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HYDROGEN PRODUCTION – AN ENVIRONMENTAL ISSUE
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Abstract: A growing interest in hydrogen use has been observed due to its environmentally friendly 
characteristics. However, the current methods of hydrogen production from natural gas are based on steam 
methane reforming, partial oxidation, and autothermal reforming. These processes produce a mixture of 
hydrogen and carbon oxides and after water-gas shift reactions, in order to increase the production of 
hydrogen, a large amount of CO

2 
is generated and possibly released in the atmosphere. In this context, the 

catalytic methane decomposition has been receiving attention as an alternative route to the production of 
CO

x
-free hydrogen. It has been reported that the appropriate group of catalysts and reactors can lead to a 

viable process. Current investigations attempt to increase the yield of hydrogen. The present work aims to 
evaluate the processes currently used for that and to present the preliminary results obtained with cobalt 
catalysts for methane decomposition. A comparison between the conventional processes and the suggested 
ones is made, and the major advantages in the use of methane decomposition are presented.
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1. Introduction

Hydrogen has been considered one of the 
most promising energy carriers due to its environ-
mentally friendly characteristics. It could be used 
in fuel cells, capable of converting chemical energy 
into electricity and heat without generating green-
house gas. The reaction that occurs then is the 
oxidation of H

2
 in order to produce water, which 

makes the procedure ideal for use as automotive 
fuel. A growing interest in researching new tech-
nologies for the development of safe and effective 
processes for hydrogen production on a large scale 
has been observed. The general aim is to allow the 
use of hydrogen as a clean energy source. 

Currently, hydrogen production derives 
from synthesis gas, a mixture of carbon monoxide 
(CO) and hydrogen (H

2
), produced from fossil 

fuels, particularly natural gas. Traditionally, the 
used processes are: steam reforming of methane, 
partial oxidation, and auto-thermal reforming 
(the two previous reactions combined).

The main issue is that those procedures, 
when performed in industries, also generate a 
massive amount of CO

2
, which could be re-

leased in the environment. In the United States of 
America, it is estimated that 13.7 kg of CO

2
 are 

produced for every 1 kg of H
2
 in the process of 

steam reforming (Muradov and Veziroglu, 2008). 
Therefore, what happens is the change of pollut-
ing gases emission from cars to industries.

Nowadays, the production of CO
2
 is a 

very controversial issue due to problems related 
to global warming and its severe environmental 
consequences. According to the International En-
ergy Agency (IEA), in 2005, global CO

2
 emission 
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related to energy supply reached 27.7 Gt – from 
coal (11.1 Gt), oil (11 Gt), and gas (5.6 Gt). If 
measures are not taken, the total amount can rise 
to 42 Gt. by 2030. According to Bradford and 
Beaubien (2008), thermoelectric power genera-
tion in the USA produces the largest amount of 
pollution in the world – 39% of industrial emis-
sions of CO

2
 –, followed by transportation (33%) 

and, finally, industry (27%). The high emission of 
CO

2
 from cars is a big challenge to be overcome, 

since we face difficulties related to the type of fuel 
that must be used in vehicles.

Studies have been analyzing several other 
processes for hydrogen generation from biomass, 
primarily through steam reforming, gasification, 
and bio-oils pyrolysis. According to Tanksale et al. 
(2010), although those procedures also generate 
CO and CO

2
, they are considered neutral because 

the gas produced might be used in the later gen-
eration of biomass, which is a renewable energy 
source.

Nevertheless, it is estimated that natural gas 
will continue to be used in large scales in the fu-
ture due to its large sources in the world and to 
the established industrial market related to it. Ac-
cording to Abbas e Daud (2010), the problems of 
establishing processes based on renewable sources 
are the low energy efficiency and the high cost, 
especially in the case of biomass. The authors re-
port that the spelling price of hydrogen produced 
from renewable sources is about US$1,21-2,42/
Kg, with energy efficiency at about 40-50%, 
whereas the spelling price of hydrogen produced 
from natural gas is about US$0,75/Kg for steam 
reforming, US$0,98/Kg for partial oxidation, and 
US$1,93/Kg for auto-thermal reforming. 

Using natural gas, the production of CO
x
-

free hydrogen can only be made through catalytic 
methane decomposition (Muradov and Verziglu, 
2008),. The authors also show that Universal Oil 
Products (UOP) operated a pilot plant in the 
1960s with capacity for the continuous produc-
tion of 118 L/min of hydrogen in moving bed 
reactors using Ni catalysts; later, however, when 
oil became largely available, the plant was aban-
doned. For those authors, the proper selection of 
catalysts and reactors for the decomposition of 
methane with continuous catalyst regeneration 
can lead to a viable process for hydrogen produc-
tion. One of the major challenges of this alterna-
tive is developing active catalysts that might be 

easily regenerated (that is, catalysts that operate 
for several reactions/regeneration cycles).

Studies are being developed in our RECAT/
UFF Laboratory (SILVA, 2008; DOURADO, 
2007; GUARINO, 2005) with the use of Co 
catalysts supported on silica and alumina in the 
methane decomposition reaction. Deactivation 
tests with catalyst regeneration through steam wa-
ter were performed and the results are promising. 
The viability of this process might lead to pure 
hydrogen production, which is an environmen-
tally attractive alternative. 

The objective of the present work is to 
compare currently employed processes for the 
production of hydrogen and to present the pre-
liminary results obtained with Co catalysts for 
methane decomposition. The tests with catalysts 
were performed in our laboratory. This work also 
presents the main advantages of using this process 
for hydrogen generation.

2. Processes currently employed 
for generating streams that 
are rich in hydrogen from 
natural gas, with concomitant 
production of CO

2

2.1 Steam reforming of natural 
gas

The process of steam reforming of natu-
ral gas is the reaction of methane with water at 
around 700oC in the presence of supported Ni 
catalysts in order to produce a mixture of CO and 
H

2
. The strongly endothermic reaction can be 

represented as in (1). 

CH
4
 + H

2
O → CO + 3H

2

				    (1)
∆H

298K
 =+206 kJ/mol

However, hydrogen production needs the 
water-gas shift reaction, represented by (2), in 
which more hydrogen would be formed and CO 
would be converted into CO

2
. This catalytic reac-

tion takes place in two stages: one in high temper-
ature, at around 350°C (HTR – high temperature 
reaction), using a catalyst based on iron oxide; an-
other one in low temperature, at around 200°C 
(LTR – low temperature reaction), using catalysts 
based on copper oxide.
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CO + H
2
O → CO

2
 + H

2

				    (2)
∆H

298K
 =−41 kJ/mol

In general, this process is viable when associ-
ated with methanol synthesis. The entire amount 

of methanol is produced from steam reforming of 
natural gas. This process does not need the water-
gas shift reaction, and the CO-CO

2 
molecules 

produced are converted into methanol. A simpli-
fied scheme of methanol production is presented 
in Figure 1.
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Figure 1 – Simplified scheme of methanol production

2.2 Partial oxidation of natural 
gas

This process involves the catalytic partial 
oxidation of methane in order to produce synthe-
sis gas. The exothermic reaction can be represent-
ed by (3). The problem is that this reaction must 
be well managed, or it can lead to total oxidation, 
producing CO

2
 and water.

CH
4
 + ½ O

2
 → CO + 2H

2

				    (3)
∆H

298K
 =−36 kJ/mol

Currently, this reaction is coupled with steam 
methane reforming to constitute the auto-thermal 
reforming process.

2.3 Auto-thermal reforming

This process consists in the association of 
two previous processes: steam reforming and par-
tial oxidation. The first process is an endothermic 
reaction, while the second one is an exothermic 

one, leading to desirable global levels of energetic 
balance. The product is the synthesis gas. In or-
der to generate CO

x
-free hydrogen, this process 

requires both water-gas shift reaction steps (HTR 
and LTR) and subsequent absorption of the CO

2
 

produced. Using the hydrogen obtained in this 
process for fuel cells is expensive because the 
membrane cells require high purity hydrogen due 
to its easy poisoning by CO gas.

This process is often used in ammonia 
production, taking natural gas, steam water and 
air as feedstock. The two steps of the water-gas 
shift reaction, the low and the high temperature 
ones, need to occur in order to completely convert 
the reactants into H

2 
and CO

2
. The introduction 

of air in the primary reformer allows that, after 
several catalytic stages and absorption of CO

2
, the 

reaction mixture reaches the reactor for ammonia 
synthesis in the correct ratio of three molecules 
of H

2
 for one molecule of N

2
. All catalytic steps 

of the process are made in specific reactors, using 
different catalysts and different operational 
conditions. Figure 2 shows a simplified scheme of 
the process of ammonia production.
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Figure 2 – Simplified scheme of ammonia production



34 ENGEVISTA, V. 13, n. 1. p. 31-39, maio 2011

3. Methane Decomposition

A promising alternative for the direct pro-
duction of pure hydrogen in the gas phase would 
be the direct catalytic decomposition of methane. 
For each molecule of methane, two hydrogen 
molecules are formed. The reaction is moderately 
endothermic, produces hydrogen and coal depos-
its on the catalyst surface, and can be represented 
by reaction (4).

CH
4
 → C + 2H

2

				    (4)
ΔH

298K
 = 74,52 kJ/mol	

The second reaction product, obtained in 
solid form, is characterized by carbon deposits 
that, depending on reaction conditions and on 
the metallic particle size of the catalyst, can be 

constituted of carbon nanotubes (which are inter-
esting for industries), or carbon filaments (which 
would promote the deactivation). There are many 
researches that also suggest the possibility of using 
carbon in manufacturing car tires, rubber, plastic, 
and ink (MURADOV, 1998). 

Other studies suggest the integration 
of processes in the attempt to make hydrogen 
production more viable by lowering costs with 
catalysts and by eliminating the emission of pol-
lutant gases. This process could use fluidized 
bed reactors for hydrogen production with con-
tinuous catalyst regeneration, which is similar to 
the fluidized catalytic-cracking process currently 
used in many refineries (MURADOV, 2005). 
Figure 3 shows an example of integrated hydro-
gen process with methanol synthesis in different 
synthesis reactors, eliminating secondary purifi-
cation steps.
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Figure 3 – Simplified scheme for the integrated production of H
2
 and methanol

Depending on the reasons why hydrogen is 
being used, several alternatives can be adopted for 
methane decomposition process. In general, this 
process offers advantages over conventional pro-
cesses, such as the ones listed below:

•	 Smaller units. This process would not 
require large amounts of air, as the auto-
thermal reforming does.

•	 It would need smaller equipments and 
reactors, using compact units.

•	 By integrating the plants, a portion of the 
energy needed for the decomposition of 
methane could be supplied by the metha-
nol synthesis, which generates heat.

•	 It would be more simplified process with 
less catalytic reactions using different 
catalysts.

•	 The pure hydrogen produced in the first 
step could be used in fuel cells and in the 
production of ammonia.

•	 This process is performed in one step. 
Therefore, it does not require reactors 
for the water-gas shift reaction.

•	 In Brazil, the integration of processes 
would reduce the importation of metha-
nol, which, in 2008, reached approxi-
mately 250.000 tons, equivalent to 50% 
of total consumption.

•	 In the case of using the hydrogen-
ammonia integrated process, the costs 
could be minimized and the market 
would have a better offer of ammonia, 
whose importation reached 300.000 
tons in 2008.
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•	 Finally, this process could produce hy-
drogen for automobiles with fuel cells.

4. Vehicles with fuel cells

The major interest in the use of hydrogen 
as a fuel is related to environmental issues. Sev-
eral publications describe the dramatic increase in 
the concentrations of carbon dioxide, methane, 
nitrous e sulfur oxides in the atmosphere, espe-
cially in metropolises. An elevated number of au-
tomobiles operating with gasoline and diesel are 
responsible for this scenario. In the case of heavy 
vehicles fueled by diesel, which has an elevated 
content of sulfur compounds, the use of automo-
tive catalysts is still restricted. The use of natural 
gas still represents an important improvement in 
the reduction of pollutant gases, but zero emis-
sion is only possible with hydrogen.

In the engines functioning with fuel cells, 
hydrogen and air react and form water through 
electrochemical reaction, producing electricity. A 
single product is formed, without contaminated 
gases. Hydrogen supply should be produced in 
fuel stations or in bus garages. In Brazil, some 
projects related to fuel cells buses have already 
been published, mainly in São Paulo and Rio de 
Janeiro. The Federal University of Rio de Janeiro 
(UFRJ) has a hydrogen-fueled bus that circulates 
inside the campus.

Therefore, several studies under develop-
ment aim to debate hydrogen production in ac-
cordance with the necessities and limitations im-
posed by the operation of plants in urban centers. 
Smaller units are required in most case. The source 
should be natural gas, which is already available 
for distribution in big cities through gas pipelines. 

5. Catalysts used in the 
decomposition of methane for 
hydrogen production

An important issue in hydrogen produc-
tion by methane decomposition is the types of 
catalysts used. Several researches analyze the im-
provement of catalysts’ activity in order to achieve 
higher conversions of methane and longer life for 
catalysts. Catalytic systems containing Ni and Fe 
have been largely tested.

Abbas et al. (2009) reported that the rate 
of methane decomposition activity by transition 

metals presents the following order: Co, Ru, Ni, 
Rh > Pt, Re, Ir > Pd, Cu, W, Fe, Mo. However, 
Ermakova et al. (1999) have found that Ni or Ni/
alumina and Fe/alumina showed the highest ac-
tivity rates.

Ogihara et al. (2006) reported that a typical 
40% Ni/SiO

2
 catalyst with a nickel-particle mea-

suring 60-100 nm could produce carbon, around 
491 g

C
/g

Ni
, during methane decomposition at 

500°C.
Using a commercial Ni-based catalyst, 

Suelves et al. (2005) reported that the concen-
tration of hydrogen was around 80% at 700ºC, 
which corresponds to a rate of methane conver-
sion close to the equilibrium rate established in 
theory.

The application of alloys as catalysts opens 
interesting routes to increase the production of 
hydrogen in methane decomposition. In addi-
tion, the introduction of a second metal as cata-
lyst may provide significant changes in activity 
and selectivity. According to some publications, 
Ni–Cu–Al

2
O

3
 catalysts, prepared with co-precip-

itation methods, are more stable for methane de-
composition than Ni–Al

2
O

3
 catalysts.

Nuernberg et al. (2008) investigated the in-
fluence of operating conditions on the catalytic 
performance of Co supported on Al

2
O

3
. The au-

thors studied the effect of different Co contents 
at a temperature range of 600–800°C and differ-
ent methane partial pressures. It was found that 
the best conditions for hydrogen production by 
methane decomposition were at 800°C with a 
nitrogen- methane molar ratio of 6:1 and a Co 
loading of 20 wt%.

Abbas et al. (2010) discussed catalysts that 
are used in several studies for catalytic methane 
decomposition using metals and carbonaceous 
catalysts. Muradov and Veziroglu (2008) also 
reported about carbon-neutral technologies that 
can be used in the production of hydrogen from 
fossil energy sources. The authors discussed the 
advantages of using carbon-based catalysts for 
methane decomposition.

The results of the experimental research 
conducted in our RECAT/UFF Laboratory using 
Co/SiO

2
 catalysts for methane decomposition are 

presented below.
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6. Catalytic tests for hydrogen 
production from methane 
decomposition

6.1 The experiment

We used catalysts with 10% of Co/γ-Al
2
O

3
 

and 10% and 20% of Co/SiO
2
 prepared by in-

cipient wetness method using Co(NO
3
)

2
.6H

2
O, 

according to the methodology presented in Gua-
rino (2005). 

The catalytic tests were carried out using 
a conventional fixed bed quartz reactor coupled 
with on line gas chromatograph. Methane conver-
sion was calculated based on the outlet methane 
concentration. A mass of 200-400mg of catalysts 
was first dried with helium at 150oC for 30 min. 
The catalyst was then reduced with hydrogen 
(100ml/min) at 500oC for two hours. Methane 
decomposition happened through the contact be-
tween methane (20%, 40% or 60% CH

4
 in heli-

um) and the catalyst at 450oC or 500oC. The total 
gas flow rate was 100ml/min and was measured 
by a digital flow meter.

The temperature programmed reaction with 
water vapor was performed in a multipurpose 
unit coupled to a Balzers Omnistar quadrupole 
mass spectrometer. These experiments were 
conducted in order to evaluate the reactivity of 
carbon species produced on catalyst surface during 
methane decomposition reaction. The samples 
(the deactivated catalysts) were previously dried at 
150oC for 30 min with He flow (30ml/min) and 
heated with a mixture containing H

2
O/He under 

passing 80ml/min of He through a saturator with 
water at 54oC. The temperature was raised to 
1000oC at a heating rate of 10oC/min.

6.2 Results

The catalysts activities are shown in Fig-
ures 4 and 5. Results indicate better stability for 
both catalysts when the reaction was performed 
at 450oC instead of at 500oC; however, Co/Al

2
O

3
 

activity was lower than Co/SiO
2
 activity. On the 

other hand, the reaction performed at 500oC 
showed quick deactivation, although it promotes 
higher conversions than those observed at 450oC. 
Co/SiO

2
 catalysts were more stable. Two processes 

of deactivation might contributed for that result: 
the first is related to the formation of carbon de-

posits on the catalytic surface, which increases in 
reactions performed at 500oC; the second is re-
lated to a sinterization process. The first process 
seems to contribute more effectively. 

 

0 100 200 300 400 500
0,0

0,5

1,0

1,5

2,0

2,5

3,0

Ta
xa

 d
e 

CH
4 c

on
ve

rti
do

 (µ
m

ol
/m

in
.m

gC
o)

Tempo (min)

 10% Co/Al2O3 red 500°C -reação 450°C
 10% Co/Al2O3 red 500°C -reação 500°C

 Figure 4 – Methane conversion rate for 10% 
Co/Al

2
O

3 
catalyst reduced at 500°C. Reaction at 
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(Covre, 2009)
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(Covre, 2009)

Different compositions of methane in re-
actant mixture were tested for the reaction per-
formed at 450oC. Figure 6 shows the reaction rates 
for 20%, 40% and 60% of CH

4
/He (x

CH4
=0,2; 

x
CH4

=0,4 and x
CH4

=0,6, respectively). Results in-
dicate that methane composition influenced the 
reaction rates and the deactivation process, which 
increased according to methane content. These 
results could be explained by the formation of 
carbon deposits on catalytic surface with metal 
particle encapsulated. 
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Figure 6 – Methane conversion rate at 450°C for 
20% Co/SiO

2 
catalyst using different methane 

composition: x
CH4

=0,2 (m
cat

=349mg); x
CH4

=0,4 
(m

cat
=230mg) and x

CH4
=0,6 (m

cat
=231mg) 

(Covre, 2009)

However, we expected that 60% of methane 
would provide quicker deactivation. Villacampa 
et al. (2003) describes that, for Ni/Al

2
O

3
 catalysts, 

the presence of hydrogen would prevent the for-
mation of carbon encapsulated without decreas-
ing the reaction rate for hydrogen production. 
The results obtained in the present work could be 
explained by the increased formation of hydrogen 
with higher contents of methane. This suggests 
that the use of natural gas with high amounts of 
methane could decrease the catalytic deactivation, 
enabling the process. 

In a preliminary test carried out at RECAT/
UFF laboratory in order to evaluate the regenera-
tion of Co/SiO

2
 catalysts, Covre et al. (2009 a, b) 

observed that, after reactivation with water vapor, 
the catalytic activity was restored to 4,41 µmol/
(min.mg

Co
), around the same value obtained in 

the initial reaction – 4,36 µmol/(min.mg
Co

); it is 
important to point out that the regeneration test 
occurred for only one hour.

Figure 7 shows the reactivity with water 
vapor, as a function of the temperature, of car-
bon deposits formed on 20%Co/SiO

2
 catalysts 

after methane decomposition at 450oC. We have 
observed CO and H

2
 production beginning at 

500-600oC, as well as the production of small 
quantities of CO

2
. These results suggest that the 

formation of synthesis gas from the regeneration 
of catalysts could also enable methanol produc-
tion through an integrated process of H

2
 and 

methanol synthesis.

 

Figure 7 – Carbon deposits formed on the 
surface of 20%Co/SiO

2
 catalyst after methane 

decomposition at 450oC. Temperature 
programmed with water vapor (Silva et al., 2010)

7. Conclusions

The present work focused on the impor-
tance of using hydrogen as an attractive alterna-
tive to conventional fuels due to its environmen-
tally friendly use. 

We have presented the current processes 
employed for the production of hydrogen from 
natural gas: steam reforming of methane, partial 
oxidation, and auto-thermal reforming. The main 
issue discussed was that such processes generate a 
great production of CO

2
, released in the environ-

ment by factories.
A promising alternative for the production 

of pure hydrogen without contaminated gases 
based on the direct catalytic decomposition of 
methane were proposed.

Results of methane decomposition reac-
tion at 450oC and 500oC using Co/SiO

2
 and Co/

Al
2
O

3 
reduced at 500oC were presented.
The rate of methane conversion at 450oC 

proved to be stable. However, when methane 
decomposition occurred at 500oC, the deactiva-
tion of catalysts was observed. Even though, after 
regeneration with water vapor, 20% of Co/SiO

2
 

catalysts restored its initial activity.
It was possible to evaluate the formation of 

CO, H
2
, and small quantities of CO

2
 during the 

regeneration reaction. 
These results suggest that the process of hy-

drogen production with continuous regeneration 
of the catalyst can be a promising alternative.
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