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Abstract

The reforming of methane is considered as one of the industrially important processes for decades, as the process converts natural gas to valuable
syngas (a mixture of H, and CO). There are three major reforming processes, which are classified based on the energetic of the process and reforming
agent. Catalytic steam reforming (endothermic reaction), partial oxidation (exothermic reaction) and auto thermal reforming (combined exothermic
and endothermic reactions) of methane are commercially available processes for syngas production. Carbon dioxide/dry reforming (endothermic
reaction) is another alternative process that has received significant attention in recent years, which demonstrates the environmental benefit. This is a

mini review on the development of CO, reforming of methane.
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Introduction

Due to increasing anthropogenic CO2 emission problems,
the utilization of carbon dioxide as a feed stock has become a
topic of significant importance. In addition, energy is the most
important issue to modern economies, and it is predicted that
fast-rising energy demand will require the US $45 trillion for new
infrastructure investment by 2030 [1]. In particular, natural gas-to-
liquids (GTL) process, which increases the options for the transport
and marketability of the remote gas resources has been, received
much attention. Fischer-Tropsch (FT) technology is the main
technology for GTL process. However, current state-of-the-art, this
technology is very expensive due to the high cost of production
of the syngas (mixture of H, and CO) that is the feedstock for the
GTL process, when carried out by the presently practiced steam
reforming of methane (SRM) process. Therefore, during the past
three decades, the conversion of methane to syngas is a hot topic
for industrial and academic research [1,2].

The production of syngas from methane can be done through
different approaches using an oxidizing agent that will oxidize
methane to carbon monoxide while producing hydrogen in a
ratio that will vary depending on the type of oxidant used. Carbon
dioxide can be considered an oxidizing agent for the oxidation of
methane instead of oxygen or water for the production of syngas
via a reaction called CO,/dry reforming of methane, DRM. In that
case, DRM involves the most reduced form (CH,) combined with its
most oxidized form of carbon (CO,). This process was introduced
by Fischer and Tropsch for the first time in 1928 [3]. However the
extensive investigation on the reforming of methane with carbon

dioxide only started in the 1990s when increasing concerns about
greenhouse effects were raised by the international scientific
community. In comparison to conventional technologies, SRM
and POX, this process is suitable for remote natural gas or crude
oil fields, where water supplies are limited [4]. DRM converts two
cheap greenhouse gases (CH,, CO,) concurrently into valuable
syngas (CO + H,), which is akey industrial intermediate. Considering
that natural gas deposits contain vast amounts of CO,, its emission
to the atmosphere can be avoided if used in DRM, thus lowering the
purification costs [5]. Due to its strong endothermic characteristic,
it can be environmentally valuable if the necessary reaction heat
comes from nuclear or renewable energy. In addition, it produces
syngas with an H,: CO molar ratio that is appropriate for products
including Fischer-Tropsch fuels and dimethyl ether (DME) [6].

Reaction scheme and thermodynamics

The DRM reaction is favoured by low pressure [7], however,
the strong C-H bonds (439Kk] mol-1) in methane [8] lead to an
endothermic process that requires high temperatures for CH4
conversion. The DRM reaction is accompanied by several side
reactions, including methane cracking, reverse water gas shift and
the Boudouard reaction. The thermodynamics of the DRM reaction
and side reactions at atmospheric pressure are listed in Table 1 &
[9,10] (T is the absolute temperature in degrees Kelvin): Assuming
AG°=0, at atmospheric pressure, methane cracking occurs at
temperatures above 557 °C (830K) and DRM can proceed at
temperatures above 644 °C (918K). Reverse water-gas shift (RWGS)
and Boudouard reactions also take place at temperatures lower
than 817 °C (1090K) and 701 °C (974K), respectively. Consequently,
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the maximum carbon will be deposited at 700°C from both methane
cracking and Boudouard reactions. At reaction temperatures
above701°C at atmospheric pressure, the Boudouard reaction will
be excluded and CH4 cracking can be the only possible source of

Table 1: DRM and side reactions at atmospheric pressure.

carbon deposition on the surface of catalysts. At temperatures
higher than 817 °C and atmospheric pressure, the RWGS reaction
will also be excluded, and consequently, the H,/CO ratio will reach
values close to unity.

Reaction Equation AH,, (k]/mol) AH,_, (k]/mol) AG° (kJ/mol)
DRM €O, +CH, —» 2H, + 2CO, 247 260 61770 - 67.32T

RWGS H,+C0,-» CO+H,0 35 7.84T -8545
Boudouard 2C0 - C+2C0, -172 -171 40.87T-39810
Methane cracking CH, - 2H,+C 89 21960 - 26.45T

Kinetics

Although many researchers have conducted investigations
on the reforming mechanism, there still are some disputations
regarding the details of the accurate reaction mechanism and the
rate-determining steps (RDS). For example, the number of RDSs
is still argued by some scientists. Some researchers reported that
the mechanism of the dry reforming reaction was one single RDS
[11-14], while others reported a mechanism with two RDSs [15-
17] for the same reaction. The main reasons for the differences
in the reported reforming mechanism can be attributed to two
facts: (1) the different supports and promoters employed in the
reforming reaction may result in the variation of the reforming
mechanism, which has been noticed by some research groups
[18-20]; and (2) the mechanism investigation was conducted at
different temperatures, which may remarkably affect the reforming
mechanism and the RDS. Several different kinetic models have been
reported. Most of the kinetic models are based on the reversible
dissociative adsorption of CH4 on the catalyst active site to produce
H2, or on the reversible and dissociative adsorption of CO, on the
support to yield CO [7].

Catalysts

Based on the above discussion, it appears that the maximum
activity and H,/CO ratio and the minimum carbon deposition can
be achieved at high temperatures (e.g. higher than 817 °C). On the
other hand, when the reaction takes place at high temperatures,
high energy consumption makes this process unfeasible for
industrial applications. The use of catalytic systems may lead to
higher activity at lower temperatures and, as a result, reduction
of the energy consumption in the process, which would allow this
technology to get closer to an economical process. Thermodynamic
calculations showed that the temperature needed for 50% CO,
conversion in DRM without catalyst is 1035°C (1308K) [21], but on
the basis of existing literature data and our experiments, very high
CH, and CO, conversions can be achieved in temperatures as low as
700°C using catalytic systems.

In general, it has been accepted that the catalytic CO, reforming
of methane has a bi-functional mechanism. CH, can be adsorbed
and activated by the active sites of most of the transition metals,
mainly groups VIII b of the periodic table, while CO, is adsorbed
and activated by oxides [7]. Therefore, the DRM reaction can be
catalyzed by most of the transition metals supported on oxides.

Over the past two decades, intensive efforts have been devoted by
numerous research groups to develop catalysts that can achieve
high catalytic activity and stability with maximum H2/CO molar
ratio and minimum coke formation for DRM at low temperatures
[22].

Despite numerous publications and comparison between
different catalysts in different reaction conditions in the literature,
there still are some disputations regarding the highest active and
stable catalyst in DRM. Although, the performances of catalysts
can be affected by a variety of factors other than composition,
such as content of active components, preparation methods,
calcinations ambient, calcinations temperature, reduction and
activation procedures, precursors of active components, etc., it is
well accepted that nickel has the best catalytic performance among
the all tested catalysts except for the noble metals. In the case of
noble metal catalysts, some researchers reported that Pd showed
the highest activity and stability [23,24] while others reported
that Rh and Ru catalysts exhibited the highest activity and stability
among the noble metals [25-30]. Likewise, there is an ongoing
argument between researchers involving Ni and noble metals to
decide which one has the best catalytic behaviour during DRM.
Many researchers reported higher catalytic activity for Ni-based
catalysts in comparison with metals catalysts [24,26,29,31,32]
while some researchers reported that noble metals have better
catalytic activity than Ni-based catalysts [26,33]. Admittedly, on a
mole for mole basis, Ni is about 10000 times cheaper than Pt and
200 times cheaper than Pd [34]. Therefore, from practical and
industrial viewpoints, Ni-based catalysts are the most attractive
and promising for DRM [2,35].

Ni-based catalysts, however, have a tendency to undergo
deactivation via carbon deposition and sintering and hence
significant efforts have been devoted to improving these catalysts.
Approaches to improve the activity and stability of Ni-based
catalysts for DRM have focussed mostly on the discovery of better
supports and suitable promoters/Ni-based catalysts [2,6,36-41].
Researchers reported both positive and negative effects for the
addition of a second and/or third metal (bimetallic and tri-metallic)
on the performance of catalysts. Si0, and Al20, are two of the most
often investigated catalyst support with high melting points and
specific surface areas. MgO, CaO, Ce0,, La,0,, TiO, and Zr0, are
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also commonly studied. The effects of the precursor, preparation
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conditions, type of reactor (including plasma reactors, fixed and
fluidized bed reactors, membrane reactors) [42], heating method
[43], reduction method, feed composition and space velocity on
the reforming reaction were investigated. There have been reports
showing that the application of plasma may be a good approach
to induce high conversions of CO, and CH,. However, plasma
technologies are very expensive, and the utilization of electrical
current to produce plasma may be counterproductive to the carbon
balance.

Commercial processes

Recently, shale gas resources are growing throughout N.
America, the UK, China and Eastern Europe, a matter which has
urged the attention of government, industrial R&D and academics
for the development of new processes and technologies for its
conversion to fuels and chemicals in competition with conventional
routes. These include direct/indirect DME production via DRM
and combination of DRM and another process to create innovative
economic opportunities [44]. The energy input for DRM requires
approximately 20% more energy compared with steam reforming.
However this is not a prohibitive extra energy cost for this chemical
reaction [45]. Overall the reaction requires +205k]J/mol over the
-803.3k]J/mol corresponding to the lower heating value of methane,
which is about 25.5% of the energy value of methane. Therefore,
a process that would aim at that range of energy consumption for
DRM would be competitive to steam reforming, and thus scalable to
industrial applications [46]. Importantly, these two reactions give
rise to syngas with different H,/CO molar ratios. Both are useful
in the formation of syngas for ultimate liquid fuel production [45].
The optimal DME productivity and best material utilization were
reported as a H,: CO ratio of 1:1, which can be produced by DRM
[47]. This process has been used in a limited number of industrial
processes so far. Dry reforming of methane and other hydrocarbons
has been applied commercially to produce pure CO from natural
gas by the CALCOR process (Calcor process) to produce high purity
carbon monoxide [48] or to obtain syngas with a low H,: CO molar
ratio as a feedstock for further chemical synthesis by the SPARG
process [49].

HTC pure-energy has developed a unique two-stage process
for producing hydrogen by the CO, reforming of methane over Ni-
based mixed oxide catalyst [46]. HTC technology is feed-flexible
and can handle multiple sources of methane including natural gas,
sub-quality natural gas, stranded natural gas, flare gas and biogas
methane [46]. A patent by Schoedel et al. [50] recently disclosed
a method for producing dimethyl ether from methane or natural
gas comprising a dry-reforming step, followed by the conversion
of carbon monoxide and hydrogen into dimethyl ether. They claim
that the dry-reforming step and the synthesis step are carried out
at identical pressures or at pressures which do not differ by more
than 3bar-preferably by not more than 1 bar [50]. A 3,030 tonnes/
day methanol plant based on DRM was set up in Iran in 2004 [51].
It was reported that the application of DRM results in a very energy
efficient plant as the energy consumption is 5-10% less than that of
a conventional plant [51].

Conclusion

Although DRM technology is promising from an environmental
point of view and there are some reports of using the DRM process
in some industrial plants to produce methanol or/and DME, this
process is still considered as an uneconomical method. Other
than the fact that the DRM is highly endothermic when compared
to the steam reforming and ATR, the reaction often involves the
production of carbon, which leads to deactivation of the catalyst. In
addition, DRM has the downside of requiring large amounts of pure
carbon dioxide, which cannot be easily obtained industrially except
through a few specific technologies [46]. As an example, isolating
carbon dioxide from the air or thermal power plants would be very
expensive (even if CO, has a tipping fee). However, technologies
such as gasification or fermentation are technologies that produce
significant volumes of high purity CO, and could be good candidates
for the first generation of industrial-scale dry reforming processes
[46].

Although DRM alone has not found commercial applications,
combined DRM and steam reforming systems have been operational
in the industry in the last several years [52]. The combination
of DRM and steam reforming has more attractiveness in its
application compared to DRM alone because the addition of steam
reduces the risk of carbon deposition and gives better control over
the syngas ratio [53]. Since their optimum reaction temperature
is close, these reactions can be conducted in one step [54]. In
addition, the combination of DRM and POX (CDPOX) appears to
be a more commercially attractive method to produce syngas
because it couples the advantages of DMR and POX and offsets their
disadvantages, simultaneously [55]. Compared to POX and DMR,
CDPOX is a green process and has the following advantages [55]:
1) effective heat supply due to the combination of endothermic
and exothermic reactions, 2) Controllable product ratio of H,/CO
according to the need of the post-process, and 3) A safer operating
environment due to the reduction of hot spots produced in POX
alone [53]. In addition to the bi-reforming processes, recently a
synergetic combination of DRM, SRM, and POX (tri-reforming) has
been proposed.
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