 

Commercial 
Coprecipitation 
Coprecipitation 
Coprecipitation 
Coprecipitation 

Fusion 

1.9 
1.7 
2.0 
2.9 
2.9 
1.8 

1.6 
1.5 
1.8 
0.2 
0.2 
1.5 

9.1 
8.6 
10.5 
2.5 
2.6 
9.2 

 
 
 
 
 
 
 

78-6-16 Fusion 1.9 1.9 11.3  
 

 Table 1:  Initial activity (r0), final activity (rf) and carbon to catalyst weight ratio (Rw) for the catalyst prepared by the  
 different methods. (*) 3h run, reaction temperature 800ºC. 

 
Table 1 shows the initial, r0, and the long term, rf (8h run), methane decomposition rates, and the carbon to 
catalyst weight ratio, Rw, for some selected samples at a reaction temperature of 700 and 800ºC. 
 
As shown in figure 1, the introduction of a small amount of copper increases both the initial and the long term 
decomposition rates of the catalyst prepared by the two different methods. It seems that copper is not, in 
fact, an active catalyst of the TCD of methane but a promoter acting through the isolation of Ni sites in the Ni 
lattice by partial cation replacement. 
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                               Figure 1: Hydrogen production with the Ni and Ni:Cu catalysts prepared by  
                                                      coprecipitation and fusion at a reaction temperature of 700ºC. 
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                                                        Figure 2: Hydrogen production for the coprecipitation catalysts at 800ºC. 
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At 700ºC the catalysts activity does not decay after 8h on-stream and a weight ratio of carbon to nickel 
between eight and eleven was obtained without catalyst deactivation. When temperature was increased up 
to 800ºC a fast depletion of activity was observed for both Ni and Ni:Cu catalysts as shown in figure 2. 
 
3.1.2. CO evolution 
 
One of the advantages claimed by Thermo Catalytic Decomposition is that intensive gas purification to 
eliminate CO, whose presence becomes highly undesirable when hydrogen is fed to a fuel cell, is not 
needed since CO is not generated. However, that is true as far as the system is free from oxygen. In other 
words, Ni and Cu must be totally reduced in order to prevent CO production. Otherwise, the presence of NiO 
results in CO evolution in the outlet gas.   
 
Powder X-Ray Diffraction patterns of the fresh catalysts are shown in Figures 3 a) and b). The XRD patterns 
of the fresh Ni:Al samples after calcination (Figure 3 a) show the presence of NiO as the only detected 
crystalline phase. The width of the respective NiO reflections is clearly dependent on the method of 
preparation used indicating, in turn, the variation of the crystal domain size in the fresh samples. The 
respective powder XRD patterns of Cu-doped samples are shown in Figure 3 b). No new reflections with 
respect to those already assigned to NiO are apparent in the patterns suggesting that copper as dopant is 
probably found replacing partially to Ni in the NiO lattice without significant structural changes. 
 
   a)                                                                                b)  
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        Figure 3:  Powders XRD patterns of the fresh catalysts. a) NiAl-70:30 catalysts. b) NiCuAl-78:6:16 catalysts. 

 
 
The powder XRD patterns of pre-treated fresh samples in H2 flow rate at 550 ºC are shown in Figures 4 a) 
and b). In this case the major crystalline phase is metallic Ni as expected but some residual NiO is still 
observed. It is worth noting that the effect of the method of preparation on the crystal domain size is still 
observed in the powder XRD patterns of pre-treated samples in Figures 4 a) and b). 
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     Figure 4: Powder XRD patterns of fresh catalysts after a reduction pretreatment at 550 oC. a) Catalysts NiAl. b) Catalysts NiCuAl 
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By comparing the domain sizes of Ni in used catalysts and those of NiO in the fresh calcined catalysts (Table 
2) it may be deduced that Ni has undergone thermal sintering during the thermal decomposition of methane 
since the respective domain sizes increase substantially. 
 
 
 
 
 

Samples Fresh catalyst Used catalysts 

Cop NiAl 

Fus NiAl 

Cop NiCuAl 

Fus NiCuAl 

4 

24 

6 

22 

- 

60.0 

33.8 

61.0 

 
                                 TABLE 2:  Domain size of Ni (nm) determined by XRD of the fresh and used catalysts. 
 
It was observed that at start of the activity tests, the CO concentration in the evolving gas was around 1 vol% 
and then rapidly drops down to low values that are kept constant, at least, for the first two hours. The CO 
concentration in the outlet gas decreases with the presence of Cu as Ni dopant. A plausible explanation as 
suggested by Li et al [7] is that Cu, through the formation of mixed oxides in the fresh calcined catalysts, 
enhances Ni reduction. For the coprecipitation Ni:Cu:Al catalyst pre-reduced at 550ºC the steady CO 
concentration is around 0.03 vol% while for the coprecipitation catalyst Ni:Al this concentration is around  
0.15 vol%. In the case of the catalysts prepared by fusion the steady concentration is higher, for both Ni:Al 
and Ni:Cu:Al  it´s around 0.3vol%. 
 
 
3.1.3. Carbon characterization 
 
The specific surface areas of the still active catalyst are in the range of 50-70 m2/g (except in the case of the 
catalyst NiAl-70:30 prepared by coprecipitation) and are independent of the specific surface areas in the 
fresh catalyst. 
  
SEM examination of the deposited carbon (figure 5) shows that it appears as long filaments a few 
nanometres in diameter emerging from Ni particles coexisting with uniform coatings on the Ni particles. 
Although the relative concentration of these two carbon forms cannot be achieved, a simple examination of 
the respective SEM images evidences that long filaments are more abundant than uniform coatings for all 
catalysts tested at 700ºC. When the reaction temperature is increased up to 800ºC the morphology of the 
deposited carbon changes, appearing mainly as uniform coating on Ni particles shortening the catalyst life.  
 
Thicker carbon filaments are apparent in sample CopNiCuAl as compared with those found in samples 
FusNiCuAl. The presence of filamentous carbon in used catalysts, usually emerging from Ni particles, makes 
these samples highly inhomogeneous. 
 
 

a)   b) 

 

 
Figure 5:  SEM micrograph of the co-precipitation catalyst Ni:Cu:Al-78:6:16 after an 8h run: a)Reaction T:700ºC; b) Reaction T:800ºC  
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3.2. Pilot plant scale 
 
Experiments carried out at the fluidized bed pilot plant have two objectives: 1)To state the viability of a 
fluidized reactor for TCD of methane and 2) To validate the efficiency of the fusing catalyst in such an 
installation. It worth to note that in TCD, catalyst is a consumable expensive material contributing 
substantially to the final cost of the hydrogen produced. Co-precipitation method for catalyst preparation 
involves filtration and washing processes that could increase the overall production costs an industrial scale. 
In contrast, salt fusing, is a more simple and cheaper method which is highly desirable. 
 
 
3.2.1. Effect of the catalyst and residence time 
 
Two types of catalyst were used in the pilot plant in order to study its behaviour in the TCD of methane. 
Figure 6 shows the hydrogen evolution in the outlet gas for Ni:Cu:Al catalysts prepared by co-precipitation 
and fusion, at a reaction temperature of 700ºC using 20 g sample and a methane flow rate of 70 l/h, which 
corresponds to a space time of 1s. The performance of the same catalysts in bench scale with a quartz 
reactor of 17 mm i.d. and 550 mm height under the same reaction conditions has also been included in 
figure 6 for comparison.  
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                          Figure 6: Hydrogen production for Coprecipitation and Fusion catalyst in bench scale and pilot plant scale T=700ºC. 
 
In bench scale, the hydrogen production was closed to the maximum thermodynamic value, finding no 
difference between both catalysts. In pilot plant scale reactor, neither were found important differences, 
although the catalyst prepared by co-precipitation showed a slight better behaviour. For both catalysts, the 
hydrogen concentration in the outlet gas is around 65%, which corresponds to a CH4 conversion of 48%, and 
catalysts deactivation did not occur after 16 hours run time (not shown). In fact, catalyst activity is only 
slightly decreasing in spite of the increasing amount of deposited carbon. The results obtained in pilot plant-
scale reactor are lower to those obtained in bench-scale. This may be explained by longitudinal temperature 
gradient occurring in the reaction zone owe to the endothermic reaction, which decreases the temperature of 
gas as it pass through the reaction zone and yields lower hydrogen production.  
 
 
3.2.2. Fluidodynamic study  
 
As shown above, in TCD carbon deposits on the catalyst particles as filaments. As a consequence, density 
and shape of the particles in the reactor, and so, their fluidodynamic behaviour dramatically change as 
growing of carbon filaments progress. In addition, agglomeration of particles resulting in reactor plugging had 
been observed at bench scale. All these phenomena pointed out that fluidization of this system is not an 
easy work. In order to gain knowledge about the fluidodynamic behaviour of the system, a set of fluidization 
experiments were conducted. First, the minimum fluidization velocity of the carbon product generated during 
TCD of methane was determinated.  
 
Sixteen hours runs starting from 20 grams of catalysts prepared by the two methods mentioned (co-
precipitation and fusion) were performed to generate carbon material enough to carried out the fluidization 
study. These runs were carried out at a space velocity of 3g/l·h, which corresponds to a space time of 1s, 
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and 700ºC. At the end of each run about 200 grams of carbon product was obtained. This carbon product 
was sieved in order to determine the mean particle diameter. A wide particle size distribution, between 200 
and 1000 micron, was observed. Owe to the wide distribution of the particle size, a partial fluidization is 
expected [8]. When the gas velocity uo is increased through these beds of solids, the smaller particles are 
apt to slip into the void space between the larger particles and fluidize while the larger particles remain 
stationary. The partial fluidization occurs, giving an intermediate pressure drop, ∆p. When increasing gas 
velocity, ∆p approaches W/S, showing that all the solids eventually fluidize. 
 
The minimum fluidization velocity at the reaction temperature of the carbon product generated during the 
TCD of methane was determined experimentally using nitrogen gas at the reaction temperature (700ºC). 
Owe to the reactivity of the carbon product, an inert gas was used to avoid changes and agglomeration 
problems during the tests carried out to determinate the minimum fluidization velocity. For each fluidization 
test, the reactor was charged with 200g of carbon product from the TCD reaction. In these experiments, the 
pressure drop across the bed increased as the fluidizing gas velocity was increased. The fluidizing gas 
velocity which results of the extrapolation of the linear part of the ∆p versus gas velocity plot up to the value 
corresponding to the maximum theoretical pressure drop (∆pmax=W/S) is referred to as the minimum 
fluidization velocity u´mf for the partial bed. At this ∆p, the bed was partially fluidized. As the fluidizing gas 
velocity was further increased, the pressure drop increased again and the bed was progressively fluidized. At 
some value of the fluidizing gas velocity, the pressure drop become constant and did not change with further 
increase in the gas velocity. At this stage the entire bed was fluidized and the fluidization factor Q, defined as 
the ratio of the pressure drop across the bed to the weight of bed per unit area, was unity. Thus we have 
Q=∆P/(W/A). The fluidizing gas velocity at which ∆P=W/A and consequently at which the fluidization factor is 
unity is referred to here as the minimum fluidization velocity umf for the total bed. Figure 7 shows 
experimental values of ∆p for increasing value of u, as well as the minimum fluidization velocity u´mf and umf. 
As can be observed, a typical fluidization curve is obtained.  
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Figure 7: Pressure drop ΔP across the bed vs. superficial fluidization velocity u. Fluidization gas: Nitrogen; Temperature: 700ºC. 
 
From these reaction-temperatures fluidization velocities obtained with nitrogen, we calculated the minimum 
fluidization velocity for our experiments with CH4 by using appropriate correction factor to account the effect 
of using CH4, obtained from the theoretical values calculated by the method proposed by Wen and Yu [9] 
using as constant those proposed by Abanades et. al. for carbonaceous material  [10].  
 
3.2.3. Effect of the Fluidization Conditions 
 
It is well known that the gas velocity is the most important parameter in the fluidized bed reactor operation 
because the fluidization quality of the gas solid contacting pattern is strongly dependent on gas velocity. 
Figure 8 shows the effect of the gas velocity on the hydrogen production over the fusion catalyst at the 
operating temperature of 700ºC. In fluidized bed, it is convenient to express the gas velocity in terms of 
minimum fluidization velocity so that the flow regime of fluidized bed is easily understood. The gas velocity of 
u´mf for the partial bed is equivalent to space velocity of 3,5 l/gcat·h; umf is equivalent to 7 l/gcat·h, and 2 x umf 
correspond to a space velocity of 14 l/gcat·h. 
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Figure 8: Effect of gas velocity on the hydrogen production over fusion nickel-cupper catalyst at the temperature of 700ºC. 
 
 As can be observed in figure 8, the effect of gas velocity on the methane conversion is very important. In a 
fluidized bed it is assumed that all the gas in excess of that required for the minimum fluidization passed 
through the beds as bubbles. Therefore, the higher gas velocity increased the number and the size of 
bubbles and these bubbles may exit the reactor without effective contacting with the catalyst. Thus the 
increased gas velocity reduced the residence time in the reactor as well as lowering the contacting efficiency 
between gas and metal catalyst due to bubble formation. The above mentioned hydrodynamic characteristic 
of fluidized bed explained why the gas velocity effect on the methane conversion was significant, yielding 
lower hydrogen production as the space velocity is increased. It is noteworthy to remark that the 
accumulated carbon after 8 hours time on the stream was the same for the different space velocities tested, 
and therefore the same hydrogen production is achieved. The optimum gas velocity should be chosen in 
terms of hydrogen production rates and fluidization quality. 
 
Agglomeration of the particles in catalytic fluidized bed reactors is a serious problem [11]. This gives a sticky 
solid surface and leads to agglomeration of the catalyst particles. In most cases high relative velocities 
(u/umf) are employed to avoid defluidization. Scarce information about the hydrodynamic behaviour of the 
bed of particles in the TCD of methane is found in the literature, and none of them using metal catalyst. With 
this type of catalyst, the rate of methane decomposition is much higher than the one obtained with the 
carbon catalyst, so the clogging and agglomeration problems are greater. To circumvent this problem, a 
vigorous fluidization regime must be accomplished.  
 
In order to confirm the correct fluidization of the bed of particles, and to detect the reactor clogging, the 
pressure drop across the bed was continuously monitorized. Figure 9 plots the pressure drop across the bed 
for different fluidization regimes: u´mf, umf, 2xumf. The predicted pressure drop caused by the carbon 
generated during the reaction time has also been plotted. As the same weight of carbon was deposited for 
the three velocities studied, a unique curve has been plotted for all of them. A good agreement between the 
measured and the predicted pressure drop means successful fluidization behaviour. 
 
It is observed that a good correlation between predicted and measured pressure drop is accomplished 
during the 3 first reaction hours for all the fluidization velocities. However, for the u´mf conditions, an 
exponential increase of the pressure drop due to reactor clogging is observed after three hours. It is known 
that for binary mixtures where the particles differ only in size, the larger particles segregate preferentially 
toward the bottom of the bed, while the smaller particles accumulate near the free surface. In this way, the 
mean particle diameter decreases from the bottom of the bed to the free surface [12]. It can be concluded 
that this fluidization velocity is not enough to assure the complete fluidization of the particles, driving to the 
shut down of the bed. For umf, the same behaviour was also observed, although the increase in the pressure 
drop was not so dramatic as for the u´mf conditions. 
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Figure 9: Variation in the pressure drop of the particle bed for different gas velocities. 
 
 
The better behaviour was observed when two times the minimum fluidization velocity was used. In this case, 
a good correlation between the predicted and the measured pressured drop is observed, which assure a 
good fluidization regime during the entire reaction time. In this case, decreasing of methane conversion is 
balanced with good fluidization behaviour. So the optimum gas velocity should be chosen in terms of 
hydrogen production rates and fluidization quality. 
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