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Recent advances in methanation catalysts for the
production of synthetic natural gas

Jiajian Gao,?® Qing Liu,? Fangna Gu,? Bin Liu,*” Ziyi Zhong® and Fabing Su*®

Methanation of coal- or biomass-derived carbon oxides for production of synthetic natural gas (SNG) is
gaining considerable interest due to energy issues and the opportunity of reducing greenhouse gases by
carbon dioxide conversion. The key component of the methanation process is the catalyst design.
Ideally, the catalyst should show high activity at low temperatures (200-300 °C) and high stability at high
temperatures (600-700 °C). In the past decades, various methanation catalysts have been investigated,
among which transition metals including Ni, Fe, Co, Ru, Mo, etc. dispersed on metal oxide supports such
as AlLbOs, SiO,, TiO,, ZrO,, CeO, etc. have received great attention due to their relatively high catalytic
activity and selectivity. Furthermore, over the past few years, great efforts have been made both in
methanation catalysts development and reaction mechanism investigation. Here we provide a
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1. Introduction

Among different forms of fossil fuels, natural gas that consists
primarily of methane is ideal, owing to its ready availability,
high energy density and conversion efficiency, and smoke- and
slag-free composition. Additionally, natural gas can be trans-
ported efficiently at low cost using the existing natural gas
pipelines and wide distribution network. In recent years, due to
the rise of the natural gas price, the wish for less dependency on
natural gas import, and replacement of oil products, synthetic
or substitute natural gas (SNG) production from renewable
biomass,> coke oven gas (COG)?® or syngas from coal or wood* is
attracting increasing attention in some countries. Meanwhile,
the actively investigated hydrogen production by photocatalytic
or electrocatalytic water splitting powered by renewable ener-
gies (e.g., solar or wind) is regarded as future sources of
hydrogen for carbon dioxide hydrogenation. Hence, the SNG
production via carbon dioxide methanation process can not
only produce fuels and chemicals, but also reduce carbon
dioxide emission significantly to the atmosphere.>® Other
applications of carbon monoxide methanation include removal
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of trace carbon monoxide present in H,-rich gases to produce
high purity hydrogen for chemical industry such as NH;
synthesis and for fuel cells.

The two key reactions of SNG production process are
expressed as: CO + 3H, — CH, + H,0, CO, + 4H, — CH,4 +
2H,0. Although the methanation reactions are thermodynam-
ically favorable, catalyst is necessary to obtain an appropriate
rate. It should be noted that methanation catalysts for the
production of SNG deal with carbon monoxide and/or carbon
dioxide at relatively high concentrations, making things quite
different as compared with trace carbon monoxide (~1 vol%)
removal in hydrogen stream. In the earliest work by Sabatier
and Senderens in 1902,' nickel was found to be very active for
methanation reaction. During the oil crisis in 1970s, the
methanation catalysts and reactions were subjected to intensive
investigations again because of the interest in producing SNG
from naphtha and coal. In particular, Vannice conducted a
systemic research on the catalytic synthesis of hydrocarbons
from H,/CO mixtures over group VIII metals (Fe, Co, Ni, Ru, Rh,
Pd, Ir, Pt)."*** Meanwhile, Mills and Steffgen'® summarized and
reviewed the catalytic methanation of carbon monoxide and
carbon dioxide. However, these previous works focus on
methanation at relatively low temperatures (about 200-400 °C)
which are not optimum for energy recovery.'”** Modern SNG
processes dealing with high concentrations of carbon monoxide
and/or carbon dioxide would result in large temperature
increase (hot spots can reach 600-700 °C).*® It was reported that
the methanation catalyst MCR-2X from Haldor Topsge could be
operated at high temperatures with high reaction rates to
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produce high-quality steam thus making the process more
energy efficient.” However, the high operating temperature
would accelerate the sintering and coking of the catalyst. In
short, the methanation catalysts should be stable at high
temperatures and also be active at low temperatures to ignite
the reaction in SNG production process.

Over the past ten years, methanation catalysts for the
production of SNG have been investigated intensively again and
some related reviews have been published, among which,
Schildhauer and co-workers™ did a comprehensive technology
review for SNG production from coal and dry biomass in the
period from 1950 to 2009. Recently, Wang et al.>* summarized
the catalytic hydrogenation of carbon dioxide. Considering the
great progress achieved in this area, we feel it is necessary to
contribute a new review paper, focusing on the recent advance-
ments of methanation catalysts research and development. Also,
the reaction thermodynamics, mechanism and kinetics, and the
effects of catalyst active components, supports, promoters, and
preparation methods will be reviewed and discussed. We hope
this review will not only outline the achievements and technical
problems, but also direct the future methanation catalysts
design and development for SNG production.

2. Thermodynamics

During methanation, some side-reactions may occur which
affects the purity of the SNG product. Table 1 lists the main
possible reactions involved in the methanation process. Besides
the normal methanation reactions (R1 and R2), carbon
monoxide methanation reaction can also occur at lower H,/CO
ratio (R3).** The carbon monoxide disproportionation reaction
(R4), also known as Boudouard reaction, is of great importance,
since carbon on the catalyst surface is considered as a necessary
intermediate during the methanation reaction.”” In addition,
water plays an important role through the water-gas shift
reaction (R5), which would modify the surface and catalytic
chemistry of methanation catalysts.”® Among these reactions, it
has to be noticed that R1, R2, and R4 can be regarded as three
independent reactions. The other reactions can be described as
a linear combination of these three reactions.

The equilibrium constants of the eight reactions involved in
the methanation were calculated at different temperatures

Table 1 Main possible reactions involved in methanation of carbon
oxides, adapted from ref. 24 with permission of the Royal Society of
Chemistry

AHjo5 k AGos
Reaction no.  Reaction formula (k] mol™") (k] mol™")
R1 CO + 3H, < CH, + H,0 ~206.1 —141.8
R2 CO, + 4H, < CH, + 2H,0  —165.0 1132
R3 2CO +2H, © CH, + CO,  —247.3 ~170.4
R4 2CO < C+ CO, —172.4 —119.7
R5 CO + H,0 < CO, + H, —41.2 ~28.6
R6 2H, + C < CH, ~74.8 ~50.7
R7 CO + H, < C+ H,0 —-131.3 -91.1
RS CO, + 2H, © C + 2H,0 —90.1 ~62.5
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(Fig. 1).>* It can be seen that all the reactions are favorable at low
temperatures (<~400 °C) due to their exothermic characteris-
tics. Obviously, low temperature and high pressure are
preferred for carbon monoxide and carbon dioxide methana-
tion. However, it is challenging to develop a catalyst that can
achieve equilibration at low temperature for carbon monoxide
and carbon dioxide methanation.'”*®

Recently, we conducted a systematic thermodynamic anal-
ysis for methanation reactions of carbon oxides to produce
SNG.* The effects of temperature, pressure, ratios of H,/CO and
H,/CO,, and the addition of other compounds in the feed gas on
the conversion of carbon monoxide and carbon dioxide,
methane selectivity and yield, as well as carbon deposition, were
carefully investigated. The product composition distributions
from stoichiometric carbon monoxide and carbon dioxide
methanation reaction at equilibrium under 0.1 MPa are shown
in Fig. 2a and b, respectively. For carbon monoxide methana-
tion (Fig. 2a), the products mainly contain methane, water and
little carbon dioxide by-product at low temperatures (200-300
°C) without deposition of carbon. With an increase in reaction
temperature, the mole fraction of CH, decreases, whereas the
unreacted carbon monoxide, hydrogen, carbon dioxide, and
deposited carbon increase simultaneously.

Methane and water are the main products of carbon dioxide
methanation (Fig. 2b) at low temperatures (200-250 °C). Note-
worthily, the carbon dioxide methanation proceeds highly
selectively as compared with the carbon monoxide methana-
tion.*® Raising the reaction temperature above 450 °C results in
the increase of the carbon monoxide by-product, due to the
reverse water-gas shift reaction, and meanwhile, unreacted
carbon dioxide and hydrogen also increase, along with a
decrease in the methane yield. The reduction of the fully
oxidized carbon to methane is an eight-electron process with
significant kinetic barriers, which thus requires a highly active
catalyst to achieve acceptable rate and selectivity.** Through
thermodynamic analysis, it is possible to obtain a useful guid-
ance in the catalyst development and process control of
methanation for the SNG production.

550 600 650 700
Temperature (°C)

200 300 400 500 600 700 800
Temperature (°C)

Fig. 1 The calculated equilibrium constants (K) of the eight reactions
involved in methanation process. Adapted from ref. 24 with permission
of the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2015


https://doi.org/10.1039/c4ra16114a

Published on 18 February 2015. Downloaded on 6/21/2026 10:34:45 AM.

Review
801(a) Ccom,=1:3 8l b)  com,-14
—e—CH,
60| oo o 60]
& T =5 s S
5 ' 5
5 404 540
g g
-2 20 20/
= =
o @ B0 o

200 300 400 500 600 700 800
Temperature (°C)

200 300 400 500 600 700 800
Temperature (°C)

Fig. 2 Product compositions for CO (a) and CO, (b) methanation at
equilibrium (0.1 MPa). Adapted from ref. 24 with permission of the
Royal Society of Chemistry.

3. Methanation catalysts

Methanation catalysts are typically composed of active metal
particles dispersed on metal oxide supports. Up to now, a
number of active metals including Ni, Fe, Co, Ru, Rh, Pt, Pd, W,
Mo and various oxide supports (Al,03, SiO,, TiO,, SiC, ZrO,,
CeO,, Ce,Zr; ,0,) have been carefully investigated in both
carbon monoxide and carbon dioxide methanation reactions
for SNG production.

3.1 Active components

In 1975, Vannice M. A.** firstly compared the specific activity
and product distributions of group VIII metals dispersed on
Al,O; in the synthesis of hydrocarbons from H,-CO mixtures,
and found that carbon monoxide methanation reaction could
occur readily over these metals. The specific activity follows the
order of Ru >> Fe > Ni > Co > Rh > Pd > Pt > Ir. It is well known
that methanation reactions involve hydrogen, carbon monoxide
and/or carbon dioxide adsorption and dissociation. The reac-
tion rate of carbon monoxide methanation is closely related to
carbon monoxide dissociation. Bligaard et al.*® calculated the
reaction energy for dissociative carbon monoxide adsorption at
550 K and compared it with the measured carbon monoxide
methanation activities (Fig. 3). A clear volcano relationship was
observed. The maximum of the volcano is approximately at a
dissociative adsorption energy of —1.4 eV, which is in very good
agreement with the prediction of Ngrskov's results.>” Although
the sequence of activity in Fig. 3 is a little different from that of
Vannice's results, noble metal Ru is undoubtedly the most
active one for the methanation reaction. However, Ni catalysts
draw more attention for methanation due to their relatively
high activity and low price.

Table 2 and 3 list some carbon monoxide and carbon dioxide
methanation catalysts studied in recent years. It should be
noted that it is difficult to directly compare the performance of
these catalysts because different reaction conditions were used.
However, some general results can be summarized. Ni with
loading amounts of 10-40 wt% is the main active metal for
carbon monoxide methanation. Nearly 100% conversion of
carbon monoxide and about 90-100% selectivity of methane
could be obtained over optimized Ni catalysts at 3.0 MPa with

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Activities of different supported transition metal catalysts as a
function of the reaction energy for dissociative carbon monoxide
chemisorption. Reprinted from ref. 26, Copyright (2004), with
permission from Elsevier.

H, : CO feed ratio of 3. Some Ni catalysts could maintain good
activity over 100 h.*®*3° Even at 0.1 MPa, carbon dioxide
methanation (Table 3) could still remain a high methane
selectivity of nearly 100%, which is in accordance with the
thermodynamic results.”® However, high carbon dioxide
conversion is difficult to reach at low temperatures because of
the high kinetic barriers of the reaction processes. During
catalyst activity testing, space velocity deeply affects the carbon
monoxide and carbon dioxide conversion and methane selec-
tivity. High space velocity is recommended to test the activity of
methanation catalysts far from thermodynamic equilibrium.
3.1.1 Nickel. Nickel (Ni) has been applied as active
component and promoter in catalysts for Fischer-Tropsch
synthesis (FTS).* The main obstacle to its industrial application
in FTS is the formation of volatile carbonyls, which cause
deactivation of the catalyst and loss of active phase. In fact, Ni is
better for methanation reaction to produce methane as
compared with Co and Fe. Ni nanoparticles are usually
dispersed on supports with high surface area as methanation
catalysts, although unsupported Ni nanoparticles®*® or Raney®
Ni®® are also active for carbon monoxide and carbon dioxide
methanation. The activity and selectivity of the supported Ni
catalysts are strongly influenced by the amount of Ni metal
loading,*"**-* the size of the dispersed Ni metal particles,>***%
metal-support interactions,”*”*> and the composition of the
support.*®”>7* Ni supported on Al,O; (Fig. 4) is one of the most
widely studied catalysts in methanation reactions for the
production of SNG due to its high performance-cost ratio.**”>7¢
Hu et al.®® found that there existed three distinct active phases
in Ni/Al,O; when the nickel loading was less than 10 wt%,
which originated from reduction of different nickel species at
different reduction temperatures with each phase exhibiting
different activity and mechanism for carbon monoxide and
carbon dioxide methanation. Qin et al.”” found that highly
dispersed amorphous NiO after reduction was more active for
methanation reaction because of its weaker interaction with the
support and lower carbon monoxide dissociation energy.
Carbon monoxide methanation reaction is highly structure
sensitive.”” The atomic step sites of Ni play important roles as

RSC Adv., 2015, 5, 22759-22776 | 22761
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Table 2 Summary of the carbon monoxide methanation catalysts developed in recent years®
Catalytic performance

Preparation Active metal Stability test
Catalysts methods contentwt%  P/MPa  WHSV/(mLg 'h™") TPC  Xco/%  Scu/%  time/h Ref.
Ni-Al,O3 CP 15 0.1 2500 h™* 400 98.2 84.7 120* 1
Ni-AlL,O3 Sol-gel 40 1.0 8160 230 96.5 76.8 — 31
Ni-Al, O3 I 10 0.1 240 000 450 61 68 50* 32
Ni-SiC ! 4.2 3.0 4006 500 96.7 100 120 28
Ni-Mg-Al,O; I 20 0.1 30 000 400 100 80 196 29
Ni-AlL, O3 I 10 3.0 30 000 400 97 90 10* 33
Ni-Mg-Al,O; I 40 0.1 36 000 300 64 58 50 34
Ni-Mg-Al,O; CP + HT 19 0.1 60 000 427 85 84 — 35
Ni-La,03/Al,03 I 15 1.5 10 000 h™* 300 72 80 264 30
Ni-TiO, Sonication 23 0.1 38800 h* 280 52 95 — 36
Si-Ni/SiO, Silicification 20 0.1 4800 350 50 28 42 37
Ni/MCM-41 HT 10 0.1 12 000 350 97.9 88.2 100 38
Ni/CaTiO3 I 10 3.0 10 000 350 95 72 50 39
Ni/BaO-6Al,0; I 40 3.0 30 000 350 81 92 50 40 and 41
Ni-Mo-MCM-41 I 10 0.1 12 000 280 100 80 100 42
Co050, CP — 2.0 50 000 h™* 300 99 — — 43
Ni/LaFeO; I 30 1.0 3000 h™* 340 90 48 55% 44

“ I: impregnation; P: precipitation; CP: co-precipitation; SC: solution combustion method; HT: hydrothermal synthesis; * deactivation was observed.

the active sites for carbon monoxide methanation.” Ni with
lower coordination numbers possesses more step sites and can
be obtained in highly dispersed Ni/Al,0.”° He et al.** found that
a surface defect-promoted Ni nanocatalyst with low coordina-
tion numbers (Fig. 5) exhibited simultaneously enhanced
activity and stability for carbon dioxide methanation.
Although Ni catalysts are preferred in catalytic methanation
reaction, there still exist some problems, such as carbon
deposition, sintering, Ni(CO), formation, and sulfur poisoning
during SNG production.?® Therefore, the stability of metha-
nation catalyst is of great importance besides the activity and
selectivity. It is well known that the deactivation of supported
metal catalysts by carbon or coke formation is a serious
problem in methanation process.®” The typical causes are:* (1)

polluting the active metal surface, (2) blocking the voids and
pores of catalysts, (3) physical disintegration of the catalyst
support. Till now, three types of carbon have been identified on
Ni catalysts: pyrolytic, encapsulating and whisker carbon.®
Thermodynamically, carbon formation in carbon monoxide
methanation is more favorable as compared with carbon
dioxide methanation under the same reaction conditions.* In
addition, higher hydrocarbons in biomass-derived syngas could
dramatically enhance the formation of the carbon whiskers at
the Ni surface.” The nickel clusters were found to be associated
with the formation of carbon whiskers, supporting a mecha-
nism involving detachment of Ni from the catalyst support
during whisker formation (Fig. 6).**

Table 3 Summary of the carbon dioxide methanation catalysts developed in recent years

Catalytic performance

Preparation Active metal Stability test
Catalysts methods? content wt% P/MPa  WHSV/(mLg 'h™") T°C  Xeo/%  Scu/%  time/h Ref.
Ni-Ceg 5Zr 50, I 10 3.0 30000 h™! 300 70 — — 45
Ni-TiO, DP 15 0.1 2400 h™* 218 50 99 — 46
Co/KIT-6 I 20 0.1 22 000 260 45 99 — 47
Ru-TiO, Barrel-sputtering 0.8 0.1 864 180 100 100 170 48
Ni-CeO, 1 10 0.1 10 000 h™* 300 ~90 100 — 49
Ni.sMg, ,0@Si0,  CP — 0.1 60 000 250 78 99 100 50
Ni/MSN* I 5 0.1 50 000 300 64.1 99.9 200 51
Ni/H-ALO,” HT 20 0.1 2400 234 50 — 252 52
Ni-Ru/y-Al,O3 CpP Ni: 10; Ru: 1.0 0.1 9000 h™* 350 70 — 100 53
Ru-Ce0,/Al,0;4 I 2 0.1 10 000 h™* 300 60 99 — 54
Ce.05RU( 050, Combustion — 0.1 45 000 450 55 99 — 55
Ni/MCM-41 HT 3 0.1 5760 400 56 96.1 — 56
Ni/MC v-Al,05° 1 20 0.1 9000 300 74 100 10 57
C00.4Ni/SiO, 1 10 0.1 13 200 300 58 — — 58

% MSN = mesostructured silica nanoparticles. » H-Al,0; = hierarchical

flowerlike Al,O; matrix. * MC = mesoporous nanocrystalline y-Al,Os.

4 I: impregnation; CP: co-precipitation; HT: hydrothermal synthesis; DP: deposition-precipitation.
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Fig. 4 Sketch of the catalyst structure and selective reactions
occurring during the synthesis of methane. Reprinted from ref. 75,
Copyright (2007), with permission from Elsevier.

Fig. 5 (a-1 and a-2) High-angle annular dark field (HAADF) STEM
images of Ni nanoparticles in Ni/H-Al,Os. (b-1-b-6) HRTEM images of
Ni nanoparticles selected from the Ni/H-Al,O< sample (the scale bar is
2 nm). Reprinted with permission from ref. 52 Copyright (2013)
American Chemical Society.

Prevention of catalyst deactivation caused by coke formation
in the methanation of carbon oxides is critical. In summary,
there are two ways to prevent the carbon formation: (1) opti-
mization of operating conditions, such as adjusting reaction
temperature or pressure, increasing the H,/CO or H,/CO, ratio,
adding steam in the reactants.* (2) modification of catalysts by
formation of an alloy,**® and adding promoters like MgO,*
Ce0,,® etc.

Ni nanoparticle sintering during the highly exothermic
methanation process is another challenge for Ni catalysts. Jens

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 Electron micrographs of the Ni catalyst and carbon nanofibres.
(a) TEM image of a Ni nanocrystal supported on MgAl,Og4. (b) TEM
image showing a multi-walled tubular carbon nanofibre structure. (c)
In situ TEM image showing a whisker-type carbon nanofibre. (d) In situ
TEM image showing a Ni nanocrystal during carbon nanofibre growth.
Scale bars, 5 nm. Reprinted by permission from Macmillan Publishers
Ltd: [Nature] (ref. 84), Copyright (2004).

Sehested from Haldor Topsee conducted a lot of studies on this
aspect.®*** Particle migration and coalescence, rather than
Ostwald ripening was found to govern the sintering of Ni
particles.® The proposed coalescence mechanism® explains the
similar size of the sintered Ni particles independent of metal
loading, and the rapid decrease in sintering rate with time. In
addition, Sehested suggested a mathematical model that
predicts well the experimental nickel surface area as a function
of nickel loading, carrier surface area, temperature, and time.”
This model not only enhances our fundamental understanding
of the sintering phenomena, but also provides a tool for pre-
dicting metal surface areas of the used supported catalysts.
What's more, the established formulas assuming that Ni,—~OH is
dominating sintering® is a tool for predicting the sintering data
and the performance of industrial catalysts.

In methanation process, water as a product could further
accelerate the sintering process. In fact, even hot liquid water
could lead to the structural changes of y-Al,Oz-supported
catalysts.”® Recently, Bai et al.** investigated the sintering of Ni/
Al,O; methanation catalyst in SNG production. Primary
encapsulation of metallic nickel due to the collapse of the
support structure and sporadic agglomeration of nickel crys-
tallites led to the reduction of nickel surface area. The steam
ambience induced formation of a Ni** doped alumina phase,
further accelerated the loss of surface nickel atoms. More
importantly, it has been found that the sintering could decrease
the specific activity of nickel due to the surface structure
change."”

RSC Adv., 2015, 5, 22759-22776 | 22763
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Ni sintering can be slowed down by increasing the metal-
support interaction,*®*® adding promoters,**’>*** adopting
improved preparation methods,*>* etc. recently, Lu et al
reported coking- and sintering-resistant palladium catalysts
through atomic layer deposition of a thin Al,O; protective
layer,”” which gave some inspirations in developing highly
stable methanation catalysts.

When Ni methanation catalysts are operated at low
temperatures (<250 °C) and high pressures, the formation of
nickel tetracarbonyl (Ni(CO),) should be considered. Recently,
Munnik et al.® investigated the stability of silica gel supported
Ni catalysts during the carbon monoxide methanation reaction.
The deactivation caused by Ostwald ripening was limited not by
diffusion but due to the formation and decomposition of
Ni(CO), on metal surface, which were mainly determined by
particle size. The supersaturation of Ni(CO), was low in catalysts
with medium sized nanoparticles (Fig. 7a and b), which limited
the possible extent of their growth to the pore diameter (Fig. 8a
and b). By contrast, in the case of small particles (Fig. 7c and d),
the Ni(CO), supersaturation was sufficiently high for the parti-
cles to break the pore walls, resulting in growth of very large
nanoparticles (Fig. 8c and d).*® Therefore, it seems that larger Ni
nanoparticles (~10 nm) are more stable during low temperature
carbon monoxide methanation process. Although the forma-
tion and decomposition of Ni(CO), is not favorable in metha-
nation reaction and should be avoided, this process can be used
to modify the size of nickel particles and increase the dispersion
of the metallic nickel phase in the Ni/ZrO, catalyst.®”

Sulfur compounds (H,S or thiophene (C,H,S)) are one of the
major impurities in syngas which severely poison supported Ni
catalysts.”* " Trace ammonia was also found to decrease the
methanation catalyst activity via ammonia adsorption on the
active catalyst sites in dynamic biogas upgrading process.'**
Even at ppm concentrations, sulfur compounds could still

Fig. 7 Bright-field TEM images of Ni/SiO, catalysts with different Ni
particle sizes after reduction: (@) ~8 nm, (b) ~9 nm, (c) ~4 nm, and (d)
~3 nm. Reproduced with permission from ref. 66 Copyright (c) [2014
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim].
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Fig. 8 TEM images of Ni/SiO, catalysts with different Ni particle sizes
after 150 h on-stream (230 °C, H, : CO =2 :1, 0.1 MPa). (a) ~8 nm, (b)
~9 nm, (c) ~4 nm, and (d) ~3 nm. Reproduced with permission from
ref. 66 Copyright (c) [2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim].

irreversibly affect the catalytic activity."®® The adsorption of S
blocks the active sites as well as accelerates the sintering and
the oxidation of Ni° particles.'® Legras and co-workers® studied
the impact and detailed action of sulfur in syngas methanation
on Ni/y-Al,O; catalyst. It was found that sulfur atoms prefer-
entially adsorbed on the sites for reversible adsorption of
molecular CO under the methanation conditions. The sites
responsible for CO dissociation, which leads to CH, production,
are affected to a lesser extent by sulfur poisoning (Fig. 9).

Several strategies have been adopted to improve the sulfur
resistance of Ni catalysts. For example, the application of
plasma decomposition, which led to the obtained catalyst with
less defect sites on Ni particles, could enhance H,S resistance
for methanation of syngas.® In addition, the S adsorption
could be weakened when S bound to both Ni and Ru atoms
simultaneously. Therefore, Ni-Ru/SiO, catalyst with small
bimetallic Ni-Ru particles showed enhanced sulfur tolerance.*
However, the applications of these methods are still limited.
How to increase the sulfur resistance of Ni methanation cata-
lysts still requires further investigation.

a b
C=0+H, C=0+H,
CH, CH,
= c
o) o s 0
c=o0 ¢=o0 ;Cp A C=O‘C9 H,S S ST FP y H 0
| ol o AW
y - |F/v y { 7 |S T 0
4 | Ny ”
Y 4 HH 8

Fig. 9 Carbon monoxide hydrogenation with sulfur-free syngas (a)
and with syngas containing small amounts of sulfur (b). Reproduced
with permission from ref. 99 Copyright (2014) American Chemical
Society.
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3.1.2 Cobalt and iron. Co and Fe are also active for
methanation reaction. Some studies'®'%” showed that higher
methane selectivity could be observed in FTS when Co catalysts
were not completely reduced or contained small Co;0, parti-
cles. Zhu et al.*® synthesized nanosized Co;0, catalysts for low-
temperature methanation of carbon monoxide in COG. The
smaller nanosized (20 nm) Coz;O, catalysts showed higher
carbon monoxide adsorption capacity. 100% CO conversion at
temperatures as low as 180 °C and space velocity of 5000 h™*
could be achieved. When Co is dispersed on support, the
structure of the support also affects the dispersion of Co species
and thus the performance of Co-based catalysts.”” Mesoporous
Co/KIT-6 showed better carbon dioxide methanation catalytic
performance compared with Co/meso-SiO, catalysts due to the
highly ordered, bicontinuous, mesoporous structure of KIT-6.
Co can also be used as promoters in methanation catalysts.
The addition of cobalt species could improve the catalytic
activity of MoO3/Al,0; catalyst toward sulfur-resistant metha-
nation.’® In addition, Co can further be combined with
Ni*®199112 or Pt'® to form bimetallic methanation catalysts,
which showed higher methane yield as compared with single
metal counterparts. The Co : Ni ratio has significant effects on
activities of bimetallic catalysts over different supports, such as
Al,0; and CeZrO,.*®1%14112 Alayoglu et al.**® studied the Co-Pt
bimetallic nanoparticles supported on MCF-17 and found that
Pt could promote the reduction of Co to its metallic state,
resulting in different catalytic performance as compared with
pure Co nanoparticles. Tuxen et al.'** demonstrated that the
dissociation of carbon monoxide on Co nanoparticles could be
facilitated by hydrogen, which was also size-dependent. It was
suggested that the dissociation occurred through a -COH or
-CH,O intermediate, however, such intermediates were not
directly identified. A clear size-dependent dissociation of
carbon monoxide on Co nanoparticles was also observed, with
smaller nanoparticles favoring molecular adsorption of carbon
monoxide and larger nanoparticles favoring carbon monoxide

O5F | 5= 250% y

—&— 150°C
-o— RT

4 nm
| ‘ 6 o

0.0

04|

Relative CO dissociation
XAS(oxide)/XAS(CO adsorbed)

Nanoparticle size

Fig. 10 Relative concentrations of dissociated CO species on 4, 10,
and 15 nm nanoparticles after exposure to CO/He at different
temperatures. Reproduced with permission from ref. 114 Copyright
(2013) American Chemical Society.
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dissociation (Fig. 10). Importantly, the ability of the nano-
particles to dissociate hydrogen determines their ability to
dissociate carbon monoxide via the hydrogen-assisted mecha-
nism, which was also supported by the density functional theory
(DFT) calculations."**

In general, pure Fe has low methanation activity and selec-
tivity to methane. However, when combined with Ni, in the form
of Ni-Fe bimetal or alloy, it showed high activity for methana-
tion**+®>11¢118 and even surpassed monometallic Ni catalysts.
Hwang and co-workers compared different second metal addi-
tion on the activity of nickel-M-Al,0; (M = Fe, Co, Ce, La, Zr, Y,
Mg) catalysts for carbon monoxide or carbon dioxide metha-
nation. Among which, Fe exhibited the best promotional
effect.’'"® Co and/or Fe can be combined with Ni to form
enhanced methanation catalysts, however, their synergistic
effect needs further study to understand the reaction
mechanism.

3.1.3 Ruthenium. Ru catalysts are very active for metha-
nation and can have high activities even at low tempera-
tures.>>%%120121 Abe et al. reported 100% yield of CH, at 160 °C on
a 0.8 wt% Ru/TiO, catalyst with Ru diameter of 2.5 nm.*® This
catalyst showed no deactivation over at least 170 h test. It was
concluded that the size of Ru nanoparticles determined the
hydrogenation activity. However, no smaller Ru nanoparticles
were investigated to figure out if the methanation activity could
be further enhanced. Masini et al.*** found that the turnover
frequency of carbon monoxide methanation increased with
mass-selected Ru nanoparticles with diameters of 4-10 nm on a
planar SiO, model support. Lowly coordinated sites of Ru are
important for the high activity. Carbon deposition and possible
surface restructuring are the causes for activity loss over
repeated reactions. However, DFT simulations suggest that
carbon monoxide is activated predominantly via H-assisted
paths on high-coordination Ru atoms in (111) terrace environ-
ments on carbon monoxide chemisorption and dissociation
during carbon monoxide hydrogenation on Ru catalysts."* Ru
cluster size also affects the product selectivity during carbon
dioxide reduction with H,."”” When Ru is mostly atomically
dispersed on the Al,O; support, carbon monoxide is formed
with high selectivity. With increasing Ru particle size, the
selectivity toward methane formation is increased, while that
toward carbon monoxide production is decreased.

Ru can also be combined with Ni to form a bimetallic
methanation catalyst, which showed much enhanced perfor-
mances.*'** Zhen et al.>® found that the segregation of Ru on
the Ni-Ru/y-Al, O3 catalyst surface could provide more active Ru
species and possess better sulfur-tolerance. Therefore, adding
small amount of Ru in Ni catalyst is a promising way to promote
methanation reaction.” Long time stability, high activity, and
low loading account for the crucial factors which lead to the use
of the precious metal Ru in SNG production.

3.1.4 Rhodium, palladium, platinum, molybdenum. Other
noble metals like Rh, Pd, Pt have also been studied for carbon
oxides methanation. The nature of supports influences the
activity and selectivity of Pd catalysts in carbon monoxide
hydrogenation. For example, Pd/TiO, mainly produces
methane.**® Higher carbon monoxide conversions over Pd/ZrO,
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and Pd/TiO, were ascribed to the presence of cationic Pd species
formed through the metal-support interaction.”>"*” Shape-
controlled Pd nanoparticles embedded in mesoporous silica
(Fig. 11) were also tested in carbon dioxide hydrogenation.'?® It
was found that Pd crystallographic surface orientation and the
corresponding mean coordination number of surface atoms
played an important role in the adsorption strength of reactants
and intermediate species, thus influencing their surface
coverage, and finally the activity and selectivity.

Pt dispersed on mesoporous silica showed poor activity
towards carbon monoxide methanation.**'** However, the
catalytic activity of Pt could be significantly improved by
depositing Pt on metal oxide supports through the well-known
strong-metal-support-interaction effects,"** and TiO, nanotube
supported Pt shows high activity for carbon dioxide methana-
tion.*®* Similarly, CeO, supported or promoted Rh catalysts'*>***
also showed high activity for carbon dioxide methanation.***

Mo has relatively low activity for methanation and produces
primarily non-methane hydrocarbons. Consequently, most
studies of Mo catalysts have focused on MoO, and MoS, in sulfur-
resistant methanation.”**** The structure and resistance to
carbon monoxide of Mo and MoO; have been well reviewed.*”
Unsupported MoS, were used as sulfurresistant carbon
monoxide methanation catalyst and showed high activity."®
MoO, could promote Ni catalysts for carbon monoxide or carbon
dioxide methanation both physically and electronically.*>** In
particular, the effects of CeO,-Al,O; composite support’*4®4
and sulfidation process***™** on MoO3/Al,0; catalysts for sulfur-
resistant methanation were intensively investigated. The main
factors controlling SNG production by methanation of syngas in
the presence of sulfur-resistant Mo-based catalysts were also
determined.*** Mo based catalysts show high potential for sulfur-
resistant methanation and more attention should be paid to
further increase their activities.

View Article Online
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3.2 Supports

Support plays an important role in the performance of a
heterogeneous catalyst, which usually affects the metal-support
interaction and metal dispersion, hence further influences the
activity, selectivity, and stability of a catalyst.**® Till now, various
metal oxides (Al,O3, SiO,, ZrO,, TiO,, CeO, etc.), composite
oxides (hexaaluminate, solid solution, perovskite) and SiC have
been used as methanation catalyst supports. Of all these
materials, Al,O; is the most typical one for methanation
reaction.

3.2.1 Al,0;3. Active Al,O; serves as an excellent support
material and/or catalyst for many industrial processes. The
chemistry of Al,O; is more complicated than that of other metal
oxides such as SiO,, TiO,, due to various crystallographic
modifications (like v, k, 3, 8, o phase).*** y phase Al,O; has been
widely investigated due to its high surface area, developed pore
structure and well-characterized surface acid-base proper-
ties."” Recently, we compared the performance of supported Ni
catalysts on commercial y-Al,O; with different properties for
carbon monoxide methanation.> The results showed that the
properties of y-Al,O; strongly affected the catalytic perfor-
mance. Ni supported on mesoporous nanocrystalline y-Al,O3
with ordered structure showed increased activity and stability
for carbon dioxide methanation.”” The effects of the structures
and surface properties of Al,O; supports calcined at different
temperatures on the catalytic performances of Ni/Al,O; cata-
lysts were also investigated.*® Calcination above 1000 °C yields
crystalline, non-porous, stable a-Al,O; support, which can be
used as a low-surface-area support material.**** However,
a-Al,O; is not a good support to stabilize nickel nano-
particles.”® The main problem of Al,O; support during
methanation reaction is the sintering in the presence of water
(a product of methanation reaction) at high temperature. To
increase the stability of Al,O; support, a series of promoters

Fig.11 TEM images of Pdimp/SiO; (A), Pdc,s@SiO; (B) and Pdyo@SiO; (C) catalysts before (1) and after (2) catalytic test. Reproduced from ref. 128

Copyright (2015), with permission from Elsevier.
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such as MgO, La,0;, CeO, have been added in methanation
catalysts, which will be discussed later in Section 3.3.

3.2.2  SiO,, TiO,, ZrO,, Ce0,. SiO, as a catalyst support is
usually in amorphous form. One major advantage of SiO, over
other support materials is the ease of adjustment and control of
the mean pore diameter, the specific surface area and pore
volume. SiO, supported catalysts have been widely studied in
methanation reactions.’”*'***5* Catalyst preparation method-
ologies have a significant effect on the activity and stability of
Ni/SiO, catalyst for syngas methanation. For example, catalyst
prepared by plasma decomposition resulted in high dispersion
of Ni, enhanced interaction between Ni and the SiO, support, as
well as less defect sites on Ni particles*****° which showed high
activity and enhanced sulfur-resistance.’® Si-Ni intermetallic
compounds supported on SiO, exhibited high activity for
carbon monoxide methanation.?” Similar to Al,O;, how to
increase the hydrothermal stability of SiO, under methanation
process still requires further investigation.

TiO, as a useful semiconductor material has been widely
studied in photocatalysis.”*> As the methanation catalyst
support, TiO, supported Ni catalysts have shown high activity
for methanation reactions. Partial substitution of Ni in TiO,
lattice could be achieved through sonication, which creates
oxide vacancies and facilitates hydrogen adsorption and spill-
over from nickel to support, further increases catalytic perfor-
mance.*® In addition, different from Al,O; support, electron
transfer from TiO, could increase the electron cloud density of
Ni atoms, which in turn could promote carbon monoxide
dissociation on the catalyst surfaces, leading to a relatively high
catalytic performance.'**>*

ZrO, support is similar to TiO, which could improve the
dispersion of Ni as well the hydrogen-promoted dissociation of
carbon monoxide." High carbon monoxide or carbon dioxide
methanation activities were obtained on MoS,/Zr0,,*** Yb,0;
doped Ni-ZrO, catalysts**” and mesoporous ZrO, supported Ni
catalysts.'>®*°

CeO, is a special catalyst support because of its partially
reducing properties.***'% Ni/CeO, showed high carbon dioxide
conversion and CH, selectivity as compared with Ni/a-Al,O3, Ni/
TiO,, and Ni/MgO in CO, methanation reaction.* It is well
established that Ce has the ability to undergo rapid trans-
formations between Ce'* and Ce®* states under oxidizing and
reducing environments.'"'** The bulk vacancies created in
CeO, after reduction at high temperature could enhance the
carbon dioxide methanation activity.®® Ni coverage on
Ce0,(111) surfaces also affects the carbon monoxide metha-
nation activity.**'® In addition, combining CeO, with ZeO, to
form Ce,Zr,_,O, solid solution could lead to improved support
properties such as high redox property, excellent thermal
stability, resistance to sintering and suppressing coke
formation.45,109,112,166,167

3.2.3 SiC, hexaaluminate, perovskite. SiC as a potential
catalyst support has received increasing attention in recent
years due to its excellent thermal conductivity, good chemical
inertness, and high mechanical strength.***'*® SiC supported Ni
catalysts showed good activity and selectivity in syngas metha-
nation.”®'7*"7* Additionally, Ni/SiC exhibited higher resistance

This journal is © The Royal Society of Chemistry 2015
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to sintering and carbon deposition and is easier for regenera-
tion than Ni/Al,O; (ref. 28) and Ni/TiO, (ref. 171) due to the high
thermal conductivity of SiC. Further investigation'”® showed
that proper oxidation of the SiC support could obtain active
silicon oxides which could disperse and strongly anchor Ni
particles to enhance both the low-temperature activity and the
high-temperature stability of the catalysts.

Hexaaluminate type materials possess a unique layered
structure with alternative stacked spinel blocks separated by
mirror planes. We investigated Ni catalysts supported on
barium hexaaluminate (Ni/BHA) for carbon monoxide metha-
nation.*>** Compared with Ni catalysts supported on commer-
cial Al,O3, the Ni/BHA catalysts exhibited much higher catalytic
activity and thermal stability, as well as stronger resistance to
carbon deposition.

Perovskite oxides have been widely used in high temperature
reactions'” due to their high thermal stability, good reactivity of
lattice oxygen, and low cost.”® CaTiO; supported Ni catalyst and
LaFeO; supported Ni-Fe catalyst showed better catalytic perfor-
mances than Ni/Al,O; in carbon monoxide methanation.?***

Other supports such as rice husk ash,””"”° mesoporous
zirconia-modified clays,"® and carbon'®" have also been used in
methanation catalysts and showed high activity. Generally
speaking, the ideal methanation catalyst support needs to be
stable at high temperature under steam ambience, with high
surface area to disperse active metal, and with appropriate surface
properties to effectively anchor active metal nanoparticles.

3.3 Promoters

Promoters can be mainly classified as two types: (1) electron
promoter to change the electron mobility of catalyst. (2) Struc-
ture promoter to improve the dispersion and thermal stability
of catalyst by changing the chemical component, crystal texture,
pore structure, dispersion state, and mechanical strength of
catalyst. Some oxide promoters can serve with both functions.

MgO is an effective promoter to improve resistance to carbon
deposition and to minimize Ni particles sintering.?>'*>7'*>* MgO
promoted Al,O; (Mg,Al(O)) supported with Ni*** and Ni/Mg/Al
hydrotalcite-like compounds™® showed excellent catalytic
activity and thermal stability in methanation reaction, which
demonstrates the effectiveness of adding promoters to tailor the
properties of composite oxide catalyst support to improve the
catalyst thermal stability for efficient SNG production.

La,O; addition can restrain the growth of NiO particles,
increase the H, uptake and Ni dispersion, and therefore
enhance the activity of catalysts.*>'*”**® Tada et al.'® found La-
electron-promoter could increase the electron density in Ru
species, which enhanced the dissociation of the C-O bond on
Ru due to back donation of electrons from Ru to carbon
monoxide, hence led to high carbon monoxide methanation
activity over Ru-La/TiO,. The addition of CeO, can improve the
reducibility of the methanation catalyst by altering the inter-
action between Ni and Al,03.°*%°%! The Pt doping also can
facilitate the reduction of Ni species.”* TiO, species'*'** and
ZrO, (ref. 155 and 193) were found to effectively restrict the
formation of NiAl,0, spinel phase and weaken the Ni-Al,0;
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interaction, leading to a higher exposure of Ni species and thus
enhancing the carbon monoxide adsorption capacity. In addi-
tion, electron transfer from TiO, could increase the electron
cloud density of Ni, which facilitates the dissociation of CO.**
The same phenomenon was also found in MoO; promoted Ni
methanation catalysts.*” Zr doping improved the dispersion of
Ni as well as hydrogen-promoted dissociation of carbon
monoxide. Most recently, addition of V,0; was found to
enhance the activity and coking resistant of Ni-Al,O; for carbon
monoxide and carbon dioxide methanation due to the forma-
tion of NizV,04."* Na could also promote Ni/y-Al,O; catalysts
for syngas methanation." Till today, a lot of research efforts
have been made towards searching for new promoters to
improve the performance of the methanation -catalysts.
However, a magic promoter seems not to be in sight yet.

3.4 Preparation methods

Various methods have been investigated for preparing metha-
nation catalysts. Preparation methods affect the dispersion of
active metal®® and metal-support interactions,'® which in turn
further influences the catalytic performance.'”” Traditional
methods including impregnation,>®3%40:41:45170,171,193,198199 precip-
itation,**%1091572% and sol-gel methods***'***** have been
widely applied in methanation catalysts synthesis. Some other
methods such as deposition-precipitation,****> hydrothermal
synthesis,**?*** jon exchange method,*” mechanical mixing,***
solution combustion method,” and microwave heating” were
also used in preparing methanation catalysts.

Previous studies***?*® showed that co-precipitated Ni-Al,O;
catalysts could obtain a high dispersion of active metal and
strong metal-support interaction, which exhibited higher
stability for methanation at high temperatures as compared
with those obtained through the impregnation method. The
precipitants (such as NH,OH, NaOH, (NH,),CO3, and Na,COj3)
used in co-precipitation strongly influenced the activity of Ni-
Mg/Al,O; catalysts in syngas methanation'® and NiFeAl cata-
lysts in carbon dioxide methanation.'” In addition, the activi-
ties of Ni-Ru bimetallic catalysts for carbon dioxide
methanation are highly dependent on the precipitation
sequence during co-precipitation.* Similarly, the Mg-modified
Ni/SiO, catalysts prepared by co-impregnation method
showed better activity and stability than those prepared by
sequential impregnation method."® O'Brien and co-workers>*”
studied the active phase evolution in single Ni/Al,O; methana-
tion catalyst prepared by impregnation in real time using
combined p-XRD-CT and p-absorption-CT. Both the oxidation
procedure and the spatial distribution/concentration of the Ni
just prior to oxidation affected the distribution of active Ni
metal. Some new methods were also applied in methanation
catalysts preparation to enhance the catalytic performance. For
example, plasma treatment remarkably improved the disper-
sion of active components and enhanced the reactivity of Ni/
SiO, catalyst.'” The dielectric-barrier discharge plasma
decomposition resulted in a higher dispersion of Ni, an
enhanced interaction between Ni and the SiO, support, as well
as fewer defect sites on Ni particles that could enhance
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resistance to sintering and sulfur poisoning.'****° It should be
noted that the pretreatment/activation process can also affect
the final performance of the methanation catalysts.>*16%2%

4. Reaction mechanisms and kinetics
4.1 CO methanation

The mechanism of carbon monoxide hydrogenation has been
examined under conditions of the FTS.>** Molecular level
studies have revealed how the activated dissociation of
hydrogen and carbon monoxide occurs.? Generally, the disso-
ciation of hydrogen on transition metal surfaces is facile.
Carbon monoxide methanation process is initiated through
carbon monoxide dissociation, and hence, a fundamental
understanding of carbon monoxide activation is of utmost
importance.  Extensive  experimental and theoretical
studies’®?'**'*> have been carried out to investigate the reaction
pathways of carbon monoxide dissociation and to identify the
active sites responsible for the low carbon monoxide dissocia-
tion barrier. These studies have confirmed that the active sites
present along stepped and corrugated metal surfaces could
reduce the carbon monoxide dissociation barrier. In principle
carbon monoxide dissociation may occur through one of three

211,212

pathways:

COads +* - Ce\ds + Oads (1)
Coads + Hads < HCOads +* - HCads + Oads (2)
Coads + Hads A COHads +* > Cads + OHads (3)

Two mechanisms for carbon monoxide activation have been
hypothesized. One suggests that the carbon monoxide dissoci-
ation directly (path a) follows hydrogenation to produce CH,
species. The other proposed mechanism is that the carbon
monoxide dissociation proceeds through hydrogen-assisted
intermediates (path b and c). Shetty's results*> demonstrate
that the direct carbon monoxide dissociation on corrugated
Ru(1121) surface has a lower overall barrier than the hydrogen-
assisted carbon monoxide pathways, which is due to the highly
endothermic steps to form the intermediates during the
hydrogenation paths. However, Ojeda et al**® found that, by
using theoretical analysis, the unassisted CO* activation was
not competitive with the H-assisted route in Co catalysts,
leading to oxygen rejection pathways exclusively. This study
provided both experimental and theoretical evidences for
hydrogen-assisted carbon monoxide activation as the predom-
inant kinetically relevant step on Fe and Co catalysts. HCO,q
was also identified as reaction intermediate species in the
dominant reaction pathway for carbon monoxide methanation
on Ru/Al,O; catalyst,** but no such species was detected on Ru/
zeolite. Panagiotopoulou et al*® provided evidences that
methanation of carbon monoxide on Ru/TiO, occurs via two
distinct reaction pathways: the first one involves hydrogenation
of surface carbon produced by dissociative adsorption of carbon
monoxide at low reaction temperatures, whereas the second
one involves hydrogenation of Ru,-CO species. Although
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Table 4 Mechanisms proposed for carbon dioxide hydrogenation to
methane. (a) H-assisted carbon monoxide dissociation. (b) Un-assisted
carbon monoxide dissociation. Reproduced with permission from ref.
223 Copyright (2013), with permission from Elsevier

(a) H-assisted carbon
monoxide dissociation

(b) Unassisted carbon
monoxide dissociation

. CO, + 2% & CO* + O*

H, +2* & 2H*

CO* + 2H* < H,CO* + 2*
H,CO* + * — CH* + OH* (RDS)
. CH* + 3H* < CH, + 4*

O* + H* < OH* + *

. OH* + H* — H,0 + 2%

. CO, +2* & CO* + O*
H, + 2* & 2H*

CO* +* — C* + O* (RDS)
C*+H* & CH*+*

. CH* + 3H* < CH, + 4*
O* + H* & OH* + *

. OH* + H* — H,0 + 2*

Nowawe
Nowa e e

debates about the mechanism of carbon monoxide methana-
tion (direct dissociative adsorption vs. H-assist CO dissociation)
still exit, it seems that the reaction pathway differs with
different active metal sites and reaction conditions.

.
on-top site

x site

10.3 " 8.7
TS1 \ 38
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The kinetics of carbon monoxide methanation reaction has
been extensively studied under different conditions, and
various reaction rate expressions have been proposed.***>** 1.
Alstrup®*® proposed a kinetic model based on carbon monoxide
dissociation and stepwise hydrogenation of surface carbon.
Hydrogenation of surface methylidyne was considered as the
rate-controlling step, which is consistent with the results of
Goodman et al.>*” and Polizzotti et al.>*® later, Sehested et al.>*®
investigated the carbon monoxide methanation reaction over
nickel, and the kinetics of this reaction could be well described
by a first-order expression with carbon monoxide dissociation at
the nickel surface. The first-order rate constant for CO* disso-
ciation was 5 x 1077 (s") exp[—96.7 (k] mol ')/RT] assuming
that 5% of the nickel surface atoms are active. Kopyscinski
et al.>* applied spatially resolved concentration and tempera-
ture measurements in a catalytic plate reactor for the kinetic
study of carbon monoxide methanation. Three kinetics equa-
tions were obtained based on three different rate-determining
steps (C* + H¥* — CH* + * CH* + H* — CH,* + * COH* +

: X
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Fig. 12 Potential energy diagram for carbon dioxide methanation on the Ru surface slab structure. Each reactant, product and intermediate
structures are also shown in the inset of the figure. Reproduced with permission from ref. 224 Copyright (2014), with permission from Elsevier.
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H* — CH* + OH*, * empty active site). Interestingly, all three
models reflected the measured data equally well and the acti-
vation energy of the methanation reaction was 74 kJ mol .
Transient experiments or spectroscopic methods are needed for
further discrimination of the models. Zhang and co-workers
investigated the kinetics of carbon monoxide hydrogenation
under realistic conditions of methanation of biomass derived
syngas.”** The reaction rates were fitted by two kinetic models
with hydrogenation of adsorbed carbon species as the rate
limiting steps. The validated models could be used for
modeling the realistic methanation process of biomass-derived
syngas to predict the catalyst performance and to better deter-
mine the operation conditions.

4.2 CO, methanation

Even though the reaction mechanism of carbon dioxide
methanation has been intensively investigated, there are still
arguments on the nature of the intermediate compounds
involved in the process and on the methane formation
scheme.********” The main discrepancy is whether the reaction
goes through the formation of carbon monoxide interme-
diate.>'*?**225227 Eckle and co-workers®** studied the reaction
intermediates and side products in the methanation of carbon
monoxide and carbon dioxide over supported Ru catalysts. It
was found that carbon dioxide methanation proceeded via
dissociation to CO,q, which was subsequently methanated.
Formation and decomposition of surface formate only played a
minor role in the carbon dioxide methanation reaction.
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Recently, Karelovic et al. studied low temperature carbon
dioxide methanation over Rh/TiO, catalysts.”*® Two reaction
mechanisms (Table 4) were proposed based on carbon
monoxide intermediate. On the basis of a kinetic comparison
between two proposed reaction paths, it was concluded that the
dissociation of COggqs) could proceed via a H-assisted path,
probably by the formation of Rh carbonyl hydride species.
These results reveal the similarities of the reaction path and the
metal particle size dependence between carbon dioxide and
carbon monoxide hydrogenations.

Akamaru et al.>** carried out a DFT analysis of methanation
reaction of carbon dioxide on Ru nanoparticle supported on
TiO, (101). The potential energy diagram is shown in Fig. 12.
The adsorbed carbon dioxide on each site can transform into
carbon monoxide through different reaction paths with nearly
the same potential energy barriers.

Aldana et al.**® investigated carbon dioxide methanation
mechanism over Ni-based ceria-zirconia catalysts. Different
from the above results, H, was found to dissociate on Ni°
sites while carbon dioxide was activated on the ceria-
zirconia support to form carbonates which could be hydro-
genated into formate and further into methoxy species
(Fig. 13). This mechanism involves weak basic sites of the
support for the adsorption of carbon dioxide and implies a
stable metal-support interface, which explains the much
better activity of these catalysts as compared to Ni-silica
on which both carbon dioxide and hydrogen are activated on
Ni® particles. Pan et al's results also support this
mechanism.?*¢?*
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Fig. 13 Reaction mechanism proposed on Ni—CZ sol-gel sample for: (a) carbon dioxide methanation and (b) carbon monoxide formation.
Reproduced with permission from ref. 225 Copyright (2013), with permission from Elsevier.
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Park and co-workers proposed a bifunctional mechanism in
Pd-Mg/SiO, catalysts for CO, methanation:**® carbon dioxide is
stabilized by the magnesium-containing oxide as a surface
carbonate and sequentially hydrogenated to form methane.

The methanation kinetics of carbon dioxide was also inves-
tigated in recent years.”*******® Lu and Kawamoto investigated
CO, methanation kinetics over mesoporous silica incorporated
with Ni catalysts.”®® A methanation rate equation of r =
kCCOZO'GSCHf'31 was obtained with active energy of 73.1 KkJ
mol 1.2 Similarly, Kwak et al.** measured the carbon dioxide
methanation reaction rates over Ru/Al,O; and the estimated
apparent activation energies was 62 kJ mol . Carbon dioxide
methanation kinetics was also used as a tool to reveal key
insights into the role of platinum in promoted cobalt catalysis,
H atom spillover and surface diffusion.?®* It is found that
increasing the spatial separation between discrete cobalt and
platinum entities results in a dramatic ~50% drop in apparent
activation energy compared with that over pure cobalt (E, = 80
k] mol™") in carbon dioxide methanation.

However, the arguments about the carbon dioxide metha-
nation with or without the formation of carbon monoxide
intermediate still exist. Further investigations are needed to
determine the difference of carbon dioxide activation on
different active metal surfaces, which should be the key to
understand the mechanism in carbon dioxide conversion
reactions.

5. Other aspects of methanation
process

Over the past years, researchers have developed some new
processes for methanation reaction, among which sorption
assisted methanation is one of the most important ones.>**342%3
The sorption enhanced methanation reaction process showed
unique performances for high grade SNG production at low
methanation pressure. Photo-assisted catalytic methanation of
carbon monoxide was also introduced over some semi-
conductor materials such as TiO,.”** Complete photocatalytic
reduction of carbon dioxide to methane by hydrogen under
solar light irradiation was also reported.”®” Ternary diagrams
were applied in the design of methanation systems®*® and novel
biochemical catalyzed methanation at mesophilic temperatures
and ambient pressures have also been realized.****** Moreover,
methanation reactor and operation conditions were thoroughly
investigated.?>*****” Fluidized bed reactor showed better
performance than fixed bed in methanation process for SNG
production in lab scale.*3%35200248254 Byt g0 far, no fluidized bed
reactor for SNG production has been reported in industrial scale
yet. Several problems including attrition of catalysts, stability of
fluidized state, and difficulty of scaling-up still require further
investigations. Methanation of syngas in slurry-phase bubble-
column reactors was also investigated because they have good
heat-removal capabilities and the catalysts can be exchanged
on-line.”** The results show that the temperature of the
catalyst bed is more stable and uniform in a slurry reactor as
compared with that in a fixed bed reactor, therefore, using a

This journal is © The Royal Society of Chemistry 2015
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slurry reactor is one potential route for syngas methanation.
Magnetic fluidized bed,"™* dielectric barrier discharge plasma
reactor,”*® micro-channel reactor®” were also studied recently,
which may inspire some new ideas for the methanation reactor
development.
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6. Conclusions and outlook

In conclusion, we have summarized the recent developments of
carbon monoxide and carbon dioxide methanation catalysts for
the production of SNG. Developing methanation catalysts with
high activity at low temperature and high stability at high
temperature are crucial for the methanation process because of
the strong exothermic characteristic. How to increase the
activity and stability of Ni catalysts and decrease/avoid the
formation of Ni(CO), at low temperature still need further
investigation. High mechanical strength and hydrothermal
stability are also essential to maintain long catalyst stability
under industrial conditions. Carbon deposition could be alle-
viated by controlling the reaction conditions, which should not
be the major problem. Decreasing the rate of active metal sin-
tering under high temperature is another big challenge to
increase the stability of methanation catalysts. Mo based cata-
lysts show high potential for sulphur-resistant methanation
catalysis but the activity needs to be further enhanced. Theo-
retical calculations should be combined with experiments to
further explore the methanation reaction mechanisms and to
improve the methanation catalyst design. Surface character-
ization at high pressure would bridge the gap between surface
science and heterogeneous catalysis under real reaction
conditions. New methanation reactors and processes shall
advance the methanation progress together with the catalyst
design.
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