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Abstract 

 

A titania-supported nickel catalyst was prepared and tested in methanation in order to evaluate 
its catalytic properties (activity, selectivity and specially, activity loss), and compare it with 
an alumina-supported nickel catalyst.  

The titania-supported catalyst did not only show higher stability than alumina, but also 
presented a different cause of deactivation, carbon formation. In addition, a kinetic model was 
obtained for the titania-supported catalyst, and a study of the effect of different operating 
conditions (temperature, composition and partial pressures of synthesis gas and water) on the 
deactivation rate and carbon formation of this catalyst was performed. 
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1. Introduction 

1.1. Setting the scene 

In the recent years, humankind has become more conscious of the environmental issues 
caused by the utilization of fossil fuels. Climate change results from anthropogenic 
greenhouse gas emissions, mainly CO2.  Evidences of an increasing CO2 concentration in the 
atmosphere since the beginning of fossil fuel usage have been shown (see Figure 1) [1]. 
Moreover, population and energy demand are rapidly increasing while the world fossil 
sources are diminishing. Therefore, humanity is facing an important challenge: accomplishing 
energy supply and, at the same time, stopping the damage to our planet in order to guarantee 
“a life” for the future generations. 

 

Figure 1: Variations of CO2 concentration in the atmosphere [1] 

Natural gas reserves have been estimated by the World Energy Council in 3047 billion 
standard cubic meters and its R/P ratio (resource/production) in 54 years [2]. Natural gas is 
the most environmental fossil fuel, producing less CO2 per joule delivered from its 
combustion. However, it does contribute significantly to global warming (see Figure 2) [3].  

 

 

Figure 2: CO2 fossil fuel emissions 2006 [3] 
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At the moment, biomass is, for what concerns transportation sector, the only renewable source 
able to reduce the fossil fuel share diminishing the carbon dioxide emissions through its 
conversion to liquid and gas fuels. These technologies are receiving much attention, and will 
play an important role in this so nearby future. 

1.2. From biomass to synthetic natural gas (SNG) 

The main steps in the biomass to SNG process are the biomass gasification, where synthesis 
gas is produced, and methanation. A block diagram of the process is presented in Figure 3. 
There is a wide range of biomass sources in order to make SNG: agricultural crops, residues, 
wood, sludge, municipal solid waste (MSW)… 

 

Figure 3: Block diagram of the biomass to SNG process [4] 

The pretreatment of biomass consists in its size reduction, torrefaction and drying. This 
pretreatment is not needed when the biomass source is high quality treated wood, which is at 
the same time relatively dry [4]. 

The gasification agent for SNG production is usually steam (see Formula 1), which results in 
a synthesis gas with relatively high quantity of methane. The required heat to carry out the 
reaction can come from extra heat (fuel) or from the combustion of part of the biomass 
feedstock (see Formula 2). The resulting products from gasification are H2, CO, CH4, CO2 
and H2O but also little amounts of nitrogen and sulphur compounds which must be removed 
[4]. 

� + ��� → �� + �� 
Formula 1: Biomass gasification 

� + �� → ��� 
Formula 2: Biomass combustion 

The conversion from synthesis gas (syngas) to hydrocarbons is known as Fischer-Tropsch 
synthesis (see Formula 3). 

��� + (2� + 1)�� → ������� + ���� 

Formula 3: Fischer-Tropsch syntesis. Production of parafins 

Methanation is the Fischer-Tropsch reaction which results in methane and water. Methane can 
also be formed through the reaction between CO2 and H2. Both reactions are very exothermic 
and involve a decrease in the number of moles (see Formula 4). 
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�� + 3�� → ��� + ��� 

��� + 4�� → ��� + 2��� 

Formula 4: Methanation reactions 

Nevertheless, the other Fischer-Tropsch reactions occur, leading to longer chain 
hydrocarbons, and also water gas shift reaction (see Formula 5). 

�� + ��� → �� + ��� 
Formula 5: Water gas shift reaction 

After methanation, water and carbon dioxide must be removed in order to meet the final SNG 
quality requirements. 
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2. Purpose of the study 
The objective of this project is to present a laboratory work performed in the Department of 
Chemical Technology, KTH. The project is focused on the research of catalysts for 
methanation reaction with synthesis gas derived from biomass. This work is realized in order 
to make the synthetic natural gas competitive to the natural gas obtained from the fossil 
reserves.  

In more detail, the aims of the project are: 

1) Study of the catalytic properties of methanation catalysts (activity, selectivity and 
specially catalyst life). 

2) Identification of the main deactivation causes of methanation catalysts. 
3) Study of the effect of operating conditions (temperature and partial pressure of the 

components) on catalyst deactivation, especially on carbon formation. 
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3. State of the art 

3.1. Methanation catalysts 

3.1.1. Nickel 

Nickel is a very reactive and selective catalyst towards methane production and thus suitable 
for methanation. Raney nickel, supported nickel catalyst and nickel alloys are majorly used in 
methanation with an operating temperature range between 250 and 450°C and pressures of 30 
to 60 bars. Most commercial nickel catalysts consist of 25-77% nickel dispersed on a 
refractory support with high surface area such as alumina. The commercial shape of these 
catalysts is often cylindrical tablets [5].  

 

Figure 4: Ni supported on Al2O3 methanation catalyst produced by Haldor Topsøe [6] 

Haldor Topsøe provides also a methanation nickel catalyst (MCR-2X) which can be used up 

to 800 °C [7]. 

 

Figure 5: MCR-2X high temperature methanation catalyst produced by Haldor Topsøe [7] 

 

The composition of nickel methanation catalysts was summarized by Mills and Steffgen [5]. 
This review contains research on Ni alloy compounds (Ni Raney, Ni-Cu …) Ni compounds 
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(NiO and Ni2B), alumina-supported, spinel-supported (MgAl2O4 supported), chromia-
supported and kieselguhr-supported. The conclusions emerged from this catalyst review were: 

1. There was an effect of the support on methanation rate. The rate is higher on alumina 
and chromia than in spinel supported. 

2. The lowest activation energy was estimated for η-Al 2O3 
3. K2O and MgO promoters affected negatively methanation activity, especially K2O 
4. The addition of Cu to nickel reduces activity and selectivity towards methane 

formation. 

Further studies were performed by Vannice [8]. Specific activities were compared for 
different nickel catalysts. Table 1 is a result of this study. 

Table 1: Comparison of specific activities of nickel catalysts [8] 

 

The experimental data were fitted with an Arrhenius expression and the partial pressure 
dependency can be summarized with the following power law form [8]: 

����
= ����	���/
����

���� 

Equation 1: Methanation rate 
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Table 2: Kinetic behavior of nickel catalysts [8] 

 

 

Dalla Betta and others [9] investigated the methanation reaction with Ni-Al2O3, Ni-ZrO2 and 
Ni Raney catalysts (see Table 3 and Table 4). The initial activity was similar for the three 
catalysts but under steady state conditions Ni Raney was the most active followed by alumina 
supported and zirconia supported.  The investigation also contained results on the effect of 
sulphur compounds present at low concentration levels in the stream. A large decrease in 
activity was observed for the three catalysts when the poison was added. Zirconia-supported 
catalyst resulted to be the most resistant to sulphur poisoning followed by alumina-supported 
and Ni Raney.  

 

Table 3: Initial rates of Ni, Ru and Re catalysts [9] 
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Table 4: Comparison of rates of Ni and Ru catalysts [9] 

 

Moreover, metal support effect on the activity and selectivity of Ni catalysts has also been 
studied. Vannice and Garten [10] studied on Ni unsupported, Ni supported on titania, silica, 
alumina and graphite. This investigation provided convincing evidences that Ni/TiO2 presents 
significantly higher activity than the other supports or unsupported Ni (see Table 5, Table 6 
and Table 7). 

Table 5: Dispersion of Ni particles supported on different materials [10] 
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Table 6: Activity per mass of metal loaded supported on different materials [10] 

 

 

Table 7: Turnover frequency of Ni catalysts supported on different materials [10] 

 

On the other hand, titania-supported nickel catalyst presented lower selectivity towards 
methane than the other supported metals [10, 11]. The reason of this behavior is probably due 
to TiOx species present on the metal surface. It has been suggested that these species can 
change the CO and H2 dissociation properties, increasing CO dissociation and decreasing H2 
one [11]. 

At the same time, titania-supported nickel catalysts present higher resistance towards sintering 
and carbon deposition compared to alumina-supported nickel catalysts. Regarding Ni(CO)4 
formation, Ni/TiO2 presents rates of formation one order of magnitude lower than Ni/SiO2 
[10]. 
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3.1.2. Cobalt, Iron, Ruthenium and the group VIII noble metals 

Methanation has been practiced with other metals different than nickel. Iron resulted to be less 
active and selective than nickel, but cheaper. Cobalt is very active but less selective towards 
methane than nickel. Ruthenium is also very active, and probably the most active of the 
methanation catalysts. However, Co and Ru are significantly more expensive [5, 12], 4 times 
and 200 times more expensive, respectively. 

It has been shown that the rate of reaction presents a maximum as function of the dissociative 
chemisorption energy of CO. Measured methanation activities as a function of the dissociative 
CO adsorption energy are shown in Figure 6 [13] . 

 

Figure 6: Activities of different metals vs. dissociative CO adsorption energy [13] 

The specific activities and kinetics of different metals were compared by Vannice [14]. The 
experimental data provided in Table 8 were realized at 103 kPa (CO+H2) and with a 3:1 
H2/CO ratio. 

Table 8: Comparison of specific activities and kinetic behavior of different supported metals [14] 
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Regarding the metal support interaction, the use of titania as a support enhances the activity of 
some metals (Ni, Pd, Pt, Rh, Ir), has a little effect on the activities of Co and Ru, and has an 
adverse effect on activity of Fe [15]. 

3.1.3. Ni-Fe bimetallic 

Some studies in Ni-Fe bimetallic catalysts showed that these are more active than 
monometallic nickel catalysts and, in some cases, more selective towards methane. Table 9 
provides research of Ni-Fe catalysts supported on spinnel and alumina between 1 and 1.2 bars 
[12]. 

Table 9: Comparison of bimetallic Ni-Fe and monometallic Ni and Fe catalysts [12] 

 

Further experimentation has been realized with bimetallic Ni-Fe but titania-supported. 
Titania-supported catalysts provided better activities than alumina-supported (see Table 10). 
However, bimetallic catalyst activity appeared to be not much higher than monometallic 
nickel over titania and sometimes even lower [16]. 

Table 10: Comparison of specific activity for titania and alumina-supported Ni-Fe catalysts [16] 
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3.1.4. Structure sensitivity on nickel surfaces 

Andersson, et.al., carried out a study of catalytic activity of CO dissociation on different 
nickel surfaces [17]. They found that the process is highly structure-sensitive. The CO 
dissociation at defects with low coordination number was strongly favored over the close-
packed Ni (111). 

High-pressure experiments were performed for the methanation reaction varying the nickel 
particle diameter. Assuming that the CO(H) is the rate limiting step the relative rate of CO 
methanation activity per Ni catalyst mass was measured. 

In order to know if a process is structure-sensitive it is necessary to know its activity 
dependency with the particle diameter. The smaller is the metal particle the higher is the ratio 
of edge and corner-like to closed pack sites. 

If a process is structure insensitive, the TOF under fixed conditions does not depend on 
surface crystalline anisotropy. This means that the relative rate per gram catalyst would be 
inversely proportional to the particle diameter (assuming spherical geometry, the smaller is 
the particle, the larger is the ratio between its external area and its volume).  

Therefore, if the process is structure sensitive, there is an effect of the surface defects and the 
relation is not inversely proportional. In Figure 7, the relative rate per Ni catalyst mass is 
plotted as a function of the inverse particle size (1/d) in logarithmic scale, which makes the 
function linear.  

 

Figure 7: Relative CO methanation activity per Ni mass plotted as function of the inverse particle size [17] 

If the process was structure-insensitive, the experimental data would have been fitted linearly 
with a slope of 1. However, the slope of the best linear fit is 2.6, suggesting that 
undercoordinated sites as steps, edges and kinks are more active than close-packed sites, and 
dominate the observed activity. 
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3.2. Causes of Deactivation for nickel catalysts 

3.2.1. Sintering 

Deactivation of catalysts due to sintering consists in a decreasing of the available surface area. 
This phenomenon occurs due to a growth of the metal particles and/or due to pore blocking by 
a metal particle, or by active metal/support phase transformation. Generally, sintering affects 
irreversibly the activity of the catalysts. Sintering rates increase exponentially with 
temperature. Figure 8, shows the influence of temperature on sintering of a Ni over γ-Al 2O3. 
The experiments were run at 25 bars and with a 9:1 H2/CO ratio [18]. 

 

Figure 8: Influence of temperature on sintering [18] 

The main conceptual models or mechanisms to describe the deactivation due to particle 
growth are: crystallite migration, atomic migration and vapor transport. Crystallite migration 
involves the movement of the entire crystallites and atomic migration involves the movement 
of detached metal atoms of crystallites [19]. 

 

 

Figure 9: Crystallite and atomic migration [20] 
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Particle growth due to vapor transport consists in the chemical formation of volatile 
compounds of the active phase, allowing for vapor transport and deposition of active material 
over other particles resulting in a loss of available surface area.  

Some studies have been focusing on Ni(CO)4 formation, vaporization and transport: 

�	 + 4��(�) → �	(��)� (�) 

Formula 6: Nickel carbonyl formation 

A generalized mechanism of deactivation by volatile metal compounds is presented bellow 
[19]: 

 

Figure 10: Generalized mechanisms and kinetics for deactivation by volatile compounds [19] 

Kinetics and thermodynamics state that: 

- The rate of the process is limited by the rate of volatile compound formation at low 
temperatures and partial pressures of the volatilization agent (CO). 

- The loss of metal is high at intermediate temperatures and partial pressures of CO due 
to vaporization and formation rates are high. 

- The decomposition rate is equal to the formation rate at high temperatures and partial 
pressures of CO. Therefore, the volatile compound is very unstable and the loss of 
metal becomes insignificant [19]. 

Further research has been realized in order to specify, for methanation, what the safe and 
unsafe operating conditions are. The following figure (see Figure 11) describes the nickel 
carbonyl equilibrium curves. The region with partial pressures lower than 5.0 x 10-7 kPa 
of nickel carbonyls has been claimed to be the limit of the safe region. The black points 
are safe operating conditions and the white points are the unsafe ones [21]. 

Generalized Mechanism: 

                                                  Metal compound vapor                  lost vapor 

 

Metal + volatization agent                  volatile compound               metal 

 

Generalized Kinetics: 

a) Rate of volatile compound formation = rate of formation – rate of decomposition 
b) Rate of metal loss = rate of vaporization – rate of decomposition 

formation 

decomposition 

transport 

decomposition 
of vapor 

vaporization 
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Figure 11: Nickel carbonyl equilibrium curves [21] 

There are other parameters that affect sintering rates. Promoters or impurities affect the 
sintering rate negatively (e.g. chlorine and sulfur) or positively (e.g. oxygen, calcium, and 
cesium). At the same time the stronger is the metal-support interaction the less is the 
migration of atoms and crystallites during reaction. Similarly, support surface defects or pores 
impede surface migration of metal particles, especially micropores and mesopores with pore 
diameters about the same size as the metal crystallite [19]. 

It is important to realize that sintering occurs also for the supports at high temperatures, and 
phase transformation of the supports can also reduce surface area of those [2]. Actually, the 
different phases of alumina vary significantly in its surface area (see Figure 12) , and at the 
same time the different phases differ in their resistances towards sintering [22]. 
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Figure 12: Specific surface area and phases of Al2O3 at different temperatures [23] 

In Figure 13, the sintering behavior at two different temperatures for two different phase 

alumina catalysts is shown. The alumina phase in catalyst A is a mix between α and δ-

alumina and the phase in catalyst B is majorly γ-alumina. 

Reaction at 923 K with catalyst B: Reaction at 923 K with catalyst A: 

Reaction at 1023 K with catalyst B: Reaction at 1023 K with catalyst A: 

The different experiments have been run with a feed composed by 95% N2, 4% H2 and 1% 
CO and a 15 wt% Ni/Al2O3. Metal surface area has been measured by H2 chemisorption [22]. 

 

Figure 13: Effect of temperature and alumina phase on sintering [22] 
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Water vapor also enhances sintering rates [19, 22]. Figure 14 shows the effect of temperature 
in catalyst A (from Figure 13) in the same reaction conditions but with 3% H2O/H2 [22]. 

 

Figure 14: Effect of 3% H2O on sintering [22] 

In oxidizing atmospheres, γ-alumina and silica are the most thermally stable carriers; while in 
reducing atmospheres, carbons are the most thermally stable carriers [19]. The thermal 
stability of the carriers can be strongly affected by the presence of impurities such as alkali 
metals or chlorine [24].  The following graph (Figure 15) shows sintering on TiO2 as a 
function of chlorine content: 

 

Figure 15: BET surface area of titania as a function of thermal treatment and chlorine content. Samples treated at 
indicated temperature for 2h [24] 

Blank TiO 2 
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773 K 848 K 
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3.2.2. Carbon and coke formation on metals 

This phenomenon consists in a strong carbon chemisorption or physical adsorption covering 
completely or part of the metal surface area. Carbon adsorbed can also obstruct small pores 
blocking the access of the reactants. Carbon is a result of CO decomposition during its 
adsorption while coke is produced by decomposition and further condensation of adsorbed 
hydrocarbons [25]. 

 

Figure 16: Carbon deposition [25] 

The mechanisms of carbon deposition have been already studied and detailed in several 
reviews. The phenomenon starts with dissociation of CO on the metal surface to form Cα, 

which is an adsorbed atomic carbon. Cα either transforms to other kind of carbons, with 
different morphologic and reactive properties or gasifies with H2 forming methane [25]. 

Coke formation result from decomposition of hydrocarbons, forming high molecular weight 
hydrocarbons that can also transform into Cα [25]. The following figures illustrate the 
mechanisms of formation and transformation of carbon and coke in a Ni catalyst. 

 

Figure 17: Carbon formation, transformation and gasification [26] 
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Figure 18: Formation and transformation of carbon and coke on metal surfaces [26] 

The next table gives information the morphology and reactivity of these different carbon 
species. The information provided can result very useful when determining the carbon species 
formed during the deactivation of a catalyst [25]. 

Table 11: Form and reactivity of carbon species [26] 

 

Catalysts deactivated due to carbon deposition can be regenerated by hydrogenation of the 
carbon. However, it is important to be aware that some carbon species must be hydrogenated 
at very high temperatures what could result in a collapse or sintering of support phase and 
metal particles [25]. 

The rates of formation and hydrogenation of Cα and Cβ were studied at different temperatures 
in order to find the activation energy of these reactions [26]. These experimental data is 
presented in Figure 19.  
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Figure 19: Rates of formation and hydrogenation of Cαααα and Cββββ vs. temperature [26] 

3.2.3. Sulfur poisoning 

H2S and other sulphur compounds in synthesis gas adsorb irreversibly on Ni surfaces at ppm 
levels, blocking adsorption of reactants. For example, H2 adsorption declines linearly with 
increasing mean sulfur coverage. Effects of sulfur on CO adsorption vary with temperature, 
partial pressure of CO and the physical properties of the catalyst. The rate of poisoning is 
apparently a function of catalyst composition [19, 27]. 

3.2.4. Decoration 

This phenomenon consists in a reduction of the support at high temperatures forming mobile 
species which cover part of the metal surface and consequently reduce the available surface 
area. For example in titania-supported catalysts, TiO2 can be reduced with H2 to TiOx (x<2) 
species which can cover the crystallites [11]. 

 

Figure 20: TiO2 decoration [11] 
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3.3. Methanation reactors 

The aim of this chapter is to describe the methanation reaction technologies. One of the main 
objectives in the development of these catalytic methanation reactors is the removal of the 
reaction heat in order to avoid high temperatures and consequently minimize catalyst 
deactivation. Two main concepts have been proven for the production of synthetic natural 
gas: the fixed bed reactor and fluidized bed reactors [28]. 

3.3.1. Adiabatic fixed bed reactors 

Lurgi process 

In the 1960s and 1970s, Lurgi´s coal gasification process was the only technology available 
for the production of synthetic natural gas at the required quality. The methanation unit in this 
plant consisted of two adiabatic fixed bed reactors with gas recycling in the first reaction step 
(see Figure 21).  

 

Figure 21: Lurgi Process [28] 

Two different catalysts were used in the plants of Sasolburg (South Africa) and Schwechat 
(Austria): first, a 20 wt. % Ni/Al2O3 and after a special methanation catalyst developed by 
BASF with higher nickel content [28]. The operating conditions are showed in Table 12. 

Table 12: Operating conditions in the pilot plant of Lurgi process [28] 
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TREMP process (within the ADAM and EVA project) 

TREMP stands for Topsøe’s Recycle Energy efficient Methanation Process and it is a heat 
recovery concept, which produces high pressure superheated steam [28]. The ADAM I and 
ADAM II plants were developed at the Nuclear Research Center at Jülich. These pilot plants 
included two processes: EVA, which consisted in the endothermic steam catalytic reforming 
of methane, and ADAM, the exothermic methanation process [29]. 

ADAM I, had a capacity of 600 m3 (STP) h-1 of synthesis gas and operated during 
approximately 1500 hours since 1979 [30]. 

ADAM II, had a capacity of 9600 m3 (STP) h-1 of synthesis gas and operated during 
approximately 4500 hours since 1980 [29]. 

 

ADAM I  

Adam I was the first pilot plant for high temperature methanation. It was put in operation in 
spring 1979. It consisted in three adiabatic fixed bed reactors and the synthesis gas was 
provided by the reforming plant EVA I. The inlet pressure of the first reactor was 28 bars and 
the temperature was 300°C. Part of the products of this first reactor was recycled via blower 

to the inlet in order to achieve a maximum temperature of 600-700°C which lowers catalyst 

deactivation. The product gas of the first reactor was cooled to 260-330°C which corresponds 
to the inlet temperature of the second reactor. Then, the gas was cooled and fed to the third 
stage reactor. Finally, the gas was dried [29]. The process conditions are presented in Table 
13. 

Table 13: Test run ADAM I [29] 
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Figure 22: Test results combining EVA I/ADAM I [31] 

ADAM II  

Adam II consisted in three adiabatic fixed catalytic methanation reactors. The synthesis gas 
was provided by EVA II. Part of the product gas of the first reaction was recycled like in 
ADAM I to achieve a temperature of 650°C [29]. The temperature profiles in the three 
catalytic beds are shown in Figure 23. 

 

Figure 23: Temperature profiles in ADAM II [29]  

Figure 24 shows a flow diagram of the plant with its mass balances: 
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Figure 24: Flow Sheet of ADAM II [29] 

The synthesis gas coming from EVA II was preheated in E204 to a temperature of 214°C and 
then introduced in the first reactor, D201. Approximately half of the volume of the product 
gas from the first reactor was recycled to the inlet via blower G201. The rest of the product 
gas was cooled in E201 and fed into the second reactor, D202. The product of the second 
reactor was cooled in E202 and E203 and then fed into the third reactor, D203. This third 
reactor was a counter current cooled reactor. There were heat exchanger tubes arranged 
through the catalyst bed. These types of reactors are particularly interesting when a 
determined product gas composition is required. The final product is cooled down and finally 
dried to obtain a product gas rich in methane (95.5%) [29]. 

Haldor Topsøe still offers the TREMP technology for SNG production. The actual TREMP 
process consists of 4 reaction steps. Product gas recycling in the first reactor remains to 
prevent high temperatures [7]. The temperature profile in the 4 reactors is shown in Figure 25. 

 

Figure 25: Temperature profiles in actual TREMP process [7] 
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In order to maximize the difference in temperature between the inlet and outlet of the reactor, 
and thus maximizing the process heat recovery, the first adiabatic reactor is charged with a 
non-Ni catalyst and a Ni catalyst (MCR-2X), which allows an inlet temperature of 220°C 
without causing a loss in activity [7] (see Figure 26). 

 

Figure 26: TREMP methanation process [7] 

IRMA-cooled reactor 

IRMA, had a capacity of 600 m3 (STP) h-1 of synthesis gas and operated in Jülich during 
approximately 1100 hours since 1981 [32]. 

This methanation process consisted in an internally counter current cooled reactor. The 

synthesis gas from the reformer plant EVA I was heated to an inlet temperature of 250-300°C 
before flowing into the reactor R201 (see Figure 27). The reactor consisted in tubes filled of 
catalyst where the gas flowed through. The tubes were cooled externally with boiling water at 
100 bar (311°C). The process gas temperature at the outlet of the tubes was approximately the 
temperature of the inlet cooling water. The boiling water at the outlet contained a 10% of 
steam and was feed into a steam drum. The steam condensed in the heat exchanger E201 and 
the water was fed back to the reactor by forced circulation (P201) [29]. 

 

Figure 27: Pilot plant with IRMA reactor [29]  
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The operation condition at 28 bars showed a maximum in temperature in the reactor of less 

than 650°C and a pressure loss of 3.5 bar (8m reactor length) for a gas flow of 395 m3 (STP)/h 
for 2 tubes [29]. The temperature profile in the reactor is presented in Figure 28 for different 
gas flows. 

 

Figure 28: Temperature profile in IRMA reactor [32]  

KOMBI-process 

This process consisted in the combination of ADAM and IRMA technologies. The synthesis 
gas flow was divided into two flows. One part flowed through an IRMA reactor, and the other 
part was first mixed with the product of IRMA reactor and then fed to an adiabatic reactor 
(see Figure 29). The aim of this process was eliminate the recirculation in the first reactor. 

The product gas at the outlet of the adiabatic reactor at 660°C was cooled down and fed to a 
final IRMA reactor. The product gas was finally cooled and dried [29].  

 

Figure 29: Flow sheet COMBI-process [29] 
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ZnO reactors were used before methanation for absorbing H2S formed in the coal gasification 
[33]. 

3.3.2. Fluidized bed reactors 

Heat and mass transfer is known to be higher in fluidized bed reactors than in fixed bed 
reactors. The continuous mixing of fluidized solids offers the possibility to work at almost 
isothermal conditions [34]. Further advantages of this technology are the possibility of 
removing, adding, recycling and regenerating catalysts during operation. 

Bureau of Mines 

This project was developed in 1952 and consisted of one fixed bed and two fluidized bed 
methanation reactors which operated for more than 1000h. The first fluidized bed reactor 
achieved a temperature difference between inlet and outlet of 100°C. The fluidized bed 
reactor had three gas inlets in the bottom of the gas distributer. The temperature profile in this 
multiple-feed fluidized reactor is presented in Figure 30. Both units operated in a temperature 
range of 200-400°C and pressures up to 20.7 bars. The multiple-feed reactor achieved 
conversions up to 95% and included two regeneration cycles, an alkali extraction and a 
charcoal trap for reduce the sulphur content [28]. 

 

 

Figure 30: Temperature profile in multiple-feed fluidized bed reactor from Bureau Mines [28] 
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COMFLUX process 

During 1975 and 1986, the Thyssengas GmbH and University of Karlsruhe focused on a 
fluidized bed methanation reactor to produce SNG. A pilot plant reactor (see Figure 31) of 0.4 
m of diameter was erected and operated between 1977 and 1981 [1]. The operating conditions 
are shown in Table 14. 

 

Figure 31: Flow diagram of COMFLUX pilot plant [28] 

 

Table 14: Experimental conditions of COMFLUX pilot plant [28] 

 

In 1981, a pre-commercial plant was developed which contain between 1 and 3 tons of 
catalyst [28]. This plant had a capacity of 8000 m3 (STP) h-1 and the operating conditions of 
the reactor were 60 bars and a range of temperatures of 350-550°C [29]. The technology 
development was stopped when the price of oil decreased in the middle 80s [28]. 
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4. Experimental procedures 
4.1. Catalyst preparation 

20%Ni/TiO 2 

The titania support used in this study was Degussa P25. 

1) Drying of the support 

An amount of 15g of the support was dried during one day in an oven at 110°C. 

2) Deposition of the active phase onto the support 

The deposition of the active component (in this case nickel) onto the titania was done by 
impregnating the pre-dried support with incipient wetness technique. The nickel salt used was 

Ni(NO3)2⋅6H2O. 

Firstly, the precursor salt was dissolved in a volume of solvent equal to the pore volume of the 
support. Then, this solution was added slowly to the support and introduced into the pores by 
capillarity forces [35]. After adding all the solution, the support resulted to be slightly wet. 
The purpose of incipient wetness is to not use an excess of liquid to make sure that the whole 
loading of catalytic phase is supported onto the carrier [35]. 

Calculations for the solution preparation: 

�����
= 10� 

If we need 20%wt Ni, then:  ��� = 2.5� 

2.5��� ∙
1 ��� ��

58.71 � ��
∙

1 ��� �� ���	

1 ��� ��
∙

290.71 � �� ���	

1 ��� �� ���	
= 12.38 � �� ���	 

Pore volume of TiO2: 1mL/1gTiO2 

Then we need: 10g of H2O 

Water contained in the salt: 

12.38 � �� ���	 ∙
1 ��� �� ���	

290.71 � �� ���	
∙

6 ��� 
��

1 ��� �� ���	
∙

18 � 
��

1 ��� 
��
= 4.60 � 
�� 

Then we have to dissolve the 12.38 g of salt in: (10 g – 4.6 g) = 5.4 g of water 

Once the solution was prepared, it was dropped onto the support in order to distribute the 
active phase homogeneously on it. The solid was mixed after every drop until it went 
homogeneous in order to obtain the highest dispersion possible of the active phase. In order to 
be successful in impregnating with incipient wetness, the impregnation was realized in three 
steps. The catalyst was dried after each step. The first two dryings were realized in an oven 
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during one hour at 110°C. The last drying consisted in a ramp of 5°C/min to 120°C and a 
dwell at this temperature during 3 hours.  

3) Calcination 

In order to remove the nitrates from the nickel salt, the sample was calcined in an oven. The 

calcination consisted in a ramp of 2.5°C/min from 120°C to 450°C and a dwell of 3 hours at 
this reached temperature. The nitrates decomposition is shown in Formula 7. 

2Ni(NO3)2 (s) � 2NiO (s) + 4NO2 (g) + O2 (g) 

Formula 7: Decomposition of nitrates 

4) Sieving 

The solids were finally separated in sieves. The pellet size selected for catalytic testing 
consisted of a mesh of 53-90 µm, which resulted in a negligible pressure drop for the gas 
through the reactor bed and no diffusion limitations. 

 

4.2. Reduction (activation) 

In order to make the catalyst active, the NiO (Ni2+) needs to be reduced to Ni (Ni0), which is 
the active phase. This process was performed in situ just before the methanation reaction. 

A precise amount of the prepared catalyst (0.02g to 0.4g) was diluted in a SiC powder 
(amounts from 1g to 3.5g) in order to dilute the catalyst. 

The reactor was filled, from the bottom to the top (see Figure 32), with: 

- A stainless steel spacer in order to raise the catalyst bed 
- A stainless steel pore plate  
- A quartz wool in order to avoid losses of catalyst if attrition occurred. 
- The catalyst bed (mixture of catalyst and SiC) 
- Quartz wool in order to pack the bed 
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Figure 32: a) Interior of the reactor b) upper and lower connection c) Inside of the reactor with connections attached 
d) outside of the reactor with connections attached 
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Once the reactor was properly filled and closed tightly with its connections, it was connected 
to the experimental setup. The reactor was placed inside an oven, which lies within a hot box, 
as shown in Figure 33. A sliding thermocouple was placed inside the reactor through a thermo 
well from the top of reactor, so the temperature in the catalyst bed could be measured 
allowing for temperature profile estimations. 

 

Figure 33: Flow sheet of the experimental setup 

In contrast with the experimental setup presented in Figure 33, an additional manometer was 
set just after the reactor in order to know the pressure drop over the catalyst bed. 

In order to work in safe conditions, a leak test was realized in all setup connections with a 
flammable gas detector, running a flow of 100 Nml/min of H2 at a pressure of 20 bars through 
the reactor.  

Once it was assured that all connections were properly tight, the reduction of the catalyst was 
performed. This process was realized with a flow of 90 Nml/min of H2 and at atmospheric 
pressure. The temperature during the activation consisted in a ramp of 5°C/min from ambient 

temperature to 500°C and a dwell of 4 hours at this reached temperature.  

In order to know the degree of reduction (DoR) of this activation treatment for this titania-
supported catalyst, a temperature programmed reduction (TPR) was run separately. 
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The standard TPR consists in a ramp of 10°C/min from ambient temperature to 930°C and a 
dwell of 30 minutes at this reached temperature with a flow of 5% H2 in Ar (see Figure 34). In 
order to obtain the DoR of the reduction procedure, it is required to run that procedure first 
and then the standard TPR to know how much NiO is still unreacted. The reduction reaction is 
shown in Formula 8. 

NiO(s) + H2(g) � Ni(s) + H2O(g) 

Formula 8: Reduction of NiO 
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Figure 34: Standard TPR for NiO/TiO2 catalyst 

 

4.3. Gas analysis 

Gas chromatography (GC) 

The methanation reaction, as it will be shown in the experimental results, is very fast 
deactivating during the first hour on stream. Therefore, it was necessary to establish a short 
analysis method to obtain as much data as possible during this interval of time. The method 

used for the first hour consisted of a dwell at 70°C during 7 minutes and a ramp of 12°C/min 

to 160°C in the oven where the FID (Flame Ionization Detector) and TCD (Thermal 
Conductivity Detector) are set.  The total time for this method is approximately 20 minutes 

(including the time that the GC needs to cool down to 70°C), so it was possible to analyze 4 
injections the first hour (see Figure 35). 
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Figure 35: Short gas analysis method 

Another longer method was run after the first hour. This consisted of a dwell at 70°C during 7 

minutes, a ramp of 12°C/min till 180°C; a dwell of 5 minutes at this reached temperature, a 

ramp of 12 °C/min till 200°C and a dwell of 13.8 minutes at 200°C (see Figure 36). This other 
method lasted approximately 43 minutes, and due to its conditions, higher hydrocarbon 
species could be quantified also in the FID. 
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Figure 36: Long gas analysis method 

The treatment of the data obtained with GC chromatography is explained below: 

TCD 

The TCD areas were used to calculate the flow at the outlet of the reactor for CH4, CO and 
CO2. As shown in Equation 2: 
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Equation 2: Flows from TCD 

Where i represents the three components mentioned before. The RRF (Relative Response 
Factor) of every component was obtained by calibration of the TCD signal with an already 
known composition of a flow containing the gases mentioned. 

FID 

The FID areas were used to calculate the flow at the outlet of the reactor for C2, C3 and C4 
hydrocarbons. As shown in Equation 3: 
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Equation 3: Flows from FID 

Where j represents the component C2, C3 and C4 components, n is the number of carbons of 
the component j (the areas used in this equation are both obtained from FID).  

 

4.4. Characterization 

Temperature programmed hydrogenation (TPH) 

Once the reaction was finished, a small flow of He was run through the reactor, and then, the 
synthesis gas and hydrogen flows were stopped. He was flown in order to keep the catalyst in 
an inert atmosphere. At the same time, the reactor was cooled down to ambient temperature 
and driven to atmospheric pressure. After achieving these conditions the outlet of the reactor 
was coupled to the mass spectrometer. 

The TPH consisted of a ramp of 5°C/min to 690°C and then a dwell of one hour. The 
hydrogen space velocity used to hydrogenate the carbon present on the nickel surface was 233 

Nml/(min⋅g) at atmospheric pressure. 

C+2H2 (g) � CH4 (g) 

Formula 9: Hydrogenation of carbon 

The mass spectrometer monitored the signals for hydrogen, water and methane during the 
TPH. The pressure used in the chamber for all experiments was 5⋅10-6 mbar. The SEM 
voltage used was 2000 kV, and the dwell time (reading time) one second for every 
component. 
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Calibration of the mass spectrometer signal of methane 

In order to know the amount of carbon formed after reaction, it is necessary to know the 
relation between the signal presented in the mass spectrometer and the amount of methane, 
which can be related to carbon through the stoichiometry of the reaction with hydrogen. 

A catalyst mass of 0,5g of 12%Co/γ-Al 2O3 was loaded into the reactor together with 0,0084g 
of waxes. Once the reactor was loaded, it was exposed to a temperature of 100°C and a flow 
of 15Nml/min of helium during one hour in order to melt the waxes and make them go into 
the catalyst pores. 

The point of this experiment is to hydrogenate the waxes in order to form methane. Two main 
assumptions for this calibration were carried out: 

1) The waxes used, which were not characterized, were supposed to be majorly 
composed of long paraffinic chains, what results in a compound of a very approximate 
molecular formula of (-CH2-)n,

 where n is the number of carbons of the chain. Making 
use of this supposition, the mass of carbon contained in the mass of waxes loaded was 
0,0072g. 

2) The reaction forms almost only methane. The amount of the other hydrocarbons 
formed can be neglected. 

The temperature programmed hydrogenation explained in the experimental procedure was 
applied for this calibration. 

X-ray diffraction (XRD) 

After TPH, the catalyst was removed from the reactor. In order to separate the catalyst from 
the SiC powder, the solids were placed on a piece of paper over a magnet. The nickel particles 
were attracted to the magnetic field and driven to the centre of the magnet, separating them 
from the SiC. 

The used catalyst was placed on a sample holder and then set inside the x-ray diffractometer. 
The voltage used was 40kV and the intensity 30mA. The characterizations were made for an 
angle range from 10° to 90°, with intervals of 0.02° and an analysis time of 13 seconds for all 

angles. The wavelength used is the copper k-alpha (λ=1.5418 Å). 

The Scherrer equation (Equation 4) was applied for the different nickel peaks and an average 
diameter of particle was obtained. 

� =
κλ

��	�� 

Equation 4: Scherrer equation 

The shape factor used (κ) was 0.89 and the wavelength was k-alpha cupper. In the equation, 

the line broadening at half maximum intensity of the peak in radians is represented with � and 
θ is the Bragg angle.  
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4.5. Reaction 

The experiments were carefully designed varying the operating conditions in order to study 
their effect on the catalyst behavior. However, some procedures were required for all 
experiments. 

Due to the fact that this study was focused on the deactivation behavior of the catalyst, it was 
necessary to determine the reactant conversion during time on stream. In order to determine 
conversion, an analysis of the feed synthesis gas (inlet syngas) was made before the reaction. 
Thanks to the three-way valves set in the GAS 1 pipe line of the experimental device (see 
Figure 33); it was possible to analyze the syngas during the reduction (the GAS 1 line was 
used for syngas and the GAS 2 line for H2). 

Gas chromatography (GC) was used to analyze the gas at the outlet of the experimental setup. 
This analysis is discontinuous and every gas injection during experimentation takes a different 
volume of sample due to the changes in the volumetric flow (it is a reaction with diminution 
of the number of moles) and possible oscillations in sample injection. Therefore, it is required 
to correlate the reactants with an inert gas (internal standard) to know the conversion. A small 
fraction of N2 (about 3%) was contained in all feed syngas bottles, so conversion of CO was 
calculated from the CO/N2 area ratio of the chromatography results with Equation 5. 
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Due to the high exothermicity of the reaction, the temperature can increase significantly 
during the start up. It is important to control and maintain the temperature at the desired level 
to make sure that the rate of the reaction or deactivation are not affected significantly due to 
this variation in temperature. In order to increase the heat transfer from the catalyst to the 
oven and vice versa, it was placed, during reaction, an aluminum jacket in the space 
remaining between the reactor and the oven. Thanks to aluminum’s high thermal conductivity 
the stabilization in front of changes in temperature was fast enough. 

Experimental procedure to obtain the kinetic model 

The main requisite to obtain a kinetic model in a continuous fixed bed reactor where its 
catalyst is fast deactivating is the initial activity value (conversion at time on stream zero). In 
order to obtain these values the following operating conditions were required: 

- The entire desired amount syngas flow was fed to the reactor in a single step with the 
purpose of obtaining reactants initial conversion. 

- In order to avoid a temperature runaway during start up (produced by the single step 
syngas opening), which would speed up the rate of reaction, small quantities of 
catalyst (approximately 0.02g and 1cm of bed length) and high flows of syngas 
(100Nml/min) were used. With these operating conditions the conversion obtained 
was low, and so the heat of reaction, which was easily removed by the aluminum 
jacketing and the large unreacted flow. The temperature didn´t increase significantly 

during the starting up of the operation (approximately 1°C). 

The same procedure was used to study the deactivation behavior at different H2/CO ratio in 
the syngas feed at atmospheric pressure. In contrast with the experimental device shown in 
Figure 33, for this study, a pipe was directly connected from the bottom of the reactor to the 
GC, avoiding the gas flow go through the product traps (which were not needed because of 
the insignificant amount of liquid products at these operating conditions).  

The GC analysis was started taking in consideration the residence time of the gas from the 
opening valve to the entrance of the GC for the different experiments. 

Experimental procedure for further characterization of the catalyst 

The mass spectrometer required a high flow of H2 to operate, so a higher amount of catalyst 
was needed in these experiments to obtain a significant methane signal. At the same time, it 
was required a higher amount of catalyst (more than 0.02g) to run XRD.  

Unfortunately, with higher amounts of catalyst, it was not possible to use the procedure 
explained above (the one for obtaining the kinetic model) without increasing significantly the 
temperature at start up. These experiments were started, with a stepwise increase of the 
syngas flow up to the desired value, so the initial activities of these experiments were missed. 
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Experimental procedure with water  

A flask of deionized water is placed on the top of the reactor and is directly connected to a 
pump, which makes the desired flow go into a pre-evaporator. The temperature in the 
evaporator was set depending on the operating pressure, so it was sure all the water was 
evaporated before mixing with the gas reactants. 
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5. Experimental results and discussion 

5.1. Characterization results of 20%Ni/TiO2 

5.1.1. BET N2 adsorption of TiO2 

The relative pressure and adsorbed volume data points obtained in the analysis are presented 
in Figure 37. 
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Figure 37: BET N2 adsorption of TiO2 Degussa P-25 

The BET surface area calculated is 21.67 m2/g 

5.1.2. XRD of the catalyst after calcination of Ni(NO3)2 

The phase analysis of the catalyst after calcination of the nickel salt is presented in Figure 38. 
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Figure 38: Phase analysis of the catalyst after calcination. ♣♣♣♣: Anatase, ♦♦♦♦: Rutile and ♠♠♠♠: NiO 
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Three phases are observed clearly in the diffractogram: Anatase, rutile and NiO. It is stated 
[36], that Titania Degussa P25 is composed of both rutile and anatase phases with an 
approximate respective proportion of 3:1. This is the reason why rutile has higher intensity 
peaks than anatase. 

The nickel oxide observed in the phase analysis is only NiO. In any case, it has to be 
encountered that x-ray diffraction is a bulk crystal analysis. 

The NiO crystal diameter calculated making use of the Scherrer equation is 24 nm. 

5.1.3. TPR of the catalyst after calcination of Ni(NO3)2 

The temperature programmed reduction was carried out on the calcined catalyst. The results 
are presented in Figure 39. 
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Figure 39: TPR of the titania supported catalyst after calcination 

Observing these TPR results, one can assume that the degree of reduction (DoR) after the 
reduction procedure for this titania supported catalyst (4hours at 500°C with pure hydrogen) 
would be close to 100%. Therefore, it was not carried out another TPR after the reduction 
procedure to calculate the DoR. 

The area below the TCD signal curve was integrated in order to verify the metal loading of 
the catalyst. The calculated metal loading value is 20.1%. It has been supposed that the 
contribution from TiO2 was negligible and that the only nickel oxide present in the catalyst is 
NiO) 

It is difficult to evaluate the nickel metal loading when it is uncertain the amount of support 
that has been reduced. In any case, it is very probable that the nickel loading in the catalyst is 
lower than 20%. 
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5.1.4. BET N2 adsorption of the catalyst after calcination 

The relative pressure and adsorbed volume data points obtained in the analysis are presented 
in Figure 40. 
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Figure 40: BET N2 adsorption of NiO/TiO2 

The BET-surface area calculated is 18.23 m2/g. 

5.1.5. XRD of the catalyst after reduction 

The phase analysis of the catalyst after reduction of the nickel oxide is presented in Figure 41. 
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Figure 41: Phase analysis of the catalyst after reduction. ♣♣♣♣: Anatase, ♦♦♦♦: Rutile and ♠♠♠♠: Ni. 
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The nickel crystal diameter calculated making use of the Scherrer equation is 24.2 nm. Due to 
the size of the molecules of NiO and Ni(0), the crystal diameter should decrease after 
reduction. However, the nickel diameter obtained is approximately the same as the obtained 
for the NiO. A possible explanation for this particle growth is that the crystals have sintered 

during the reduction treatment at 500°C. 

5.1.6. H2 chemisorption of the catalyst after reduction 

The previously reduced catalyst was analyzed with hydrogen chemisorption in order to know 
the dispersion of the active phase in the catalyst. The pressure and adsorbed volume data 
points of the analysis are shown in Figure 42. 
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Figure 42: H2 chemisorption data points of the catalyst after reduction 

The data obtained from the analysis resulted to be incoherent due to the fact that the 
physisorbed quantity is almost the same than the physisorbed and chemisorbed quantities 
together. It is stated [11], that the H2 adsorption properties are changed with the presence of 
TiOx species formed during the reduction and that the H2 adsorption capacity decreases by the 
presence of TiOx on the nickel surface [37]. Therefore, H2 chemisorption is probably not an 
accurate method to calculate dispersion with titania supported catalysts. 

Nevertheless, dispersion can be calculated through the particle diameter (obtained in the XRD 
analysis) with Equation 6.  

� = ��/(%�) 

Equation 6: Relation between dispersion and particle diameter [38] 

Where C1=97 for Ni 

The dispersion calculated with Equation 6 is 4%. 



Experimental results and discussion 

44 
 

5.2. Calibration of the mass spectrometer signal of methane 

The data obtained is presented in Figure 43. 
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Figure 43: Calibration of the mass spectrometer signal of methane 

The area below the curve was integrated and the value obtained was: 1,168 °C. According to 
the assumptions made, this value corresponds to the whole amount of carbon present in the 
wax. Equation 7, relates the amount of carbon with the methane signal in the MS. 

��	���������� = 5,14 ∙ 10�� ∙ ���� �� ��� �	���� (℃) 

Equation 7: Relation of methane signal in the MS and amount of carbon 

Equation 7 is used in all the experiments done in this study, when TPH was performed to 
estimate the amount of carbon.  

 

5.3. Comparison of Al2O3 and TiO2 supports  

The methanation experiments using titania supported catalysts presented a different 
deactivation behavior compared to the alumina supported ones. While the alumina supported 
catalysts presented a complete loss of activity, the titania supported ones presented a more 
stable behavior, in which the rate of deactivation slows down significantly after some hours 
on stream (see Figure 44). 



Experimental results and discussion 

45 
 

0 5 10 15 20 25
0

10

20

30

40

50

60

70

80

90

100

 20% Ni/TiO
2

 20% Ni/γ-Al
2
O

3
X

C
O
 (

%
)

ToS (h)

 

Figure 44: Comparison of conversion between Al2O3 and TiO2 supported catalysts 

The syngas space velocities used for the alumina and titania supported catalysts were, 

respectively: 2498 and 1241 Nml/min⋅g1. Both reactions were run at 20 bars and with an inlet 
H2/CO ratio of 3. 

The product selectivities with time on stream of both catalysts are presented in Table 15. 

Table 15: Selectivities of alumina and titania supported nickel catalyst after 5 hours of time on stream 

 

A temperature programmed hydrogenation was run on the samples in order to quantify the 
amount of carbon and characterize the species of carbon present on the nickel surface. The 
results are presented on Figure 45. 

                                                      
1 In this section, all the masses of catalyst presented correspond to the masses of unreduced catalyst, and all the 
space velocities are, at the same time, calculated as flow divided by the mass of unreduced catalyst. 

C1 C2-C4 C5+

20% Ni/TiO2 50.2 38.8 11

20% Ni/γ-Al2O3 58.1 35.5 6.4

Selectivity (%)
Catalyst
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Figure 45: Carbon formation for Al 2O3 and TiO2 supported nickel catalysts 

The previous data were integrated in order to quantify the amount of carbon produced. The 
amount of carbon is presented in Table 16. 

Table 16: Comparison of carbon formed on alumina and titania supported catalysts 

 

After TPH, the catalysts were separated from the SiC powder and analyzed by XRD 
diffraction in order to evaluate sintering of the nickel particles. The diameters calculated with 
the Scherrer equation are presented in Table 17. 

Table 17: Sintering on alumina and titania supported nickel catalysts 

Catalyst Initial diameter (nm) Final diameter (nm) 

20%Ni/Al2O3 9 82 

20%Ni/TiO2 24 35 

 

The particle diameters obtained shows that, probably, the main reason of deactivation for this 
alumina supported catalyst is sintering. On the other hand, the titania supported catalyst shows 
more resistance towards sintering, so its deactivation cannot be justified with that. 

In order to know if carbon formation is the reason of deactivation the following procedure 
was performed for the titania supported catalyst. 

Catalyst nC (mol) Area monolayer carbon /SANi

20%Ni/γ-Al2O3 1.4E-04 6.3

20%Ni/TiO2 7.1E-05 8.4
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First, the catalyst was exposed to a short time on stream reaction (4 hours approximately). 
Then the reaction was stopped, and helium was flown through the reactor for more than one 
hour.  

After that, the reaction was restarted in exactly the same operating conditions. This was made 
to assure that the first deactivation observed in the first run was not an effect of retro-diffusion 
of the products in the wax traps and the pipe line. After some hours the reaction was stopped. 

Then, a TPH was run in order to remove the carbon formed. Finally, the reaction was 
performed again to know if the catalyst had recovered activity (see Figure 46) 
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Figure 46: Recovering of catalyst activity by hydrogenation of carbon for 20% Ni/TiO2 

The results of this experiment show clearly that the main reason of deactivation in titania 
supported catalysts is carbon formation. After hydrogenation, the activity was recovered in an 
80%. The activity was not recovered completely with the hydrogenation. Possible 
explanations for this are decoration and/or sintering of the support due to the high 
temperatures at which the TPH is performed. A little of sintering of the metal particle was 
observed, which could also justify this not complete recover of activity. 

A similar procedure was run on the alumina supported catalyst avoiding the pause and 
intermediate reaction performed for the titania supported catalyst (see Figure 47). 
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Figure 47: Recovering of catalyst activity by hydrogenation of carbon for 20%Ni/γγγγ-Al 2O3 

In contrast with the titania supported catalyst, the alumina supported catalyst did not show any 
recovering of activity after TPH. Furthermore, the alumina supported catalyst did present a 
significant growth of the metal particle. Therefore, the main reason of deactivation for this 
alumina supported catalyst is sintering. 

In conclusion, the results show that the alumina supported catalyst provides a higher initial 
activity and higher selectivity towards methane. However, in the practice, there is a 
relationship between activity and lifetime of commercial catalysts [39]. For large-scale 
operation units, the space time yield is economically limited to about a minimum of 0,1 ton 

product/hour⋅m3 reactor [39], and the catalyst life to a minimum of 5 years [40]. 

Therefore, between the two tested catalysts, the titania supported one is more attractive due to 
its stability. It is its deactivation behavior what sparked off interest in its study. 

 

5.4. Kinetic model for 20%Ni/TiO2 

A total of six experiments were used to establish a kinetic expression which fitted with the 
initial activities of all of them. Like other researchers in methanation [14, 41], a power rate 
law form was used to fit the data. The operating conditions of the different experiments are 
described in Table 18. 

 



Experimental results and discussion 

49 
 

Table 18: Operating conditions of the experiments to establish the kinetic model 

 

The results of the six experiments are summarized in Table 19. 

Table 19: Initial experimental results 

 

Where selectivities were defined as: 

�� =
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Equation 8: Selectivity 

Due to the liquid products were not analyzed in the GC, the selectivity of C5+ was calculated 
with the mass balance of carbon species. 

The usage ratio of H2 was defined and calculated with Equation 9: 
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Equation 9: Usage ratio 

The molar ratio of gas hydrocarbons was defined according to Equation 10: 
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Equation 10: Molar ratio of gas hydrocarbons 

The previous results were fitted into the following mathematic model in order to obtain the 
kinetic parameters. 

20%Ni/TiO2

Experiment T (°°°°C) Ptotal (bar) mcat (g) Total flow inlet (Nml/min) H2 CO He N2

1 310 21 0.022 100 72.16 25.06 0 2.78

2 310 21 0.020 200 36.08 12.53 50 1.39

3 310 21 0.020 400 18.04 6.27 75 0.70

4 310 1 0.020 100 72.16 25.06 0 2.78

5 310 1 0.020 174.3 84.02 14.38 0 1.60

6 310 1 0.015 186 88.77 10.11 0 1.12

Operating Conditions Inlet composition (% molar)

Experiment XCO (%) SC1 (%) SC2-C4 (%) SC5+ (%) SCO2 (%) URH2 HC gas

1 19.91 40 35 25 0 2.448 0.550

2 12.86 47 38 16 0 2.514 0.619

3 10.38 53 35 12 0 2.574 0.670

4 4.13 72 28 0 0 2.757 0.835

5 6.28 79 21 0 0 2.819 0.880

6 6.51 80 20 0 0 2.822 0.881

Results at ToS=0 Selectivities Molar ratios
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Mathematic model 

Reaction kinetics 
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With the use of the mathematic model and the six different experiments the three kinetic 
parameters obtained were: 
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* �310℃� = 4.15 ∙ 10��  
���

� ∙ � ∙ $� %.�& 

2 = 0.77 

 = −0.29 

Vannice [15], found similar reaction order values in 1982. The order for hydrogen (α) was 

equal to 0.9±0.1 and for carbon monoxide (β) was equal to -0.3±0.1. 

The following parity plot (Figure 48) presents the flow of CO reacted per gram catalyst 
(calculated with the kinetics obtained) versus the one obtained experimentally for the six 
experiments.  
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Figure 48: Parity plot for the kinetic model 

 

5.5. The influence on H2/CO ratio  

The kinetic expression obtained was then used in order to design experiments. Due to the 
information obtained in the previous experiments, in which the reason of deactivation seemed 
to be related with carbon formation, a study on the effect of H2/CO ratio was carried out. Four 
experiments at different inlet H2/CO ratios (2, 3, 6 and 9) were designed to start from the 
same conversion level (around ΧCO=16%). The experiments differed in its rate of deactivation 
but not in the final value of activity as it is shown in Figure 49. All four experiments were run 

at atmospheric pressure and 310 °C. 
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Figure 49: Effect on H2/CO ratio 

All four experiments were run at atmospheric pressure. The space velocities used for 
obtaining the same initial conversion level are shown in Table 20. 

Table 20: Space velocities for the study of the H2/CO ratio influence 

 

In order to explain this difference in their deactivation behavior, it was required to run TPH 
on the samples. Unfortunately, the hydrogen flow required to appreciate the carbon formed 
with mass spectrometry on these small amounts of catalyst is too low to use this method. 
Therefore, four more experiments at the same conditions were run, but this time with higher 
amounts of catalyst (see Table 21). 

Table 21: Experimental conditions for the study on H2/CO ratio influence with higher amounts of catalyst 

 

SVsyngas SVCO

Ratio 9:1 0.021 9073 917

Ratio 6:1 0.028 5688 813

Ratio 3:1 0.040 2500 613

Ratio 2:1 0.044 1587 520

Exp
SV (Nml/(min⋅⋅⋅⋅g))

mcat (g)

SV syng SV CO

Ratio 9:1 0.1 1597 158

Ratio 6:1 0.1 1718 242

Ratio 3:1 0.1 992 242

Ratio 2:1 0.1 330 107

SV (Nml/(min⋅⋅⋅⋅g))
Exp mcat (g)
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The following figure (Figure 50) shows the data obtained during the 6 hours of reaction. The 
experiments were started with gradual openings of the syngas flow in order to prevent large 
temperature increases at start up. Therefore, the conversion data values at time 0, are not 
experimental, those are calculated making use of the kinetic model. 
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Figure 50: Conversion of CO vs. time on stream for the study on H2/CO ratio influence with higher amounts of 
catalyst 

In Figure 51, the temperature profiles along the bed of these experiments are presented. 
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Figure 51: Temperature profiles of the experiments at P=1bar 



Experimental results and discussion 

54 
 

Once finished the experiments, a TPH was run on the samples. The flow of H2 used was 23.3 
Nml/min, which results to be the minimum flow required to assure the entrance of a stable 
certain flow into the MS. The results obtained are shown in Figure 52. 
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Figure 52: Influence of H2/CO ratio on carbon formation 

The previous carbon curves shown in Figure 52 were integrated in order to estimate the 
amount of carbon produced in every experiment. The amounts of carbon are reported in Table 
22. 

Table 22: Influence of H2/CO ratio on amount of carbon produced 

 

The results presented in Figure 52 seem to correlate the amount of carbon formed with the 
H2/CO ratio, for the different carbon species. At the same time, the lower is the H2/CO ratio; 
the harder are the carbon species to hydrogenate. 

According to Bartholomew [26], the only carbon species that can be formed at 310°C are Cα, 

Cβ and Cv, whose hydrogenation peak temperatures are respectively 200, 400 and 400-600°C. 

This leads to the conclusion that the first peak corresponds to Cα, but it is uncertain which 
species correspond to the other peaks. Anyhow, we can observe three peaks in the 
experiments with H2/CO ratios 3 and 6, so probably the three carbon species are all present. 

H2/CO ratio nC (mol) Area monolayer carbon /SANi

2 2.3E-04 27

3 1.5E-04 18

6 8.5E-05 10

9 2.3E-05 3
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The results do not clarify if the only reason of deactivation is carbon formation. The 
experiment run with an inlet H2/CO ratio=9, although presenting almost no carbon formation 
(compared to the others), did show a loss in activity. However, the area which the carbon 
formed can occupy is larger than the surface area of nickel, what can justify why the catalyst 
deactivates also under these conditions. 

Nevertheless, it is important to take into consideration that the experiments used for TPH 
were not run at the same CO conversion levels. This means that, for the experiments with 
inlet H2/CO ratios higher than the usage ratio, the higher is the conversion, the higher is the 
average H2/CO ratio along the catalyst bed, and therefore, the smaller is the amount of carbon 
formed. For the same reason, the experiments with inlet H2/CO ratios lower than the usage 
ratio the opposite applies, the higher the conversion the lower is the H2/CO ratio. 

Furthermore, the higher is the conversion, the higher is the presence of water, which can 
remove carbon from the metal surface [42]. 

 

5.6. The effect of water at atmospheric pressure 

In order to explain the data obtained before, a further insight on the effect of water was 
needed. Therefore, another experiment with 10% molar water content in the inlet was carried 
out. Its experimental conditions are the same as the ones shown in Table 21 for the 
experiment with an inlet H2/CO ratio of 3. In order to work with the same partial pressure of 
syngas used in the mentioned experiment, a higher total pressure was needed (P=1.1 bar). 
Even though not working at the same total pressure, it was assumed that this little difference 
would be negligible (if an effect of total pressure existed). In Figure 53, the effect of 10% 
water is presented. 
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Figure 53: Effect on water at atmospheric pressure 
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The results show that the presence of water decreased the rate of deactivation with a higher 
stable conversion compared to the dry counterpart, which was not observed for the different 
inlet H2/CO experiments. Once finished the experiment, a TPH was run on the sample. In 
Figure 54, it is presented the comparison in carbon formation for these two experiments. 
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Figure 54: Effect on water on carbon formation (P=1atm) 

The amount of carbon formed is presented in Table 23. 

Table 23: Effect on water in amount of carbon formed (P=1atm) 

 

As it is shown in the figure, the quantity of carbon formed when water is present is much 
lower and this could justify this effect on its deactivation behavior. However, the quantity of 
carbon is too low and it is still unknown why the catalyst deactivates so fast. 

 

5.7. The influence of temperature 

Three different experiments at 280, 310 and 340°C were carried out at atmospheric pressure. 
The objective of this study was to know how it affects both in deactivation and carbon 
formation. The experiments were designed to start from the same CO conversion level (41%). 
The activation energy taken for designing the experiments was 30 kcal/mol, referring Vannice 
[15]. The three experiments started from different conversion levels because the activation 
energy was probably not the same for this catalyst. However, the study was successfully 

Experiment nC (mol) Area monolayer carbon /SANi

10% water 2.8E-05 3

dry 1.5E-04 18
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enough to have a qualitative knowledge about the deactivation behavior at different 
temperatures (see Figure 55).  
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Figure 55: Effect of temperature on deactivation 

The space velocities used for the three experiments are presented in Table 24. 

Table 24: Space velocities used for the influence on temperature 

 

The results show a difference in the rate of deactivation. The higher the temperature is, the 
faster the catalyst loses its activity during the first hours. Then, a TPH was carried out for the 
three samples (see Figure 56). 

Experiments

T(°°°°C) SVsyngas SVCO

280 246 60

310 980 259

340 3308 808

SV (Nml/(min⋅⋅⋅⋅g)
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Figure 56: Effect of temperature on carbon formation 

In Table 25, the amounts of carbon corresponding to Figure 56 are presented.  

Table 25: Effect of temperature on amount of carbon 

 

It can be noticed that the amount of carbon reducing between 400 and 600°C was bigger the 
higher the operating temperature was. Therefore, the effect of temperature on the deactivation 
behavior seems to be related with the amount of these carbon species.  

 

5.8. The effect of syngas partial pressure 

The data obtained in the previous sections offered interesting data about how the relation 
between H2 and CO partial pressures affected both deactivation and carbon formation. 
However, it is necessary to study the same effect at higher pressures, closer to the industrial 
operating conditions.  

A total of 3 experiments with different H2/CO ratio were performed. The operating conditions 
of these are presented in Table 26. 

T (°C) nC (mol) Area monolayer carbon /SANi

280 1.9E-04 22

310 1.5E-04 18

340 2.9E-04 34
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Table 26: Operating conditions of experiments performed at 20 bars 

 

The inlet H2/CO ratio had the same effect as it had at atmospheric pressure. The higher this 
ratio is the slower is the deactivation rate (see Figure 57). 
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Figure 57: Effect of H2/CO ratio on deactivation behavior at 20 bars 

Even though not starting from exactly the same CO conversion values, one can observe 
differences in the initial deactivation slope and in the relative loss of conversion between the 
experiments. Therefore, the H2/CO ratio has the same effect at 20 bars and at atmospheric 
pressure. 

The results of the TPH of these three samples are presented in Figure 58. 

SVsyngas SVCO

H2/CO ratio = 2 20% He 1621 523

H2/CO ratio = 3 5%He 2564 654

H2/CO ratio = 6 20% He 3143 443

Experiments P=20 bars
SV (Nml/(min⋅⋅⋅⋅g))
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Figure 58: Influence of H2/CO ratio at 20bars on carbon formation 

The lowest is the H2/CO ratio the biggest is the amount of hard to hydrogenate carbon species 

(Cβ and Cv), as expected (see Table 27).  

Table 27: Effect of H2/CO ratio on amount of carbon formed at 20 bars 

 

If the experiments previously performed at atmospheric pressure are compared with these new 
ones, one can realize that the carbon amounts formed at 20 bars are lower than the ones 
formed at atmospheric pressure (see Figure 60, Figure 62 and Figure 64). Unfortunately, it is 
difficult to compare the deactivation behavior of the experiments when these start from very 
different CO conversion values (so the average H2/CO ratio and partial pressure of water 
change along the bed). Anyhow, a qualitative comparison can be carried out, and the results 
show that the catalysts deactivate faster at atmospheric pressure which can be directly related 
to the amount of carbon formed (see Figure 59, Figure 61 and Figure 63). 

Experiment nC (mol) Area monolayer carbon /SANi

H2/CO Ratio=2, 20%He 7.9E-05 9

H2/CO Ratio=3, 5%He 6.0E-05 7

H2/CO Ratio=6, 20%He 2.7E-05 3
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Figure 59: Deactivation behavior at P=1bar and P=20bar. H2/CO ratio=2 
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Figure 60: Carbon formation at P=1bar and P=20bar. H2/CO ratio=2 
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Figure 61: Deactivation behavior at P=1bar and P=20bar. H2/CO ratio=3 
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Figure 62: Carbon formation at P=1bar and P=20bar. H2/CO ratio=3 
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Figure 63: Deactivation behavior at P=1bar and P=20bar. H2/CO ratio=6 
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Figure 64: Carbon formation at P=1bar and P=20bar. H2/CO ratio=6 

 



Experimental results and discussion 

64 
 

In Table 28, the amount of carbon of these compared experiments is presented. 

Table 28: Amount of carbon at P=1bar and P=20bar 

 

 

5.9. The effect of water at 20 bars total pressure 

A total of 3 experiments were run at 20 bars with a certain quantity of water in the feed. In 
order to compare these with the previous experiments run at 20 bars, the molar fraction of 
water of the feed was equal to the molar fraction of helium used. In Table 29, it is detailed the 
operating conditions of these 6 experiments mentioned. 

Table 29: Operating conditions for experiments at 20 bars 

 

These little variations in space velocities (between the same H2/CO ratio experiments) are due 
to little differences in the mass of catalyst loaded which can´t be compensated with the 
precision of the flow mass controllers. In any case, the differences are not significant enough 
to have an effect on conversion. 

In Figure 65, the temperature profiles along the bed of these 6 mentioned experiments are 
presented. 

Experiment nC (mol) Area monolayer carbon /SANi

H2/CO ratio=2 P=1 bar 2.3E-04 27

H2/CO ratio=2 P=20 bar 7.9E-05 9

H2/CO ratio=3 P=1 bar 1.5E-04 18

H2/CO ratio=3 P=20 bar 6.0E-05 7

H2/CO ratio=6 P=1 bar 8.5E-05 10

H2/CO ratio=6 P=20 bar 2.7E-05 3

SVsyngas SVCO

20% He 1621 523

20% H2O 1615 522

5%He 2564 654

5% H2O 2660 650

20% He 3143 443

20% H2O 3143 443

Experiments P=20 bars

H2/CO ratio = 2

H2/CO ratio = 3

H2/CO ratio = 6

SV (Nml/(min⋅⋅⋅⋅g))
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Figure 65: Temperature profiles of experiments at 20 bars 

In Figure 66, the conversion of CO during the six hours of time on stream is presented for the 
six experiments at 20 bars. The differences in temperature along the bed are more significant, 
the higher is the reacted flow, as expected by the energy balance. This is clear in the 
experiment in the experiment with an H2/CO ratio=2 and 20% water in the feed, which the 
temperature changes slightly along the bed and its conversion and space time yield are the 
lowest. 
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Figure 66: Study of deactivation at 20 bars 

All dry experiments were run with a certain amount of helium in order to work at the same 
inlet partial pressure of synthesis gas used in the experiments run with water, and so, making 
them comparable. 

Unexpectedly, the effect of water had a completely different effect as it had at atmospheric 
pressure. The activity of these resulted to be negatively affected, and their deactivation rate 
was significantly enhanced during the first two hours. 

The following figures show the water effect on carbon formation for the three different inlet 
H2/CO ratios (see Figure 67, Figure 68 and Figure 69). 
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Figure 67: Effect of water on carbon formation at 20 bars. H2/CO ratio=2 
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Figure 68: Effect of water on carbon formation at 20 bars. H2/CO ratio=3 
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Figure 69: Effect of water on carbon formation at 20 bars. H2/CO ratio=6 

In Table 30, the amount of carbon formed for the 6 experiments is presented. 

Table 30: Amount of carbon formed. Experiments at 20 bars 

 

The amount of water in the inlet has a significant effect in the removal of carbon as it is 
shown in the previous experiments. However, the experiments run with water lost 
significantly more activity. 

It is known that steam can enhance sintering rates [19, 22]. Therefore, the four samples run at 
H2/CO ratios 2 and 3 were then analyzed with XRD in order to estimate the particle diameter 
and know if the catalysts sintered. Unfortunately, the results of the analysis showed no 
significant difference in their particle diameters so the reason of this deactivation difference is 
still unknown (see Table 31). 

 

 

Experiment nC (mol) Area monolayer carbon /SANi

H2/CO ratio=2, 20%He 7.9E-05 9

H2/CO ratio=2, 20%H2O 3.7E-05 4

H2/CO ratio=3, 5% He 6.0E-05 7

H2/CO ratio=3, 5%H2O 3.8E-05 4

H2/CO ratio=6, 20% He 2.7E-05 3

H2/CO ratio=6, 20%H2O 1.5E-05 2
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Table 31: Particle diameter for experiments at 20 bars 

 

 

5.10. A mathematical expression for the catalyst deactivation 

A large number of experiments have been carried out and some conclusions have been 
already reached. As it has been shown in the previous results, the loss of activity is directly 
related with the partial pressure of the reactor components. In this section, a deactivation 
expression is deduced from the water, carbon monoxide and hydrogen partial pressures. 

The following expression (Equation 11) is suggested to describe the deactivation behavior: 

−

��

��
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���
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ω�� 

Equation 11: Rate of deactivation 

The biggest problem to fit the data obtained with this expression is that it is still unclear why 
water shows a positive effect at atmospheric pressure and a negative effect at 20 bars. 
Therefore, it is difficult to establish the ω parameter. It could also be possible that there is a 
limit value for water partial pressure from which the effect of water changes. If the 
deactivation was only referred to the loss of activity due to carbon formation, the parameter ω 
would be negative (water has shown to remove carbon both at atmospheric and 20 bars total 
pressure experiments). 

On the other hand, from the data obtained, it is difficult to know why, for the same H2/CO 
ratio, the loss of activity at 20 bars is less than at atmospheric. In other words, it is not 

possible to know if ε≠δ when these experiments differ from their partial pressure of water. 

Therefore, the following two experiments were carried out in order to know if the reason of 

this positive effect at 20 bars is due to the hydrogen partial pressure (so ε>δ) or due to the 
water partial pressure. In order to achieve conclusions, the experiments differed in the inlet 
partial pressures of syngas and started (after the syngas openings) with different conversion 
levels in order to expose the samples to approximately the same water partial pressure along 
the reactor (see Table 32). 
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d (nm)

Ratio 2:1

Ratio 3:1

dinitial= 24 nm
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Table 32: Experimental conditions in the study of the hydrogen partial pressure effect 

 

The results of the experiments (see Figure 70) showed that the sample exposed at lower 
syngas partial pressure deactivated more. This implies that in the deactivation expression 
suggested, ε>δ, what justifies why the samples exposed to the reaction at 20 bars (with no 
inlet water) deactivated less.  
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Figure 70: Study of the hydrogen partial pressure effect 

 

 

 

 

Psyngas (bar) PHe (bar) H2/CO ratio SVsyngas (Nml/(min⋅⋅⋅⋅g)) XCO initial Pwater outlet

19 1 3 1653 75.6 4.92

16 4 3 1322 90.9 4.97

Results at ToS= 0.62hExperimental conditions
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6. Conclusions 
The results provided in this study lead to the following conclusions: 

1) At the operating conditions presented, the main reason of deactivation for titania 
supported nickel catalysts is carbon formation while for alumina supported is 
sintering. 

2) Titania supported nickel catalysts show higher selectivities to C2, C3 and C4 and lower 
selectivity towards methane. 

3) Carbon monoxide partial pressure enhances the rate of formation of carbon while 
hydrogen slows it down. Therefore, the lower is the H2/CO ratio the faster is the 

formation of carbon and the higher is the hydrogenating temperature of the Cα formed.  
4) Moreover, the effect of hydrogen partial pressure is more significant than the carbon 

monoxide one. Therefore, when increasing synthesis gas total partial pressure the rate 
of formation of carbon decreases. 

5) The higher is the operating temperature the faster is the loss in activity due to a higher 
reaction rate in the transformation of Cα to Cβ. 

6) At the operating conditions presented, steam removes surface carbon species and does 
not enhance sintering rates. 

 

The following table summarizes the effect that different operating variables have on the rate 
of deactivation and carbon formation when increasing those variables. 

Table 33: Summary of the effect of different variables on deactivation and carbon formation 

 

 

 

 

Effect Rate of deactivation Carbon formation

H2/CO Ratio ↓ ↓

Syngas partial pressure ↓ ↓

H2 partial pressure ↓ ↓

CO partial pressure ↑ ↑

H2O partial pressure ? ↓

Temperature ↑ ↑
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7. Nomenclature 
a activity 

A Hemholtz constant  

A i TCD area of component “i”  

A j FID area of component “j” 

C1 methane 

C2-C4 fraction of hydrocarbons between 2 and 4 number of carbon atoms 

C5+ fraction of hydrocarbons with 5 or more number or carbon atoms 

°C Celsius degrees 

d particle diameter (nm) 

%D dispersion (%) 

Ea Energy of activation (kJ/ (kmol⋅K)) 

Fi Molar flow of component “i” (mol/s) 

Fj Molar flow of component “j” (mol/s) 

h hours 

HCgas mols produced of gas hydrocarbons/mol reacted of CO 

k constant of reaction 

kd constant of deactivation 

K Kelvin degrees 

mcat mass of catalyst (g) 

n number of carbon atoms 

nc=ncarbon amount of carbon formed (mols) 

Ni turnover frequency of component “i” 

P total pressure  (bar) 

Pi partial pressure of component “i” (bar) 

∆Preactor pressure drop in the reactor (bar) 
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r intensive rate of reaction (mols/(m3⋅s)) 

r´ intensive rate of reaction per mass catalyst (mols/(g⋅s)) 

ri intensive rate of reaction of component “i” 

R Boltzmann constant 

Ri extensive rate of reaction of component “i” 

RF response factor 

RRF relative response factor (always relative to nitrogen) 

Si selectivity towards component “i” 

SANi specific surface area of Ni (m2/g) 

SVi space velocity of component “i” (Nml/(g⋅min)) 

t time 

T temperature 

ToS time on stream (hours) 

us superficial velocity (cm/s) 

URH2 usage ratio (mols reacted of H2/mols reacted of CO) 

V reactor volume (cm3) 

W mass of Ni (g) 

XCO conversion of CO (%) 

z bed length (cm) 

 

Greek symbols 

α   order of reaction for H2 

� section of the reactor (cm2) 

β  order of reaction for CO 

��  broadening at half maximum intensity of a peak 

δ  order for CO in the deactivation equation 

ε  order for H2 in the deactivation equation 
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λ  wavelength 

κ  shape factor 

θ  Bragg angle 

ω  order for H2O in the deactivation equation 

Acronyms 

BET Brunauer, Emmett and Teller 

DoR Degree of reduction 

MS Mass spectrometer 

TPH Temperature-programmed hydrogenation 

TPR Temperature-programmed reduction 

XRD X-Ray diffraction 
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