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Abstract

This study critically reviews the mechanism of CO2 hydrogenation over Ni, Ru and Cu, and
the effect of catalyst properties and operating conditions on reaction kinetics. Most studies have
reported the presence of CO and formate species on Ni-, Ru- and Cu-based catalysts, where
subsequent conversion of these species depends on the type of catalyst and the physicochemical
properties of the catalyst support. Methane is the major product that forms during CO2
hydrogenation over Ni and Ru catalysts, while methanol and CO are mainly produced on Cu
catalysts. A different approach for catalyst formulations and/or process development is

required where long chain hydrocarbons are desired.
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1 Introduction

Hydrogenation of COz to fuel has received greater attention, especially over the last decade.
This is due primarily to increased global energy demand and the need for mitigating carbon
emissions to the environment by targeting a possible closed carbon cycle through CO:
utilization. The number of investigations on the development of new catalysts formulations and
optimization of operating conditions for CO2 hydrogenation has increased rapidly, requiring a

compilation to distill the major findings in this research area. A number of reviews on catalytic



COz2 hydrogenation to methane (1 - 5), long chain hydrocarbons (3, 6), methanol (3, 6 - 9),
dimethyl-ether (3) and higher alcohols (3) have been compiled over the past few years.

The catalytic hydrogenation of CO2 to methane is an old process that was mainly used for the
purification of hydrogen by removing small amounts of CO2 prior to ammonia synthesis (10,
11), and for the production of substitute natural gas (SNG) (12 - 14). The desire to produce
long chain hydrocarbons from COz-containing feedstock has emerged in recent years, with
mostly transition and noble metals being evaluated for this process. Unlike Fischer-Tropsch
synthesis where predominantly longer chain hydrocarbons are produced in presence of CO and
H2, CO: hydrogenation over conventional Fischer-Tropsch synthesis catalysts yields
significantly higher amounts of methane. There is a strong need to develop fundamental
understanding for this reaction. Among transition metals, Ni constitutes a relatively simple
system, as it is one of the most methane-selective catalysts. Fundamental understanding of this
system can shed light on more complex systems that involve the formation of a broad range of
products. Many excellent reviews on CO:2 hydrogenation have suggested a general reaction
route based on data obtained from a number of different catalytic systems. Reviews that
specifically examined CO:2 hydrogenation over metal-based catalysts such as Ni, Ru or Cu
separately, are scarce. The review by Vlasenko and Yuzefovich (1) in 1969 focused on the
mechanism of CO and COz hydrogenation over iron-group metals. Their study discussed two
major routes for CO2 hydrogenation, namely 1) the scheme involving CO as an intermediate
and i1) an independent route that does not involve CO. At the time of their review, most existing
experimental data to deeply analyze the mechanism on the Ni surface were not available. For
example, experimental studies on the behavior of adsorbed CO2 on Ni in the presence of Hz
were nonexistent. The interpretation of the mechanism was largely based on kinetic data

generated on supported Ni, such as Ni on kieselguhr and binary systems such as Ni-Cr. Possible



contributions from the support or a second metal can complicate any investigation of the
intrinsic behavior of a catalyst.

Darensbourg et al. (2) categorized the mechanistic aspects of CO2 methanation into two types:
1) early mechanisms that suggest CO2 methanation without CO formation and ii) recent
mechanisms suggested by studies published from 1977 to 1982 which point to a mechanism
for CO2 methanation that occurs through the formation of adsorbed CO. Studies involving Ni
catalysts were limited, as the review involved many other catalysts such as Rh, Ru, Cu, and Pd.
Studies on Ni catalysts were mainly based on the analysis of methanation reaction products
and/or reactant adsorption-desorption techniques. Wang et al. (3) reported on general advances
in CO2 hydrogenation covering the period from 1997 to 2010. For CO2 hydrogenation using
Ni as a catalyst, the review mainly gave an overview on the effects of catalyst supports such as
MCM-41, rice husk ash (RHA) silica-alumina composite, ZrO2, La2O3 and Ce-Zr binary
oxides.

The most recent review by Aziz et al. (5) looked at kinetics and the mechanism of CO:
methanation over a number of catalysts including Ni, Ru, Rh, Pd, Au, Co and Mg. They
extensively reviewed the effect of support, metal loading, second metal and preparation method
on the physicochemical and catalytic properties of Ni catalysts based on studies published from
2011 to 2015. In reviewing mechanistic aspects, which essentially involved supported
catalysts, the support was suggested to play a role.

Recent studies employing in-situ spectroscopic techniques (15, 16) have shown that the nature
of the support influences the CO: hydrogenation mechanism on Ni-based catalysts. One
possibility is that different active intermediate species form on the catalyst surface depending
on the support used. This can, at least in part, account for differences that have been reported

on this topic.



By scrutinizing recent and earlier studies on CO2 methanation, this review aims to establish the
most likely active intermediate in the intrinsic mechanism of CO2 methanation occurring on
the Ni surface in comparison to Ru- and Cu-based catalysts. In addition, the kinetics of this
reaction will be reviewed with a greater focus on aspects that have not yet been extensively

reviewed such as kinetic models and the influence of reaction conditions.

2 Reaction Mechanism

The early literature that was summarized by Vlasenko and Yuzefovich (1) on CO:2
hydrogenation suggested two major reaction routes: i) the scheme proposed by Bahr, as cited
in (1) involving the formation of CO as an intermediate and ii) the direct hydrogenation of CO2
by activated hydrogen to formic acid, structural rearrangement, and stepwise hydrogenation of
intermediates. Bahr’s scheme was mostly supported by studies using Fe-Cu, Cu-Cr203, Co-Cu-
Zn0O, Ru and a number of catalysts based on metals of the iron group and on various binary
systems. On the other hand, the direct scheme was supported by studies involving Ni-Cr
catalysts. A number of findings were highlighted to be unfavorable to the Bahr scheme (1), for
example: 1) the hydrogenation of CO2 on Fe- and Ru-based catalysts, mainly produces CHa
unlike CO hydrogenation; ii) COz is not hydrogenated in the presence of CO and does not
influence its transformation; and iii) COz is hydrogenated at a lower temperature than CO.
Based on their analysis of the literature, Vlasenko and Yuzefovich (1) were in favor of a direct
CO2 conversion route, without formation of CO as intermediate. This scheme suggests that
hydrogen is activated on the catalyst surface, after which the reaction takes place in the gas
phase. The hydrogenation of adsorbed COz at the start of the process is dismissed.

Several subsequent studies from different research groups have been conducted with the aim
of determining the active intermediate species on the catalyst surface. The findings are still

controversial as the major question is now to determine whether the active intermediate is CO,



formate species or both. The various routes on Ni, Ru and Cu catalysts are discussed in the

following sections.

2.1 Reaction via CO

Various techniques have been used to confirm that CO is formed as an intermediate species in
CO2 hydrogenation over nickel-based catalysts. They include 1) spectroscopic (11) , desorption
(13) or adsorption (17) analyses of species formed on the catalyst surface upon CO2 adsorption
in the absence of Hz; ii) analysis of the product formed during hydrogenation of pre-adsorbed
COz species on the catalyst (12, 13); iii) product analysis of a typical CO2 hydrogenation
reaction where H2 and CO2 were fed simultaneously to the system (18 - 21); iv) transient
response analysis (22 - 26) and v) diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) analysis during CO2 hydrogenation (25, 27).

Martin et al. (11) used infrared spectroscopy and magnetic techniques to study reactions of CO
and COz on a Ni/Si0z catalyst. CO2 chemisorption on nickel surface at 300 and 580 K showed
two bands at 2020 and 1835 c¢cm™ assigned to CO species bonded to four Ni atoms. No
carboxylate, nor carbonate bands were detected. The reactivity of these species towards
hydrogen was studied (12) by first adsorbing CO2 on the catalyst at 300 K and subsequently
introducing hydrogen. Methane was detected at temperatures above 355 K. The authors also
tested the hydrogenation of a superficial carbide prepared by ethane cracking and found that it
formed methane. They then proposed that CO2 hydrogenation is likely to proceed via CO:
dissociative adsorption and the formation of superficial carbide which is subsequently

hydrogenated to form methane as shown in Fig. 1.

Figure 1: CO; hydrogenation via CO and superficial carbide.




Falconer and Zagli (13) used temperature programmed desorption (TPD) and temperature
programmed reaction (TPR) to study the adsorption and methanation of CO2 over a Ni/SiO2
catalyst. They found that CO2 adsorption on the catalyst surface was activated and increased
significantly with temperature with a maximum value obtained around 473 K. The adsorbed
COz2 desorbed as CO and CO2 during TPD. They found similarities between CO and CO:
adsorption indicating that CO:2 dissociates to CO and oxygen upon adsorption at higher
temperatures. The TPR was performed by first adsorbing CO: at high temperature, cooling and
then switching to H2 before heating. They observed the formation of water, comparable to the
amount of CO2 adsorbed, upon catalyst contact with H2 at room temperature and confirmed the
presence of oxygen atoms on the catalyst surface. They also found the same TPR results for
CO and CO2 methanation and suggested that once adsorbed, CO and CO: follow the same
mechanism to yield methane.

CO2 pulses were used on Al203-, SiO2- and TiOz2-supported Ni by Osaki and Mori (17) to study
the kinetics of COz dissociation. They observed CO formation but could not detect O2. The
exponential decay of the amount of CO formed with the number of CO: pulses suggested an
irreversible adsorption of Oads on the Ni active sites through CO:z dissociation.

Using Ni/SiOz catalyst, Weatherbee and Bartholomew (19) observed CO in the product of CO2
hydrogenation at 500 — 600 K and 140 kPa. They suggested that the amount of CO measured
in the product was determined by equilibrium between surface and gas phase CO species.
Based on their kinetic results, they proposed a complex Langmuir-Hinshelwood mechanism
involving dissociative adsorption of CO2 to CO and atomic oxygen followed by the
hydrogenation of CO via a carbon intermediate to methane as shown in Fig. 2. The rate-limiting

step was assumed to be CO dissociation.




Figure 2: Proposed sequence of elementary steps in CO: methanation (S refers to a

surface site)

Large amounts of CO were also measured during CO2 methanation on Ni (100) catalyst by
Peebles et al. (20). Based on higher initial specific rates for CO production compared to CH4
and lower activation energy, they proposed that a balance between the formation of adsorbed
carbon and its removal by reaction with surface hydrogen are the controlling factors for CO2
methanation.

Fujita et al. (22, 24) used transient response and TPR (24) methods to study the mechanism of
both CO and CO2 methanation over unsupported Ni. They found that CH4 was produced from
adsorbed surface carbon species resulting from strongly adsorbed CO on the catalyst surface.
They also found that CO2 dissociation to adsorbed CO and O was enhanced in the presence of
Hz. The amount of surface carbon was much less compared to adsorbed CO and the amount of
reversibly adsorbed CO was negligible. The kinetics were different in the case of CO
hydrogenation, where more surface carbon was present along with strongly adsorbed CO. They
suggested that reversibly adsorbed CO inhibits the hydrogenation of adsorbed carbon species.
When they used DRIFTS, TPR and the transient response method (TRM) techniques over an
AlOs-supported Ni catalyst (25), they found that the following species were present on the
catalyst surface during CO2 methanation at 453 K: 1) unidentate formate on the Ni surface, ii)
bidentate formate on the support, iii) linear CO on Ni, iv) bridged CO on Ni and v) carbonates
on the support. After steady-state methanation and flushing the reactor with He, they found
that strongly adsorbed bridged CO and bidentate formate were the most predominant species
on the catalyst surface. Using temperature programmed hydrogenation, they found that both
species formed CH4 and H20 at 433 and 533 K respectively. Bridged CO species were believed

to dissociate into surface oxygen species and carbon which were rapidly hydrogenated to water



and methane respectively. Like in their earlier studies on unsupported Ni (22, 24), they also
found differences in the species formed on the catalyst surface during CO2 and CO
methanation, respectively. In contrast to CO2 methanation, considerable amounts of carbidic
carbon species and linear CO in addition to bridged CO, formate, methoxide and surface
hydrocarbon species were present during CO methanation. Linearly adsorbed CO markedly
retarded the hydrogenation of carbidic carbon to methane during CO hydrogenation.

Using the transient response method, Spinicci and Tofanari (23) observed a rapid increase in
CO formation with an overshoot within the initial few minutes of CO2 hydrogenation over
Si02- and TiOz2-supported Ni catalysts while the methane formation was progressive. They
attributed the overshoot response for CO formation to the slow regeneration of vacant active
sites as a consequence of slow surface reactions or desorption of other products, and the
progressive increasing response for CHs4 to a combination of slow surface reaction and
desorption of the ensuing product. Thus, they suggested that the rate-limiting step of CO
formation might be the regeneration of the active site or its intermediate and assumed that CO
can be formed on the same active site as CHa.

A study by Lapidus et al. (26) who used isotopes, non-steady-state and steady-state methods,
found that significant amounts of CO and CH4 were produced after switching a H2-containing
feed to a CO2-containing feed over a carbon felt-supported Ni catalyst and suggested that a
significant amount of H2 was adsorbed on the catalyst surface. CO was considered as a possible
main intermediate, as it appeared faster in the gas product than CH4. CO2 and H2 adsorption
was faster on the catalyst surface having preadsorbed hydrogen. The study suggests that CO
and CHa4 are produced from CO2 and Hz in their adsorbed states. The fast and slow steps were
suggested to be the hydrogenation of carbon fragments and CO formation, respectively.

Most of these studies, that suggest CO as the active intermediate, did not report the formation

of other species such carbonates or formates on the catalyst surface. This does not completely



dismiss their formation. Appropriate techniques such as infrared (IR) spectroscopy that can
detect such compounds were not used in most of these studies. In some case (11), IR
spectroscopy was used on a catalyst surface with preadsorbed CO: in the absence of Hz. It has
been reported (28 - 31) that in the absence of H2, only CO and Oz are formed by CO2
dissociation above 200 K. Ren et al. (27) who recently used DRIFTS analysis, detected peaks
for adsorbed CO2, CO, hydrogen carbonates, monodentate carbonates and bicarbonate species
during CO2 methanation over unpromoted and Fe-promoted Ni/ZrO: catalysts. They, however,
indicated that some of the species (monodentate, bicarbonate or hydrogen-carbonates) convert
to CO2 when the concentration of CO: is below a certain threshold value. As they observed a
significant decrease in the peak intensities for adsorbed CO2 and CO after exposure to Hz, they
suggested that CO may be the active surface species in CO2 methanation where CO: dissociates

to CO by interaction with oxygen vacancies formed by reduction of the ZrO> surface.

Mainly Gupta et al. (32 - 34) have proposed a mechanism for CO2 hydrogenation that involves
CO as the main intermediate, without any significant role of formate species, on Ru catalysts.
In their early study (32), they used experiments which essentially consisted in injecting CO2
into a He feed stream followed by Hz injections at different time intervals and analyzing the
eluted products over a 1.8%Ru/molecular-sieve catalyst. The measurements were performed at
different temperatures (400 — 600 K). Using electron spin resonance (ESR) technique, they
observed no signal when CO2 was introduced on the catalyst in the absence of H2; however, a
signal suggesting the formation of carbon on the catalyst surface was observed when the
injection of CO2 was followed by that of H2 below 500 K. They suggested that CO2 chemisorbs
on the catalyst and is subsequently reduced by H> to yield methane through the formation of
CO and active carbon as intermediates. In their subsequent study (33), they observed CO
formation along CH4 using a H2:COz ratio of 6:1 and temperatures above 523 K. They also

observed some COz2 adsorption and even some small extent of COz reduction to CO at high



temperatures, in presence of H2 on Ru-free supports. However, they indicated that the
hydrogenation of the CO that formed, only occurred on Ru sites. No CO was observed in the
absence of Hz. Using FTIR spectroscopy (34), they detected adsorbed CO (COa.) on a Ru/TiO2
catalyst after Hz treatment at 475 and 575 K and subsequent exposure to CO2. They detected
these COa species even on a sample which was not Hz-pretreated. They suggested that possible
sites for CO2 reduction could include both Ru’ and the Tiz-s moieties at the Ru/TiO: interface.
As they observed that CH4 formation was accompanied by simultaneous decrease of COa
species on the surface when exposed to Ha, they proposed that the adsorbed CO is the precursor
to CHa4 via active carbon formation. They found that the stability of COa species is considerably
affected by coadsorbed or gaseous Hz. In the absence of Hz, the COa that formed upon exposure
to COz is strongly bonded to the surface and is not easily removed upon evacuation at elevated
temperatures. However, in the presence of CO2/Hz, the formed species were easily removed at
room temperature. They concluded that the COa., which formed following the reactions

proposed in Fig. 3, is very reactive to Hz in preadsorbed or gaseous form.

Figure 3: Reactions occurring at catalyst surface during CO; or CO2/H2 interaction with

Ru/TiO: catalyst.

CO also forms on Cu-based catalysts during CO2 hydrogenation and is not generally reported
as an intermediate for methanol formation. It is rather a product of a parallel reverse water-gas-
shift (RWGS) reaction (35, 36). Only few studies have reported CO as intermediate in methanol
formation from CO2 and H2 over Cu-based catalysts. For example, Inui et al. (37) found that

CO:2 was exclusively converted to CO at short contact times at 563 K over a Cu/ZnO/Cr203
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catalyst promoted by Pd and Na. As the selectivity to methanol increased at prolonged contact

times, they concluded that CO is an intermediate in CO2 hydrogenation on this catalyst.

2.2 Reaction via formates

CO:2 methanation through the formation of formate species as active intermediates on Ni
catalysts has mainly been proposed by studies that used in-situ spectroscopic techniques.
Schild et al. (38) used in-situ diffuse reflectance spectroscopy in the hydrogenation of CO:
over Ni/ZrOz catalysts. Under static conditions, they found that surface carbonate and formate
species formed at 363 K, water and methane above 383 K and no gaseous CO was observed.
In their dynamic experiment using a continuous flow of Hz and CO (H2:COz ratio of 4:1), they
found that carbonates and formates were detected from the beginning of the reaction. Adsorbed
CO was only observed later in the reaction suggesting that it originated from the formate
species that were steadily accumulating on the surface. Upon replacing the CO2 and H2 mixture
with pure Hz (under static conditions at 383 K) they found that methane was formed while the
formate signals were decreasing and suggested that the formate species on the surface acted as
the CH4 precursor. The adsorbed CO did not desorb from the surface but was found to
dissociate. They suggested the mechanism shown in Fig. 4 that combines CO and CO:
hydrogenation and takes into account the RWGS that they observed to take place at elevated
temperatures. The high methane selectivity observed for CO2 compared to CO hydrogenation

was explained by a non-dissociative path via formate hydrogenation.

Figure 4: Proposed reaction scheme for the hydrogenation of CO and CO: over

nickel/zirconia catalysts.
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The distribution of intermediate species on the surface of Ni/CeO2-ZrOz and Ni/SiO2 surface
was found to be influenced by the catalyst support. Aldana et al. (15) used IR operando
spectroscopy during CO2 methanation, and found that significant surface concentrations of
carbonates, of mainly the mono and bidentate types, were present on the Ni/CeO2-ZrOz catalyst
at 423 K and formate species were detected after 30 min of reaction. As their amount increased
with temperature until 523 K before decreasing drastically while a significant amount of
methane was formed, the authors suggested that formates are either intermediates or inhibiters
involved in CO2 methanation. CO formation on the surface also occurred from 423 K but the
amount did not change with the increases in temperature. On the other hand, they found that
formates species were already present on Ni/SiO2 at 423 K with a lower surface coverage of
carbonates being formed. Combining these findings with those of transient reaction techniques
over the Ni/CeO2-ZrOz catalyst, they proposed a mechanism where CO does not appear in the
main pathway of methane formation (Fig. 5). Rather, the CeO2-ZrO2 support contributes to the

formation of carbonates and formates as intermediates.

Figure 5: Reaction mechanism proposed on Ni-CZsol-gel sample for CO; methanation.

Similarly, Pan et al. (16) also proposed a mechanism (Fig. 6) that does not include CO as an
active intermediate. Using in-situ FTIR spectroscopy, they found that carbonates and formates
are intermediates for CO2 methanation over Ni/Ceo.sZrosO2 and Ni/y-Al203 catalysts. They
suggested that the reaction over Ni//y-Al203 proceeds through the hydrogenation of bidentate
formates while that on Ni/Ceo.sZrosO2 proceeds through both bidentate and monodentate

formates. They indicated that the hydrogenation of monodentate formates, derived from
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monodentate carbonates (formed on medium basic sites such as ceria), is faster than that of the

bidentate formates derived from hydrogen carbonates.

Figure 6: Proposed pathways for CO; activation and methanation, a) on Ni/Ceo.5Zr502,

b) on Ni/y-ALOs.

Most studies (26, 35, 39 - 51), that investigated the mechanism of CO2 hydrogenation on Cu-
based catalysts have reported formate species as the main reaction intermediate. However,
controversial reports on the nature of the active site and the limiting steps of the reaction still
exist. As Chinchen et al. (43) found similar specific activity for unsupported polycrystalline
copper and supported Cu/Al2O3 catalysts exposed to a mixture of CO2 and H2 at 1 bar during
TPR, they proposed that the critical step is the hydrogenolysis of formate on the copper surface.
In a similar study where 60%Cu/30%Zn0O/Al.03 and polycrystalline copper catalysts were
involved, Bowket et al. (44) used TPR, TPD and microreactor kinetic measurements, and found
that during methanol synthesis, from CO2/Hz at 500 K, the Cu surface was covered by oxygen
(70-78% saturation) and formate species, while ZnO contained interstitial hydrogen. They also
proposed that the limiting step was the hydrogenation of formate intermediates formed on the
Cu surface by Hz and COz coadsorption. Hadden et al. (35) used '*C-labelled CO> to study the
adsorption and decomposition of CO2 on polycrystalline copper at ambient temperature and
low pressure (< 0.013 bar), and TPD after CO2 adsorption on Cu surface at low temperatures
(213— 498 K). They found that CO2 was first weakly adsorbed at the clean Cu surface and that
upon activation, it dissociated to produce adsorbed CO and surface oxygen that partially
oxidized the Cu surface. Thereafter, CO2 strongly adsorbed on this oxidized Cu surface in a
state that can be hydrogenated to methanol via formate formation. When a Cu/ZnO/AL20O3

catalyst was used (45), an increased amount of CO2 was measured on the partially oxidized

13



surface of Cu compared to a freshly reduced catalyst. The authors proposed that surface
hydroxyl groups form on the oxidized catalyst as part of the Hz reacts with the surface oxygen
while some is dissociated on the metallic Cu. They also indicated that the formation of formate
species through COz interaction with surface hydroxyl species enhances CO2 adsorption in the
presence of Ha. In contrast, Rasmussen et al. (48) found no evidence of copper oxidation after
the reaction of CO2 and H2 on Cu (100) surface and concluded that methanol can be formed on
metallic copper with reaction rates comparable to commercial catalysts. They proposed that
methanol is formed following the elementary steps reported in Fig. 7, where the hydrogenation
of dioxomethylene (step 8) or the hydrogenation of formaldehyde (reaction 13) are the rate-

limiting steps.

Figure 7: The elementary reaction steps relevant for methanol synthesis.

As Yoshihara and Campbell (50) used TPD technique and detected formates that were adsorbed
on a Cu (110) surface after CO2 hydrogenation, they also suggested that the active site for
methanol synthesis on Cu/ZnO is metallic Cu. They believed that the role of ZnO may be to
maintain a large proportion of the metallic Cu in ultrathin islands that behave like a Cu (110)
surface.

Using XPS analyses, Nakamura et al. (49) detected formate species on a Zn-deposited
polycrystalline Cu surface, which increased with increasing Zn coverage up to a coverage of
0.2 and decreased after this value. They proposed that formate species formed on the active
sites that are located in the vicinity of ZnOx species and that the rate-determining step for
methanol formation is the hydrogenation of formate to methoxy species. Similar findings were
reported when Zn with different coverages was deposited on Cu (111) surface by vapor

deposition (51). Using XPS, the authors detected formates on the surface, after reaction, in an
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amount that increased linearly with an increase in Zn coverage below 0.15 and suggested that
Zn species stabilize formates. They indicated that the active sites for methanol synthesis are
not only metallic Cu but also special sites such as Cu-Zn sites that work in synergy with Cu.
They proposed a mechanism on a Zn/Cu(111) surface with Zn coverage below 0.2, where the
formate species forms on the Cu atoms of the Cu (111) surface and subsequently migrates to

the Cu-Zn site where it is hydrogenated to methanol through a methoxy species.

2.3 Reaction via formate and CO

Vesselli et al. (21) investigated CO2 coadsorption with H2 on Ni (110). They combined TPR in
ultra-high vacuum (UHV), X-ray photoelectron spectroscopy (XPS) and high resolution
electron energy loss spectroscopy (HREELS) techniques and observed the formation of
formates on the catalyst surface. With the aid of density functional theory (DFT) calculations,
they found that at 90 K, COz2 is chemisorbed and activated on the surface via the carbon atom
as CO2%. This geometrical configuration changes when the temperature is increased in the
presence of hydrogen as the H-CO2 complex flips and binds to the surface through the two
oxygen atoms while H binds to the carbon atom to yield formate. Further hydrogenation of
formate by coadsorbed hydrogen was not observed to occur but instead, formate
dehydrogenation took place when the temperature was increased to around 305 K (52) . CO
formation from formate decomposition was not observed, and they found that the energy
barrier for this decomposition was very high (> 3 eV) suggesting that formate is very stable,
precluding further hydrogenation. After exposing preadsorbed CO2 on Ni (110) to atomic
hydrogen gas at 90 K and using TPD, XPS and HREELS analyses, they detected the formation
of H20, formate and CO, the latter of which was shown to form by hydrogen-assisted CO2
dissociation following the Eley-Rideal (ER) mechanism at 90 K. Combining with DFT
calculations, they contended that the favourable reaction path is through a parallel ER
mechanism involving CO as an intermediate (52). In their subsequent study (53) on an
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unsupported model Ni catalyst using chemical transient kinetics at 1 bar, they found that CO2
adsorption is strongly affected by hydrogen coadsorption and coverage. They suggested two
parallel reaction mechanisms: 1) fast direct hydrogenation of CO2 at the beginning of the
reaction where a complex obtained is suddenly dissociated and further reacts to produce
gaseous methane and ii) a mechanism involving formate-derived species at steady state
conditions. The rate-limiting step was believed to be the removal of these oxygen-containing
intermediates that are slow to react and accumulate on the catalyst surface.

Recently, Westermann et al. (54) used operando IR spectroscopy for both CO2 adsorption and
methanation conditions over Ni/USY zeolite catalysts (5 — 14% Ni). Based on the evolution of
the relative concentration of methane in the gas phase, adsorbed CO and formates, and the CO2
conversion during TPSR (Fig. 8) they observed that the intensity of carbonyl bands was
increasing with a corresponding decrease in formate band intensity between 150 and 250 °C.
They suggested that CO arises from formate decomposition and was subsequently dissociated
and /or was hydrogenated within a temperature range of 200 - 300 °C as the system gained
more energy. They also considered a direct hydrogenation of formates at higher temperatures
where they were observed to suddenly decrease. Their proposed mechanism in Fig. 10 involves
hydrogen dissociation on the Ni surface and reaction with weakly adsorbed CO: or carbonates

to form monodentate formates, and then carbonyls, which are hydrogenated to methane.

Figure 8. Evolution of the relative concentrations of CHy), adsorbed CO (2100-1740 cm
1) and formates (1573 cm™!) and CO; conversion (%) during TPSR Ar/H2/CO; (75/20/5)

over 14% NiUSY zeolite.

Figure 9: Proposed mechanism for CO: hydrogenation on NiUSY zeolites.
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In contrast, Fan et al. (55) have proposed that carbonates are spectator species on Ni/MgA1O4
catalysts, as CO2 adsorption analysis at 523 K suggested that they form in the absence of Hz
and Ni° and arise from the surface reaction of CO2 with O* from the support. Using DRIFTS
analysis, they found that surface carbonyls were produced above 473 K and were believed to
be the true intermediate for CO2 methanation. They suggested that the reaction proceeds via
the dissociation of formates to adsorbed CO, which is subsequently hydrogenated to methane.
From the studies reviewed in the above sections, it can be generally accepted that CO and
formate species form on the catalyst surface during CO2 methanation on Ni-based catalysts.
However, the role of CO and formate still needs to be clearly understood. This task becomes
more complex on supported catalysts where the support may play a role in the mechanism.
Indeed, the role of the catalyst support cannot be underestimated as it can significantly modify
catalyst surface properties and its adsorptive features. For example, in addition to adsorptive
properties toward CO2 observed on some supports (15, 16, 55, 56), some degree of interaction
between Ni species and the support such as alumina has been reported (57 - 65) and can produce
some surface spinel/Ni aluminate species with modified properties. Therefore, the analysis of
intermediates species on supported Ni catalysts requires more caution. More insight on the
mechanism can be obtained from unsupported (20, 22, 24, 25, 53), model (21, 52) and
supported Ni catalysts (11 — 13, 19, 23) with support materials that possess low or virtually no
basicity and which do not strongly interact with Ni, such as SiO2. Almost all these studies
suggest a mechanism of CO:2 methanation via CO as the main route. In parallel to CO2
dissociation, formate species are also formed on the Ni surface. As mentioned earlier, these
species were not detected in other studies mostly because appropriate techniques suitable for
their detection were not used.

Since it has been reported that before CO:2 dissociation on a Ni surface, the adsorbed COz2 is

negatively charged and most likely possess a Cov symmetry where it is coordinated to the metal
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surface through oxygen (28 — 30, 66), it is possible that the hydrogenation of this species leads
to bidentate formate as also found by Vesselli et al. (21). These species are slow to react and
accumulate on the catalyst surface (53). A different mechanism is possible on a catalyst where
the support promotes the formation of monodentate formate that can, in turn, be hydrogenated
faster than bidentate formate (16).

The absence of heavier hydrocarbons during CO: hydrogenation as compared to CO
hydrogenation is usually explained by reasons that include the following: i) a lower surface
concentration of carbon in the case of CO:2 hydrogenation (12); ii) geometric dilution by
adsorbed oxygen atoms which are relatively more abundant in the case of CO2 adsorption and
which contribute to decreased probability for C-C bond formation (12); iii) the slow activated
adsorption of CO2 which may create a higher H2:CO surface ratio during steady-state
hydrogenation (13) and iv) a limited amount of reversibly adsorbed CO which is reported to

inhibit the hydrogenation of surface carbon (22, 24, 25).

Solymosi et al. (67) used a microscale, IR spectroscopy, thermal desorption, mass
spectroscopy, a micro reactor, and micro catalytic pulse system to study the hydrogenation of
CO2 on supported Ru catalysts. They found that CO2 was adsorbed on a Ru/Al2O3 catalyst at
298 — 373 K and its coverage decreased with increasing temperature. The adsorption was
mainly observed on the Al203 support and was enhanced in the presence of H2. They observed
the formation of COa and formate in presence of CO2 and Hz at 373 K and also during CO:2
hydrogenation at high temperatures. No formate was detected on any Ru-free support at 298-
573 K. They considered formates as inactive species in the methanation of CO2 as they
proposed that they form on the Ru surface but migrate rapidly to the support. They based their
findings on the following observations: i) the adsorption of formic acid on the support, or on
supported Ru, gave identical formate bands as recorded during the surface reaction of H2 and

COz; 1) the stability of the formate ion was the same; iii) the accumulation of the formate ion
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on the Ru/Al203 sample during the reaction did not influence the rate of methanation and iv)
the preadsorption of formic acid had no influence on the band areas for the adsorbed CO. They
proposed a mechanism (Fig. 10) where Ru activates H> molecules by producing adsorbed
hydrogen atoms that react with CO:2 to produce formate. Part of the formate species
decomposes on the Ru surface, yielding COa and the remainder quickly migrates to the support.
Since they also identified surface carbon during the reaction, they proposed that this surface
carbon is most probably produced by the dissociation of chemisorbed CO, promoted by the

adsorbed H.

Figure 10: Mechanism for CO; methanation on Ru catalyst.

Prairy et al. used DRIFTS, transient and steady-state experiments to study CO2 hydrogenation
mechanism over Ru/TiO2 (68 - 70), and Ru/Al203 (70) catalysts. They observed that CO was
adsorbed in the on-top position on Ru’ and formate formed under steady conditions in presence
of CO2 and H: at 393 K on the Ru/TiOz2 catalyst. They proposed that COa is formed via the
RWGS reaction in which formate ion is implicated. They studied the role of COa. in producing
CHs using transient experiments. They did not find any rate dependence on COa coverage but
suggested that CO is the primary intermediate in CO2 methanation (68). Some carbonates,
bicarbonates and/or formates also formed on the catalyst support. As these species disappeared
with time while the surface coverage of COa. increased, the authors suggested a possible
migration of these species from the support to the Ru surface. In the presence of Hz, they found
that COa species were actively consumed and that the cabonates/formates quickly disappeared.
Therefore, they suggested that carbonates and formates from the support may be a source of

CHa via COa species in the presence of H2. They investigated the role of formate species in the
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overall mechanism by using a batch reactor where they compared the rate of CH4 formation
from CO2/H2 and HCOOH/H:2 mixtures, respectively (70). They found that relative initial rates
were similar and suggested that CO2 reduction to formate is not rate-limiting. No adsorbed
species were observed when they exposed a blank TiO2 support to CO or a mixture of CO2 and
H:2; however, formate species formed upon exposure to HCOOH. The formate species did not
decompose or desorb in flowing Ar or Hz stream at 473 K for more than 4h but disappeared in
the presence of Hz from 353 K on the Ru/TiO: catalyst. The authors, therefore suggested that
formates form more on the catalyst support and that in the presence of CO2 and Hz, Ru plays a
role of catalyzing COz reduction to formates, using dissociated hydrogen, and their subsequent

dehydrogenation to form COa.

Marwood et al. (71 - 73) also observed the formation of COa. and formate on a Ru/TiOz2 catalyst.
Using in-situ IR surface analysis under dynamic cyclic conditions where the concentration of
COz2 was periodically varied in a Hz reaction feed, they proposed a reaction path where CO2
chemisorbs on the catalyst surface to form adsorbed bicarbonate species, which is subsequently
hydrogenated to a formate species. The latter of which decomposes to adsorbed CO which is

subsequently hydrogenated to CH4 as shown in Fig. 11 (71).

Figure 11: Mechanism of methane formation on Ru/TiO,.

They found that the formation of COa is inhibited by H20 and enhanced by H», while the
hydrogenation of COa species is not influenced by H20 partial pressure. They deduced that the
rate-limiting step in the overall reaction is the formation of COa (72). In a later study (73) , they
found that formate species were fixed on the catalyst support, in equilibrium with an active

formate species on the metal-support interface. They proposed a mechanism where the
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precursor for COa is an active formate species that is formed by the reduction of HCOs3™ species
at the Ru-support interface.

The formation of methane via adsorbed formate species, which is subsequently transformed
into adsorbed CO, was also proposed on Ru/SiO2 and Ru/ZSM-5 catalysts (74). Upon catalyst
exposure to a H2/CO2 mixture (H2:COz ratio of 13:5) at room temperature, the authors detected
linearly adsorbed CO on Ru’ on both Ru/ZSM-5 and Ru/SiO: catalysts using FTIR
spectroscopy. They suggested that CO and H2 compete for the same Ru sites forming RuH(CO)
species. They also observed formate species and suggested that the adsorbed CO is
hydrogenated to methane following the same route as for CO hydrogenation. Using in-situ
FTIR technique, Panagiotopoulou et al. (75) also detected carbonates and formate species
associated with the TiO2 support when a 5%Ru/TiO2 catalyst was exposed to a mixture
containing 1%CO2 and 5%H: at 298 K. A progressive formation of adsorbed CO on the Ru
surface was observed above 373 K and went through a maxiumum at ca. 473K. They found
that under CO2 hydrogenation conditions, the catalyst is able to convert CO2 into CO species
which cannot be dissociated into detectable amount of Ru-C and Ru-O. They also found that
the presence of Hz promotes the conversion of CO2 to COa. Coupling these findings with their
H>-TPD results, they proposed a mechanism where the hydrogen adsorbed on Ru surface
migrates to the Ru-TiOz interface where it reacts with the CO2 adsorbed on the TiO2 support

to form formate and Ru-CO species.

3 Kinetics

3.1 Effect of temperature

The work of Cratty, Jr and Russell (76) was one of the earliest studies that systematically
investigated the effect of temperature on CO2 hydrogenation over an unsupported nickel

catalyst. The catalyst was prepared by precipitation of nickel as carbonate, reduced by

hydrogen and tested from 473 to 773 K. Using a H2:CO: feed ratio of 2:1, they observed that
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CHa4 was the predominant product with a small yield of CO. The CH4 yield increased with the
reaction temperature and went through a maximum of ca. 50% between 573 and 673 K.
Similar trends where CO2 conversion and methane production passed through a maximum
between 573 and 673 K were also reported on supported nickel catalysts (18, 55, 77 - 79).
Weatherbee and Bartholomew (18) measured maximum CO: conversion and methane
production at around 635 K in a more diluted system (1% CO2 and 4% CO2 in N2) over a
3%Ni/Si0z2 catalyst. Maximum COz2 conversion and methane production were measured at 623
K over model Ni (53), 10-25 wt.% Ni /AL2O3 (78), Ni/bentonite (79) and Ni/MgAlO4 (55)
catalysts, respectively. An increase in CO2 conversion with temperature up to 773 K has been
reported for Ni supported on rice husk ash (RHA) (77); Ce- and Sm- doped Ni/ZrO: (80) and

69.1% Ni/ALOs (14, 81).

High temperatures have also been reported to increase the formation of CH4 on molecular
sieve-supported Ru (1.8% Ru, 400 — 525 K) (32), Ru/Al203 and molecular-sieve-supported Ru
(400 — 600 K) (33), Ru/A2O3 (443 — 553 K) (82) catalysts. Some studies have reported that
that the CO2 conversion and/or the formation of methane increased and went through a
maximum over a 0.5% Ru/SiO2 (max. at 675 K) (83), 0.5%Ru/Al20O3 (max. at 623 K) (84),
10%Ru/y-Al203 (max. at 548 K) (85) and 3% Ru/Ti0O2 (max. at 623 K) (86) when the reaction
temperature was increased. On the other hand, Panagiotopoulou et al. (87) found that CO2
conversion increased and the methane selectivity decreased with an increasing temperature
(423 — 723K) on a 0.5%Ru/Al20s catalyst.

Increases in catalyst activity with an increasing reaction temperature can be expected as the
system gains more heat to overcome the activation energy. The latter is significantly affected
by catalyst composition, preparation method and testing conditions. Values for the activation
energy required for CO2 hydrogenation over Ni- and Ru-based catalysts are compiled in Tables

1 and 2, respectively.
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Table 1. Activation energy for CO; hydrogenation over nickel-based catalysts

Table 2. Activation energy for CO: hydrogenation over ruthenium-based catalysts

The lowest value (13.1 kJ/mole) was obtained with a ceria-promoted nickel catalyst supported
on carbon nanotubes (12% Ni/4.5% Ce/CNT) (99) and the highest (138 kJ/mole) on a nickel-
phosphide catalyst (90). For Ru-based catalysts, the lowest and highest activation energies of
ca. 17.6 and 105 kJ/mole were respectively obtained with molecular-sieve-supported Ru
(1.8%) catalyst activated by y-irradiation (33) and 0.6%Ru/y-Al203 (103).

Decreases in activity measured at high temperatures can be due to catalyst deactivation and/or
thermodynamic limitations as CO:2 hydrogenation is an exothermic process where the

equilibrium conversion decreases with increasing temperatures.

Generally, the rise in operating temperature during CO2 hydrogenation has been reported to
increase the CO2 conversion and the selectivity for CO, and decrease the selectivity for
methanol on Cu catalysts. This trend has been reported on Cu/Al203 (453 — 533 K) (41),
Cu/Ti02 (493 — 553 K) (105), Cu/ZrOz2 (493 — 553K) (105), (453 — 553K) (36), Cu/ZnO/La203
(523 - 673 K) (42), Cu/Si102 (523 — 623 K) (36, 106), Cu/ZnO/Al203/Cr203 (463-553 K),
Cu/ZnO/Cr203 (453 — 593 K) (107) , Cr-CuB, Zr-CuB, Th-CuB and Cu-Zn (473 — 300 K)
(108), Cu/ZnO/Al03 (453 — 513 K) (109), (473 — 533 K) (110), Cu/ZnO/ZxrO2 and
Cu/ZnO/CeO2 (453 — 513 K) (109), and Cu/ZnO/A203/ZrO2 (443-583 K) (111) catalysts. In
some cases (42), the selectivity to light hydrocarbons, such as CHa, also increased with the

rising temperature.

Using a Cu/ZnO/Cr20s3 catalyst that was promoted by Pd and Na, Inui et al. (37) found that

below 20 bar, the formation of methanol decreased with an increase in temperature (493 — 593
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K). At high pressure, for example around 50 bar, the yield for methanol increased with
temperature and went through a maximum at around 543 K before decreasing, while
approaching equilibrium data. They indicated that in the temperature range considered, the
catalyst tends to oxidize at higher pressures.

Activation energies of ca. 67 and 69 kJ/mol have been reported on Cu (110) (50) and Cu (100)

(47, 48), respectively.

3.2 Effect of pressure and space velocity

Experimental data showing the effect of pressure on CO2 hydrogenation over nickel-based
catalysts are scarce. As the reaction proceeds with gas contraction, the increase in pressure is
expected to increase the equilibrium conversion. Some experimental data have been reported
by Weatherbee and Bartholomew (18) and Abello et al. (81) suggesting a positive effect of
high pressure on CO2 hydrogenation on nickel catalysts. Weatherbee and Bartholomew (18)
found that the yield for methane during CO2 hydrogenation on a 35%Ni/SiO2 catalyst increased
with an increase in reaction pressure (1.4 — 26 bar). Abello et al. (81) used 5, 10 and 20 bar for
CO2 hydrogenation over a 69.1% Ni/Al203 catalyst at different temperatures. They found that
CO2 conversion and CHs selectivity were lower and the CO selectivity was higher at 5 bar.
Pressure did not have a significant effect above 10 bar.

Understanding the effect that the space velocity has on a catalytic process is very important as
more insight on equilibrium and non-equilibrium product composition can be obtained.
Increasing the space velocity decreased the methane yield on a Ni/SiO2 catalyst (18). Using
space velocities of 0.2 — 1 mole CO2/gcar’h during CO2 hydrogenation over a 69.1 %Ni/Al203
catalyst at different temperatures, Abell6 et al. (81) measured equilibrium CO2 conversion and
methane selectivity for all space velocities at temperatures above 723 K. No equilibrium was

reached below 623 K even at the lowest space velocity.
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Rahmani et al. (78) found that the CO2 conversion decreased but the CHs selectivity remained
unchanged when the space velocity was increased from 6 to 18 L/gCat/h using a 20%Ni/Al203
catalyst. These results suggest that methane is a primary product for CO2 hydrogenation.
Systematic studies on the effect of operating pressure on CO2 hydrogenation using Ru-based
catalysts are also limited. In a study by Weatherbee and Bartholomew (83), it was reported that
the rates for CO2 conversion and CH4 formation over a 0.5%Ru/SiO: catalyst increased with
the operating pressure. They fitted their data to a power-law and found that the order of pressure
dependence was 0.069 for both CO2 conversion and CH4 formation rates.

The dependence of CO2 hydrogenation on space velocity over Ru-based catalysts has been
reported by a number of studies (74, 85). Sciré et al. (74) observed that the CO selectivity
decreased and the CHa selectivity increased with an increase in CO2 conversion (decrease in
space velocity) over 2%Ru/SiO2 and 2%Ru/ZSM-5 catalysts. Janke et al. (85) found that
increasing the space velocity over a 10%Ru/y-Al2O3 catalyst resulted in a decrease of CHa
formation.

High pressure has been reported to improve the selectivity and yield for methanol over
CuO/ZnO (15 — 40 bar) (112), La-promoted Cu/ZnO/Cr203/Al203 (20 - 80 bar) (113),
Cu/ZnO/AL203/Cr203 (1 - 30 bar) (46), Pd and Na-promoted Cu/ZnO/Cr203 (10 — 50 bar) (37),
Cu/ZnO/Cr203 (1 - 50 bar) (107), Cu/ZnO/Al203, Cu/ZnO/ZrO2 and Cu/ZnO/CeO2 (1- 50 bar)

(109), and Cu/ZnO/A1203/ZrO2 (10 — 90 bar) (111) catalysts.

Denise et al. (40) found that short contact times (high space velocity) favored methanol
formation, while extended times led to the formation of more CO along with H2 and H20
through a reaction involving CO2 and methanol. Similarly, Amenomiya et al. (105) also found
that methanol selectivity over CuO/ZrO2, CuO/Cr203-Al203, CuO/ZrO2/Al203 and

CuO/Zr02/Si02-Al203 catalysts decreased as the space velocity decreased (conversion
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increased) as shown in Fig. 12, where the curves for carbon conversion to methanol, deviate to

the right as the total CO2 conversion increases.

Figure 12: Conversion to methanol vs. total conversion.

In other cases involving Cu/ZnO/Al203/Cr203 (46) and Cu/ZnO/Cr203 (107) catalysts, the
selectivity for methanol was reported to decrease and go through a minimum before rising as
the contact time was increased. Gao et al. (111) have indicated that when the contact time is
long enough, methanol formation prevailed on CO formation over a Cu/ZnO/Al203/ZrO2

catalyst.

3.3 Effect of feed composition

The data for CO2 hydrogenation reported in the literature to date have been generated using a
wide range of feed composition and this has made any comparison of data from different
laboratories difficult. However, a limited number of studies have reported on the effect of CO2
hydrogenation products such as CH4 and H20 (88), CO (88, 114, 115) and H2:CO: ratio (81,
116) in the feed for CO2 hydrogenation over Ni catalysts.

van Herwijnen, et al. (88) studied the effect of reaction product on the rate of CO:
hydrogenation on a Ni/y-alumina catalyst by adding CHa4 to the feed (CO2:CHa ratio of 0.55
and 0.61). They concluded that CH4 and H20 at low concentrations have no effect on the
reaction rate. However, CO in concentrations above 200 ppm inhibit CO2 methanation. The
latter was delayed until very high conversions of CO were achieved. This was explained by a
fast CO adsorption that occupied most of the active sites on catalyst surface compared to COx.
Similar behavior was observed by Inui et al. (114) who studied the effect of CO on CO:2
methanation over a Ni/La203-Ru catalyst. They found that CO inhibits CO2 methanation as the
latter only occurred when the temperature corresponded to high CO conversion.

26



The study by Sheshko and Serov (115) on the hydrogenation of mixed carbon oxides (9 vol.%
CO, 15 vol.% COz2 in He) with hydrogen to carbon oxides ratios of 2:1 and 4:1 over ultra-
dispersed Ni powder at 573 - 823 K rather suggested that both CO and CO:2 were hydrogenated
through dissociative adsorption on the catalysts surface and led to methane as the main product.
The effects of H2:COz ratio on the hydrogenation of CO2 over nickel catalysts have been
reported by Abbelo et al. (81) and Rahmani et al. (116) . Increasing the H2:COz ratio from 3:1
to 4:1 and 5:1 during CO2 hydrogenation over a high loaded (69.1 wt.%) Ni/Al2O3 catalyst
increased the CO:2 conversion as the reaction was promoted by a high concentration of
dissociated hydrogen on the catalyst surface (81) . A similar trend was observed by Rahmani
et al. (116) when the H2:CO: ratio was increased from 3:1 to 4:1 but the CHs selectivity
remained unchanged and close to 100%.

Addition of water vapor (30%) to a H2/CO: feed for CO2 hydrogenation over a Ru/Al2Os3
catalyst, decreased the activity of the catalyst (87). This was attributed to the enhancement of
the WGS reaction. The presence of water inhibited the hydrogenation of CO as intermediate
toward methane formation.

Lange et al. (117) have reported that the presence of N2 in the feed for CO2 hydrogenation over
Ru/ZrO2 catalysts did not affect the product selectivity when the Ho/CO:2 ratio was kept
unchanged.

3.4 Effect of support

Metal oxides such as Al2O3, Si02, TiO2, ZrO2, ZnO and CeO: are the most used supports for
Ni, Ru and Cu catalysts for CO2 hydrogenation. Carbon-based and zeolite supports have also
been used in a few studies. Comparison of the effects of various metal oxide supports on these
catalysts is yet to be entirely conclusive as it is affected by many other factors such as support

phase, metal loading, and catalyst preparation, pretreatment and testing conditions. For
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example, tetragonal ZrOz-supported nickel catalysts displayed higher turnover frequency for
methanation and greater CO2 adsorption than monoclinic ZrOz-supported nickel catalysts
(118).

Vance and Bartholomew (91) compared the effect of Al203, SiO2 and TiO2 supports on the
adsorption properties and catalytic performance of Ni for CO2 hydrogenation. They used low-
loaded (3 wt.%) catalysts prepared by an impregnation method and found that the CO2:H
adsorption ratio, the catalyst activity for CO2 hydrogenation and the CH4 selectivity increased
in the order Ni/SiO2 < Ni/Al203 < Ni/TiO2. Spinicci and Tofanari (23) compared SiO2 and
TiO2 as supports for 10 wt.% Ni catalysts used for temperature programmed CO and CO:
hydrogenation and measured the highest activity and CHa4 selectivity on Ni/SiO2 between 543
and 573 K and between 653 and 673 K for Ni/TiO2 catalysts, respectively.

Chang et al. (77, 119, 120) compared CO: hydrogenation activity and selectivity for Ni
supported on rice husk ash (RHA) and on silica. They measured higher methane yield and
selectivity on a RHA-supported catalyst compared to a silica-gel-supported catalyst. The
promotion effect of the RHA-supported catalyst was believed to be due to stronger metal-
support interactions compared to the silica-supported catalyst (77).

When catalysts containing 5 wt.% of Ni supported on y-Al20O3, SiO2, protonated Y zeolite
(HY), MCM-41 and mesostructured silica nanoparticles (MSN) were compared, the activity
for CO2 methanation increased in the following order: Ni/y-Al2O3 < Ni/SiO2 < Ni/HY <
Ni/MCM-41 < Ni/MSN. The methanation activity increased with an increase in concentration
of basic sites (98).

In arecent study, Pandey and Deo (121) found that the effect of support for catalysts containing
10% Ni on the yield for methane increased in the following order Nb2Os < Si02 < TiO2 < ZrO2

< Al2Os. The enhancement was related to the ability of the support to adsorb COs..
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Rare earth oxides also improve CO2 hydrogenation on Ni catalysts. Under similar reaction
conditions, higher activity for CO2 hydrogenation was measured on 10%Ni/La2O3 catalyst
compared to 10%Ni/y-Al203 (122). 10 wt.% Ni/CeOz catalyst had higher CO2 conversions and
methane selectivity compared to a-Al203, TiO2 and MgO-supported catalysts (123). This was
explained by more COz adsorbed on the Ni/CeO: catalyst and the partial reduction of CeO2
during catalyst activation in hydrogen. At 673 K, the CO2 conversion and methane selectivity
increased in the following order: Ni/MgO < Ni/TiO2 < Ni / a-Al203 < Ni/CeOz. . Supporting
Ni on Ce02-ZrO2 mixed oxides leads to higher CO2 hydrogenation activity (15, 16, 124). The
mixed oxide provides mild or medium-strength basic sites (15, 16) where monodentate
carbonates form and lead to the formation of monodentate formates that are quickly
hydrogenated (16).

A few studies on the use of carbon materials as supports for Ni catalysts have also been
reported. Guerrero-Ruiz and Rodriguez-Ramos (93) found that supporting Ni (4.5%) on carbon
reduces CHa4 selectivity and increases CO selectivity compared to bulk Ni. The authors
indicated that further studies are required to explain these findings. A better catalytic
performance for Ni supported on multi-walled CNTs was reported by Wang et al. (99)
compared to Al203-supported Ni catalysts. The extent of reduction of Ni was higher on CNT-
supported catalysts.

Appropriate support pretreatment can also have a significant effect on CO2 methanation. For
example, higher activity was measured on Ni supported on acid—alkali treated bentonite
support compared to the untreated materials. Support treatment led to a higher specific surface
area and an improvement in the dispersion of Ni particles (79).

At similar Ru loading (1.8 wt.%), the catalyst that was supported on molecular sieve (MS)
showed higher methane yield compared to that of an alumina-supported catalyst (33). CO2 was

more strongly adsorbed on Ru/Al203 compared to Ru/MS. Solymosi et al. (67) compared
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Al203, MgO, SiO2, and TiO2 supports for Ru and found that the adsorption of CO2 in the
presence of Hz increased in the following order: 5%Ru/Si02 < 5%Ru/AL203 < 5%Ru/MgO <
5%Ru/TiO2. The trend was function of the surface area of Ru. Higher methane selectivity (>
99%) was measured at 298 K on a Ru/TiO2 catalyst while no activity was measured on
Ru/Al203 and Ru/SiOz catalysts under similar conditions (pCO2: 0.05 bar, pHz: 0.6 bar) (102).
In a subsequent study, Prairie et al. (70) found that a Ru/TiO2 catalyst was 15 times more active
than a Ru/AL2Os catalyst at similar Ru loading (3.8%). Both had similar activation energy but
the coverage of adsorbed CO was higher (0.4) on the TiO2-supported catalyst and 0.2 on the
Al20s3-supported catalyst. The high activity for the Ru/TiOz catalyst was explained by a high
dispersion of Ru on the TiO2 support. Scir¢ et al. (74) compared zeolite (H-ZSM-5, SA =410
m?/g) and silica (25 and 490 m?/g) as supports for Ru (2%) and measured higher methane
selectivity on Ru/ZSM-5. They explained that this was related to a higher positive polarization
of Ru on the zeolite, leading to a weaker Ru-CO bond with corresponding increase of hydrogen
coverage on the surface.

At similar Ru loading (ca. 3%), Hu et al. (125) found that the conversion of COz increased as
Ru/TiOz (rutile, SA <5 m*/g) < Ru/a-Al203 (SA < 5 m?/g) < Ru/MgO-AL203 (SA = 168 m?/g)
<Ru/SiO2 (SA =46 m*/g) < Ru/TiO: (P-25, SA = 30 m*/g) < Ru/TiO2 (R/A = 60:40, SA = 50
m?/g). The methane selectivity followed a similar trend. They indicated that the hydrogenation
of CO2 was not only affected by the surface area of the support, as in the case for TiOa2-
supported catalysts, but also by the interaction between Ru and the support. Kowalczyk et al.
(126) compared active AlO3 (225 m?/g), MgO (94 m*g), MgAl:O4 spinel (96 m*/g) and
turbostatic carbons of low (CA: 66 m*/g) and high (CB: 440 m?/g and CBm2: 435 m?/g) surface
area supports for Ru and found that the catalyst activity increased in the following order:

9%Ru/CA < 10%Ru/MgO < 10%Ru/MgAL204 < 10%Ru/ALO3.
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The use of ZnO in the formulation of Cu-based catalysts for methanol synthesis from CO2 and
H: has been vastly reported (37, 42, 47,49 — 51, 105, 109,113, 127 — 141), although its effects
on Cu surface properties still remain controversial. The various ways in which ZnO has been
reported to influence Cu catalyst during CO2 hydrogenation include improving Cu dispersion
(47, 135), maintaining metallic Cu in ultrathin islands that behave like Cu (110) surface (50),
and the creation of new active sites (49, 51, 131).

Using XRD and EDX, Kanai et al. (131) showed that ZnOx species migrate onto the Cu surface
and dissolve into the Cu particle forming a Cu-Zn alloy during catalyst reduction above 600
K. Combining with their CO-TPD and FTIR results, they found that more active Cu" sites for
methanol production formed in the vicinity of ZnOx species on the Cu surface. Nakamura et
al. (49) deposited Zn species with varying coverage on a polycrystalline Cu surface by vapour-
deposition method to form a model system and found that the TOF for methanol increased with
Zn coverage and reached a maximum (six times more active than the Zn-free Cu surface) at a
Zn coverage of 0.17, after which it started to decrease as the Zn coverage was further increased.
They suggested that ZnOx species directly promote methanol formation by forming new active
sites, which they proposed to be Cu’-O-Zn species that are created in the vicinity of ZnOx
species on the Cu surface. These sites were believed to stabilize reaction intermediates such as
formate and methoxy species. The authors also found that the ZnOx/Cu model catalyst behaved
similarly to a powder Cu/ZnO catalyst. A further study (51) involving the coverage of Cu (111)
surface with Zn species also showed a similar trend where up to a Zn coverage of 0.19, the
TOF for methanol linearly increased with Zn coverage. At a Zn coverage of 0.19, they
measured a TOF that was 13 times higher than that on Zn-free Cu (111) surface. As indicated
in section 2.2, they suggested that the active sites for methanol synthesis are not only metallic

Cu but also Cu-Zn sites.
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Other supports for Cu catalysts have also been explored. Denise and Sneeden (127) found that
supporting Cu on MgO, LaxO3 and Sm203 led to much less active catalysts for CO2
hydrogenation. However, ZnO, ALlLOs, ZrO2, ThO2-K-supported Cu catalysts and
Cu/ZnO/AL20s displayed higher activities. Amenomiya (105) found that, at similar Cu loading,
the conversion of CO:z to methanol varies as CuO/ZrO2 > CuO/Cr203-Al203 > CuO/ZnO >
CuO/TiO2 > CuO/Al203 > CuO/Si02. CuO/Si0z2 did not show any activity. On the other hand,
the selectivity to methanol varied as CuO/ZrOz > CuO/ZnO > CuO/TiOz2 > CuO/Cr203-Al203
> CuO/Al203 > CuO/SiOz2. They found that the surface area for the catalyst did not have a
significant role on the catalyst performance but rather the nature of the Cu interaction with the
support. Fujitani et al. (130) found that the specific activity for methanol formation changed as
Cu/Ga203 > Cu/ZnO > Cu/Cr203 > Cu/ZrO2 = Cu/Al203 > Cu/SiOz2. They related the role of
these oxides to the formation of Cu” site at the interface of Cu particle and metal oxide moiety,

which is located on the surface of Cu or near the perimeter of the Cu particles.

3.5 Effect of promoter or surface modifier

Nickel catalysts have been modified by adding elements in the form of metals or oxides with
the aim of affecting their catalytic properties for CO2 hydrogenation.

Addition of a small amount of copper (< 4%) greatly increased the yield for CO and decreased
that of CH4 (76). High amounts of Cu diluted Ni and formed alloys that decreased the rate of
COz hydrogenation (10) .

Potassium, a well-known promoter that is used to increase the selectivity for heavier
hydrocarbons in CO hydrogenation (142 - 144), has also been used to promote Ni catalysts for
COz hydrogenation. Increased CH4 and CO production rates were observed upon preadsorption
of potassium on a Ni (100) catalyst but with no promotion for higher hydrocarbons (20). Upon

promoting supported Ni catalysts by potassium, Campbell and Falconer (94) found that the
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effect is dependent on the support used. On Ni/SiO2-Al203 catalyst, they found that potassium
at low coverage increased the rate for CO2 hydrogenation and the opposite happened at higher
potassium coverage. Only small amounts of C2 hydrocarbons were observed on unpromoted
and K-promoted samples. However, on Ni/SiO: catalyst, potassium rapidly decreased the
hydrogenation rate. It did not promote the formation of higher hydrocarbons or olefins but
changed the CH4/CO product ratio by increasing the formation of CO. In addition to small
amounts of Cz hydrocarbons detected on catalyst samples having 0 — 0.81% K, small quantities
of C3 hydrocarbons were observed on Ni/SiO2 samples that contained 0.25 and 0.81%K.

Rare earth elements and noble metals can also significantly modify Ni catalyst properties for
CO2 methanation. Addition of small amounts of La (0.2% of Ni) and Ru (0.1% of Ni) to a
supported Ni catalyst leads to an increase in CO2 methanation rate (89, 145). La20O3 improves
COz adsorption by its basicity and Ru serves as a porthole for Hz spillover (145). Lanthanum
added to NiO/Al203 catalysts in small quantities, e.g. 0.04 elementary molar fraction, enhanced
COz conversion to methane (146). Small amounts (< 5%) of Ce promotes Ni reducibility (by
improving Ni-support interaction) and dispersion on the support (99, 116) and enhances CO2
methanation (99, 116, 146). It significantly decreased the activation energy for CO:2
hydrogenation on nickel catalyst supported on carbon nanotubes (CNTs) due to its promotion
effect on the charge transfer from the metal surface and the support to the CO2 molecules (99).
Addition of Rh to Ni supported on Ceo.72Zr0.2802 led to higher Ni dispersion, resulting in
increases in both activity and catalyst life-time (124) .

The promoting effects of transition metals or their oxides on nickel catalysts have also been
reported. ZrO2 increased the activity and stability for CO2 hydrogenation over alumina-
supported nickel catalysts (97). Sheshko and Serov (115) found a synergy by using bimetallic
Ni-Fe ultradispersed powder for the hydrogenation of mixed carbon oxides (CO and COz2)

where the main products were methane and ethylene compared to ultradispersed nickel powder
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alone that mainly led to the formation of methane. Hwang, et al. (147) studied the effect of a
second metal (Fe, Zr, Ni, Y, and Mg) on Ni/alumina xerogel catalysts and found that CO:
conversion and CHa4 yield decreased with the type of the second metal added to the catalyst in
the following order: Fe > Zr > Ni > Y > Mg. Their catalysts contained 35% of mesoporous Ni
and 5% of the second metal. The addition of Fe led to a catalyst which retained most of the
optimal CO dissociation energy and with the lowest metal-support interaction.

Addition of Fe (around 3 wt.%), by co-impregnation with Ni nitrate on ZrOz, enhanced the
catalytic activity of 30% Ni/ZrO: catalyst for CO2 methanation at low temperatures. This was
explained by an enhancement in nickel dispersion and extent of reduction, and the partial
reduction of the ZrO: support that enhances CO: dissociation at low pressure due to a high
concentration of oxygen vacancies in the support (27). Addition of Fe to Ni (Fe:Ni ratio of 1:3)
supported on Al203, ZrO2, TiO2 and SiO2 resulted in a higher CH4 yield compared to the
supported Ni catalysts without Fe (121). The enhancement was explained by the formation of
suitable Ni-Fe alloy such as NisF. Small amounts of Mo increased Ni metal dispersion in a low
Ni loaded (5 wt.%Ni/Al203) catalyst resulting in an increase in CO2 conversion (148). Zr
addition to NiiooOx catalysts (10 mol.%) improved the catalyst activity as a result of Zr ions
involvement (149). MnO:2 improved the reducibility of 20%Ni/y-Al2O3 catalysts by changing
the Ni-ALl2Os interaction (116). Addition of an appropriate amount of V20s (3%) to nickel
catalyst (20% NiO) supported on acid-alkali treated bentonite support increased the activity for
CO2 methanation. V20s enhances Ha2 uptakes, increases Ni dispersion and has been proposed
to exert an electronic effect that promotes dissociation of CO in the methanation reaction (79).
Ni catalysts have also been promoted by modifying the support. For example, doping ZrO>
support with Ni**, and Ca** (150) or Sm** (151) enhanced the activity of Ni/ZrO: catalysts.
This was explained by oxygen vacancies produced by the introduction of these ions into the

tetragonal phase of ZrO: (Fig. 13) (150).
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Figure 13: Reaction mechanism proposed on Ni — ZrO; with oxygen vacancies for CO;

methanation.

Ruthenium catalysts are rarely promoted by a second metal. Limited studies that promoted Ru
catalysts involve the addition of Rh (125) and Ni (117, 125). Hu et al. (125) respectively added
Rh (2%) and Ni (5%) to a 3%Ru/TiO: catalyst and found that Rh did not affect the CO2
conversion while Ni had an inhibiting effect. Low loadings (around 1 wt.%) of equimolar Ru
and Ni were reported to favor the formation of alloys that lead to similar performance as for
monometallic Ru catalysts. Higher loadings (ca. 2 — 4 wt.% ) led to the covering of Ru by Ni
and the formation of larger Ni agglomerates resulting in decreased activity (117).

Various components are usually added to binary copper catalysts such Cu/ZnO and Cu/ZrO2
to improve their catalytic performance for CO2 hydrogenation to methanol.

Ramaroson et al. (42) promoted a 50%Cu/ZnO catalyst with 10% of groups III and IV metal
oxides (La203, MgO, ThO2, Nd203, Y203, Al203, In203 and Si02) and found that the total CO2
conversion increased in the following order: Cu/ZnO/MgO < Cu/ZnO/Si02 < Cu/ZnO/Al203
< Cu/ZnO/La203 < Cu/ZnO/ThO2 < Cu/ZnO/Y203 < Cu/ZnO < Cu/ZnO/Nd203 <
Cu/ZnO/In20:3. They found that SiOz significantly promoted methane formation and led to very
low methanol selectivity of ca. 1.5%. The selectivity for methanol that was measured on other
promoted catalysts, in comparison to the unpromoted catalyst, was above 90% and increased
in the following order: CuO/ZnO/In203 < CuO/ZnO < CuO/ZnO/Al>03 < CuO/ZnO/Y203 <
CuO/ZnO/Nd203 < CuO/ZnO/ThO2 < CuO/ZnO/Mg0O = CuO/ZnO/La203. The promoting
effect of these oxides was explained by their ability to stabilize oxygenates intermediates like
formate on the catalyst surface. Addition of Al203 (34%) and a small amount of Cr203 (3%) to

Cu/ZnO catalyst improved both CO2 conversion and selectivity to methanol (46). Ag (4.8%)
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increased the selectivity for methanol without significantly affecting the activity of a Cu/ZnO
catalyst (129). It decreased the catalyst reduction temperature and possibly influenced the
distribution of reduced and oxidized surface species during reaction. Saito et al. (133) studied
the effect of Ga, Cr, Al and Zr oxides addition to Cu/ZnO catalysts and found that Al2O3 or
ZrO2 improve the dispersion of Cu in the catalyst while Ga203 or Cr203 optimize the ratio of
Cu" and Cu® on the surface of Cu particles, resulting in the increase of the specific activity.
Sahibzada (134) reported that Pd promotes the activity of Cu/ZnO catalysts by a possible
hydrogen spillover process that plays a role in counteracting the inhibition by water. Toyir et
al. (136) found that the addition of Al2O3 or ZrOz to Cu/ZnO increases the total surface area
and the dispersion of Cu particles on the surface, while the addition of Ga20s3 to the catalyst
improved the specific activity and stability of Cu, and the selectivity for methanol. The
promoting effect of Ga2O3 was due to small particles of Ga20O3 that favour the formation of an
intermediate state of copper between Cu® and Cu?" or Cu".

Amenomiya (105) added ca. 10% of Al203, ZnO, Si02, Si02-Al203, Cr203-A1203, WO3-Al20s3,
Si02-MgO, graphite, ThO2 and CeOs to a 40%CuO/ZrOz2 catalyst and found that Al203, ZnO,
Si02-Al203, and Cr203-Al203 increased the conversion to methanol, while SiO2, W03-Al203,
Si02-MgO and graphite showed no effect. ThO2 and CeOs decreased the catalyst activity.
Al2O3 was found to be the most effective in increasing the catalyst activity; however it
decreased the selectivity for methanol. When compared at similar CO2 conversion levels, the
selectivity to methanol decreased as CuO/ZrOz > CuO/ZrO2/Al203 > CuO/Zr02/S102-A1203 >
CuO/Cr203-Al20:s.

Cu/ZnO catalyst associated with ZrO:z has been reported to have a good performance for CO2
hydrogenation (109, 138, 140), as ZrO2 possess high thermal stability under reducing and

oxidizing environments (138).
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Promotion of other binary copper catalysts has also been reported. For example, Liaw and Chen
(108) promoted the dispersion and stability of CuB catalysts for methanol synthesis from
CO2/H2 by doping the catalyst with Cr, Zr and Th respectively. Addition of vanadium to a
12%Cu/y-Al203 catalyst improved the catalytic performance (152). The conversion of CO2
went through a maximum level at ca. 3% V loading, while the selectivity for methanol
increased and the CO selectivity decreased with increasing V content up to 9%. V was found
to enhance the dispersion of supported CuO.

The modification of a well-known ternary Cu/ZnO/Al2Os3 catalyst system that is used for
commercial methanol synthesis from CO/CO2/Hz has also received significant research interest
with an attempt to make it efficient for CO2 hydrogenation. Sahibzada et al. (132) promoted
Cu/ZnO/AL203 catalyst with Pd in two ways: 1) physical mixture of Pd/Al2Os and
Cu/ZnO/AL2Os catalysts and ii) impregnation of Cu/ZnO/Al203 catalyst with Pd. They found
that Pd increased the conversion of COz2 to methanol but had no effect on CO2 conversion to
CO. They also attributed the promoting effect of Pd to hydrogen spillover from Pd that
counteracts the oxidizing effect of CO2 and/or water on active Cu. Gao et al. (139) promoted
a Cu/ZnO/AL2Os catalyst using Ce, La, Mn, Y and Zr, and found that the CO2 conversion
increased as Cu/Zn/Al < Cu/Zn/Al/Mn < Cu/Zn/Al/La < Cu/Zn/Al/Ce < Cu/Zn/Al/Zr <
Cu/Zn/AV/Y. On the other hand, they found that methanol selectivity increased as Cu/Zn/Al <
Cu/Zn/Al/Mn < Cu/Zn/Al/La < Cu/Zn/Al/Ce < Cu/Zn/Al/Y < Cu/Zn/Al/Zr and had a linear
relationship with the increase of the fraction of strong basic sites in the catalyst. They indicated
that the introduction of Mn, La, Ce, Zr and Y (ca. 2.5%) favors the production of methanol and
that Y- and Zr-modified catalysts showed the highest CO2 conversion and methanol selectivity,

respectively.

Cu/ZnO/ZrOz catalysts have also been promoted using various components. Stoczynski et al.

(137) added small amounts (3%) of B, Ga, In, Gd, Y, Mn and MgO oxides to a Cu/ZnO/ZrO2
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cayalyst (65wt.%CuO, 23% ZnO, 9% ZrO: and 3% metal oxide) for methanol synthesis from
CO2. They found that the addition of Ga20s led to the highest yield of methanol. In203
drastically decreased the activity of the catalyst. These changes were due to the following: 1)
control of the dispersion of Cu in the catalyst; ii) increase in the concentration of ZrO2 on the
catalyst surface and iii) the related decrease of the ability of the surface to adsorb water, which
inhibits methanol formation.

Natesakhawat et al. (138) incorporated Ga20O3 and Y203 into Cu/ZnO/ZrO: catalysts to enhance
the dispersion and reducibility of Cu, resulting in high activity for methanol synthesis.
Composite catalysts have also been promoted to improve the catalytic performance. Inui et al.
(113) added some oxides (ca. 4% of Y, La, Ce, Sm) to a
25%Cu0/41.5%7Zn0/1.2%Cr203/Al20s3 catalyst and found that the addition of La oxide had
the most effect in increasing both methanol selectivity and yield (Fig. 14). The promoting effect
was due to the strong basicity of La oxide that enhanced COz adsorption and methanol yield
compared to the other oxides used. An increase in La content increased the CO2 conversion

and methanol yield up to equilibrium levels.

Figure 14: Effect of combination of lanthanide oxides with MSCg-S on the performance

of methanol synthesis.

In another study (37) from the same laboratory, they added Pd and Na to a Cu/ZnO/Cr203
catalyst and found that Pd alone did not have any significant effect but the combination of Pd
and Na increased the conversion of COz and the formation of methanol. They suggested that
sodium oxides promote the adsorption of COz on the catalyst. Zhan et al. (141) studied the
effect of Y, Ce, Mg and Zr addition to La/Cu/ZnO catalysts for CO2 hydrogenation. They found

that Ce, Mg and Zr lead to lower reduction temperature and higher dispersion of Cu. They also
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increased the amount of basic sites leading to an improved methanol yield. They suggested that
the improvement in methanol selectivity originates from a special copper valance in the catalyst

after reduction.

3.6 Effect of catalyst pore structure, metal loading and particle size

Catalyst pore structure and metal particle size play significant roles in the optimization of
industrial catalysts formulations, as these parameters directly affect the transfer of reactants
and product in the catalyst.

Inui and Takeguchi (145) studied the effect of pore structure on CO and CO2 methanation
activity using SiOz-supported catalysts containing 4.6 % Ni-2.6 % La>0s. They found that the
steady state yield of methane increased when the support pore size was increased from 6 to 760
nm and that the highest activity was measured on the support with meso-macro bimodal pores.
They concluded that the mesopores are necessary to provide the sites for catalyst particles and
the macropores are responsible for the rapid transport of reactants and products.

Kester et al. (153) used TPR to study the effect of Ni loading (1.8 — 15%) on Al203 for CO and
CO2 hydrogenation. The catalysts were prepared by support impregnation with nickel nitrate
solution. They found that methanation occurs on two types of sites: i) sites having higher
intrinsic activity that are associated with Ni crystallites formed from the reduction of NiO on
the alumina surface and ii) sites possessing lower intrinsic activity resulting from the reduction
of a form of NiAl2O4 that leads to Ni species surrounded by oxygens of the alumina lattice. The
distribution of these sites is affected by Ni loading. Increasing Ni loading leads to more active
sites as the proportion of NiAl2O4 species, which are difficult to reduce, decreases.

Hwang et al. (154) found a correlation between methane yield and metal particle size over a
30% Ni/5% Fe/Al203 catalyst that was prepared by a co-precipitation method where they varied
the precipitation agent, i.e. (NH4)2CO3, Na2CO3, NH4OH or NaOH, to control the particle size

of Ni. They found that the yield for methane increased with a decrease in Ni particles size. A
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similar trend was also reported by Garbarino et al. (14) who found that small Ni particles on
Al203 support were very selective for methane. They also found that the larger the Ni particles,
the higher the production of CO as an intermediate. In contrast to the findings by Kester et al.
(153) , they suggested that fast methanation occurs on the corners of nanoparticles interacting
with the alumina support.

Hu et al. (125) measured an increase in CO2 conversion with increases in Ru loading, on a TiO2
support, up to ca. 3% before declining, while the selectivity for CO and CH4 remained
unchanged. Similarly, Kwak et al. (104) found that the TOF for CH4 increased with Ru
loading (0.1 — 5%) on ALl2Os. However, an opposite trend was observed for the TOF and
selectivity of CO. They suggested that the reaction mechanism is different on small particles
that are atomically dispersed and larger Ru particles. Single Ru atoms or interfacial Ru favour
CO formation, while Ru clusters, which are able to supply large amounts of atomic hydrogen
to this process, favour the formation of CH4. Lange et al. (117) also found that increasing the
loading of Ru on a ZrO2 support, from 1 to 3%, increased the CO2 conversion from 93.9 to ca.
97%.

Fig. 15a displays a relationship between the activity that was measured on various catalysts
and the size of Ru particles. The data were replotted from the work of Kowalczyk et al. (126)
and show that the activity decreases as the Ru particle size, on different supports, increases.
However, when the activity is plotted against the size of Ru particles on the same support (Fig.
15b), a slight increase in activity can be observed on larger Ru particles. This reflects some
differences in the morphology of Ru crystallites on the different supports, as suggested by the

authors.

Figure 15: Effect of a) support type and metal particle size on CO; hydrogenation activity

over 0 10%Ru/Al,03; ® 10%Ru/MgAlLO4; 0 10%Ru/MgO and A 9%Ru/CA and b)
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metal particle size on CO; hydrogenation activity over o Ru/AL,O3; ® Ru/MgAl,O4 and

0 10%Ru/MgO.

Kusmierz et al. (103) found that the apparent activation energy for a Ru/y-Al2Os catalyst
decreased with an increasing dispersion of Ru on the support and went through a minimum at
a dispersion of 0.5. They indicated that a high dispersion of Ru increases the amount of
metal/oxide borders that enhance the generation of adsorbed CO. As a result, the surface
coverage with CO increases while the hydrogen coverage decreases, and the heat of hydrogen
adsorption increases. Stoczynski et al. (137) have reported a linear increase of the yield for
methanol with a decrease in Cu crystallite sizes in modified Cu/ZnO/ZrO: catalysts (Fig. 17).
A similar trend was reported by Natesakhawat (138) who measured higher TOF on smaller Cu
particles on various supports (Fig. 18) and explained this trend by a synergetic interaction of
Cu particles with the support, as smaller Cu particles lead to larger interfacial area with the
metal oxide support. They ruled out the possibility of Cu” species acting as active sites as they
did not observe them on the surface of working catalysts. In a recent study, Dong et al. (155)

also found that the conversion of CO2 increases with an increase in Cu surface area.

Figure 16: Yield of methanol as a function of the crystal sizes of copper.

Figure 17: Relationship between TOF for methanol synthesis and copper crystallite size.

3.7 Kinetic models
Studies that specifically focused on the development of kinetic models for CO2 methanation
under conditions relevant to industrial applications are still limited. Table 3 summarizes kinetic

models for Ni catalysts that have been proposed in the literature.
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Table 3. Kinetic models for CO; methanation on Ni catalysts

Most studies suggest Langmuir-type models (19, 88, 100, 156, 158 — 160) although some
power-law (92, 157, 161) models are also reported.

Dew et al. (156) assumed that two adsorbed molecules of hydrogen reacted with a dissociated
COz2 molecule at a pressure of two atmospheres. A different mechanism was assumed above
this pressure, where four adsorbed hydrogen molecules react with one adsorbed CO2 molecule
on the catalyst surface. van Herwijnen et al. (88) assumed localized Langmuir chemisorption
in a system having very small concentration of CO2 (0.22 — 2.38%) in H2. A complex
Langmuir-Hinshelwood mechanism involving dissociative adsorption of CO2 to CO and
atomic oxygen followed by hydrogenation of CO via a carbon intermediate to methane (Fig.
3) was assumed by Weatherbee and Bartholomew (19). Values of kinetic constants from their

proposed model (Equation 6) are reported in Table 4.

Table 4. Values of kinetic constants from Langmuir-Hinshelwood fit of data.

Kai et al. (159) assumed equilibrium of dissociative CO2 and H2 adsorption on the catalyst
surface and that the hydrogenation of surface carbon was the rate determining elementary step.
A recent study by Koschany et al. (100) has suggested that differential conversions and higher
conversions closer to equilibrium have different kinetics. They found that a simple power law
with inhibition by adsorbed hydroxyl (Equation 16 with parameter estimation in Table 5) is
adequate to reflect kinetics from differential to equilibrium conversions. However, the best fit
of experimental data was obtained for the Langmuir Hinshelwood-type model (equation 17)

with parameter estimation reported in Table 6.
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Table 5. Parameter estimation for the power law with inhibition by adsorbed hydroxyl

(Eqt. 2-16, Trer = 555 K).

Table 6. Parameter estimation for Langmuir Hinshelwood rate equation (Eqt. 2-17, Trer

=555 K).

The Langmuir Hinshelwood model was derived assuming hydrogen-assisted carbon oxygen
bond cleavage where formyl formation was assumed to be the rate determining step as

described in Fig. 18.

Figure 18: Proposed elementary steps for CO: hydrogenation via hydrogen assisted

carbon oxygen cleavage.

Few studies that have developed kinetic models on Ru- and Cu-based catalysts are summarized

in Table 7.

Table 7. Kinetic models for CO; hydrogenation on Ru and Cu catalysts

Table 8. Summarized literature data for CO; hydrogenation Kinetics over Ni catalysts

Table 9. Summarized literature data for CO:; hydrogenation Kkinetics over Ru catalysts
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Table 10. Summarized literature data for CO; hydrogenation Kinetics over Cu catalysts

4 Conclusions

It can generally be accepted that CO and formate species form on Ni, Ru or Cu catalyst during
COz2 hydrogenation. In some cases, CO is suggested to form from formate species and acts as
an active intermediate on Ni and Ru catalysts. It forms during a parallel RWGS reaction on
Cu catalysts, where formate species are proposed to be the main intermediate for methanol
formation. Physicochemical properties of the catalyst support can influence the formation of
intermediate species on the surface of the catalyst. Active supports are proposed to participate
in the catalyst and may promote the formation of formates species having a different
coordination geometry to the catalyst surface which makes them active for further

hydrogenation.

A significant amount of CO2 hydrogenation data has been reported in literature. However, the
large difference in testing conditions has made the comparison of data from different
laboratories difficult. Tables 8 to 10 summarize the data for CO2 hydrogenation respectively
over Ni, Ru and Cu catalysts for a wide range of temperature, pressure, H2:CO: ratio, space
velocities and catalyst preparation methods. Methane is the major reaction product on Ni and
Ru catalysts. In some cases CO and Cz+ hydrocarbons also formed in small amounts. The major
products that form over Cu catalysts are methanol and CO.

Long-chain hydrocarbons are not practically formed on these catalysts. Where these products
are desired, a different approach should be envisaged. For example, composite catalysts and
two-step processes involving the production of methanol with subsequent conversion to

hydrocarbons (19, 71, 94) can be explored further.
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where NisCsur is the superficial carbide.

Figure 1: CO; hydrogenation via CO and superficial carbide. Redrawn from Journal of
Chemical Society, Faraday Transactions 1, Vol. 75, Dalmon and Martin, “Intermediates in CO
and CO2 Hydrogenation over Ni Catalysts”, Pages 1011 - 1015, Copyright (1979), with

permission from Royal Society of Chemistry.
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Figure 2: Proposed sequence of elementary steps in CO; methanation (S refers to a
surface site). Redrawn from Journal of Catalysis, Vol. 77, Weatherbee and Bartholomew,
“Hydrogenation of CO2 on Group VIII Metals. II. Kinetics and Mechanism of CO2

Hydrogenation on Nickel”, Pages 460 - 472, Copyright (1982), with permission from Elsevier.
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Figure 3: Reactions occurring at catalyst surface during CO; or CO2/H2 interaction with
Ru/TiO; catalyst. Redrawn from Journal of Catalysis, Vol. 146, Gupta et al., “FTIR
Spectroscopic Study of the Interaction of CO2 and CO2 + Hz over Partially Oxidized Ru/Ti0O2

Catalyst”, Pages 173 - 184, Copyright (1994), with permission from Elsevier.
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Figure 4: Proposed reaction scheme for the hydrogenation of CO and CO: over
nickel/zirconia catalysts. Reprinted from The Journal of Physical Chemistry, Vol. 95, Schild
et al., “CO2 Hydrogenation over Nickel/Zirconia Catalysts from Amorphous Precursors: On
the Mechanism of Methane Formation”, Pages 6341 - 6346, Copyright (1991), with permission

from American Chemical Society.
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Figure 5: Reaction mechanism proposed on Ni-CZsol-gel sample for CO, methanation.
Reprinted from Catalysis Today, Vol. 215, Aldana et al., “Catalytic CO2 valorization into CH4
on Ni-based ceria-zirconia. Reaction mechanism by operando IR spectroscopy”, Pages 201 -

207, Copyright (2013), with permission from Elsevier.
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Figure 6: Proposed pathways for CO; activation and methanation, a) on Ni/Ceo.5Zr502,
b) on Ni/y-Al,Os. Reprinted from Catalysis Communications, Vol. 45, Pan et al., “Insight into
the reaction route of CO2 methanation: Promotion effect of medium basic sites”, Pages 74 - 78,

Copyright (2014), with permission from Elsevier.
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Figure 7: The elementary reaction steps relevant for methanol synthesis. Redrawn from
Surface Science, Vol. 318, Rasmussen et al., “Synthesis of Methanol from a Mixture of Hz

and COz on Cu (100)”, Pages 267 - 280, Copyright (1994), with permission from Elsevier.
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Figure 8. Evolution of the relative concentrations of CHy), adsorbed CO (2100-1740 cm
1) and formates (1573 cm™!) and CO; conversion (%) during TPSR Ar/H,/CO; (75/20/5)

over 14% NiUSY zeolite. Reprinted from Applied Catalysis B: Environment, Vol. 174 - 175,
Wetermann et al., “Insight into CO2 methanation mechanism over NiUSY zeolites: An

Operando IR Study”, Pages 120 - 125, Copyright (2015), with permission from Elsevier.
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Figure 9: Proposed mechanism for CO; hydrogenation on NiUSY zeolites. Reprinted from
Applied Catalysis B: Environment, Vol. 174 - 175, Wetermann et al., “Insight into CO2
methanation mechanism over NiUSY zeolites: An Operando IR Study”, Pages 120 - 125,

Copyright (2015), with permission from Elsevier.
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Figure 10: Mechanism for CO; methanation on Ru catalyst. [C*] represents less reactive
form of surface carbon that requires high activation energy to be hydrogenated. Redrawn from
Journal of Chemical Society, Faraday Transactions 1, Vol. 77, Solymosi et al., “Methanation
of CO2 on Supported Ru Catalysts”, Pages 1003 - 1012, Copyright (1981), with permission

from Royal Society of Chemistry.
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Figure 11: Mechanism of methane formation on Ru/TiO;. Redrawn from Catalysis Today,
Vol. 20, Marwood et al., “Periodic Operation Applied to the Kinetic Study of CO2

Methanation”, Pages 437 - 448, Copyright (1994), with permission from Elsevier.
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Figure 12: Conversion to methanol vs. total conversion. Reprinted from Applied Catalysis,
Vol. 30, Amenomiya, “Methanol Synthesis from CO2 + Hz: II. Copper-based Binary and

Ternary Catalysts”, Pages 57 - 68, Copyright (1987), with permission from Elsevier.

76



SRR

cO, e
ad ."/. L'__a" .""-. .-/..-i r
H H Vg4 H H 0] H H ? ?
H,, CO, ) H,
— Zr — Zr —— Zr ]
HZ
H

L -

. C
HH M

Zr
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Figure 14: Effect of combination of lanthanide oxides with MSCg-S on the performance
of methanol synthesis. 25.0% CO2 - 75.0% Hz, SV = 4700 h'!, 50 atm., 250 °C, Catalyst 1.8
ml. The composition at optimum methanol yield is the same as MSCg-S. Reprinted from
Energy Conversion and Management, Vol. 33, Inui et al., “Effective Conversion of Carbon

Dioxide to Gasoline”, Pages 513 - 520, Copyright (1992), with permission from Elsevier.
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Figure 15: Effect of a) support type and metal particle size on CO; hydrogenation activity
over 0 10%Ru/AlO03; ® 10%Ru/MgAlLO4; © 10%Ru/MgO and A 9%Ru/CA and b)
metal particle size on CO: hydrogenation activity over o0 Ru/ALLO3;; ® Ru/MgAl:O4 and

0 10%Ru/MgO. Drawn from data from Kowalczyk et al. (126).
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Figure 16: Yield of methanol as a function of the crystal sizes of copper. The numbers 1
and 8 represent Cu/ZnO/ZrOz catalysts that were prepared by co-precipitation as carbonates
and by complexing with citric acid, respectively. The numbers 2 to 7 represent the co-
precipitated catalysts that were respectively modified by the following additives: 2.8% Ga20s3,
2% MnO, 2.1% B203, 4.0% In203, 4.0%Gd203, and 4.0%Y203. The catalysts prepared by
complexing with citric acid and modified by 2.8% Ga203, 3.9 MgO and 2% MnO are
represented by numbers 9, 10 and 11 respectively. Reprinted from Applied Catalysis A:
General, Vol. 310, Stoczynski et al., “Effect of Metal Oxide Additives on the Activity and

Stability of Cu/ZnO/ZrOz Catalysts in the Synthesis of Methanol from CO2 and H2”, Pages 127

- 137, Copyright (2006), with permission from Elsevier.
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Figure 17: Relationship between TOF for methanol synthesis and copper crystallite size.
Reaction conditions: 240 °C, 20 bar, CO2/H2/N2 = 1/3/0.4, CO2 conversion ~ 5%. Reprinted
from ACS Catalysis, Vol. 2, Natesakhawat et al., “Active sites and Structure-Activity
relationships of Copper-based Catalysts for Carbon Dioxide Hydrogenation to Methanol”,

Pages 1667 - 1676, Copyright (2012), with permission from American Chemical Society.
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Figure 18: Proposed elementary steps for CO: hydrogenation via hydrogen assisted
carbon oxygen cleavage. Reprinted from Applied Catalysis B: Environmental, Vol. 181,
Koschany et al., “On the Kinetics of the Methanation of Carbon Dioxide on Coprecipitated

NiAl(O)x”, Pages 504 - 516, Copyright (2016), with permission from Elsevier.
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Table 1. Activation energy for CO: hydrogenation over nickel-based catalysts

Catalyst Preparation method Reduction  H,:CO; ratio Temp. [K]  Press. [bar] Ea [kJ/mol]  Ref.
CO, CH,
Ni/ALO; (Commercial) Hy, 623 K 454/1-41/1 473-503 1 106 (88)
5.5%N1i/0.8%Ru/Si0, Spraying H,, 623 K 3:1 Atmospheric 82 (89)
4.6%Ni/2.6%La,05/Si0, Spraying H,, 623 K  3:1 Atmospheric 82 (89)
4.3%Ni/2.5%La,03/0.7%Ru/SiO, Spraying H,, 623 K  3:1 Atmospheric 82 (89)
3%Ni/Si0, Impregnation H,, 750 K 4:1 (95%N,)  500-550 1.4 70 80 (18)
NiB(P-1) Reduction of Ni acetate with NaBH, H, 3:1 413-498 71 (90)
Raney Ni Activated by NaOH at 70 °C for 30 min  H, 3:1 413-498 54 (90)
Ni-P-1 Reacting NiCl, with NaH,PO, H, 3:1 573-623 138 (90)
D-Ni Ni formate decomposition H, 3:1 498-563 96 (90)
Ni (100) Hy, 750K 4:1 430-710 0.16 89 (20)
Ni (100) H,, 750 K 96:1 550-710 0.13 89 (20)
100% Ni H,, 553 K 500-550 1.01 97 on
3% Ni/SiO, Impregnation H,, 723K 4:1(95% N,)  500-550 1.01 81 91)
3% Ni/SiO, Impregnation H,, 723K 4:1 (95%N,)  500-550 1.01 72 91)
3% Ni/ALO; Impregnation H,, 723 K 4:1 (95%N2) 500-550 1.01 69 (C20)
3% Ni/Ti0, Impregnation H,, 723 K 4:1(95%N2) 500-550 1.01 85 (C20)
58%Ni/SiO, H,, 700K 4:1-2:1 530-605 6-18 61 92)
100% Ni Reduction of NiO H,,673K 4:1 523-573 Atmospheric 98 93)
4.5% Ni/S1 Impregnation Hy,, 673K  4:1 533-583 Atmospheric 95 (93)
4.5% Ni/S3 Impregnation Hy,, 673K  4:1 503-553 Atmospheric 100 (93)
9.2%Ni/Si0, Impregnation H,, 773K 3.3:1 1.2 89 (94)
0.25%K/9.2%Ni/SiO, Co-impregnation H,, 773K 3.3:1 1.2 90 (94)
0.70%K/11.0%Ni/SiO, Co-impregnation H,, 773K 3.3:1 1.2 88 94)
0.81%K/9.2%N1i/Si0O, Co-impregnation H,, 773K 3.3:1 1.2 90 94)
4.1%K/11.0%Ni/Si02 Co-impregnation Hy, 773K 3.3:1 1.2 89 94
9.5%N1/Si0,-Al,04 Impregnation H,, 773K  3.3:1 1.2 86 (94)
0.25%K/11.5%Ni/SiO,-AL,0; Co-impregnation H,, 773K 3.3:1 1.2 82 94
0.81%K/9.7%Ni/Si0,-Al,05 Co-impregnation H,, 773K 3.3:1 1.2 84 94
3.9%K/11.5%Ni/Si0,-Al, 05 Co-impregnation H,, 773K  3.3:1 1.2 89 (94)
Ni(14.7g)-Fe(14.0g)-MgO (2.02g) Powder mixing Milling 5:1 363-393 0.8 39 95)
5%Ni/ALOs Coprecipiation H,, 623K 9:1 433-533 Atmospheric 68 (56)
11%Ni/ALO; Coprecipiation H,, 623K 9:1 433-533 Atmospheric 73 (56)
16.5%Ni/Al,04 Coprecipiation H,, 623K 9:1 433-533 Atmospheric 62 (56)
25%Ni/Al,04 Coprecipiation H,, 623K 9:1 433-533 Atmospheric 59 (56)
Raney Ni (77.7%) Leaching H,, 623K  4:1 433-533 88 (96)
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Raney Ni (75.3%)

Raney Ni (84.6%)
12%Ni/ZrO,-Al,0;
12%Ni/y-AlO5
12%Ni/ZrO,-Al,0; ™
12%Ni/ZrO,-A1,0; *
5%Ni/MSN
5%Ni/MCM-41

5%Ni/HY

5%Ni/SiO,

5%Ni/y-AlL,O;
20%Ni/Bentonite
20%Ni/3%V,0s/Bentonite
20%Ni/5%V,0s/Bentonite
20%Ni/8%V,0s/Bentonite
12%Ni/CNT
12%Ni4.5Ce/CNT

NiAl(O)x (N/Al molar ration from 5/1 to 1/5)

Leaching
Leaching
Impregnation
Impregnation
Impregnation
Impregnation
Impregnation
Impregnation
Impregnation
Impregnation
Impregnation
Impregnation
Co-impregnation
Co-impregnation
Co-impregnation
Impregnation
Impregnation
Coprecipitation

Ha,
Ha,

H,,
H,,
H,,
H,,
H,,
H,,
H,,
H,,
H,,
H,,
H,,
H,,

623 K
623 K

773K
773K
773K
773K
773K
873 K
873 K
873 K
873 K
623 K
623 K
758 K

4:1
4:1
3.5:1
3.5:2
3.5:3
3.5:4
4:1
4:1
4:1
4:1
4:1
4:1
4:1
4:1
4:1
4:1
4:1
4:1

433-533
433-533
453-633
453-633
453-633
453-633
523-573
523-573
523-573
523-573
523-573
470-515
470-515
470-515
470-515
560-595
560-595
510-580

Atmospheric
Atmospheric
Atmospheric
Atmospheric
Atmospheric
Atmospheric
Atmospheric
Atmospheric
Atmospheric
1
1
1
1
Atmospheric
Atmospheric
3
6
9

91
90
72
77
75
55
76
78
81
84
103
107
69
74
86
85
13

85
82
83

(96)
(96)
(CH)
(CH)
()
()
9%
9%
9%
9%
98
(79
(79
(79
(79
99
99)
(100)
(100)
(100)

CP: support prepared by coprecipitation of aluminium nitrate and zirconyl chloride

Imp. Support prepared by impregnation of y-Al,O; with an aqueous solution of zirconyl chloride
I'P: Support prepared by impregnation-precipitation

D-Ni: decomposed-nickel catalyst

MSN: Mesostructured silica nanoparticles
NiB(P-1): nickel-boride catalyst

Ni-P-1: nickel-phosphide catalyst

S1 & S3: Saran carbon
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Table 2. Activation energy for CO: hydrogenation over ruthenium-based catalysts

Catalyst Preparation method Reduction H,:COyratio  Temp. [K]  Pressure [bar] Ea [kJ/mol] Ref.
CO, CH,
0.5%Ru/ALLO5 (Commercial) 1.9:1-3.9:1 478-644 1 70.4 (101)
3.3%Ru/SiO, Precipitation-deposition  H, 3:1 500-523 Atmospheric 81.9 (89)
1.8%/y-ALO; Impregnation H,, 675K 2%CO,inH, 400-600 1.2 57.7 (33)
H,, 675K, y* 322 (33)
1.8%Ru/Molecular Sieve (13X)  Impregnation H,, 625K 2%C0O,inH,  400-600 1.2 30.5 (33)
H,, 625K, y* 17.6 (33)
5%Ru/AlLO5 Impregnation H,, 673K 4:1 443-543 1 67.3 (82)
0.5%Ru/SiO, Impregnation H,, 750K 4:1 502-563 1 72 72 (83)
485-550 11 103 103 (83)
4:1(95% N,)  500-550 1 73 68 (83)
3.8%Ru/TiO, Impregnation H,, 493 K 12:1 298-362 1 54 (102)
3.8%Ru/TiO, Impregnation H,, 483K 44:1 393-445 0.48 79 (69)
3.8%Ru/TiO, Impregnation H,, 498K 4:1 393-463 80.7 (69)
3.8%Ru/ALOs Impregnation H,, 498K 5:1 394-463 79.8 (69)
2%Ru/TiO, Impregnation H,, 498K 80 71)
Ru/y-ALOs (0.575% Ru) Impregnation H,, 773K 4.2:1 573-653 96.5 (103)
Ru/y-ALOs (0.607% Ru) Impregnation H,, 773K 4.2:1 573-653 105.2 (103)
Ru/y-ALOs (0.699% Ru) Impregnation H,, 773K 4.2:1 573-653 87.7 (103)
Ru/y-ALOs (0.766% Ru) Impregnation H,, 773K 4.2:1 573-653 82.6 (103)
Ru/y-ALOs (0.815% Ru) Impregnation H,, 773K 4.2:1 573-653 102.3 (103)
0.5%Ru/Al,0O4 Impregnation H,, 573K 3.3:1 450-600 Atmospheric 75.2 87)
0.5-5%Ru/AL 04 Impregnation H,, 773K 3:1(80% He)  543-623 62 (104)

. y* : y-irradiation
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Table 3. Kinetic models for CO; methanation on Ni catalysts

Catalyst details Testing conditions  Kinetic model Equation number Ref.
Ni/Kieselguhr (ca. 59.4% Ni) from Harshaw 555-672K, k 4
Chemical Co., reduced by H, 2 - 30 bar, r— pCO2 p H,
5-90% CO, 0o~ 5 1 (156)
(1 + K py, + K, Peo, )
Where
1o = initial rate of methane formation;
k = reaction rate constant;
K, and K, = adsorption equilibrium constants;
pCO, and pH,: partial pressures of H, and CO, respectively.
1
555-672K, — 2
2 bar, _ kpCO2 2 pH2 2
5-90% CO, 0~ (—?
1+ K, py,
555-672K, 1
2 bar, k B
5-90% CO, r, = Peo, ? Pu, 3
(1 + K, Py, + K, Peo, )2
Io = initial rate of carbon monoxide formation
Ni/gamma-ALO; (33.6% of NiO) obtained from 473 -503 K, 12 25300
Girdler-Sudchemie, reduced by H, atmospheric r _ 1.36x10°" - CXp(— %?T) ’ pCOZ
pressure, co, — 4 (88)
0.22 - 2.38% CO, (1 +1270- Peo, )
in Hz
Ni/Cr,05 (100% Ni to 1:4 Ni/Cr,0; ratio) prepared 423 - 493 K, 1
by co-precipitation and reduced by H, 5-25x10° r=kC..2 5 (157)
moles/liter of CO, €0,
with large excess
of Hz
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Ni/Si0; (3% Ni) prepared by impregnation method
and reduced by H,

Ni/SiO; (58% Ni) reduced by H,

Electrodeposited Ni on the inner wall of aluminium
tube.

Ni-La,03/AL,05 (20% Ni, Ni/La = 5/1) prepared by
impregnation and reduced by H,

500 - 600 K,
1.40 - 1.75 kPa,
differential
conditions (CO,
conv. < 10%)

550 to 591 K,
6.9 - 17.2 bar,
20 - 30% CO,;
67 - 70% Ha,
CO, conversion:
10 - 45%

573K,

Pco,: changed up
to 0.72 x 107 bar,
Py, changed up to
1 bar.

513-593K,

1 bar,

differential and
integral conditions

I
K K, Kiokakiy )2 LZPCOZ%PH %

2 2
r _ 6 (19)
o Lo 1 ?
2 2 1 1
2Kk, P0022 KK, Kook, P. 5P > Peo
1 + co, 2 H, 2 +
KIKIOkll P 2 2k4 K3
H,
Where
rcus = rate of methane formation expressed as molecules of methane produced per site per second and
L = the total number of available surface sites.
- 14600 0.21 0.66
ley, =1.19x10° exp| ——— |P,. "~ Peo. 7 ©2)
4 2 2
RT
L
2 2
_r _ k2 I:)HZ I:)COZ 8 (158)
CO, 1 1 2
2 2
1+ Ky P +Keo, P,

L

2 3
r _ kI:)HZ IDCOZ 9 (159)

CH, — 2

1 1
2 2
1+ Ky, P, + Keo, Peo, +KioPro
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Ni/MgAL,O4-spinel (15.2 % Ni) reduced by H,

573 - 673K,
10 bar

3
k1 sz pCO
25| Pon, Pro — K
H, 1
N =
KH OPH o}
2 2
1+ Koo P + KHZ PHz + KCH4 PCH4 +7P
HZ
2 sz pCOZ
Pco szo - K
Pu, 2
r, =
K, P
H,0" H,0
1+ KeoPeo + Ky, Py, + Koy, Py, +— 22—
H2
4
k3 2 sz pcoz
35 | Per, Pro K
H, 3
" K. P
H,0" H,0
1+ KeoPeo + Ky Py, + Koy, Py, +— 22—
H2
feo, =1 + 13
fen, =1 +15

89

10

11

12

13

14

(160)



Ni-grafted SBA-15 reduced by H, 733 K, _ kC 0,64C 4.05
atmospheric r= COo, H, 15 (161)
pressure
NiAl(O)y (N/Al molar ratio from 5/1 to 1/5) reduced 453 - 613K, 1 - Nha Moy 2
by H, 15 bar, Hy/CO, Pu,” P, Pch, Ph,o
ratio: 0.25 - 8 r==Kk- 1-— 16 (100)
Ph,0 Pu, Pco, Keq
1+ Koy 1
P2
2
pr.S pO.S _ pCH4 szo
H, Feo 4
: Ph, Peo, Keq 17
r= 2
1+ Koy TR LK, P K,
+ Kon H, PH, mix Pco,

H,
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Table 4. Values of Kkinetic constants from Langmuir-Hinshelwood fit of data. Redrawn
from Journal of Catalysis, Vol. 77, Weatherbee and Bartholomew, “Hydrogenation of CO2 on
Group VIII Metals, II. Kinetics and Mechanism of CO2 Hydrogenation on Nickel”, Pages pp.
460 - 472, Copyright (1982), with permission from Elsevier.

Temperature (KleKlok4K11JL [ 2Kk, jl/z [K]KZKloklljl/z 1 > err?
2 K KoK, 2k, [KJ Ko ka ()

(K]
500 0.535 0.156 0.0997 22.8 0.016 5.37 0.0136
525 1.86 0.289 0.14 8.24 0.04 13.3 0.00732
550 4.73 0.419 0.143 1.99 0.06 33.1 0.0074
575 8.05 0.704 0.0936 1.38 0.066 86 0.00125
600 15.9 0.998 0.0678 0.909 0.068 235 0.00429

Table 5. Parameter estimation for the power law with inhibition by adsorbed hydroxyl
(Eqt. 2-16, Trer = 555 K). Redrawn from Applied Catalysis B: Environmental, Vol. 181,
Koschany et al., “On the Kinetics of the Methanation of Carbon Dioxide on Coprecipitated
NiAI(O)x”, Pages 504 - 516, Copyright (2016), with permission from Elsevier.

ko, 555 K 6.41e-05 + 3.0e-6 mol bar 0345 gy
EA 93.6+2.5 kJmol!

nm2 0.31+£0.02

nco2 0.16 +0.02

Aom, 555K 0.62 +0.09 bar 03

AHon 64.3+6.3 kJmol!
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Table 6. Parameter estimation for Langmuir Hinshelwood rate equation (Eqt. 2-17, Trer
=555 K). Redrawn from Applied Catalysis B: Environmental, Vol. 181, Koschany et al., “On
the Kinetics of the Methanation of Carbon Dioxide on Coprecipitated NiAl(O)x”, Pages 504 -
516, Copyright (2016), with permission from Elsevier.

Ko, 555K 3.46e-4 + 4.1e-5 mol bar s gca!
Ea 77.5+6.9 kJmol!

AoH, 555K 0.50 = 0.05 bar??

AHon 224+64 kJmol!

A2, 555K 0.44 +0.08 bar??3

AHnz -6.2£10.0 kJmol!

Anmix, 555 K 0.88+0.10 bar %>

AHmix -10.0£5.7 kJmol!
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Table 7. Kinetic models for CO; hydrogenation on Ru and Cu catalysts

Catalyst details Testing conditions Kinetic model Equation number Ref.
0.5%Ru/AlL 03, 478 — 644K, h bn
Commercial 1 bar, dPCOZ K -E a =) n = 4n [PCH4 ] [PH 20]
H»:CO,=19:1-39:1 — = KEXp co, H, T, 18 (101, 162)
dt RT [K,(T)]
Where ,
56000 34633
K,(T)=exp| (1.0/1.987) ——+ ~16.4InT, +0.00557T, |+33.165
k k
Tk = gas temperature in K,
P = pressure in atm.
RU/A1203 16 1
_ 6 —106. 0.47
Ngy, =2.7x10° ex AT ) Pa, x Peo, 19 ©7)
Where,
Ncns = the turnover number.
m+n
R. —Kk@.p" — krkl[coz]pz 20 (69)
CH, rYco PR, = Kk p"
2 pHZO + r sz
Where,
k, and k;, are respectively the forward and reverse rate constants for CO, reduction to adsorbed CO, through the RWGS
reaction.
k. is the rate constant for CO hydrogenation
0.22 0.57 —0.28
Ren, = 0.0167x (Peo, S (Pa, )7 (Pro) 21 7

Where Ry is the rate of CO, methanation in pmol/gRu/s under steady-steate conditions at 383K.
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Ru/CA, Ru/MgALL,O,  2000-5000 ppm COx

and Ru/Al,Os in the gas mixture
3% Ru/AL0; 573 K, 15 000/h in
commercial catalyst excess of H,

(Acta S.p.A,

Crespina, Pista, Italy)

Cu(100)

10%Cu/ANM
(activated nonwoven
carbon material)

n
r= kpCOX
Where,

n = reaction order which depends on the temperature and, to a lower extent, on the kind of support material.
The values of n for Ru/CA at 493, 513 and 543 K are respectively 0.05, 0.15 and 0.55. The corresponding value for

Ru/ALO; are 0.4, 07 and 0.8.

—-dP d
r ——r. = co, |_ Peu,

s €0z dt dt

_ ke(—EA/RT)PC

Where ng, is the number of the active sites for the reaction

2

—k K HHcoo*HH,, kn
rCH3OH — Ru™o 0 - K
* 11

2
HHCOO *Y Hy k

Mo = k11K10 0 K
* 11

Where:

K; are the equilibrium constants calculated from the partition functions of the intermediates;
k; are the rate constants assumed to be of the Arrhenius form and 0x* represents the coverage of the intermediates.

Pco, Pu,”

r= k1 0.5 k k
Pr, T Ky Peo, T K3Py,0

ky = 2.46 x 10215297 (mol. g, ', Atm%), k, = 7.81 x 103€50T (atm®5) and k; = 2.28 x 10555207,

0 0.39
I:)H n SA

k
= 0H3CO*90* - I(7CO*‘90* +K_79C02*9*

7

22

23

25

(126)

(163)

47

(26)
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Table 8. Summarized literature data for COz hydrogenation Kkinetics over Ni catalysts

. . . T P Conv. TOF or specific rate %Selectivity Ref.
Catalyst Prep. method / reduction details H,:CO, (K] [bar] SV [%]
CO, CH, CH, CO Gy
5.5%Ni/0.8%Ru/SiO, Spraying method / H, at 673 K 3:1 500 Atm. 10 000/h 1.4 mol CHy4/ h/LCat  99.8 (89)
3.17 mol CH4 /
523 /L Cat 100
. . . 4.57 mol CH4 /
0, 0, .
4.6%Ni/2.6%La,05/Si0, Spraying method / H, at 673 K 3:1 500 Atm. 10 000/h WL Cat 99.3 (89)
8.13 mol CH4 /
523 h/Lcat 99.7
4.3%Ni/2.5%La,0,/0.7%Ru/SiO,  Spraying method / H, at 673 K 31 500 Atm. 10 000/h 955 ;’;’ELSH“ Y (5)
12.6 mol CH4 /
523 h/Lcat 99.6
s . 4:1
0, )
3%Ni/Si0, Impregnation / H, at 750 K 95%N, 500 1.4 16 350/h 3.9 0.00085/s 70 9 0.07 (18)
525 16 350/h 8.6 0.0021/s 77 15 0.05
550 32 900/h 11.2 0.005/s 70 25 0.02
Ni (100) Single crystal disk / H, at 750 K 96:1 552 0.13 5 17 83 (20)
600 13 16 84
650 43 21 79
710 78 32 68
100% Ni /Hyat 553 K 525 1.01 <10 10/s 70 30 91)
3% Ni/SiO, Impregnation / H, at 723 K 9;"/1N 525 1.01 <10 3.6/s 58 34 91)
0IN2
3% Ni/SiO, Impregnation / H, at 723 K 9;‘0:/11’\1 525 1.01 <10 5.9/s 56 44 (C20)]
0N
3% Ni/Al,04 Impregnation / H, at 723 K 9;0:/11’\1 525 1.01 <10 13/s 86 11 (C2))
0N
3% Ni/TiO, Impregnation / H, at 723 K 9;}1& 525 1.01 <10 19/s 98 1 (C2))]
0N2
100% Ni Reduction of NiO / H, at 723 K 4:1 543 Atm, 2.4 0.00239/s 61 39 (93)
4.5% Ni/S1 Impregnation / H, at 673 K 4:1 543 Atm. 1.7 0.0029/s 22 78 (93)
4.5% Ni/S3 Impregnation / H, at 673 K 4:1 543 Atm. 6.9 0.0014/s 36 64 93)
9.2%N1/Si0, Impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.097/s (94)
0.25%K/9.2%N1i/Si0O, Co-impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.051/s (94)
0.70%K/11.0%Ni/SiO, Co-impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.0054/s (94)
0.81%K/9.2%Ni/SiO, Co-impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.016/s (94)
4.1%K/11.0%Ni1/SiO, Co-impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.00003/s (94)
9.5%Ni/Si0,-Al,0; Impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.032/s (94)
0.25%K/11.5%Ni/Si0,-Al,0; Co-impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.035/s (94)
0.81%K/9.7%N1i/Si0,-AL,05 Co-impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.043/s (94)
3.9%K/11.5%Ni/SiO,-Al,05 Co-impregnation / H, at 773 K 3.3:1 553 1.2 <8 0.041/s (94)
5%Ni/AlL,O5" Coprecipiation / H, at 623 K 9:1 493 Atm, 2 400/h 21 >99.7 (56)
513 35 >99.7
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11%Ni/ALL,O;°

16.5%Ni/ALOs"

25%Ni/ALO;"

5%Ni/Si0,-RHA*

5%Ni/Si0,-gel*

5%Ni/ALO5
5%Ni/5%Mo/Al,O5
5%Ni/10%Mo/AL,O5
5%Ni/15%Mo/Al, 05
10%Ni/AlL,O5
10%Ni/5%Mo/AlL, 05
10%Ni/10%Mo/Al,053
10%Ni/15%Mo/Al,05
15%Ni/ALO;
15%Ni/5%Mo/Al,O3
15%Ni/10%Mo/Al,05
15%Ni/15%Mo/ALO;
2.5%Ni/RHA-ALO;"
5%Ni/RHA-ALO;"
10%Ni/RHA-ALO;"
15%Ni/RHA-ALO;"
20%Ni/RHA-ALO;"
25%Ni/RHA-ALO;"

1%Ni/MCM-41

Coprecipiation / H, at 623 K

Coprecipiation / H, at 623 K

Coprecipiation / H, at 623 K

Impregnation / H,

Impregnation / H,

Impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Co-impregnation / H, at 623 K
Impregnation / H, at 1073 K
Impregnation / H, at 1073 K
Impregnation / H, at 1073 K
Impregnation / H, at 1073 K
Impregnation / H, at 1073 K
Impregnation / H, at 1073 K

Ni ions incorporation / H, at 923
K

Ni ions incorporation / H, at 973
K

Ni ions incorporation / H, at 673
K

9:1

9:1

9:1

4:1

4:1

533
473
493
513
533
453
493
513
533
433
473
493
513
533
623
673
773
873
973
623
673
773
873
973
523
523
523
523
523
523
523
523
523
523
523
523
773
773
773
773
773
773

573

573

573

Atm.

Atm.

Atm.

Atm.

Atm.

— e b b e b e e e

Atm
Atm
Atm
Atm
Atm
Atm

0.069

0.069

0.069

2 400/h

2400/h

2 400/h

22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
22.3 L/gCat/h
30 L/gCat/h
30 L/gCat/h
30 L/gCat/h
30 L/gCat/h
30 L/gCat/h
30 L/gCat/h

11.5 L/gCat/h
11.5 L/gCat/h

5760/h

96

0.63 mmol/gCat/s
1.33 mmol/gCat/s
1.34 mmol/gCat/s
1.18 mmol/gCat/s
1.67 mmol/gCat/s
2.86 mmol/gCat/s
2.97 mmol/gCat/s
2.77 mmol/gCat/s
3.88 mmol/gCat/s
4.64 mmol/gCat/s
4.05 mmol/gCat/s
3.26 mmol/gCat/s

0.018 g/gCat/h
0.0395 g/gCat/h

0.0018 g/gCat/h

55.6

73.7

31.1

0.62
0.38
0.34
0.35
0.19
0.1
0.07
0.07
0.06
0.03
0.04
0.05

444

26.3

68.9

(56)

(56)

(56)

an

an

(148)
(148)
(148)
(148)
(148)
(148)
(148)
(148)
(148)
(148)
(148)
(148)
(65)
(65)
(65)
(65)
(65)
(65)

(164)



3%Ni/MCM-41

S%Ni/Ceo,ano,ngz
10%Ni/Ceq.72Z10.230,

15 %Ni/Ceo_ano_ngz
10%Ni/La,05

10%Ni/y-AlL O3
S%Ni/ceojzzl'(ugOz

5%Ni/Ce0V5Zro_5Oz
S%NI/CCO 1 4ZI‘0,3502
5%Ni—0.5 %Rh/CCOAuZI'oAngz

69.1%Ni/ALLO;

5%Ni/Si0,
5%Ni/Ce0,-ZrO,

30%Ni/5%Fe/Al,O3

16%Ni/AlL,O;3

5%Ni/MSN

Ni ions incorporation / H, at 773
gi ions incorporation / H, at 923
Ei ions incorporation / H, at 973
gi ions incorporation / H, at 973
K

pseudo sol-gel / H, at 673 K
pseudo sol-gel / Hy at 673 K

pseudo sol-gel / H, at 673 K
Impregnation / H2 at 673 K

Impregnation / H, at 673 K
Pseudo sol-gel / H, at 673 K

Pseudo sol-gel / H, at 673 K
Pseudo sol-gel / H, at 673 K
Pseudo sol-gel / H, at 673 K

Coprecipitation / H at 773 K

Impregnation / H, at 673 K
Pseudo sol-gel / H, at 673 K
Impregnation / H, at 673 K
Coprecip using (NH4),COs / H; at
973 K

Coprecipitation using Na,CO; /
H,at 973 K

Coprecipitation using NH,OH /
H;at 973 K

Coprecipitation using NaOH / H,
at973 K

Impregnation / H, at 973 K

Impregnation / H, at 773 K

2.6:1

2.6:1

2.6:1

2.6:1

4:1

4:1

4:1
4:1

4:1
4:1

4:1

4:1

4:1

4:1
4:1
4:1
4:1
4:1
4:1
4:1
4:1
5:1

4:1

573

573

573

673

623

623

623

481
503
525
553
573
593
653
653

623

623

623

623

673

623
623
623

493

493

493

493

523
573
673
773

573

0.069

0.069

0.069

0.069

Atm.

Atm.

Atm.

Atm.

Atm.

10

Atm.
Atm.
Atm.

10

10

10

10
Atm.

Atm.

5760/h
5760/h
5760/h

5760/h

43 000/h
43 000/h
43 000/h

43 000/h

2 mol
COy/gCat/h
11 000/h
43 000/h
43 000/h

9.6 L/gCat/h
9.6 L/gCat/h
9.6 L/gCat/h

9.6 L/gCat/h
52300/

50 L/gCat/h

97

1.9
4.7
5.6
16.8
71.5
85.2

823
45
13.4
33

76.6

97.1
100
6.9

71.5
79.7
73
71.8

92.4

35
79.7
59.8

58.5
55.7

54.5

2.07 mol
CO,/gNi/s]
2.07 mol
CO,/gNi/s]
2.07 mol
CO,/gNi/s]

2.2 mol CO,/
gNi/s

2.41 mol CO, /
eNi/s

2.16 mol CO,/
eNi/s

2.37 mol CO, /
gNi/s

0.076 /s
0.429 /s
0313 /s

1.61/s

0.0023 g/gCat/h
0.0356 g/gCat/h
0.0914 g/gCat/h

0.633 g/gCat/h

0.0141 g/gCat/h
0.0419 g/gCat/h
0.1034 g/gCat/h
0.240 g/gCat/h
0.2817 g/gCat/h
0.3042 g/gCat/h
1.180 g/gCat/h
0.130 g/gCat/h

19.16 mol CH4/mol
Ni/s

26.4

96

96.1

98.5

99.7

99.5

100
100
100
100
100
100
100
88.9

98.5

99.3

99

99.2

>99

88.3
99.3
973

99.5

99.5

99.4

99.6

100
100
100
100

99.9

73.6

14.9

39

0.9

0.3

0.5

0.9

0.6

0.9

0.8

11.6

2.6

0.1

0.6

0.6

0.1

0.1

0.1
0.1
0.1

0.5

0.5

0.4

0.6

(164)

(165)
(165)

(165)
(122)

(124)
(124)
(124)
(124)

(81

15)
15)
s)

(154)

(14)

9%)



15.12 mol CH4/mol

5%Ni/MCM-41 Impregnation / H, at 773 K 4:1 573 Atm. 50 L/gCat/h 56.5 141 /s Ni/s 083 17 (98)
5%Ni/HY Impregnation / H, at 773 K 4:1 573 Atm. 50 L/gCat/h 185 121 /8 99 m‘;\lﬁf?‘” mol 064 36 (98)
5%Ni/SiO, Impregnation / H, at 773 K 4:1 573 Atm. 50 L/gCat/h 4 106 /s 731 mﬁlli/CSH‘“ mol 066 34 (98)
5%Ni/y-AL,Os Impregnation / H, at 773 K 41 573 Atm. 50 L/gCat/h 16 0.69 /s 4.36 m;li/CSHM mol 052 48 (98)
20%Ni/ALOs Commercial / Unreduced 523 Atm. 4 4 0 (166)
23 wt.% Ni/CaO-AlLO;" Commercial / H2 at 723 K 4:1 473 Atm. 15 000/h 2 100 0 (166)

523 9.5 100 0 (166)

573 40 96 4

623 68 97 3

673 81 98 2

723 81 97 3

773 79 92 8
10%Ni/ALLO; Impregnation / H, at 773 K 24:1 523 Atm. 31.98 L/gCat/h 11.4 0.0036/s 99.1 (121)
7.5%Ni/2.5%Fe/Al,O5 Impregnation / H, at 773 K 24:1 523 Atm. 31.98 L/gCat/h 22.1 0.0059/s 98.6 (121)
5%Ni/5%Fe/AlLO3 Impregnation / H, at 773 K 24:1 523 Atm. 31.98 L/gCat/h 8 0.0019/s 96.3 (121)
12Ni/CNT Impregnation / H, at 623 K 4:1 623 Atm. 30 L/gCat/h 61.1 96.6 99)
12Ni4.5Ce/CNT Impregnation / H, at 623 K 4:1 623 Atm. 30 L/gCat/h 83.8 99.8 99)
12Ni/Al,04 Impregnation / H, at 623 K 4:1 623 Atm. 30 L/gCat/h 30.2 86.4 (99)
12Ni4.5Ce/Al, 05 Impregnation / H, at 623 K 4:1 623 Atm. 30 L/gCat/h 64.5 97.5 (99)

Atm. = atmospheric pressure
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Table 9. Summarized literature data for COz hydrogenation Kkinetics over Ru catalysts

Catalyst Prep. method / reduction details  H,:CO, T[K] P [bar] SV Conv. [%] _ TOF or specific rate % Selectivity Ref.
CO, CH, CH, CO Cor

5%Ru/ALO; Commercial/ 4:1 497 21.68 300/h 82 >95 <5 167)

3.3%Ru/SiO, Precip.-dep./ 3:1 500 Atmospheric 10 000/h 0.199/s 100 (89)
523 0.390/s 100

5%Ru/ALO; Impregn./ 4:1 548 1 3000—-6000/h <6-10 0.194/s 0.194/s 100 (82)

0.5%Ru/SiO, Impregn./ 4:1 502 1 1 720/h 5.7 0.0078/s 99.8 0 0.2 (83)

4:1,95% N, 525 1 5700-49 000/h 6 0.011/s 82 9.8 -

3.8%Ru/TiO, (P25) Impregn./H, at 493K 12:1 298 Atmospheric 2.5x10%s  >99 (102)
333 1.6 x 10%/s

0.5%Ru/ALOs Impregn./H, at 673K 4:1 523 Atmospheric 6 L/gCat/h 22 100 (106)
573 70 100
623 87 100

3.8%Ru/Ti0,(P25) Impregn./H, at 498K 4:1 423 0.0012/s (69)

3.8%Ru/TiO; (Anatase) 423 0.00024 (69)

3.8%Ru/TiO,(Rutile) 423 0.0007 (69)

3.8%Ru/TiO2(A/R) 423 0.0009 (69)

3.8%Ru/AlLOs 423 0.00001 (69)

9%Ru/CA* Impregn./H, at 703K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.0039/s 100 (126)
513 0.0112 100

3%Ru/CB Impregn./H, at 703K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.00075 100 (126)
513 0.0021 100

3%Ru/CBy, Impregn./H, at 703K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.00094 100 (126)
513 0.0025 100

5%Ru/MgO Impregn./H, at 793K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.0037 100 (126)
513 0.0079 100

10%Ru/MgO Impregn./H, at 793K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.0053 100 (126)
513 0.0143 100

5%Ru/MgALO, Impregn./H, at 793K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.0038 100 (126)
513 0.00855 100

10%Ru/MgAl,0, Impregn./H, at 793K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.0051 100 (126)
513 0.0088 100

15%Ru/MgALO, Impregn./H, at 793K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.0065 100 (126)
513 0.013 100

10%Ru/AlL, 05 Impregn./H, at 793K 4000 ppm CO, in H, 493 Atmospheric 6 L/gCat/h 0.0059 100 (126)
513 0.0105 100

15%Ru/ALO; Impregn./H, at 793K 4000 ppm CO, inH, 493 Atmospheric 6 L/gCat/h 0.0085 100 (126)

Ru/y-ALO; (0.575% Ru)  Impregn./H, at 773K 4.2:1 608 5 2.36/s ca. 100  trace (103)

Ru/y-ALO; (0.607% Ru)  Impregn./H, at 773K 4.2:1 608 5 2.48 ca. 100  trace (103)

Ru/y-ALO; (0.699% Ru)  Impregn./H, at 773K 4.2:1 608 5 1.73 ca. 100  trace (103)

Ru/y-ALOs (0.766% Ru)  Impregn./H, at 773K 4.2:1 608 5 1.38 ca. 100  trace (103)

Ru/y-ALO; (0.815% Ru)  Impregn./H, at 773K 4.2:1 608 5 1.23 ca. 100  trace (103)

3%Ru/Al,O4 Commercial/Unreduced 5:1 523 1 55000/h 3 100 0 (163)
573 4 100 0
623 39 100 0
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Commercial/H, at 673K

1%Ru/ZrO, Impregn./H, at 673K
2%Ru/ZrO, Impregn./H, at 673K
3%Ru/ZrO, Impregn./H, at 673K

3%Ru/TiO, (R/A) Impregn., H, at 653K

3%Ru/TiO, (P-25)
3%Ru/TiO; (rutile)
3 %Ru/a-A1203
3%Ru/Si0,

3 %Ru/MgO-A1203

673
723
773
523
573
623
648
673
723
773

573
573
573
623

623
623
623
623
623

10
10
10

—

55 000/h

6 000/h
6 000/h
6 000/h
45 000/h

45 000/h
45 000/h
45 000/h
45 000/h
45 000/h

99.5
>99.9
100
99.4

99.6

28

63.7
99.9
96.6

[\

N— AR OOONO A

W B~

0.6
0.4

0.5
<0.1

(117)
(117)
(117)
(125)

(125)
(125)
(125)
(125)
(125)

R/A: Mechanical mixture of anatase and rutile
CA*: Carbon support with SA of 66 m2/g
CB: Carbon support with SA of 440 m2/g
CByy,: Carbon support with SA of 435 m2/g

100



Table 10. Summarized literature data for CO; hydrogenation Kinetics over Cu catalysts

Catalyst Prep. method / reduction details H»:CO, T[K] P SV Conv.  TOF or specific rate %Selectivity Ref.
[bar] [%]
CO, CH;OH CH;O0H CO HC
50%Cu0/40%Zn0O Coprecip./ H, at 573K 3:1 573 110 6.7 L/gCat/h 31.7 92.1 7.8 (42)
50%Cu0/40%Zn0/La;05 29.5 99.9 tr
50%Cu0/40%Zn0O/MgO 23.1 99.9 tr
50%Cu0/40%ZnO/ThO, 29.6 99.7 0.2
50%Cu0/40%Zn0O/Nd,O5 32.5 99 0.9
50%Cu0/40%Zn0O/Y>0; 315 98.5 1.4
50%Cu0/40%Zn0/A1,05 27.9 93.9 6.1
50%Cu0/40%Zn0/In,05 39 91 7.3
50%Cu0/40%Zn0O/SiO, 274 1.5 98.5
1.27%Cu/ZrO, Impregn./H, at 573K 3:1 523 10 6.4 L/gCat/h 1824000 g/gCu/h (127)
3.41%Cu/AlL,04 Impregn./ H, at 573K 533 26 401200
9.58%Cu/MgO Impregn./H, at 573K 503 10 38000
45-50%Cu/Zn0O/ALL,O; Coprecip./H, at 573K 523 10 244000
40%Cu0O/ZrO, Precip.-dep./CO,+H, at 513K 4:1 513 50 17.1 L/gCat/h 9.7 68* (105)
40%CuO/AL 05 3.6 47
40%CuO/TiO, 6.9 59°
49%Cu0/ZnO 7.0 63°
40%Cu0O/Cr,05-A1,053 9.6 49
36%Cu0/54%Zr0,/Al,053 Coprecip.-dep./CO,+H, at 513K 13.0 62°
36%Cu0/54%Zr0,/ZnO 13.3 58
36%Cu0/54%Zr0,/Si0,-Al,0; 12.0 61°
36%Cu0/54%Zr0,/Cr,03-AL,0; 11.7 63°
36%Cu0/54%Zr0,/WO;-Al,05 10.2 65°
36%Cu0/54%Zr0,/Si0,-MgO 11.0 62°
36%Cu0/54%ZrO,/graphite 8.9 69*
Cu-Zn Commercial/ H, at 573K 2:1 553 21 0.2 mol/gCat/h 15.1 19.3 80 0.7 (168)
Cu-Zn + DAY Commercial/ H, at 573K 593 0.05 mol/gCat/h 17 1.1 694 23
12%CuO/Al,05 Impregn./H, at 673K 4:1 523 Atm. 6 L/gCat/h 10.0 100 (106)
573 17.0 100
623 28 100
In-situ  activation/CO,+H, at
CusZr; 493K 3:1 453 15 0.13 mol/gCat/h 1.2 0.0007 87.4 12.6 36)
463 1.7 0.001 86.8 13.2
473 2.4 0.0014 83 17.1
483 33 0.002 71.5 28.5
493 4.8 0.0029 63.7 36.3
In-situ  activation/CO,+H, at
553K 473 1.5 0.0012 89.5 10.5
483 2.1 0.0017 80.2 19.8
493 3 0.0024 73.3 26.7
503 4.1 0.0033 65.9 34.1
513 5.2 0.0042 57.7 423
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Cu/ZrO,

30%Cu0O/ZnO
34%Cu0/65%Zn0/Al,05
32%Cu0/66%Zn0/Al,05
39%Cu0/20%Zn0/Al,05
43%Cu0/20%Zn0/34%A1,05/Cr,05
34.7%Cu/44.5%7Zn0/20.8%Cr,05

2.8%Pd/33.7%Cu/Zn0O/Cr,05
0.1%Na/2.8%Pd/Cu/ZnO/Cr,05
Cu(100)

30%Cu/SiO,
50%Cu/ZnO
50%Cu/45%Zn0/Al,0;
50%Cu/10%Zn0O/Al,05
50%Cu/Al,O5
50%Cu/25%Zn0/Ga,0;
50%Cu/Ga,0;
50%Cu/40%Zn0O/Cr,0;
50%Cu/10%Zn0O/Cr,0;
50%Cu/Cr,0;
50%Cu/25%Zn0O/ZrO,
50%Cu/ZrO,
50%Cu/ZnO
50%Cu/25%Zn0/Ga,0;
50%Cu/45%Zn0/Al,0;
50%Cu/40%Zn0O/ZrO,
50%Cu/45%Zn0/Cr,0;
45%Cu/45%Zn0/Al,05

45%Cu/45%Zn0/Al,0;

In-situ activation/CO+H, at 553K

Coprecip.

Coprecip./H; at 523K 3:1

Precip./diluted syngas at 623K 2.7:1

Precip.+Impreg./diluted  syngas
623K

1:1
Coprecip./H, at 523K 3:1
Coprecip./H, at 523 K 3:1
Oxalate coprecip./H, at 513K 3:1

Oxalate gel-coprecip./H, at 513K

523
533
553
463
473
483
493
503
513
523
533
553
483
493
503
513
523
533
553
463

538

543
523

523

513

30

20

2
50

50

20

12 L/gCat/h 34

6000/h 18.1

18 L/gCat/h

18 L/gCat/h

3600/h 19.3
10000/h 16.8
3600/h 19.3
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0.0057
0.0073
0.0119
0.0005
0.0007
0.001

0.0015
0.002

0.0028
0.0036
0.005

0.0071
0.0016
0.0024
0.0032
0.0041
0.006

0.0077
0.0127

0.00027/s
3.5 mg/m?
14.1

15.6

11.9

9.5

19.6

19.6

18

11.5

12.4

14.2

9.6

516 g-CH;0H/kg-cat h
738

721

665

602

50.2
41.6
234
79.7

15.7

22.3
234
36.3

49.8
58.4
76.6
203
254
33.8
43.1
48

56.3
63.2
70.4
84.3

12.2
19.3
273
37.6
493
73.4
18.3
17.4
16.7
17.9
15.6
91

92.1
87.3

71.7
76.6
63.7

0.1
0.1

0.1

0.1

0.1
0.5

(40)

37

(47, 48)
(130)

(133)

(169)



45%Cu/45%Zn0O/A1,0;

Cu(110)
CuB
10%Cr-CuB
20%Cr-CuB
30%Cr-CuB
10%Zr-CuB
20%Zr-CuB
30%Zr-CuB
10%Th-CuB
20%Th-CuB
30%Th-CuB
Cu-Zn
6%Cu/1.9%Ga/ZnO

6.8%Cu/2.5%Ga/ZnO

4.7%Cu/2.6%Zn/1.7%Ga/SiO,

4.7%Cu/2.3%2Zn/1.5%Ga/SiO,

5%Cu/5%Zn/Si0,

65%Cu/23%7Zn0/9%Zr0,/Ga,0;

50%Cu/25%Zn0/Al,0;
50%Cu/25%Zn0/22.5A1,0;/Mn
50%Cu/25%Zn0/22.5A1,0;/La
50%Cu/25%7Zn0/22.5A1,0;/Ce
50%Cu/25%Zn0/22.5A1,0;/Zr
50%Cu/25%Zn0/22.5A1,0;/Y
LaCu0A7Zn0_3OX

Lag sCep2Cug7Zn0 304
LagsMgo.,Cuqg 721030

Lag sZro ,Cug 7Zn 304
LayY02Cup7Zny30,
CUZanAlo_()Zro_l

CuyZn AlgoZry,

CLbZl’l]Al] 'zzro‘l

CuyZn; Al sZro,

Carbonate coprecip./H, at 513K

NaBH, reduction

Coprecip.
Impregn./H, at 573K

Impregn./H, at 473 K
Citric complexing/H, at 473K
Coprecip./H, at 573K

Sol-gel/H, at 623K

Coprecip./H; at 623K

11:1
3:1

3:1

3:1

3:1

3:1

3:1

530
523

523
533
543
523
533
543
523
533
543
523
533
543
523
533
543
523

523

523

523

5.1
30

20

80

50

50

50

10000/h
3600/h
10000/h
Batch mode
20 ml/min

18 L/gCat/h

3300/h

12 L/gCat/h

3600/h

4000/h

17.6
15.8
15.1

19.7
223
233
23.6
24.7
26.9
6.4

8.1

12.6

23

24.1
25.6
23.8

0.008/s

0.14 mol/kgCu/h
1.45

1.66

1.15

0.76

1.49

1.22

1.12

1.13

0.48

1.2

948 mmol/kgCat/h
1767

2392

1177

1398

3539

1056

3112

3488

6126

8525

10293

2048

2594

2132

324 MeOH/kgCat/h
382

0.34 g/gcat/h
0.42

0.44

0.45

0.49

0.52

0.05 g/gcat/h
0.08

0.09

0.1

0.04

0.14 g/gcat/h
0.19

0.28

0.19

37.9
22.8
21.9

42

46.5
51.4
42.9
472
55.2
534
48.1
43.5
40.4
51.9
47.8
52.1
50.4

52.6
67

13.3
74.5
29.6
99.8
99.3
99.1
35.7
60.7
58.8
75

39.7
43

43.8
45.9

47.1
57.9
63.3
65.2
52.5
59.6
47.6
55.7
61.3
56.9

62.1
77.2
78.1

95.8
53.5
48.6
57.1
52.8
44.8
46.6
51.9
56.5
59.6
48.1
443
50.8

(50)
(108)

(136)

(137)

(139)

(141)

(111)

CH;0H selectivity™: calculated from available data in the provided reference

Atm. : Atmospheric pressure
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