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ARTICLE INFO ABSTRACT

Keywords:
Natural gas
Catalytic methane combustion

Natural gas (with methane as its main component) provides an attractive energy source because of its large
abundance and its high heat of combustion per mole of carbon dioxide generated. However, the emissions
released from the conventional flame combustion (essentially NOy) have harmful impacts on the environment

faztjlll};sr:issm and the human health. Within the scope of rational and clean use of fossil energies, the catalytic combustion of
Reaction conditions natural gas appears as one of the most promising alternatives to flammable combustion. The presence of catalysts
Reactor enables complete oxidation of methane at much lower temperatures (typically 500 °C), so that the formation of

pollutants can be largely avoided. This work presents a literature review on the catalytic methane combustion.
Various aspects are discussed including the catalyst types, the reaction mechanisms and kinetic characteristics,
effects of various influencing operational factors and different reactor types proposed and tested. This paper may
serve as an essential reference that contributes to the development of well-designed reactors, equipped with
appropriate catalysts, and under well-handled operating conditions to realize the favorable (kinetic) perfor-
mance, for their future applications and propagation in different industrial sectors.

1. Introduction

One of the major concerns over economic growth and social devel-
opment nowadays is the constantly increasing energy demand [1]. The
study of U.S. Energy Information Administration has forecasted an in-
crease of 28% in the world’s energy consumption from 2015 to 2040 [2].
While there is a constant progress year by year for the development of
renewable energies, the use of fossil sources (petroleum, coal and nat-
ural gas) is still dominant, and remains indispensable in the near future
[3].

Among the fossil energy resources, the natural gas presents a
particular interest because of its higher energy content (55.7 kJ g ! if
fully based on methane as its main component) than coal (39.3 kJ g 1)
and petroleum (43.6 kJ g_l) as well as its reduced CO, emission (50%
less than coal and 30% less than petroleum). Moreover, the proven

natural gas reserves worldwide are abundant, reaching about 193.5
trillion cubic meters at the end of 2017 [4]. As a result, natural gas has
accounted for the largest increment (24%) in the main energy con-
sumption in the past decade until 2017, and has been suggested as a
substitute for oil and coal as a future leading energy source for the next
20 years [5]. In response to this, there is a rapidly growing number of
research & development efforts yearly on the deployment of natural gas
for their use in various sectors including industrial, residential, power,
transport and many others [6].

Besides the natural gas fields, the synthetic natural gas (SNG) can
also be derived from coal gasification, CO2 methanation and biomass
gasification/digestion [7,8]. Fig. 1 shows the main reaction network of
SNG in the industry. Biomass is particularly promising as a substitute for
fossil resources owing to its benefits of energy security and environ-
mental friendliness. On one hand, the SNG can be obtained from

Abbreviations: 3DOM, Three-dimensionally ordered microporous; AB,Al2.010 (x = 1, 3, 6, 9, 12), Hexaaluminate formula; ABO3 (or A'BVOs, A"B™VOs, or
A"B™Qg), Perovskites formula; BET, Brunauer, Emmett and Teller method, specific surface area of catalyst, unit: m?g~!; BHA, Barium hexaaluminate; CMC,
Catalytic methane combustion; DP, Deposition precipitation; DRIFT, Diffuse reflectance infrared spectroscopy; HDP, Homogeneous deposition precipitation; HTF,
Heat transfer fluid; ITM, Ion transport membrane reactor; NGVs, Natural gas vehicles; SEM, Scanning electron microscope; SOFCs, Solid oxide fuel cells; SNG,
Synthetic natural gas.
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Fig. 2. Number of publications on the catalytic methane combustion (source:
Scopus; keyword: catalytic methane combustion; date: 17 October 2019).

upgrading biogas that is generated from biomass digestion (e.g. manure)
and/or from carbohydrate fermentation by bacteria in an anaerobic
environment [9-11]. On the other hand, the SNG can be produced via
gasification of biomass (e.g. wood, straw and crops) followed by the
process of methanation [12,13]. The syngas and methanol can be syn-
thesized by partial oxidation and steam reforming reaction, producing
consequently synthetic fuels and hydrogen. Meanwhile, the combustion
of methane can provide the heat and electricity due to the strongly
exothermic nature of the reaction.

The conventional flame combustion of (synthetic) natural gas occurs
typically at above 1400 °C and releases harmful pollutants (such as NOy,
CO and hydrocarbon). The impact of NOx on human health (respiratory
diseases) has been widely recognized [14]. Its emission also has harmful
environmental impacts including the formation of photochemical smog
and acid rain [15]. More and more stringent regulations are thus
applicable over European countries. For example, in September 2018,
the maximum NO, emission level has been reduced from 70 mg-kWh™!
(class 5) to 56 mg-kWh_l for all domestic boilers sold in Europe [16]. As
a result, the complete oxidation of natural gas in the presence of cata-
lysts (i.e. the catalytic combustion) appears as one of the most promising
alternative solutions for the rational and clean use of fossil energies. The
activation energy is reduced from 100-200 kJ mol™! (conventional
combustion) to 40-80 kJ mol ™! (catalytic combustion), leading to a
lower working temperature (<600 °C). In this regard, less pollutant
emissions could be reached (~5 ppm compared with 150-200 ppm for
conventional combustion). Hence, the catalytic combustion of methane
or natural gas as a clean technology has received increasing research
attention [17], indicated by the significantly increasing number of

yearly publications over the past two decades (Fig. 2).

Various application areas of catalytic methane combustion (CMC)
have been proposed and attempted, as illustrated in Fig. 3 and briefly
described below.

(i) Natural gas vehicles (NGVs) [18-21] (ca. 300-700 °C): NGVs
have the advantages in the abatement of greenhouse gas emis-
sions and smog emissions compared to gasoline or diesel-driven
vehicles. Three-way catalysts are applied on NGVs mainly for
exhaust purification in practice.

(ii) Gas turbine [22-27] (ca. 700-1400 °C): Methane combustion is
widely used as the fuel on the gas turbine. The combusted gas is
used to drive a turbine for power generation. For example, 25 kW
electricity output can be obtained with 0.8 vol% methane in the
air [24].

(iii) Solid oxide fuel cells (SOFCs) [28] (ca. 500-1000 °C): The pre-
heated compressed air passes into the cathode of the battery
while the compressed methane mixed with the overheated steam
enters into the anode of the fuel cell. The methane electro-
chemical conversion in SOFCs, if properly controlled, could
obtain a high conversion efficiency and an environmental benefit
due to a significant decrease in pollutant emissions.

(iv) Domestic heating systems [29-32] (ca. 300-700 °C): the heat
released from the exothermic CMC reaction is utilized to drive the
domestic heating systems, such as the central boilers or gas
stoves. A high energy conversion efficiency and eco-friendly
water boiler prototype with a hot water yield of 11.5 kg min~!
has been reported [33].

(v) Coupling with endothermic reaction (ca. 300-700 °C): the reac-
tion heat from CMC is commonly used to drive an endothermic
reaction so as to maintain the continuous autothermal operation
[34]. Novel reactor designs have been proposed for coupling the
CMC with an endothermic reaction (methane steam reforming
[35,36], dehydrogenation of propane to propylene [37], dehy-
drogenation of ethane to ethylene [38,39], etc.), owing to the
optimized energy integration and the process intensification.

It may be discovered that compared to the conventional flame
combustion, the presence of catalysts enables a decrease of the working
temperature (<1400 °C). Depending on the target application, the
operational temperature for CMC can be further divided into a relatively
lower range (about 300-700 °C) and a relatively higher one (about
700-1400 °C). The low-temperature CMC becomes more attractive due
to the remarkable abatement of pollutant emissions and the prolonged
catalyst lifetime. For instance, the reusability and the reproducibility of
catalysts, especially for noble metal catalysts, are shortened at high
temperatures. In this field, developing catalysts with high catalytic ac-
tivity, low light-off temperature and good thermal stability even for such
low temperature operations is still a challenging issue.

A great number of researches have been devoted to catalyst devel-
opment [18,40,41] and reactor design [42-44] for CMC. Noble metal
catalysts (e.g. Pt, Pd and Rh) have been widely investigated owing to
their high catalytic activity. Hexaaluminate and perovskite catalysts,



L. He et al. Renewable and Sustainable Energy Reviews 119 (2020) 109589

Endothermic reaction

Methane catalytic combustion Natural gas vehicles
Heat flux
=

Endothermic reaction

Coupled reaction

Catalytic
Methane

Central heating boiler

Combustion
Airmmm) Cathode et
= Q2D
Fuel‘ Anode ol T

Solid oxide fuel cells

AN

Gas stove

Gas turbine

Fig. 3. Main applications of CMC.

(©)

)@ >
INOT IENEINE) o b
Noe 98- @D &\
8 _o—
b
Mirror
plane
Hexaaluminate Perovskites Noble metal-based

~ Catalyst surface

Fig. 4. Schematic structure of catalysts for CMC. (a) hexaaluminate (LaFeAl;;019) [68]; (b) perovskites (LagsSrgsCo03.5) [69]; (c) noble metal-based (Pd—-Ru)
catalyst [70].

due to their relatively lower catalytic activity and high thermal stability, reactant concentration, oxygen to methane molar ratio, residence time,
are commonly used for high temperature applications (600-1400 °C). etc. Moreover, the mechanistic studies mainly focusing on kinetic
Optimization of reaction conditions over various catalysts has been models for various catalysts have been well elaborated in earlier liter-
broadly investigated [19], such as the effect of light-off temperature, atures [45-48]. The reactor designs (e.g. micro/mini-structured reactor)
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Table 1
Summary of some published reviews related to CMC.
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Reference

Main contents

Gélin & Primet
2002 [18]

Choudhary et al.
2002 [40]

Ciuparu et al.
2002 [57]

Li & Hoflund
2003 [41]

Rahimpou et al.
2012 [34]

Zhu et al.
2014 [53]

Chen et al.
2015 [17]

Tian et al.
2016 [52]

Giir
2016 [28]

Cruellas et al.
2017 [58]

Yang & Guo
2018 [59]

Current review

Noble metal catalysts for methane complete oxidation at low temperatures

(1) Pd, Pt-based catalysts with silica and alumina support

(2) Kinetics, active sites nature (Pd, Pt), mechanism

(3) Particle size effect

(4) Sulfur poisoning effect

(5) Improved support: ZrO,, SnO,, CeO,, C0304, etc.

(6) Bimetallic system: Pd-Pt catalyst

Catalysts for oxidation of methane and lower alkanes

(1) Noble metal-based catalysts: Pd, Pt, Rh, Au

(2) Metal oxide catalysts

Single metal oxides: CuO, MgO, Co304, etc.

Mixed metal oxides: perovskites, hexaaluminate, doped metal oxides

CMC over Pd-based catalysts (1) Catalyst characterization, deactivation, reaction conditions, etc.
(2) Transformation of Pd and PdO phases

(3) Catalytic mechanism

Complete oxidation of methane at low temperatures over noble/non-noble metal catalysts
(1) Kinetics and mechanism over Pd/Al,03

(2) Effect of Ce additives on the activity

(3) Effect of CO, and H,0 on the activity

(4) Perovskite-type oxides

Coupling exothermic and endothermic catalytic reactions

(1) Reactor type: fixed bed, fluidized bed, etc.

(2) Various alternatives for thermal coupling

(3) Various coupling catalytic reactions, including:

CMC reaction coupled with:

methane steam reforming (with H,O or CO5) or

dehydrogenation of propane to propylene or

dehydrogenation of ethane to ethylene or

methane partial oxidation coupled with methane steam reforming, etc.
Perovskite preparation and application in heterogeneous catalysis

(1) Structure and properties, characterizations

(2) Synthesis with morphologies: bulk, nanosized, porous, nanospheres, etc.

(3) Applications: NO decomposition; NO reduction; NO oxidation; N,O decomposition
CH4 combustion; CO oxidation; oxidative reforming of hydrocarbon; volatile
organic compound combustion

Catalysts for methane combustion

(1) Noble metal catalyst:

Pd-based catalyst: active nature, support effect, additive effect, sulfur poisoning
Pt-based catalyst: chlorine effect, particle size, SO, Hy/propane addition
Au-based catalyst: Au state, different preparation methods effects

Bimetallic system: Pt-Pd, Pd-Rh, Pd-Au, etc.

(2) Metal oxide catalyst:

Single metal oxide-based catalysts: CuO, Co304, MnOy, CeO,

Perovskite catalysts: substitution effect, sulfur poisoning, and preparation methods
Spine catalysts: catalytic activity, cation substitution, etc.

Hexaaluminate catalyst: preparation methods, cation substitution, etc.

Kinetics and reaction mechanism over metal oxide catalysts

Hexaaluminate structure and catalytic performance

(1) Structure: -Al,03 and magnetoplumbite structures, prosperities

(2) Synthesis: sol-gel, co-precipitation, reverse microemulsion, etc.

(3) Catalytic performances: methane combustion, methane partial oxidation, NoO
decomposition

Methane conversion in SOFCs:

(1) Catalytic methane oxidation

(2) Electrochemical conversion of methane

(3) Major challenges for methane conversion on catalytic anodes

Advanced reactor concepts for oxidative coupling of methane

(1) Concept and type of reactors for methane oxidative coupling

(2) Heat management system

(3) Applications

Nanostructured perovskite oxides

(1) CMC reaction mechanism

(2) Properties and structure design of perovskite

(3) Recent advances of perovskite for CMC

Various aspects on CMC

(1) Catalysts: hexaaluminates, perovskite, noble metal

(2) Reaction mechanism and kinetics

(3) Reaction operational conditions: effect of temperature, ratio of oxygen to methane,
space velocity, natural gas composition, pressure

(4) Reactor types: fixed-bed reactor, wall-coated reactor (folded plate-type, tube-coated
type, monolithic, microchannel plate-type), membrane bed, fluidized bed
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Table 2
Comparison of main catalysts used for methane combustion.
Reference Catalyst type BET surface Calcination Reaction Advantages Disadvantages Applications
area temperature (°C)  temperature
(m2g 1y° Q)
[52] Hexaaluminate 0-30 900-1300 <1000 - High thermal stability - Low surface High temperature reaction (e.g.,
- Doped cation area partial/complete oxidation of
substitution (improved - High light-off methane, N,O decomposition)
catalytic activity) temperature
- Different oxygen
species
- Relatively low cost
[53,73] Perovskite 0-30 700-1100 <1000 - High thermal stability Ditto Ditto
- Doped cation
substitution
- higher oxygen
mobility and species
- Relatively low cost
[18,40, Noble metal (e.g. >100 450-600 <600 - High catalytic activity - Catalyst Low temperature reaction (e.g.,
41] Pt, Pd, Rh) - High surface area sintering partial/complete oxidation,
- Low light-off - Relatively high methane steam reforming)
temperature cost
Note.

@ Average specific surface area measured by BET (Brunauer, Emmett and Teller) method is shown here, but may vary depending on the preparation method.

with coupled endothermic reaction have become a hotspot direction in
recent decade [49-51]. Reviews papers related to CMC have also been
published, as summarized in Table 1. Nevertheless, most of them pri-
marily focus on the improvement of catalytic activity (e.g. noble
metal-based catalysts [17,18,40,41], hexaaluminates/perovskite cata-
lysts [52,53]). Other review papers may involve the CMC in one or
several sub-sections, but they are mainly devoted to a specific topic, e.g.
heating system [54,55], SOFCs [28], coupling exothermic/endothermic
reactions [34], SNGs [9,56], etc.

The present review on CMC aims at filling the literature gap by
providing a comprehensive and combined understanding of catalysts,
mechanisms, reaction conditions and reactor designs. In particular, the
present paper has the following objectives:

e A brief introduction of the catalyst types, their advantages/disad-
vantages, associated reaction mechanisms and kinetic
characteristics.

o A complete survey on the effects of various operational factors on the
performance of CMC, including temperature, space velocity, Oo/CHy4
ratio, natural gas composition and pressure.

e A review on different reactor types used for CMC, with a special focus
on microchannel reactor-heat exchangers.

This paper may serve as an essential reference that contributes to the
development of well-designed reactors, equipped with appropriate cat-
alysts and under well-handled operating conditions, towards realizing
their favorable (kinetic) performance and for their future application
and propagation in different industrial sectors.

2. Catalysts for methane combustion
2.1. Catalyst category

Catalysts play an important role in terms of catalytic activity and
reaction rate on the CMC, and are mainly categorized into metal oxide
catalysts (e.g. hexaaluminate, perovskites, and single-metal oxides) and
noble metal-based catalysts. The research interests on perovskites and
noble metal catalysts are remarkably increasing over the years, with the
latter being the most popular. The main advantages and disadvantages
of catalysts are summarized in Table 2.

2.1.1. Mixed oxide catalysts
(1) Hexaaluminate [52,60-63] possesses a typical lamellar structure

consisting of alternatively packed spinel blocks and conduction layers
(mirror symmetry plane), as shown in Fig. 4a. It can be represented by
the formula AByAl(12.,9019 (x =1, 3, 6, 9, 12), wherein A is a large cation
(e.g., of Na K, Ba, La) residing in the conduction layer and B is the
transition metal ion (e.g., of Mn, Fe, Co, Cu or Ni) or noble metal ion (e.
g., of Ir, Ru, Pd or Rh) which substitutes A cation in both the spinel block
and the conduction layer. Magnetoplumbite and f-alumina are two
common structures for hexaaluminate in terms of the different
arrangement, charge and radius of ions in the conduction layer [64].
Magnetoplumbite structure consists of A cation, O, Al in the conduction
layers, while g-alumina consists of A cation and O. Importantly, the
cation-substituted hexaaluminate with high sintering resistance greatly
improves the catalytic activity in methane combustion due to the
availability of the valent variation of transition metals (e.g. Mn, Ba, La,
etc.) in the crystal lattice [65-67].

Hexaaluminate has been applied for CMC since 1987, owing to its
exceptionally high thermal stability and strong resistance to thermal
shock [71]. Thus, hexaaluminate is considered as the most suitable
catalyst for high temperature applications (e.g. for gas turbines). Other
main applications include the methane partial oxidation, the dry
reforming of methane and the decomposition of N5O. Although a great
improvement of specific surface has been achieved, efforts are still
required so as to synthesize hexaaluminate with simple procedures, as
well as an excellent catalytic activity.

(2) Perovskites [72-74] are represented by a standard formula as
ABO3 (or more complicated as ABYOs3, A"BVO; or AMBM0O3). A as a
larger cation is commonly composed of alkaline/rare earth elements (e.
g. of La, Sr, Bi, etc.), residing on the edge of the structure for its stabi-
lization with less effect on the catalytic activity. B as a smaller cation
consists of transition metal that is surrounded by octahedral of oxygen
anions, functioning as the main catalytic center. Their structure is
schematically shown in Fig. 4b. The microstructure of mixed oxide
catalyst is beneficial for their oxygen mobility and catalytic activity
[75]. The presence of defect structure in oxygen vacancies, the existence
of unusual valence and the availability of reversibly released oxygen
have been considered relevant to the enhanced catalytic activity, even
comparable to that of noble metal catalysts [76,77]. It can be explained
by the fact that the oxygen vacancies are directly relevant to the
adsorbed oxygen species over the catalyst surface. The more oxygen
vacancies, the more adsorbed oxygen formed over the surface, leading to
the higher catalytic activities in methane oxidation. A recent work re-
ported by Miao et al. [78] reveals that more active oxygen species could
be obtained using La(Mn, Fe)Os; perovskite catalyst, and the catalytic
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activity of CMC thereby was significantly improved. The
cation-substitution of perovskites effectively increases the oxygen va-
cancies by varying the distribution of B oxidation state [79,80].
Different aspects of perovskites have been addressed in several review
papers, including the structure, synthesis and applications [53,59,811,
the acid-base catalytic properties of perovskites [82], and the
lanthanum-based perovskites [83]. The mechanism and kinetics may be
found in the book of Granger et al. [84].

A lower calcination temperature is required for the perovskite phase
than the hexaaluminate phase [85]. Perovskite catalysts are featured by
their high thermal stability as well as the improved specific surface area,
displaying a better catalytic activity in CMC. The higher catalytic per-
formance is mainly ascribed to the foreign-cation substitution, the pro-
duced oxygen lattice and the deficiency over catalyst surface. A
promising direction of improvement is designing perovskite catalysts
with featured morphologies (e.g., nano-sized, porous, hollow), favoring
their potential industrial applications.

2.1.2. Noble metal catalysts
Noble metal catalysts have been most intensively investigated for
CMC, owing to their high catalytic activity at low temperatures [57,

86-88]. Their basic structure is shown in Fig. 4c. Pd, Pt, Rh, Au and Co as
the active component have been widely studied in the literature. Among
them, Pd and Pt-based catalysts were reported as the most active one by
far. Various support materials, such as ZrO;, CeOs, Aly03, SnO9, TiOo,
were considered. The base/acid properties of the support affect the
catalytic activity by interacting with the oxidized/metallized state of
noble metals. It was reported that the decreased acidity strength of
Al,O3 support (with Pd as the active component) could enhance the
performance of CMC [89]. Moreover, the introduction of additives (e.g.
of La, Mn, Ce, Mg, V) could stabilize the catalyst support and active sites,
and prolong the catalyst life. It has been reported by Farrauto et al. [90,
91] that the CeO, addition is favorable to prevent the catalyst deacti-
vation. The PdO species on the catalyst surface thereby are stabilized
due to the increased temperature of PdAO decomposition. Moreover, the
improved storage and exchange of oxygen species in the presence of
CeO-, effectively promote the Pd reoxidation, resulting in a higher cat-
alytic performance [92]. The recent study by Toso et al. [93] illustrated
that the stability of Pd/Ceq 75Zr. 2502 catalyst exposure to the water was
improved by well-dispersed small Pd nanoparticles. More detailed re-
views can be found in the literature [17,18,41].

The formation of active sites is mainly dependent on the support
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composition, properties, and the preparation method. With respect to Pd
and Pt-based catalysts, Pd is supposed to be superior to Pt, not only for
the CMC but also for the oxidation of higher alkanes and olefins [94]. It
is commonly considered that Pd in the oxidized state (PdO) is the most
active and stable (up to 800 °C) [95]. Farrauto et al. [90] proposed that
at least two different PdO species were present on the Al,O3 support.
Dispersed PdO decomposed in a temperature range between 750 and
800 °C, whereas crystalline PdO decomposed from 800 to 850 °C. Hicks
et al. [96] identified at least two different phases by infrared spectra.
The crystalline palladium with a smaller size presented 10 to 100 higher
catalytic activity than dispersed PdO phase. Similarly, the Pt crystalline
phase has a higher catalytic activity than that in the dispersed PtO,
phase due to the formation of chemisorbed oxygen in the crystalline
phase [96].

Moreover, bi- or trimetallic catalysts have been reported to have
higher catalytic activity and stability compared to monometallic ones
[97-101]. For example, Pd-Pt/Al,03 catalyst is more active and stable
than Pd/Al,O3 [102,103]. It has been reported that Pt-Pd catalysts
showed a higher activity even than Pd-Ag, Pd—Co, Pd-Ni and Pd-Rh
over the Al,O3 support [97]. A better synergetic effect and the formation
of bi-metal structure have proved to improve the catalyst activity and
life-time. Other factors such as the support structure, the particle size
and the surface morphology also have significant influence on the cat-
alytic performance. More details on the influence of these factors can be
found in the references [19,104-106].

The electrochemical field-assisted CMC is a relatively novel direction
in recent years owing to the synergetic effect. Electrocatalysis process
commonly involves the oxidation and reduction reactions via direct
electrons transformation (i.e. the produced electrical current). Electro-
lytes as promoting species can modify the electronic properties of the
catalyst surface via the formation of favorable bonds between reactants
and the electrodes. The decrease of the activation energy through the
synergetic effect between electric field and catalysis results in the
enhancement of reaction rate for CMC [107-109]. Li et al. [109] re-
ported that the reaction rate of CMC over the MnyCoy catalyst was
remarkably accelerated by the improved reducibility of Co>" in the
electric field, promoting the methane activation at low temperature. The
light-off temperature (Tso = 255 °C) over PdCeg 75Zr( 250 catalyst can
be significantly reduced because of the enhanced reducibility of PdOy

Table 3
Main literature results on kinetic parameters for CMC.
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species in electric field (e.g. 3 mA current) [110]. More details on the
electrochemical-assisted CMC may be found in a recent reference [111].

Although noble metal catalysts present advantages such as high
specific surface area, high dispersion of active component and mild re-
action conditions, the catalyst deactivation (due to sintering, particle
size growth, poisoning, etc.) and the high cost are the main limitations
for their large-scale application in the industry.

2.2. Shaping of catalyst

The shaping of catalysts could significantly affect the pressure drop
and the reactant-catalyst mass transfer in the reactor. Fig. 5 shows a
variety of catalyst shapes used for CMC. Fine powders are more suitable
for being incorporated into minireactors or microreactors with higher
catalyst surface area. However, powder catalysts (Fig. 5a) could lead to a
high pressure drop if packed in a long (e.g., several meters) fixed-bed
reactor, or possibly be blown out when used in a fluidized-bed
reactor. To decrease the pressure drop, the catalyst is commonly sha-
ped into larger bodies, e.g. pellet, round ball, cylindrical shape
(Fig. 5b—d). Moreover, a sufficient mechanical strength of the catalyst
support is essential for the catalyst’s long-term structural durability.

Washcoated catalysts have received an increasing attention owing to
its high surface area, low pressure drop and better usage of catalyst. This
type of catalyst is usually used in monolithic reactors (Fig. 5e) [112,
116], foam reactors (Fig. 5f) [113,117], multichannel microreactors
(Fig. 5g) [118-120] and tube reactors (Fig. 5h) [32,121]. The recent
progress of washcoated and packed-bed microreactors is reviewed in the
reference [50]. The washcoated catalyst is commonly deposited as a thin
layer on structured surfaces using typically a dip-coating method [122].
Other methods, such as suspension method [120,123-125], sol-gel
technique [126,127], chemical vapor deposition [128,129], physical
vapor deposition [130,131]are also widely used. In our previous work
[120], the preparation of a well-adhered Pt/y-Al;0O3 catalytic coating in
microreactors has been elaborated by applying various binders, particle
size, pH conditions, etc. The preparation of the suspension and the
pretreatment of the substrate hosting the catalytic layer have to be
adapted to obtain a high thermal stability and a well dispersion of the
coating [118,120,132].

Reference Catalyst Reactant Temperature (°C) Conversion (%) E, (kJ-mol™Y) Reaction rates (pmol~g’1~min’1)
[19]1 0.5% Pt/Al,03 0y/CH4 = 2:1 350-425 1.8-13.7 101 + 10
1% Pt/Al,03 104 + 1.0
2% Pt/Al,03 91.4+5
4% Pt/Al,03 98.1 +11
0.5% Pt/Al,03 108 + 1.5
1% Pt/Al,03 05/CHy4 = 5:1 350-500 0-28 121 + 10
2% Pt/Al,03 100 + 5
4% Pt/Al,03 8385
[175] NiFe,04 CHy: 3 vol% 350-400 ~2-13 210.8
0y: 7.2 vol%
[176] C0(0.95)Zr02 750-800 23 11 880
Co(1.9yZrOx 750-800 26 18 000
Co(1.9)La/ZrO, 770-820 29 52 200
[177] Ru/y-Al;03 CHy: 0.8 vol% 361 10% 116 2.53
Rugo-Re;0/7-Al203 02 22 vol% 337 10% 104 5.17
Ruys—Reys/y-Al,O3 Ny: 78 vol% 359 10% 117 2.00
[178] 7-Al,03 CHy: 0.5-3 vol% 21 200
Cu/y-Al,05 (600 °C) 525 50% 1.11 x 10 0.91 x 10!
Cu/y-Al;03 (800 °C) 540 50% 21 330 Cal mol !
[179] AuPd, 95/CoCry04 CHy: 2.5 vol% 305 10% 60
02 20 vol% 353 50%
Ny: 77.5 vol% 394 90%
[180] ZrOy/LaMnOg CHg4: 3 vol% 417 10% 19.3 3.30
02: 10 vol% 539 50%
Na: balance 632 90%
[181] Cu-Cr/CuCry04 air/CH4 = 30 550 105.9 + 10.4
600 118.2 + 0.6
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Fig. 6. Reaction routes of methane catalytic oxidation over noble metal catalysts. The bracket (a) indicates the adsorbed state and (g) the gas phase [147].

3. Mechanism and kinetic study of CMC

Compared to other higher alkanes, methane is the most stable alkane
molecule with high ionization potential (12.5 eV), low electron affinity
(4.4 eV) and high C-H bond energy (434 kJ mol™!), rendering it
extremely difficult to be activated under mild conditions. A high reac-
tion temperature (>1400 °C) is often required for carrying out con-
ventional methane flame combustion. Hence, mechanistic and kinetic
studies are important for guiding the catalyst design and the process
optimization in order to achieve an efficient combustion at relative low
temperature levels (<600 °C) [133-135]. The reaction has been re-
ported to be zero order in oxygen and first order in methane [136]. The
kinetic model and the elementary steps were elaborated in the literature
[137-143], and the main kinetics parameters are summarized in
Table 3.

Regarding the noble metal catalyst, a great number of studies have
been devoted to revealing the mechanism of catalytic methane oxidation
[48,144-146]. The classic reaction routes over noble metal catalysts are
shown in Fig. 6 [147]. CH4 molecules are first adsorbed on the catalyst
and dissociated to the adsorbed methyl (CHs3-) or methylene (CHj-)
species, which further interact with the adsorbed oxygen, either to
directly produce CO, and H»O, or to form the adsorbed CO and H; via
formaldehyde (HCHO) as the intermediate [148,149]. The adsorbed CO
and Hj further interact with the adsorbed oxygen to form the final
product (CO2 and H»0) based on the reactant ratios (theoretically,
partial oxidation occurs at O/CH4 molar ratio < 2). The adsorbed CO is
predominant with the increasing methane coverage, whereas CO; for-
mation is more favorable at high oxygen coverages. However, due to the
swift dissociation of CO, the variation of the surface concentrations of
methane and oxygen is negligible. Experimental measurements over
Pt/Al;03 catalysts have indicated that the reaction rate determining step
was shifted from the oxygen desorption to the methane adsorption with
the increasing catalyst surface temperature [141]. Given the higher
methane adsorption energy than oxygen [150-152], at the beginning
the oxygen adsorption reaction (O3 + 2 Pt(*) — 20(*) + 2 Pt; * is the
molecule adsorbed on the surface), this rate determining step may be
additionally due to the competitive adsorption of oxygen that inhibits
the methane oxidation by excluding the weakly adsorbed methane on
the active sites [147]. At high oxygen atom coverages, methane is
converted through the proposed reaction (CH4 + O(*) + Pt(*) - CH3(*)
+ OH(*) + Pt). As a result, the surface temperature increases due to the
release of the reaction heat. The number of the adsorbed oxygen atoms is
generally decreased with the increasing temperature and the reaction of
the methane adsorption (CH4 + 2 Pt(*) — CHs(*) + H(*) + 2 Pt) be-
comes more prominent. The light-off phenomenon thus happens once
the favorable coverage of methane and oxygen on the catalyst surface is
reached [133,153].

Three types of mechanism and the corresponding kinetic models
have been proposed for CMC in the literature, including the Langmuir-
Hinselwood mechanism [154-156], the Eley-Rideal mechanism [157]
and the Mars-van Krevelen mechanism [158-161]. The
rate-determining step for both the Langmuir-Hinselwood and

Eley-Rideal mechanisms is commonly considered as the superficial re-
action. The reaction rate is associated to the electronic properties of
transition ions over the catalyst surface. On the contrary, the CMC is
considered as the interfacial reaction by the Mars-van Krevelen mech-
anism; the reaction rate is mainly correlated to the lattice oxygen
vacancies.

Regarding the Langmuir-Hinselwood mechanism, the molecules of
both gas phase reactants are adsorbed on the catalyst surface and react
via surface diffusion. The formed products are then desorbed from the
catalyst surface to complete the reaction. The kinetic models of CMC
over Pt/Al,O3 catalyst proposed by Trimm and Lam [162] well fit the
Langmuir-Hinselwood mechanism, indicating that both the adsorbed
methane and oxygen were involved in the reaction. Their study
confirmed that the temperature increase was mainly to change the re-
action path from the oxygen adsorption to methane adsorption [162].
However, Jodlowski et al. [163] observed that methane over
Co-Pd/y-Al,03 catalyst was only adsorbed with pre-adsorbed oxygen
over the surface (under oxygen-rich conditions) by using the DRIFT
(diffuse reflectance infrared spectroscopy), suggesting that the
Langmuir-Hinshelwood mechanism should not be recommended.

The Eley-Rideal mechanism suggests that only one gas phase reac-
tant has to be adsorbed onto the catalyst surface. The adsorbed reactant
then interacts with the other reactant which is still in the gas phase.
Subsequently, the formed products are desorbed from the catalyst sur-
face. Seimanides and Stoukides [157] reported that this mechanism
could well predict the CMC over Pd/ZrO, catalyst in the range of
450-600 °C. It is likely to be the only adsorbed atomic oxygen that reacts
with the gaseous methane. Veldsink et al. [164] illustrated that the
Eley-Rideal mechanism was adequate to describe the experiment data,
and the reaction rate equation over CuO/y-Al,O3 catalyst was proposed
without the limitation of heat and mass transfer.

The Mars-van Krevelen mechanism is widely supported by a large
amount of experimental results on CMC [165,166]. Different from the
above two mechanisms, the Mars-van Krevelen mechanism suggests that
the adsorbing surface is an active participant. Firstly, one of the re-
actants in the gas phase forms a chemical bond with the catalyst surface
in the form of a thin layer (e.g. of metal oxide). Then, the remaining gas
phase reactant can interact with the chemically bonded reactant, leaving
behind a vacancy upon desorption of the products. However, it is not
easy to distinguish between Mars-van Krevelen and Eley-Rideal mech-
anisms because of the existence of both the lattice and adsorbed oxygen
species on the catalyst surface. Pfefferle et al. [160] further reported that
one '°0 atom (lattice phase) in PAO was bounded to two Pd atoms, using
the in-situ technology of isotopically labeled reaction. It was found that
the 1°0 atom in PdO was responsible to oxidize methane rather than the
adsorbed 80 atom in the gas phase. This conclusion is in line with the
findings of Au-Yeung et al. [167]. In addition, the variation in the
oxidation valence of Pd plays an important role in the reaction, indi-
cating that the Mars-van Krevelen mechanism is more adequate to be
used for the CMC [57,168,169]. Similarly for NiCo,04 perovskite cata-
lyst, Tao et al. [77] reported that the chemisorbed lattice oxygen played
an important role. The oxidized products (CO3 and Hy0O) were generated



Table 4

Summary of catalysts and reaction conditions for methane oxidation in various reactors.

Reference/ Catalyst Preparation BET surface Reactor Reactant Total flow rate Space velocity T10 Tso Too Tx (°C)° Remarks
year” method area (material, (mL-min~1) ©cyP ©cyP °Cc)®  X=conv%
(mz-g’l) size)
Hexaaluminate catalyst
[65] 1989 BaAlAl;11019.« Hydrolysis of 15.3 Fixed-bed CHy: 1 vol% 800 48000 h™! 710 730 - Mn-substituted catalyst presented
BaCrAl;1019. metal alkoxides 15.7 (quartz) In air 700 770 the best catalytic performance
BaMnAl;1019.4 13.7 540 740
BaFeAl;1019.¢ 11.1 560 780
BaCoAl;1010.4 15.2 690 720
BaNiAl;1019. 111 710 770
[209] BHA Sol-gel <20 Flow reactor CHa: 1vol% 60000 h! 710 ~750 - Reverse microemulsions method
2000 BHA Reverse-micro 40-160 In air 590 ~650 ~750 presented a higher surface area and
emulsion an excellent catalytic activity
Ce0O,-BHA ~400 600
[210] BaAl;2019.« Co-precipitation Fixed-bed CHg: 1 vol%, 15000 h™! 630 750 841 - Introduction of CeO, increased the
2007 BaMnAl;1019. and supercritical (quartz, i.d. 05: 4vol%, 470 580 655 surface area and enhanced the
BaMnAl;(O19.« drying 10 mm) Nj: balance 433 537 619 catalytic activity
CeO4/BaAl;2019.« 83.5 535 618 690
CeOy/BaMnAl;1019.¢ 55.9 468 576 645
Ce0,/BaMn,Al;0016.4 47.8 426 534 611
CeO4/BaFeAl;(019.« 75.3 436 530 597
Perovskite catalyst
[211] 0wt %Pd/ Incipient 29.82 Fixed-bed CHy: 2vol%, 50 520 - ZrO, introduction increased the
2005 LaMnOs3-2ZrO, wetness (quartz, i.d. 03: 14 vol%, support thermal resistance
impregnation 4 mm) He: balance - Incipient wetness impregnation
0.5 wt%Pd/ 28.88 509 exhibited a higher catalytic
LaMnOs3-2ZrO, performance
1wt %Pd/ 29.30 485
LaMnO3-2ZrO,
2wt %Pd/ 28.64 432
LaMnO3-2ZrO,
3wt %Pd/ 27.43 461
LaMnOg3-2ZrO,
0.5 wt %Pd/LasZr,0, 531
1 wt %Pd/LayZr,0; Solution 518
2 wt %Pd/LasZr,0, combustion 476
3wt % Pd/LayZr,0, 498
[212] La,CuO4 -260 Co-precipitation Fixed-bed CHy: 2vol%, 50000mLg 'h! 548 662 739 - An enhanced activity of La,CuO4
2010 LayCuO4 -220 (quartz, i.d. 0O,: 20 vol%, 587 677 759 due to the Sr** doping
La,CuO4 -180 4 mm) Nj: balance 625 722 766 - Excellent performance are
LaSrCuO4 -260 482 620 667 attributed to more adsorbed oxygen
species, better reducibility and
single crystallinity.
[213] BaZr(;_xMeyO3 Modified citrate Fixed-bed CHy: 0.5vol 150 150 000 mL g’1 h! - Catalytic performance of
2012 Me = 5% Rh method 15.3 (quartz, i.d. %, O,: 4 vol 625 T =530 substituted transition metals: Pd,
Me = 5% Pd 18.3 7 mm) %, Nj: 16 vol 600 Too =520 Ru > Rh > Co > Mn > Ni
Me =15% Rh 7.3 %, He: 660 Too =570
Me = 20% Rh 13.1 balance 650 Too =570
Me = 2.73% Mn 10.7 710 Ta0 =635
Me = 2.91% Ni n.a. 790 Too =690
Me = 5.92% Ni n.a. 700 Too =625
Me =4.91% Ru 5.6 600 Tao =520
Me =1% Pt 3.1 730 Too =645
Me = 2.93% Co 13.8 640 T =570
Me = 5.86% Co 38.5 775 Tao =675
BaZrO3 6.3

(continued on next page)
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Table 4 (continued)

Reference/ Catalyst Preparation BET surface Reactor Reactant Total flow rate Space velocity T1o Tso Too Tx (°C)° Remarks
year” method area (material, (mL-min~1) ©cy° ©cyP °C)®  X=conv%
(mz-g’l) size)
[214] MgCr;04 Sol-gel 1.1 Fixed-bed CHy4: 1 vol% 48000mLg 'h! 400 684 -MgCr,04 exhibited a higher
2014 CoCry04 0.4 In air 480 750 activity than CoCry04 due to the
MgO 618.8 742.4 presence of Cr°" and bulk structure
Cry03 593.6 736.7
[77] 2015 NiCo0,04 Co-deposition 218.7 Fixed-bed CHy: 5vol%, 200 24 000 mL g’1 h! ~230 ~262 T100: 350 -NiC0,04 showed a higher catalytic
precipitation (calculated (quartz, i.d. 0O5: 25 vol%, performance than Pd/Al,03 under
surface area 6 mm) Ar: balance the same conditions
with CHy4: 0.2 vol ~240  ~300 Ti00: 425
average size %, Oo: 5 vol
of 4.5nm) %, CO,: 15
vol%, H,0:
10 vol%, Ar:
balance
CHy4: 0.2 vol ~300 ~335 T1o0: 475
%, O,: 5 vol
%, NO:
0.15vol%,
H,0: 10 vol
%, Ar:
balance
[215] 3DOM Templating 32.4 Fixed-bed CHy4: 5vol%, 428 50000 mLg 'h~! 344 384 508 -Au addition weakened the bond
2016 Lag ¢Sro.4MnO31Au/ method 32.6 (quartz, i.d. 6 0O5: 30 vol%, 338 375 402 between intermediates and Pd
3DOM mm) Ar: balance atoms, and enriched the adsorbed
Lag Sro.4MnO31Pd/ 32.0 323 358 378 oxygen species over the catalyst
3DOM surface, thus enhancing the reaction
Lag ¢Sro.4MnO31AuPd/ 33.6 304 350 382 rate
3DOM
Lag 6Sro.4MnO32AuPd/ 33.3 280 331 354
3DOM
Lag 6Sro.4MnO33AuPd/ 33.8 265 314 336
3DOM Lag ¢Sro 4MnO3
[216] LaFeO3 Nitrate-citrate Fixed-bed CHy: 5vol%, 1000 240000 h™! ~650 Tas: 600 - Perovskite nanopowder
2016 Lag gSro oFeO3 combustion (quartz) 0O,: 50 vol%, ~550 Tes: 600 synthesized by solution combustion
Lag eSro.4FeO3 synthesis No: 45 vol% ~640 T3s: 600 - Partial substitution of La®* by Sr**
greatly increased the catalytic
activity
[217] CeO, Support 28.9 Fixed-bed CHy4: 10 vol 24000mLg 'h! 523 641 - Catalytic activity of different
2018 CoAlO,/CeO- Impregnation 20.1 (stainless %, O: 25vol 460 511 614 methods: CeO, (Plasma
CoAlO,/CeO- Microwave in- 28.4 steel, i.d. %, Ar: 418 481 601 treatment) > CoAlO,/CeO»
situ grown 8 mm) balance (Impregnation
CoAlO,/CeO- Impregnation 27.7 405 464 590 combustion) > CoAlO,/CeO,
combustion (Microwave in-situ
CoAlOy/CeO, Plasma 27.2 335 415 580 grown) > CoAlOy/CeO,
treatment (Impregnation)
[76] 2018 LaMnOs3 Sol-gel 11 Fixed-bed CHy: 0.6 vol 133 40000 h! 313 379 443 -Effect of different preparation
Lag gSrp.oMnO3 27 (quartz, no %, O: 21 vol 270 333 397 methods on the catalytic
Chemical 15 size reported) %, Ar: 237 351 375 performance:
combustion 18 balance 266 329 389 - Chemical
Microwave- 16 269 331 392 combustion ~ Solvothermal > Sol-
assisted 19 280 363 439 gel > Spray-pyrolysis
solvothermal - Catalytic performance 1% Pd/
Spray-pyrolysis 6 330 410 496 Al;03 > LaMnO3/
11 359 452 537 Lag gSro.oMnO3 > 0.5% Pt/Al,03
0.5wt% Pt/Al,03 278 446 499
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Table 4 (continued)

Reference/  Catalyst Preparation BET surface Reactor Reactant Total flow rate ~ Space velocity T1o Tso Too Tx (°C)° Remarks
year” method area (material, (mL-min ") ccyP coyP ©c)° X = conv%
(mz-g’l) size)
1 wt% Pd/Al,03 205 252 296
[218] Bulk LaMnAl;; 049 Polymethyl 12 Fixed-bed CHy: 2.5vol 16.7 20000mLg 'h! 475 615 - - Catalytic activity:
2018 3DOM LaMnAl;;019 methacrylate 27.7 (quartz, i.d. %, Oo: 20 vol 432 540 651 1.91AuPd; go/3DOM LaMnAl;;019
0.44AuPd; g¢/3DOM templating 26.7 8 mm) %, No: 355 432 510 > 0.94AuPd, g¢/3DOM
LaMnAl;1019 method balance LaMnAl;;019 > 0.44AuPd; g¢/
0.94AuPd; g6/3DOM 24.4 332 375 443 3DOM LaMnAl;;0;9 > 3DOM
LaMnAl;;049 LaMnAl;10,9 > Bulk LaMnAl;;,019
1.91AuPd, 5o/3DOM 28.2 305 342 402
LaMnAl;;049
[219] CeO2 Co-precipitation 64 Fixed-bed CHy4: 1 vol%, 100 30000mLg 'h! - Catalytic activity:
2018 Ceg.95Fe0.0502.5 98 (quartz) 05: 20 vol%, Ceg eFep.402.5 > Ceg gsFen. 3502
Cep.oFep. 1055 70 Nj: balance 5> Ceg 7Feg 304.5 > Cep gFeg 202
Ceo.gFe.2025 83 5 > Ceo.oFeq.102.5 > Cep o5Fe0,0502-5
Cep 7Fep 3025 109 458 >
Ceg.65F€0.35025 110 CeOy
Ceo.6Fe0 4025 114 333 378 438
Noble metal catalyst and metal oxides
[19] 4 wt% Pt/Al,03 Dry Fix-bed (i.d. 0o/ 200 T14: 400 - Methane conversion in order of
1994 impregnation 5mm) CH4=5:1 Tag.2: 475 0,/CH4 molar ratio: 5:1 < 2:1 <1:1
Tos.g: 550
4 wt% Pd/Al,03 0y/ Tg: 375 - Methane conversion in order of
CHy=2:1 Tog: 425 0,/CH4 molar ratio: 5:1 > 2:1 > 1:1
Tog: 450
0y/ Ty4: 350
CHy=1:1 Tso: 375
To4.6: 475
0y/ Tas: 300
CH4;=5:1 Ts0.6: 325
To4.5: 400
0,/CH,4 1:1 To.1:300
Ts0.7:375
To1.1:500
[220] Pd-ZSM-5 Ion-exchange Fixed-bed CHy4: 1 vol% 74 30000 h™! ~220 ~255 ~270 - Catalytic activity:Pd-ZSM-5>PdO/
1994 PdO/Al,03 (quartz, o In air ~275 ~325 ~350 Al,03
d.1/4 inch at - Higher metal dispersion and lattice
inlet, 3/8 inch oxygen of PdO/Al,O3 catalyst
at outlet)
[178] 7-Al,03 Wet 180 Fluidized bed CHg4: 0.5vol Gas velocity: - Unreacted CH4 > 100 ppm at
2002 Cu/y-Al;03(600 °C) impregnation 170 (stainless % In air 0.4-0.8cms ! 525 0.8ms ! gas velocity and below
Cu/y-Al;,03(800 °C) 144 steel, i.d. 540 700°C
100 mm) - Unreacted CH4 < 10 ppm at
0.4ms ! gas velocity and below
700°C
[221] Pd/Al03 Washcoated 334 Fixed-bed CHy: 1vol % 5800 h~! 300 367 497 - Catalytic activity and thermal
2004 Pd/Al,03-ZrSiO4 monolith 217 (quartz, i.d. In air 285 360 415 resistance increased by introducing
Pd/Al,05-SiO, 356 26 mm) 285 360 447 SiO, and ZrSiO,
[92] Pd-3Ce0,/Al,03 Sol-gel 680 Fixed-bed 648 - The higher Ce content, the higher
2004 Pd-5Ce0,/Al,03 343 623 catalytic activity
Pd-3La;03/Al,03 369 705 - La addition resulted in a lower
Pd-5Lay03/Al,03 650 723 catalytic activity due to less oxygen
donor species present
[222] 2 wt% Pd/CeO, Deposition- 58.8 Fix-bed CHg: 1 vol% 50000 h™! 224 257 T100: 300 - Highest catalytic activity with 2 wt
2005 precipitation (quartz) In air % Pd/CeO,, prepared by DP method
2wt% Pd/CeO, Impregnation 53.6 458 557 - Strong interaction between Pd and
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Table 4 (continued)

Reference/  Catalyst Preparation BET surface Reactor Reactant Total flow rate  Space velocity T1o Tso Too Tx (°C)° Remarks
year” method area (material, (mL-min~Y) ©cyP ©cyP ©c)® X = conv%
(m2g™h size)
2 wt% Pd/Al,03 Deposition- 193 307 349 T100: 410 CeO,, produced a large amount of
precipitation active oxygen
[103] Pd/Al,03 Incipient 102 Flow reactor 250000 h™! - Effect of pressure on catalytic
2005 wetness performance: 5 bar: ~5.8%
impregnation conversion
7.5 bar: ~3.5%
10 bar: ~2.5%
12.5bar: ~2.2%
15bar: ~1.7%
PdPt/Al,03 91 5bar: ~7.2%
7.5 bar: ~5.2%
10 bar: ~4%
12.5 bar: ~3.6%
15 bar: ~3.5%
[184] Pd/HZSM-5 Precipitation 498.1 Fixed-bed CHg4: 2vol%, 48000 h! 317 351 T100: 351 - The highest catalytic activity with
2007 Pd-Ce/HZSM-5 493.5 (quartz) 0O,: 8vol%, 290 336 Ti00: 336 Pd-Ce/HZSM-5
Pd-La/HZSM-5 438.4 Na: balance 331 387 T100: 387 - The addition of CeO, promoted the
Pd-Sm/HZSM-5 455.0 326 374 Ti00: 374 catalytic activity
Pd-Nd/HZSM-5 462.2 322 371 Tio0: 371
Pd-Tb/HZSM-5 419.1 329 388 Ti00: 388
Pd/y-Al,03 352 443 Tro0: 443
Pd/SiO, 410 526 Ti00: 526
[223] Au/Fe;03 Deposition- 33 Fixed-bed CHy: 1 vol% 100 51000 h~? 410 496 Tos: 565 - Catalyst prepared by HDP method
2008 precipitation (quartz) In air showed a higher catalytic activity
Au/Fe;03 Homogeneous 24 302 387 Tos: 488 than DP method for methane
Fe,03 deposition 51 468 575 Tos: 650 combustion
precipitation
[224] Co10Mng Co-precipitation 62.55 Fixed-bed CHg4: 1vol%, 150 36000 h! 297 339 Tao: 265 - Appropriate Mn addition led to
2009 CosMn; Powder 147.65 (quartz i.d. O5: 10 vol%, 293 324 Tao: 280 disorders in the spinel structure,
CozMn; 158.46 8 mm) No: balance 306 333 Too: 282 and thus increased crystal
Co;Mn; 150.25 350 386 Tao: 323 defections and increased activity
Co;Mnj3 154.49 351 392 Too: 323
CogMn; o 183.94 358 393 Tao: 331
[225] Pd/SiO, Sol-gel 688 Fixed-bed CH4: 0.3 vol 50 60 000 mL g’1 h? 355 - The combination of TiO, and SiO,
2009 Pd/Ti5Si 328 (quartz, i.d. %, Oa: 332 promoted the catalytic performance
Pd/Ti10Si 284 12 mm) 2.4vol%, 312 - TiO, and SiO, increased the
Pd/Ti15Si 243 He: balance 321 catalyst SO, poisoning tolerance
Pd/Ti208Si 170 (SOx-free) 326
Pd/TiO, 38 337
Pd/SiO, CHy: 0.3 vol 395
Pd/Ti5Si %, Oyt 379
Pd/Ti10Si 2.4vol%, 365
Pd/Ti15Si He: balance n.a.
Pd/Ti20Si (with 10 vol 381
Pd/TiO, ppm SO5) 346
[118] Pt-W/y-Al;03 Washcoated 214 Microchannel CH4: 9.1 vol 107 74000 h™! 399 493 T100: 600 - Pt-W/y-Al,03 showed 100%
2009 commercial % methane combustion and 99% CO,
Pt-W/7-Al,03 home- 123 430 528 T100: 625 formation at 600 °C for 60 h test,
made 98% CH,4 conversion after 100 h
Pt-Mo/y-Al;03 242 443 526 Ti00: 625
commercial
Pt-Mo/y-Al,03 home- 150 470 554 T100: 650
made
2 wt% Pd/Ce02-2ZrO, 50
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Table 4 (continued)

Reference/  Catalyst Preparation BET surface Reactor Reactant Total flow rate  Space velocity T1o Tso Too Tx (°C)° Remarks
year” method area (material, (mL-min~Y) ©cyP ©cyP ©c)® X = conv%
(m2g™h size)
[226] Fresh Solution 74.6 Fixed-bed CHy: 2vol%, 340 382 429 - Lower catalytic activity with
2010 1week aged combustion 65.8 (quartz, i.d. 0O5: 16 vol%, 336 383 419 catalyst aging time: Pd/
2 weeks aged synthesis 34.8 4mm) He: balance 345 421 498 Ce05-2Zr0y;
2wt% Pd/ - Increased catalytic activity with
LaMnO3-2ZrO, catalyst aging time: Pd/
Fresh 132.5 450 570 645 LaMnO3-2ZrO, Pd/BaCeO3-2ZrO,
1week aged 69.8 500 625 690
2 weeks aged 21.6 360 450 550
2 wt% Pd/
BaCeO3-27Zr0O,
Fresh 26.4 414 512 592
1week aged 22.7 540 628 694
2 weeks aged 15.4 330 443 540
[88] Pd(1.0)/Al;03 Impregnation Fixed-bed CH4: 0.1 vol 10000 h™! 474 520 - Trimetallic catalytic activity
2010 Pt(1.5Rh(g.3)/Al,03 (quartz, i.d. %, 415 460 depended on noble metal
Pt(1.0)Pd(0.75Rh0.25)/ 8 mm) 0,:16.74 vol 388 442 composition: PtPdRh/Al,03>
Al,03 (molar ratio) %, Na: PtRh/Al,03>Pd/Al,03
83.16 vol%
[227] CoAlO-500°C Deposition 88.6 Fixed-bed CHg4: 2vol%, 41.6 30000mLg 'h! 462 538 618 - Catalytic activity: CoAlO - 700°C
2015 CoAlO-600°C 262.6 (quartz, i.d. 0O,: 20 vol%, 471 562 629 < CoAlO - 600°C
CoAlO-700°C 29.1 6 mm) Ny: 78 vol% 477 585 656 < CoAlO - 500°C
Ag NPs: <Ag-CoAlO - 500°C
Ag—CoAlO-500°C 96.2 393 516 571 <Ag-CoAlO - 700°C
Ag—CoAlO-600°C 69.5 343 444 522 <Ag-CoAlO - 600°C
Ag—CoAlO-700°C 212.4 371 475 555 - The highest catalytic activity with
Ag-CoAlO-600 °C due to abundant
Co®" and adsorbed oxygen
[201] 2.94Auy, 50Pd/meso- 114.5 Fixed-bed SO, addition 20000mLg 'h! 230 280 324 SO, addition (irreversible)
2015 Co304 (quartz) 263 312 378 —100 ppm SO, addition:
242 288 334 Conversion drop from 90.5% to
269 321 397 73.6% after 31 h
- regeneration: CH4 conversion
slightly increased to 74.2% after
16h
H,0 addition H,0 addition (reversible)
—2 vol% H,0 addition:
Conversion drop from 93% to 91%
—5 vol% H,0 addition:
Conversion drop from 91% to 90%
—10vol% H,0 addition:
Conversion drop from 90% to 89%
CO, addition CO; addition (reversible)
—2.5vo0l% CO, addition:
ca.2% decrease in methane
conversion after 13h
—5 vol% CO, addition:
ca.1% decrease in methane
conversion after 4 h
-regeneration restore to original
ca.90.5% of methane conversion
[113] Fe-Ni Washcoated Tubular CHy: 5vol% 50 T1io: - Catalyst activity vs. Pd loading:
2015 (inner i.d. 550 4.8% > 3.2%
3.2 wt% Pd/Al,03/ 20 mm, outer: CHy: 5vol% 50 Tio: T3s: Tog: 500 - CH4 conversion decreased with the
Fe-Ni i.d. 32 mm) 350 400 increasing flow rate

(continued on next page)
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Table 4 (continued)

Reference/ Catalyst Preparation BET surface Reactor Reactant Total flow rate Space velocity T1io Tso Too Tx (°C)° Remarks
year® method area (material, (mL-min~1) co® o’ (0  X=conv%
(m2-g’1) size)
4.8 wt% Pd/Al,03/ CHy: 5vol% 50 Tie: Tao: Tog: 550 - CH4 conversion slightly increased
Fe-Ni 350 400 with the increasing CHy
4.8 wt% Pd/Al,03/ CHy4: 5vol% 100 To: Tso: Tos: 550 concentration
Fe-Ni 400 500
4.8 wt% Pd/Al,03/ CHg: 5vol% 150 To: Tys: Tes: 550
Fe-Ni 400 500
4.8 wt% Pd/Al;03/ CHy: 5vol% 200 Ty Tss: Te2: 550
Fe-Ni 400 500
4.8 wt% Pd/Al,03/ CHy: 2vol% 50 Tio Teo: Tgg: 500
Fe-Ni 350 450
4.8 wt% Pd/Al,03/ CHg4: 3vol% 50 Tqo: Tes: Too: 500
Fe-Ni 350 450
4.8 wt% Pd/Al,03/ CHy4: 4 vol% 50 Tis: Tro: Tos: 500
Fe-Ni 350 450
[177] 3 wt%Re/y-Al,03 Wet Fixed bed (i.d. CHg4: 0.8 vol 100 60000 h! 535 650 Tos: 800 - Pretreatment of catalyst greatly
2016 5 wt%Pd/y-Al,03 impregnation 316 8 mm) %, In air 300 331 Tos: 403 affected the activity
(degussa) - Re addition improved the activity
5 wt%Ru/y-Al,03 90 386 436 Tos: 555
(fluka)
5 wt0%Ru/y-Al,05 183 361 407 Tos: 525
Rugo—Re10/7-Al,03 174 337 391 Tos: 506
Ruys-Rezs/7-Al,03 147 359 411 Tos: 538
[228] 0.5 wt% Pd/y-Al;03 Fluidized bed CHy4. 0.15vol  velocity Te2.2: 450 - At 550 °C, 0.3 %CHy, velocity from
2016 (i.d. 102mm) % 0.1ms! To4.5: 550 0.1-0.25m s ™!, CH4 conversion:
98%-73%
[229] Co304 - 200°C 136.2 CHg: 1vol%, 18000mLg 'h™! 270 - Catalytic activity:
2016 Co304 - 400°C 41.5 0y: 20 vol% 292 Co304 - 200°C > Co304 -
Co304 - 600°C 7.4 373 400 °C > Co304 - 600 °C
[179] 3DOM CoCr304 (Three- 33.2 Fixed-bed CHy: 2.5vol 16.7 20000mLg 'h! 320 370 440 - Catalytic performance decreased
2017 dimensionally ordered (quartz, i.d. %, O2: 20 vol with the increasing space velocity
macroporous) 6 mm) %, No: - 1.93AuPd; 95/3DOM CoCr,04
0.98AuPd; 93/3DOM 35.6 77.5vol% 310 362 410 presented the best activity
CoCrp04 - Addition of H>0(g) and SO,
1.93AuPd; 95/3DOM 34.9 305 353 394 resulted in catalyst deactivation
CoCry04
1.98AuPd; 9¢/Bulk 8.8 325 385 467
CoCry04
Bulk CoCr,04 7.2 335 400 490
1.93AuPd, ¢5/3DOM 10000mLg 'h™* ~290 ~345 ~382
CoCry04
1.93AuPd, 95/3DOM 40000mLg ‘h! ~325 ~380 ~43
CoCry04
[230] Pd/CoAl;04/A1,03 Galvanic Fixed-bed CHy4: 0.4 vol 100 300000mLg *h™! 266 ~295 - Catalyst by galvanic deposition
2017 deposition (Pyrex glass,i. %, Os: 10 vol method performed better
Impregnation d. 4 mm) %, He: 285 ~335
balance
[231] Pd/ZrO, Sonochemically 24.23 Fixed-bed CHg4: 150 000mLg 'h™? T_95 =300 - Catalytic activity:
2017 Co/ZrO4 aided 22.91 2000 ppm in T_35=300 Co/ZrO4 > Pd/Zr0O,/SDS > Cr/
Cu/ZrO, impregnation 24.76 air T-14=300 ZrO, > Cu/ZrOy > Cu/ZrO,/
Cr/ZrO, synthesis 22.93 T_22=300 SDS > Cr/ZrO,/SDS > Co/ZrOs/
Pd/Zr0O,/SDS 25.10 T_20=300 SDS > Pd/ZrO,
Co/Zr0O,/SDS 24.97 T_g =300
Cu/ZrO,/SDS 22.28 T_-10=300
23.04 T_14=300

(continued on next page)
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Table 4 (continued)

Remarks

Tx (Oc)h
X

Tso Too

Tio

Space velocity

Total flow rate
(mL-minY)

Reactant

Reactor

BET surface

area

Catalyst Preparation
method

Reference/

year®

conv%

(Oc)h (oc)l) —

(Oc)h

(material,
size)

(m*g™)

Cr/ZrO,/SDS (SDS:
sodium dodecyl

sulphate)

- Catalytic activity:

T100 =330

Deposition 389 Fixed-bed CHy: 2vol%, 250 15000mLg *h!
(quartz)

CoOyx @ SiO2 - 400°C

[232]

CoOx @ SiO; - 400 °C > CoOx @

SiO, - 600°C >

=~380

T100

0,: 20 vol%,
Nj: balance

290

225

CoOx @ SiO2 - 600 °C

2019

= ~400

T_gs5

CoO, @ SiO, - 800°C

CoOx @ SiO, - 800°C

@ Mentioned studies in Table 4 are listed in the order of published year.

Notes.

b T10/Ts0/Teo: the temperature at which the methane conversion is 10%, 50% and 90%.
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D:homogenous combustion

C—-D:
mass transfer control

B—-C:
Light off: transition to
mass transfer control

Reaction rate

A—B:
Kinetic control

Temperature

Fig. 7. Reaction rate as a function of temperature [186].

by the competitive adsorption, and surface vacancies subsequently left
behind by the fast re-oxidation on the catalyst surface. Note that the
DRIFT associated with Raman and X-ray fluorescence spectroscopies has
been applied as important in-situ technologies by Jodtowski et al. [163]
for the CMC over Co-Pd/Al;O3 catalyst. The proposed mechanism is
slightly different from the Mars-van Krevelen mechanism, in that only
the adsorbed active oxygen species on the catalyst surface was respon-
sible to oxidize methane instead of the bulk oxygen atoms. Furthermore,
the presence of -OCHj3 species was detected, rather than HCHO and H,
in the gas phase. These results are also supported by other studies [170,
171].

Therefore, there is no unanimous mechanism so far to fully elaborate
the CMC, given the whole processes being rather complex and strongly
dependent on the reaction conditions and used catalysts [172,173]. The
Mars-van Krevelen mechanism seems to be more widely accepted than
the Langmuir-Hinselwood and Eley-Rideal mechanisms. In this respect,
more in-depth understanding is still needed to better elucidate the re-
action pathway [174]. More details on the reaction mechanisms may be
found in the literature [138-143].

4. Effect of operational conditions on CMC

In this section, main factors that should be carefully assessed are
reviewed so as to determine the appropriate working conditions for

Temperature

Length direction of reactor

Fig. 8. Temperature distribution along the reactor length.
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Residence time

CH, conversion

Space velocity

T~ —
_—
—_—
—

Residence time/space velocity

Fig. 9. CH4 conversion as a function of the space velocity or residence time.

CMC, including the temperature, the ratio of methane to oxygen, the
flow rate, the reactant composition and the pressure. The reaction
behavior addressed in this section, unless otherwise specified, is
assumed to be intrinsic. A summary of the studies over various catalysts
and the key influential factors can be found in Table 4.

4.1. Effect of temperature

In general, the intrinsic reaction rate for CMC is correlated to tem-
perature and activation energy according to the Arrhenius equation
[182,183]. The reaction rate presents a great increase with the
increasing reaction temperature.

Light-off temperature is one of the most crucial parameters used to
indicate the catalyst activity [118,184,185]. Fig. 7 shows the reaction
regime as a function of the temperature. At the beginning, the temper-
ature over the catalyst is low and thus the reaction rate is limited by the
intrinsic kinetics (regime A-B). The light-off is commonly defined by the
regime where the temperature has no significant change when the
conversion is increased from 10%, 20% up to 50% (regime B-C) [186].
As light-off happens at comparatively high temperature levels, the
intrinsic reaction rate rapidly increases but gradually the mass transfer
rate cannot keep up with (regime B-C). Hence, the overall reaction rate
tends to be limited more by the mass transfer rate. Upon further increase
of the reaction temperature, the intrinsic reaction rate is increased so
fast that the reaction falls in the mass transfer controlled regime (regime
C-D). In this regime, the rate of increase in the overall reaction rate
becomes slower. Eventually at substantially high temperature levels, the
homogeneous combustion of methane dominates (regime D). The latter
two regimes impose high requirements on the reactor design in terms of
maintaining the catalyst stability and enhancing the mass and heat
transfer rates. The effect of high working temperatures on the shortened
life-time due to the catalyst sintering should be considered, especially
for noble metal catalysts.

As for wall-coated plate-type/microchannel reactor, the temperature
distribution along the catalytic reactor commonly displays a rapid in-
crease at the entrance region, and a smooth decrease along the reactor
length thereafter, as shown in Fig. 8. This is because that methane is
mainly converted at the front section of the reactor [187]. However, the
peak temperature region moves slowly towards the downstream with
the increasing oxygen/methane ratio. The variation of temperature
along the reactor mainly depends on the reactant flow pattern and the
reactor structure, which will be elaborated in the following section 5.

Moreover, the pollutant emission could be significantly affected by
the operational temperature. With the presence of Ny in the reactant
feed, it was reported that NOy emission showed a growing trend with the

16

Renewable and Sustainable Energy Reviews 119 (2020) 109589

CH, conversion

Temperature

Fig. 10. CH4 conversion as a function of temperature under different oxygen-
to-methane molar ratios over Pt/Al,O3 catalyst [19].

increasing temperature [188]. The formation of CO is often due to the
incomplete methane combustion under low temperatures and/or with a
methane rich mixture.

In addition, it is worth noting that the catalyst deactivation is
significantly influenced by the operational temperature. For instance,
the active PdO phase is decomposed to the less active metallic palladium
(PdO — Pd) at above 800 °C, followed by the agglomeration and deac-
tivation of catalysts [95]. It is thus essential to maintain the operational
temperature below the thermal decomposition temperature of PdO.
Another solution is to increase the decomposition temperature by opti-
mizing the catalyst, e.g. by introducing metal oxides [189]. Farrauto
et al. [90] pointed out that the addition of ZrO, into PdO/Al,O3 catalyst
exhibited a superior synergistic effect between the temperature hyster-
esis and the active site reformation. The decomposition temperature of
PdO was thus increased to ca. 900 °C. In order to regenerate the catalyst,
Farrauto et al. [90] suggested that the reoxidation temperature of
metallic Pd occurred at ca. 650 °C, and methane conversion increased
after reoxidation process [90]. Another reason causing the catalyst
deactivation at low temperatures (e.g. below 450 °C) may be the over-
whelming accumulation of hydroxyl group over the catalyst surface
[190]. It hinders the migration and exchange of the active oxygen spe-
cies between the catalyst support and active sites (PdO/Pd), resulting in
the catalyst sintering. This is further confirmed by the water vapor effect
on the methane conversion to be discussed in the section 4.4.

4.2. Effect of space velocity and residence time

Theoretically, the methane conversion presents an inverse propor-
tion to the space velocity, as shown in Fig. 9. It was observed that the
methane conversion at 400 °C increased from 72% to 100% over Au-Pd
catalyst when decreasing the space velocity of reactants from 40 000 to
10 000 mL- gc’alt-h’1 [179] (cf. the detailed experimental data in Table 4).
A similar tendency over various catalysts has also been reported by other
researchers [88,113]. This can be theoretically explained by the fact that
the more accessibility of reactants (at longer residence times) over the
active sites of catalyst favors the conversion of the adsorbed methane
molecules. However, the side reactions and coke deposition are more
likely to occur under long residence times [191].

The methane conversion is directly relevant to the intrinsic reaction
kinetics and mass transfer. The internal mass transfer mostly depends on
the catalyst properties (e.g. diffusion in the pore structure, size and
volume). The external mass transfer from gas phase to the catalyst sur-
face is limited by the residence time (i.e., the flow rate of reactants). As
for the exothermic reaction, the effect of the temperature gradient on the
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Fig. 11. Effect of (a) SO, (b) H2O (c) CO, on the methane conversion. T in
figures indicated the reaction temperature. Conditions: Au-Pd/Co304 catalyst,
space velocity, 20 000 mL-g;,\lt-h’1 [201].

reaction rate should also be considered. It has been reported that at a
certain temperature, a steady-state conversion rate could be reached
with the increasing flow rate. After that, a further increase in the flow
rate could not have any influence on the methane conversion. The mass
transfer limitation is thus negligible at higher flow rates [192].
Moreover, in order to obtain sufficient reaction heat for heating
purposes, higher reactant space velocity is required, but usually
accompanied with a lower methane conversion. Hence, a compromise
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between the space velocity and the methane conversion should be
reached for a certain application.

4.3. Effect of oxygen to methane molar ratio

The selectivity variation of products strongly depends on the molar
ratio of oxygen to methane. Mouaddib et al. [193] investigated the effect
of oxygen to methane molar ratio in the range of 4 to 0.66 over Pd/Al;03
catalyst. It was observed that CO was formed under oxygen deficient
conditions (O2/CH4 < 2) due to the side reaction of methane steam
reforming. And CO became a main product when O2/CH4 molar ratio
reached 0.66 [193]. Similarly, Lee et al. [186] reported that CO was
formed over Pt/Al;03, Pd/Al,03 and Rh/Al»O3 catalysts in the presence
of oxygen deficient mixtures as feedstock. The selectivity of CO also
depended on the reaction temperature. With the increasing reaction
temperature, the CO selectivity constantly increased and became a main
product under low O2/CH4 molar ratio. But the methane conversion was
independent to the presence of CO in the feedstock [186].

Burch et al. [19] investigated the effect of different molar ratios of
oxygen to methane on Pt/Al;O3 and Pd/Al,Os3 catalysts. Pt/Al,O3
catalyst became more active from the oxygen-rich (03/CHy4 = 5:1)
condition to methane rich (O2/CH4 = 1:1) condition, because the less
oxidized platinum was more active than the oxidized platinum. As for
Pt-based catalyst, Drozdov et al. [194] further explained that a weaker
bond existed between oxygen and metallic platinum than that with
platinum oxides. Thus, Pt-based catalyst is less active in oxygen-rich
mixtures. On the contrary, as for Pd-based catalyst, it has been found
that the oxygen is weakly bound to palladium oxides compared with
metallic palladium [194]. Thus, the Pd-based catalyst is more active in
oxygen-rich mixture [19,195].

The methane conversion at different oxygen-to-methane molar ratios
does not display the same augmentation as the reaction temperature
increases. More interestingly, the light-off phenomenon was observed to
be significantly influenced by the oxygen to methane molar ratio and the
resulted degree of reactant surface coverages [19]. It was found that the
methane conversion over Pt/Al;O3 increased with the decreasing
oxygen-to-methane molar ratio (e.g., from 5:1 to 1:1 as shown in Fig. 10;
cf. detailed experimental results listed in Table 4) at lower temperatures
(ca. 300-425 °C, in terms of different Pt loading) [19]. At higher tem-
peratures (ca. 450-550 °C), the methane conversion at such a molar
ratio of 1:1 became lower than that at 2:1, due to the insufficient oxygen
supply, and the light-off was observed in the latter case. This phenom-
enon could be explained by the fact that the favorable concentration of
CH4 and O3 over the catalyst surface and/or the more significant local
heat release greatly accelerate the reaction rate. However, no light-off
was found under an oxygen-to-methane molar ratio of 5:1 because the
excessively adsorbed oxygen resulted in a non-optimized surface
coverage of methane, eventually hindering the light-off. The competi-
tive adsorption between the adsorbed methane and oxygen species could
affect the methane conversion. The lower methane conversion at the
case of 5:1 ratio (Fig. 10) could be explained by the fact that more
adsorbed oxygen species over the catalytic surface suppress the methane
absorption due to the high methane adsorption energy [147,150].

Regarding the pollutant emissions, a lean reactant mixture is
preferred in order to lower the emissions of CO, NOx and the unburned
hydrocarbon [196]. It has been reported that CO was detected at a
methane concentration higher than 9.5 vol% and carbon deposition
occurred on catalyst surfaces at a methane concentration above 26.5 vol
% [197].

4.4. Effect of (synthetic) natural gas composition

Besides methane, natural gas is commonly composed of varying
amounts of higher alkanes (e.g., ethane, propane) and other species
depending on the resources. In this section, the effect of H,S, H,O, NO
and CO; on the catalytic methane conversion is discussed, more details
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Table 5
Summary of thermal parameters for various reactors.
Reference  Reactor Catalyst Reactant Tx (°C) Heat Heat Heat Input Gas exhaust Remarks
X = conv transfer released recovery power
% efficiency
[29] Monolith ( One monolith Air/CHy4 15-40 W NOy: 5 ppm - Long coating — CO
1999 Fig. 16b) 1.1-1.5 em 2 CO: 0 ppm emission
Two monoliths NOy: 0 ppm - Short coating —
CO: 0 ppm NOy emission
CH4: 0 ppm - Completely
catalytic boiler:
No emissions, and
lower sensitivity to
gas quality
[187] Monolith Pd-NiO/Al,O3 E,;: 1.0 6.2-13.4 ~90% - E, 1.0-1.5: catalytic
1999 1.25 keal h™! ~100% combustion
1.5 em ™2 ~100% E,: 1.75-2.0: flame
2.0 ~100% occurred
E, > 2.1: flame
blown off
E, 1.25-1.75: stable
catalytic combustion
- Over 95% methane
was converted within
8 mm from the
entrance
[32] Fin reactor ( Pd/ZrO, 0.19ms™! Tss: 400 Air as HTF Tfin surface: - <500 °C: methane
2003 Fig. 14a) To: 450 (heat ~300-750 conversion was
T7g: 500 transfer °C greatly affected by
Tgo: 600 fluid) Toutlet: the inlet temperature
0.11ms? Tog9.0: 500 ~727-927 - >500 °C: methane
0.15ms ! Tog.9: 500 °C conversion was
0.23ms ! Ts: 500 slightly affected by
0.12-0.31 Tog.5: 500 the inlet temperature
ms! - Higher flowrate —
more heat removed
— lower surface
temperature —
decreased
conversion
- Surface area should
be as large as
possible
[33] Monolith Co304/Fex03/ CHy4: O2: Ny T10: 358 Tinlet: 19.9 kW 101.1% CO: 0.01% - Burner with two
2005 MnO, 1:4:5 °C 16.8 °C 80w NOy: 22 ppm heat exchanger on
Too: 378 Toutlet: cm 2 0,: 5.6% two sides of monolith
°C 42.0 °C Hydrocarbon: catalyst is able to
(to heat 0 ppm enhance the heat
water: efficiency and reduce
11.2 kg the pollutant
min’l)
[282] Monolith Pt-based 1.00 m3s! Texhaust: 99%-— 3.5kW  NO: 3 ppm, - E;:2.08, 6.88% heat
2006 (450 x 200 x 73°C 99.5% CO:1, SO4:1 loss at an exhaust
700 mm) 1.17 m®s7? Texhaust: 4.0kW  NO: 2 ppm, temperature of 114
90 °C CO:1, SOx:1 °C
1.33m3s7? Texhaust: 46kW  NO: 2 ppm, - High combustion
93°C C0:0, SO,:2 efficiency and near-
1.50 m3 st Texhaust: 5.2 kW NO: 0 ppm, zero emission
106 °C C0:0, SOx:2
1.67 m®s! Texhaust: 57kW  NO: 0 ppm,
(natural gas 114 °C CO:0, SO,:4
flow rate)
[242] Fixed-bed MnO, 99.9% Tinler: 833 1.89 MW? 63.3% - Heat recovery
2007 central heat °C efficiency:
exchange ( Toutlet: hot gas withdrawal >
Fig. 12¢) 683 °C central heat
Hot gas MnO, 97.1% Tintet: 878 2.85 MW 95.5% exchange
withdrawal ( °C - MnO, > Pd catalyst
Fig. 12d) Toutlet: 60 - Conversion:
°C central heat
Pd 92.4% Tinler: 670 2.16 MW 72.0% exchange >
°C hot gas withdrawal
Toutlet: 60
°C
[283] Fixed-bed Pd/ E,: 2-45% Tintet: 10-25 - Great improvement
2007 LaMnO3-2ZrO, 30-60 °C kw of catalytic
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(continued on next page)
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Table 5 (continued)
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Reference  Reactor Catalyst Reactant Tx (°C) Heat Heat Heat Input Gas exhaust Remarks
X = conv transfer released recovery power
% efficiency
Toutlet: observed after sulfur
50-80 °C aging
[31] Fixed-bed (i. Pd/LaMnO3/ Ea: 5%° Tso: 570 Tintet: 30 10 kw ~65-85 - NO increased at low
2009 d.: 50 mm ZrOy Tso: 382 °C mg-kWh! input power
L: 120 mm) Pd/Ce0,/Zr0, Tso: 512 Toutler: 50 22 kW ~150-160 - NO decreased at
Pd/BaCeO3/ZrOy °C 35 kW ~160-175 high air excess
(catalyst coating E,: 30% (heat up 10 kW ~40-50
on FeCrAl fibre water) 22 kW ~45-50
mat) 35 kW ~55-65
E,: 60% 10 kw ~0
22 kW ~0
35 kW ~0
[245] Fixed-bed hot Pd-washcoated 3000 ppm To7.99: 9.8 MW 10-100% - Stability:

2009 gas monolith 400 withdrawal hot gas
withdrawal To7.99: at bed end >
without 420-460 withdrawal hot gas
returning cold 5000 ppm Tog.99: 16.4 MW at center; no
gases 430-550 returning cold gas >

Toy9-100: returning
440-650 - At the end of bed
7000 ppm Tog 100 23.0 MW without returning
400-500 cold gas showed the
9000 ppm 29.5 MW best conversion and
With 3000-9000 0-73% heat recovery
returning cold ppm efficiency
gases
[284] Fixed-bed Pt/Al,03 Flow rate: QSurface - 20 mm catalyst bed
2015 L: 40 mm Pt/ZSM-5 800 mL Tre: ~7W 35.2W length showed better
min~! ~230 catalytic
1400 mL Tsy: ~9.6 W 61.7W performance and
min~? ~395 combustion
L: 20 mm 2000 mL T3e: ~82W 88.1W efficiency than 40
min~? ~350 mm and 10 mm bed
800 mL Tsg: ~7.7W 35.2W length, because it
min~? ~310 balanced the catalyst
1400 mL Tso: ~89W 61.7W spatial density and
min~? ~335 the residence time
L: 10 mm 2000 mL Too: ~9.2 W 88.1W
min~! ~350
800 mL Tas: ~6.4W 352W
min~* ~250
1400 mL Tas: ~6.8 W 61.7 W
min~* ~255
1800 mL Tis: ~6.2W 79.2W
min " ~210
[275] Membrane Pd/y-Al,03 3-4% CH4In  Tr3501.2 Yield of - 91% methane
2015 reactor air 555-575 Ho: conversion in steam
°C 103-153 reforming, and
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can be found in the references [179,198].

Noble metal catalysts are easily poisoned when exposed to natural
gas containing sulfur compounds (Fig. 11a). For instance, the irrevers-
ible deactivation by SO2 might be attributed to its occupation of the
active sites, and/or the transformation of the highly active compound
PdO on the catalyst surface to less active PASO3 or PdSOy4. Similar results
were also reported in the literature [199,200]. The highly challenging
issue of the resistance to poisoning by sulfur containing compounds
present in trace amounts in the natural gas (odorizer) should be fully
addressed. Developing catalysts with improved resistance to sulfur
poisoning and possible desulfurization pretreatment are possible
measures.
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The presence of water vapor acts as an inhibitor for CMC [165,202].
It was observed that the methane conversion over the Au-Pd/Co304
catalyst dropped remarkably when water vapor was introduced, but this
process is reversible when the water vapor is removed (Fig. 11b) [201].
Specifically, the hydroxyl group was formed by reaction of the chem-
isorbed oxygen species with the water vapor over the catalyst surface,
preventing thereby the exchange of the oxygen species between the
active sites and the support [190,203]. Moreover, the hydroxyl group
also hindered the desorption of CO, and HyO over the catalyst surface
due to the competitive adsorption. The kinetic study by Geng et al. [203]
illustrated that the reaction order with respect to methane decreased
from 1.07 to 0.86 after the water vapor addition, and the reaction order
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Table 6
Advantages and disadvantages of various reactor types for CMC.

Reactor type Advantages Disadvantages

Fixed-bed - Easy operation - Low reactor surface
- Low cost area
- Suitable for industrial uses - Poor temperature
- Enhanced catalyst spatial density uniformity
- High pressure drop
Micro/mini - High surface-to-volume ratio - High manufacture cost
structured - High mass/heat transfer rate - Not easy to replace the
- Low pressure drop catalyst if washcoated
- Inherent safety (e.g. hazardous
reaction mixtures can be handled
safely due to channel dimensions
below the quenching distance)
- Compact design
Monolithic - Regular and well-defined structure - Not easy to replace the
- High surface-to-volume ratio catalyst if washcoated
- High mass/heat transfer rate
- Low pressure drop
- High thermal stability
- Low cost
Membrane - Reaction and product separation in - High cost of membrane

one reactor

By changing oxygen permeation
and partial pressure to achieve the
high conversion, and products are
easy to withdrawal under high
pressures

Enhanced gas-solid catalyst contact
Enhanced heat/mass transfer

replacement

Fluidized bed

Large-scale device
Catalyst mass loss and

- Low pressure drop high heat loss

- Good temperature distribution - Reactor bed
temperature
fluctuation

in water also decreased from —0.72 to —0.95 with the increasing water
concentration. Thus, improving the catalyst stability in the presence of
water vapor becomes one important challenge to deal with wet CMC.
Recently, Toso et al. [93] reported that the solution combustion syn-
thesis could improve the stability and water resistance of Pd-ceria and
Pd-ceria-zirconia catalysts compared to the traditional impregnation
method. Ciuparu et al. [204] also suggested that the influence of water
vapor became insignificant at above 723 K.

Sadokhina et al. [205] observed the enhanced activity with NO
addition under wet conditions. This can be explained by the reaction
between NO and hydroxyl species to form HNO3 on the catalyst surface,
compensating the inhibition effect of water addition.

The reversible inhibition effect of CO, addition is depicted in
Fig. 11c. The negative influence of CO; addition on the methane con-
version is ascribed to the accumulation of carbonate species on the
catalyst surface, thus preventing a further adsorption of CH4 and O, over
the surface [201] (cf. detailed experimental data in Table 4).

4.5. Effect of operating pressure

Most published studies have performed the CMC at the atmospheric
pressure. High working pressure conditions (up to 30 bar or higher) are
primarily applied for gas turbine purpose.

The methane conversion decreased (from ~7.2% to ~3.5%) with the
increasing pressure (from 5 bar to 15 bar) over Pd-Pt/Al,O3 catalyst (cf.
more details listed in Table 4) [103]. Moreover, it was reported that the
effect of working pressure varied with the temperature [206]. At lower
temperatures (500-600 °C), an increase in the pressure led to the
decreased methane conversion and the lower combustion efficiency. In
this case, the higher specific surface area was commonly required at high
pressures so as to obtain a higher conversion. At higher temperatures
(>700 °C), homogenous combustion takes place. A higher combustion
efficiency could thereby be obtained with an increasing pressure [206,
2071, probably due to the increasing mass throughputs [208].
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Fig. 12. Autothermal fixed-bed reactor with (a) a separate heat exchanger; (b)
an integrated heat exchanger; (c) a periodic flow reversal mode (central heat
exchange); (d) hot gas withdrawal on two side ends of the catalyst section.

5. Types of catalytic reactors

In this section, some representative types of reactor used for CMC are
discussed. Special focuses are laid on the geometry, the way of reaction
heat recovery and the improvement of thermal efficiency by the
enhancement of heat and mass transfer. Table 5 recapitulates some key
facts of the relevant studies reported in the literature and Table 6 pro-
vides a comparison on the advantages and disadvantages of these
reactors.

5.1. Fixed-bed reactor

A fixed-bed catalytic reactor is commonly made up of a cylindrical
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Fig. 13. Wall-coated reactor. (a) co-current and counter-current flow modes of wall-coated reactor; (b) folded metal sheet [251]; (c) folded sheet reactor with
corrugated spacers as catalyst carriers [44]; (d) pilot-scale multifunctional folded sheet reactor [252].

tube with a certain amount of catalysts being fixed in certain locations
inside the tube. The shapes of catalyst can be powder, spherical, cylin-
drical or randomly shaped pellets. This type of reactor is the most
commonly used, suitable not only for catalyst activity test and kinetic
study, but also for practical applications in the chemical and process
industries. The advantages of fixed-bed reactors include easy operation,
low cost, high catalyst spatial density, etc. Poor temperature distribu-
tion, low surface area, and high-pressure drop are their main
disadvantages.

Besides being used individually as a single-stage reactor, several
fixed-bed reactor modules may be combined to form a multi-stage
reactor system. Different catalysts may be used for each stage. A two-
stage combustor combining a conventional flame reactor with a cata-
lytic reactor has been proposed by Sadamori et al. [206,233], with the
purpose of improving the combustion efficiency and further reducing
the gas exhaust emission. In their study, three monolithic catalysts with
Pd and/or Pt based catalysts were loaded in the catalytic stage. Com-
bustion efficiency higher than 99.5% and the NOy emission less than 2
ppm (80% reduction) could be achieved by controlling the inlet tem-
perature between 500 and 700 °C. In terms of thermal behavior, the
conventional stationary fixed-bed reactor with a separated heat
exchanger (Fig. 12a) has the problem such that the reaction heat is
difficult to be fully utilized. Multifunctional or extended autothermal
reactors having higher interfacial surface areas and more efficient heat
transfer thus become more attractive, especially for strongly or moder-
ately exothermic reactions [234]. This concept combines catalytic re-
action with an effective thermal management (i.e. heat removal or
addition) in an integrated and compact device (Fig. 12b), so as to largely
reduce the heat losses. Compared to the ex-situ configuration, lower CO
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and NOx emissions and higher heat power could be achieved for the
multifunctional reactor with an integrated heat exchanger [31].
Detailed information about the autothermal fixed-bed reactor can be
found in the literature [235-237].

In order to further enhance the heat transfer capability, the fixed-bed
reactor can be operated in the reversal flow mode [238,239], where the
feeds are alternately introduced from either end of the reactor (Fig. 12c).
The continuous heat extraction is a viable way to provide necessary
amount of heat in the reactor, and to maintain the catalyst activity
without overheating. A high amount of heat withdrawal could result in a
high instability of the reaction due to a remarkably decreased temper-
ature of the reactor. Moreover, a periodic steady state in temperature
can be achieved by switching the direction of reactant flow. The reversal
time is one of the significant factors not only to stabilize the reactor and
the heat exchanger but also to maintain a stable temperature in the
catalytic section. A longer reversal time is commonly accompanied with
a higher heat loss. On the contrary, a shorter reversal time can result in a
lower heat generation and a reduced methane conversion [240,241].
Many simulations studied the relative position of the catalyst bed and
the heat exchanger as well as the flow pattern in order to find out the
most efficient way to recover heat from reversal-flow reactors
[242-244]. Gosiewski et al. [242] found that a higher heat recovery
efficiency can be approached by the hot gas withdrawal (Fig. 12d) than
by the central heat exchange (Fig. 12c). Detail experimental data are
listed in Table 5. Their results showed that more than 70% of heat can be
recovered when withdrawing only around 30% of the hot gas.
Furthermore, Hunter et al. [245] studied different patterns of heat re-
covery with respect to the heat withdrawal location (central or end) and
the possibilities of returning the cooled gas to exchange heat. It was
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Fig. 14. Coated-tubular reactor. (a) tube-fin geometry and laboratory prototype [32]; (b) external surface coated with Ni-Cr catalyst, and internal surface coated

with Ni catalyst [121].

found that a higher heat recovery efficiency could be obtained by
positioning the heat exchanger at the two side ends of the catalytic bed
without any returned cold gas (Fig. 12e). Hence, a high thermal recovery
efficiency and the best methane conversion may be achieved by
considering both the flow reversal mode (e.g. the hot gas withdrawal at
the end of the catalyst bed) and the reversal time. More description of
the flow-reversal reactors can be found in the references [236,242,
246-248].

5.2. Wall-coated reactor

Conventional fixed-bed reactors have the drawback of limited heat
transfer rate due to the low surface-to-volume ratio. On the contrary, the
wall-coated reactors have features like lower pressure drop and higher
surface area by depositing the catalyst layer on the reactor wall surface,
so as to augment the catalyst contact surface area and to enhance the
mass/heat transfer. Hence, this type of reactor is more suitable to be
employed for coupling exothermic reactions with endothermic re-
actions. A lower temperature difference and a shorter distance between
the heat source (exothermic reaction) and heat sink (endothermic re-
action) are beneficial to increase the heat exchange efficiency. The so-
called wall-coated reactor could be further divided into (folded) plate-
type, tubular-type, micro/mini channel plate-type and monolithic
reactors.

5.2.1. (Folded) plate-type reactor

Fig. 13a shows a basic plate-type reactor coupling CMC with
methane steam reforming reaction. The two reactions happen on the
opposite sides of the same plate with overlapped temperature profiles.
The two flow modes (i.e., co-current and counter-current) were inten-
sively investigated [249]. The hot spots could be avoided by optimizing
the overlapping zone of reactions with the proper co-current
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arrangement. However, the complete overlapping is not able to be
achieved by utilizing the counter-current flow mode. Regarding the
distance between plates (thickness: 0.5 mm), it has been reported that
no significant effect on the catalytic performance was observed when the
plate distance varied between 1 and 4 mm [250].

A folded sheet structure reactor for the coupled CMC and steam
reforming reaction was investigated by Polman et al. [251]. A relatively
simple design with two separated chambers was formed by the folded
metal sheet, as shown in Fig. 13b. In order to avoid the high heat loss and
to enhance the heat transfer, a novel folded sheet reactor with rectan-
gular adjacent channels was proposed by Kolios et al. [44]. The spacers
with rectangular ducts in between are responsible to support the whole
structure, providing additional effective heat exchange areas as well
(increased by a factor of 3). The gas distributor with channels is located
on the right side of the entire reactor, as shown in Fig. 13c [44]. Fig. 13d
shows a pilot-scale multifunctional folded sheet reactor combining
methane combustion with methanol reforming [252].

5.2.2. Coated tubular reactor

A novel tube-type reactor (i.d. 25 mm, o.d. 38.5 mm) with external
fins (fin height 14.3 mm) was proposed by Seo et al. (Fig. 14a) [32]. The
external surfaces of tube with fins were coated with Pd/ZrO4 catalysts
for CMC while the cold air as the heat transfer fluid (HTF) was circulated
inside the tube to remove the released reaction heat. From practical
point of view, this compact design with a high surface area is capable of
achieving 100% methane conversion and a high heat transfer rate under
high methane flow rate conditions. Moreover, nearly 100% methane
conversion could be obtained by 16 finned-tube reactors even under
high gas velocity conditions (0.12-0.31 m s~1). However, the same
conversion for 10 finned-tube reactors is required under a much lower
velocity (<0.11 m sh. Moreover, it has been reported that the con-
version at 400 °C decreased from 88% to 70% with the increasing
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Fig. 15. Microchannel reactor. (a) basic geometry; (b) Washcoated Pt-W/Mo-Al,O3 catalyst on a microchannel reactor for CMC [118]; (c) Pt/y-Al;O3 catalyst on
multichannel reactor for CMC [120]; (d) coupling steam reforming over a microchannel reactor [262]; (e) integration of multi-plates coupling with methane steam

reforming over a microchannel reactor [119].

catalyst thickness from 1 mm to 3 mm (cf. more details shown in
Table 5). A washcoated finned tubular reactors with thinner catalyst
thickness (e.g., <1 mm) was more favorable to reach a high conversion.

Ismagilov et al. [121] investigated a tubular reactor (i.d. 18 mm, o.d.
20 mm) with coated metal foams both on the external (Ni—Cr) and in-
ternal (Ni) tube surfaces (Fig. 14b). A stable catalytic performance and
uniform temperature distribution in the reactor could be obtained by
optimizing the gas mixture composition and the catalyst thickness.
Moreover, the thickness of catalytic layer in the range of 4-5 mm was
favorable to reach a more stable combustion than that of 2.5 mm. Thus,
a suitable surface area and catalyst thickness are required not only for
increasing the diffusion rate of reactants, but also for higher catalytic
combustion efficiency.

Unlike the traditional straight combustor, Yan et al. [253] numeri-
cally investigated three different designs of the micro tube combustors
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for CMC. The improved combustion efficiency can be obtained from the
design of multi-step separated baffles (two groups of three separated
zones). One of the key advantages of this design is that the separated
baffles provided chances for the premixed methane and air to enter the
reaction zone from different locations, which enhanced the combustion
efficiency and heat recirculation.

5.2.3. Micro/mini channel plate-type reactor

Micro/mini channel reactor has attracted more attention in the past
several decades [254-256]. The high surface area of microchannel re-
actors as well as excellent mass/heat transfer presents great benefits for
the catalytic performance [257-259]. Thus, highly exothermic reactions
are better handled in the microchannel reactor, due to the suppression of
the hot spot formation. However, it is worth noting that the high surface
area may also result in the thermal quenching problem due to the high
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heat loss if the reactor is not properly insulated. An extra heat source
may have to be provided to the microchannel reactor when the released
heat from CMC is insufficient to compensate the heat loss to maintain a
continuous combustion in practice [258,260,261].

Fig. 15a shows a basic geometry of microreactor with washcoated
catalyst on multiple straight channels, where the CMC reaction takes
place. O’Connell et al. [118] investigated methane combustion on a
microstructured reactor (51 cm length x 14 cm width) with the
microchannels (500 ym x 250 ym, 14 channels in total) over wash-
coated Pt-W/Mo-Al,O3 catalyst, as shown in Fig. 15b. A methane
conversion of 50% has been obtained at 493 °C under the total flow rate
of 107 mL min . The CMC was experimentally investigated by He et al.
[120] in a parallel microchannels reactor (317.5 mm length x 50 mm
width x 3 mm thickness) over washcoat Pt/y-Al;O3 catalyst, as shown in
Fig. 15c. A methane conversion of 95.75% could be obtained at 450 °C
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and 110 mL min~! (at a residence time of 14.41 s). A compact micro-
channel reactor (15 cm x 3.9 cm x 1.5 cm) was used for the coupled
CMC with methane steam reforming, as shown in Fig. 15d [262]. Each
plate consists of 5 parallel straight channels (10 cm x 0.5 cm x 0.5 cm).
The methane catalytic reactor with Pt-Sn/Al;O3 catalyst is located on
the two sides of the steam reforming reactor with Ni/CaAl;04 catalyst.
The heat released from the CMC was provided for steam reforming re-
action to produce hydrogen. The improved heat efficiency of 67% and
methane conversion of 96% were obtained under optimized feed ratio
(1.5) of combustion to reforming and at 700 °C. Enough hydrogen was
expected to be generated to operate a 30 W fuel cell. Mundhwa et al.
[119,263] proposed a microstructured reactor design (Fig. 15e)
composed of two methane combustion reactors with segmented chan-
nels (1 mm x 5 cm x 20 ym, 20 channels) and two reforming reactor
without channels. The plates were stacked alternatively one above
another to form the autothermal microstructured reactor. Washcoated
Pt/Al,03 catalysts were applied in methane combustion microchannels
while Ni/Al»O3 catalysts were coated on the steam reforming side. Based
on this design, about 7-8% less reactants and 70% less catalysts were
required for methane combustion to power a 1 kW fuel cell. A better
methane conversion and heat transfer efficiency (in terms of better
temperature distribution) could be obtained under the co-current flow
mode (Fig. 15e). Contrarily, the counter-current flow mode generated
undesirable high temperatures, resulting in the degraded catalyst
life-time.

In order to improve the stability of methane combustion, Nui et al.
[264] proposed different trapezoidal bluff bodies in the microchannel
reactor. The numerical results presented that the combustion recircu-
lation zone was broadened due to the formation of vortex by increasing
the blockage ratio of bluff bodies.

The thickness of the catalyst layer has a significant impact on the
catalytic performance. The increased thickness of the catalyst layer
usually results in a decrease in the methane conversion due to the
increased internal mass transfer limitation [121]. However, Rodrigues
et al. [261] reported that a higher catalytic activity could be obtained by
the thicker catalyst film. The porous catalyst prepared by the electro-
deposited method offered the reactants easier access to the inner
surface.

5.2.4. Monolithic reactor

Monolithic reactors with open structures present a low pressure
drop, high surface-to-volume ratio, high mass/heat transfer rates and
high thermal stability. Thus, this type of reactor is widely applied to gas
turbines and automobiles for power generation and/or for pollutant
emission purification [265,266]. Numerous types of interconnected
channels (e.g. square/round/triangle, as shown in Fig. 16a) and various
types of substrate (e.g., honeycombs, foams or fibers) are oriented to
different applications [267,268]. A higher monolithic surface area can
be obtained by triangular interconnected channels. It was reported that
monolith with a high specific surface area (400 cells~cm’2) presented
enhanced mass and heat transfer characteristics compared to the lower
one (60 cells-cm~2) [269]. Ceramic and metallic substrates are the most
common materials used in studies due to the high mechanical stability
and the low thermal expansion.

Usually, the catalyst was loaded on the upper section of the reactor
and the heat exchanger was located on the bottom. The thermal effi-
ciency was found to be between 20% and 30% for such system [270]. In
order to better utilize the heat released from reaction, a two-stage
monolith prototype with two heat exchangers was designed. This
compact design of premixed burner comprises two honeycombs in be-
tween the two heat exchangers on the opposite side, similar model as
shown in Fig. 16b [29]. The thermal efficiency for this design could
reach 101.1%, implying an effective way to satisfactorily recover the
released reaction heat [33]. Fig. 16c shows a monolith and folded wall
reactor [35] for the CMC coupled with the steam reforming reaction, the
inner pipe for CMC reaction and the annular part for steam reforming



L. He et al.

(a)

Air

CH,

Membrane

(c)

Longitudinal cross section

/Vﬁm Shell

Steam

Fuel

T Feed Water

¢ e
N, (O, depleted air) g q

Renewable and Sustainable Energy Reviews 119 (2020) 109589

(b) 20,+8e>40%
Ny ®  FeedSide o f ]
H,0 Q P ’ R
permeable

Permeation Side..
CH,+40% - CO,+2H,0+8¢"

]

x Top glange

.+_|

Combustion Gas Channel

—— "Separator (Solid Wall) ~ —
Reforming Gas Channel
|PdAg Membrane
'Bottom Flagge 4

Fig. 17. Membrane reactor for CMC. (a) basic principle; (b) oxygen transport across the membrane [273]; (c) ion transport membrane reactor [274]; (d)

multi-channel membrane reactor coupled with steam reforming reaction [275].

Gas exhaust

Catalyst feed

N

Freeboard
Zone

Dense Zone

I

CH,+ O,

Fig. 18. Fluidized bed reactor for CMC.

reaction (co-flow model). The temperature difference can be managed
by adjusting the feed ratio of methane steam reforming to combustion.
Furthermore, the heat transfer can be obviously improved by proper
channel arrangement or catalyst distribution.
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5.3. Membrane reactor

A membrane reactor commonly comprises a membrane coated with
catalysts or as a barrier that only allows certain component(s) to pass
through. Lanthanum cobaltite perovskite ceramic is one of the most
widely used materials for membranes. Other materials with improved
properties, such as thin dual-phase membranes, ceramic metal dual-
phase membranes and ion transport membranes are also very prom-
ising for enhanced oxygen permeation [271]. The increasing motivation
for their industrial applications is the reduction of CO2 emissions from
methane combustion.

The basic principle of membrane reactor for CMC is shown in
Fig. 17a. CH4 and air pass through the membrane, and the permeated O,
reacts with CHy4. CO» in the products can be successfully separated and
captured. It has been reported that the nitrogen with a purity of 98-99%
could be produced and the system remained stable over 120 h [272].The
membrane reactor used for CMC could achieve a high methane con-
version mainly by varying the partial pressure of oxygen permeation.
However, the high costs of membrane reactors potentially limit their
industrial applications.

The membrane reaction efficiency is affected by the feed flow rate,
the temperature, and the permeability of oxygen. Fig. 17b depicts the
oxygen transport over the membrane reactor [273]. The oxygen is firstly
adsorbed on the surface of the membrane. The charged oxygen vacancy
(0%7) is diffused to the other side, due to the formation of the chemical
potential gradient across the membrane. The electrons on the other side
are transferred in a reversed-direction so as to compensate for the oxy-
gen vacancies. The results of Falkenstein et al. [273] present that the
oxygen permeation flux increased with the increasing methane flow rate
and reaction temperature. However, the oxygen permeation flux
remained fairly constant at high methane flow rates (e.g. >20 mL
min 1), probably due to the limitation of the effective membrane surface
area. CO; selectivity was thus not significantly varied under higher flow
rates in this case. This is in agreement with the results reported by Tan
et al. [276], that is, the high methane and air flow rates resulted in a
lower oxygen permeation and reaction rate over Lag ¢Srg 4Cog 2Feg 803.
hollow fiber membrane reactor. Moreover, the membrane, coated with
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platinum catalyst, showed that the membrane reactor effectively facil-
itated the oxygen permeation and improved the methane conversion,
owing to the reduced oxygen permeation resistance [276].

Habib et al. [274] proposed a two-pass ion transport membrane
reactor (ITM) for CMC, as shown in Fig. 17c. The first pass is responsible
for oxygen permeation, where methane combustion and partial heat
exchange between the mixture gas and the water also happened. The
second pass is for further permeation. Moreover, the counter-current
flow configuration in this ITM provided high methane conversion than
that with the co-current flow configuration, owing to the higher oxygen
permeation in the first case. In fact, the increased oxygen partial pres-
sure and the accumulated oxygen flux may lead to the reduced oxygen
permeation under the co-current flow mode. Moreover, the membrane
reactors have also been applied for coupling with steam reforming [277]
(Fig. 17d) or ammonia decomposition [278] reactions. An effective way
to improve the performance for this system is to increase the membrane
effectiveness and to reduce the membrane thickness.

5.4. Fluidized bed reactor

Fluidized bed reactor is a kind of typical catalytic reactors in which
solid catalysts (frequently with a diameter of 10-300 pm) are fluidized
during the reaction. It is capable of handling a larger amount of re-
actants or catalysts owing to the large reactor size, and the feed flow rate
is required to suspend the catalysts. A porous plate as gas distributor is
responsible for supporting the material in the fluidized bed, as shown in
Fig. 18. The high gas flow results in an efficient contact between the
reactants and the catalysts, leading to the enhanced heat and mass
transfer rates on the catalyst surfaces. As a result, the non-uniform
temperature distribution that commonly exists in fixed-bed reactor
could be avoided. One of its main disadvantages is the great mass loss of
the catalyst due to the in-bed attrition after long-term operation.

The experiment measurement by Yang et al. [279] illustrated that
the methane conversion increased with the increasing temperature in
the fluidized bed reactor, and decreased with the increasing methane
inlet concentration. The methane conversion was also reported to
decrease with the increasing gas velocity [228]. The fluctuation of
temperature and the variation of mixture concentration may occur, due
to the intensive motion of solid particles rising up and falling back
[280]. Meanwhile, the enhanced mass and heat transfer can be realized
between the reactants and the catalyst particles, due to the strong os-
cillations in the fluidized bed. Furthermore, the kinetic experiments
conducted by Yang et al. [279] in the fluidized bed confirmed that the
reaction was only controlled by the kinetics at a bed temperature below
450 °C, and by the mass transfer and kinetics together at temperatures
above. Dubinina et al. [281] reported CuO/Al,03MgO-Cr,03 catalyst to
be the one of the most promising catalysts in the fluidized bed reactor for
CMC.

6. Summary and prospect

This work provides an extensive review on the CMC. Different cat-
alysts, mechanisms, effect of operational parameters and reactor types
are discussed. The main conclusions may be summarized as follows.

e Noble metal catalysts with high activity are favorable for CMC at low
temperatures (<700 °C). The bi-metallic catalysts have a better
catalytic activity due to the more active sites and electronic synergy
effects. The hexaaluminate and perovskite mixed metal-oxide cata-
lysts with different microstructured features exhibit a high thermal
stability, thus more suitable for high temperature applications
(700-1300 °Q).

The Mars-van Krevelen mechanism is more widely accepted than the
Langmuir-Hinselwood and Eley-Rideal mechanisms. It has been
observed by in-situ (spectroscopic) technologies that the adsorbed
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oxygen species in PdO catalyst are responsible for the methane

oxidation, rather than oxygen in gas phase.

The light-off temperature is mainly influenced by the operating

temperature and the oxygen to methane molar ratio. It varies

depending on different catalyst properties. The optimized O2/CHy
molar ratio is beneficial for a full methane conversion due to the
optimized coverage of the adsorbed mixtures over the surface.

The natural gas containing the sulfur compound, carbon dioxide and

water vapor can suppress the catalytic activity due to the competitive

adsorption and the blockage of active sites. The deactivation due to
water and carbon dioxide is reversible whereas the sulfur poisoning
is irreversible.

The reversal flow mode for fixed-bed reactors with hot gas with-

drawal at the end of the bed and without the return of cold gas is

highly recommended in order to maximize the heat recovery and
methane conversion.

e The recent development of mini/microstructured reactor with
compact design has been broadly investigated for coupling the CMC
with endothermic reaction (methane steam reforming) at different
flow modes. The co-current flow mode presents a better thermal
efficiency than the counter-current flow one.

Some scientific and technological barriers remain to be overcome for
the widespread industrial application of CMC, which are also the key
issues and challenges of the current research and development:

e To improve the thermal stability and to prolong the lifetime of noble
metal catalysts by avoiding the possible sintering at high tempera-
ture levels.

e To improve the current understanding into CMC reaction mecha-
nisms and the corresponding kinetic models, including the deacti-
vation mechanism (e.g. CMC with the presence of water and sulfides
etc.).

e To lower the light-off temperature and to maintain the long-term

high catalytic activity of hexaaluminate and perovskite catalysts.

To develop effective desulfurization pre-treatment and measures in

order to extend the catalyst lifetime.

e To improve mechanical and chemical stabilities of the catalyst

coating, and to cope with the deactivation issue by proposing

replacement and/or regeneration methods.

To further enhance the heat and mass transfer in compact and inte-

grated catalytic reactor-heat exchangers.
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