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Abstract:

Nickel and ruthenium promoted by ceria were compared as catalyst active phase for the production
of synthetic natural gas in a 1 kW fixed-bed reactor (49 cm in length and 3 cm in diameter). Both
catalysts were tested in a broad range of conditions: 250 — 450 °C, 8000 — 16000 h'* GHSV, 3.5-5.5
H2/CO: ratio, and atmospheric pressure. The Ni-based catalyst presented higher CO2 conversion and
lower reduction of BET area and metal dispersion after utilization. Two Kkinetic models were
elaborated according to the performance of the catalysts in this reactor. The minimum mean squared
error between the kinetic model and experiments was 3.0% for the Ru-based catalyst and 1.4% for
the Ni-based catalyst. The kinetic model of the Ni-based catalyst was implemented in Aspen Plus to
evaluate potential methanation plant designs. The simulation minimized the amount of catalyst
required to reach 95vol.% of CHa, within proper technical limits (GHSV < 5000 h! and temperature
> 300 °C). The 3-reactor plant was the most adequate configuration. The total catalyst mass was 3.26
kg per kg/h of SNG, the heat removed from the reactors was 10.8 MJ/kgsne, and the preheating
necessity was 4.90 MJ/kgsnc. The electrolysis energy consumption was 86.4 MJ/Kgsne.
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1. Introduction

The massive penetration of renewable energy resources in the energy system, as well as the
development of large scale energy storage systems, is essential to achieve global emissions targets
[1]. Different technologies are currently in operation and others have been proposed to overcome the
current drawbacks of energy storage technologies. Among them, Power to Gas has received attention
in the recent years [2,3]. Power to Gas includes all those technological concepts that convert
renewable electricity into gaseous fuel by including an electrolysis stage [4]. Considering the benefits
and drawbacks of the different synthetic fuels that can be obtained, Power to Methane is one of the
most versatile options thanks to the possibility of storing and distributing the product (methane)
through the natural gas network [5-7]. The core of the Power to Methane process is the methanation
reactor where a metallic catalyst that exhibits high stability over a long time and high resistance to
sintering and carbon deposition is required to promote the Sabatier reaction (Eq.(1)) [8].

CO, + 4H, & CH, + 2H,0 AH99g = —165.0 kJ/mol 1)

Heterogeneous catalysts based on metals primordially from V111-XI group, nickel (Ni) and ruthenium
(Ru), supported over mesoporous alumina (y-Al203) have been found to be competitive for the
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methane production by CO2 methanation process. Ru-based catalysts are typically synthetized using
a low metal loading (<5 wt.%), whereas Ni-based catalysts are fabricated using a high metal loading
(<20 wt.%) [9]. Between both, Ni-based catalysts are preferred to be developed at industrial levels
because of their excellent catalytic performance, easy availability, and low price. However, they are
easily deactivated by sintering [10], coke deposition [11] or poisoning [12—15], in a higher extension
than Ru-based catalysts [16,17], which in turn are much more expensive.

The influence of the support material (SiO2[15], TiO2[20], Y203[18], Sm203[11], ZrO2[23], CeO2
[24], La20s3 [25], MgO [26], MCM-41 [27], carbon [28], zeolites [29-32] and KIT-6 [33]), the
addition of one second metallic active phase (Fe [34], Pt, Pd, Rh [35], Co [36], V[37] and Ru [35]),
and the addition of a metal oxide promoter (ZrOz2 [40], CeO2 [41], La203 [42,43], Mn20 [44], CaO
[45], Gd203[46], MIL-101 [47]) to modify conventional y-Al203 support are the main catalyst design
strategies applied in order to improve the catalytic performance of the Ni-based catalysts. In our most
recently works, it was reported that the addition of lanthanides promoters (CeO2 and La20z3) on Ni/y-
Al203 microspheres was beneficial to enhanced both activity and stability [48]. Moreover, we also
reported that lanthanides promoters play an important role to withstand sulphur poisoning, such in
the case of CeO2 [49,50]. Regarding to Ru-based catalysts, the strategy of addition CeO2as promoter
has been also investigated, however its promoting effect over the physicochemical properties of the
Ru/y-Al203 catalysts has not been clearly reported. In literature, Rynkowski et al. [51] claimed that
the stabilization of Ce (Il1) in CeAl20s, which is a driving force enhancing CO: activation, is
promoted by a high temperature catalyst reduction (T<900 °C). However, taking into consideration
that most of the reactor designs that are nowadays available in the market cannot operate at this high
temperature reduction condition and that a stable catalyst is mandatory to carry out an industrial CO2
methanation process, further research about scalable CeO2 promoted Ni- and Ru- based catalysts
should be conducted to clarify the CeO2 promoter effects and to compare the catalytic performance
between both catalytic systems at industrial levels.

In literature, the comparison and characterization of catalysts is usually performed at small lab-scale
reactors whose operating conditions are easy to manage and fully controlled. Moreover, most of the
reported catalyst are fabricated in powder shape with a particle size lower than 200 um [52]. At
industrial levels, powder catalysts are not technical feasible to be used in the conventional fixed-bed
reactors because their small particle sizes promote the pressure drop across the catalyst bed. The use
of relatively large particles (1-3 mm) can be required to avoid high pressure drop. Commercial
methanation catalysts are currently manufactured in spherical (3-6 mm) [53], cylindrical (5.4x3.6
mm) [54] and ring (5x2.5 mm) [55] shapes, which are not compatible for the new generation of
micro- and mm-fixed bed reactors. Therefore, the design of active catalysts at industrially relevant
shape is required for a proper catalyst selection in these methanation fixed-bed reactors.

The main original contribution of the present study is the comparison of nickel and ruthenium as
catalyst active phase at larger scale, and the characterization of its performance in a 1 kW mm-fixed
bed reactor, including the elaboration of kinetic models for this scale. The paper is divided in three
main sections: Methods, Results and Process design. The Methods section provides information on
the catalyst preparation, the experimental setup, the experiment design, and the elaboration of the
kinetic models. The Results section shows the reduction protocol, the analysis on the temperature
profile of the reactor, the comparison between mm-sized Ni and Ru active phases performance, and
the study on the degradation of the catalysts after their utilization. Finally, the Process design section
presents an Aspen Plus model of potential methanation plant configurations, based on the elaborated
Kinetics at 1 KW scale, which optimizes the operating parameters to minimize the required amount of
catalyst to reach 95vol.% of CHa in the final gas.



2. Methods

2.1. Catalyst preparation

Two mme-sized catalyst with spherical shape were considered in this work based on different active
phase, nickel (Ni) and ruthenium (Ru). Both catalysts, Ni and Ru, were promoted by cerium oxide
(CeO2) and supported on y-alumina spheres (dp=2-2.2 mm). Catalyst composition was selected
according to preliminary works on Ni- [56] and Ru-based catalyst promoted by CeOz2 [57].

The catalyst preparation is described as follows. A typical synthesis consisted on 50 g-catalyst batch.
The salt precursors; nickel (1) nitrate hexahydrate [Ni(NO3)2-6H20] (98% purity, Alfa Aesar), or
ruthenium (I11) chloride hydrate [RuCI3-xH20] (Sigma-Aldrich), and cerium (I11) nitrate hexahydrate
[Ce(NOs3)2-6H20] (99% purity, Alfa Aesar) were dissolved in a rotary evaporator at constant stirring
(140 rpm) for 1 hour at 120 °C. Then, pre-dried y-Al203 spheres (SA 62240, Norpro Saint-Gobain)
were added to the solution and kept for 3 h for impregnation. Catalyst were calcined at 450 °C for 30
min (1 °C-min’%).

2.2. Catalyst characterization

Physiochemical characterization of the fresh and used catalysts included Scanning Electron
microscopy (SEM), Energy dispersive X-ray (EDX), Helium pycnometry, Hydrogen temperature
programed reduction (H2-TPR), Nitrogen physisorption, X-ray diffraction (XRD) and CO-
chemisorption. Prior to measurements, fresh catalysts were activated on a tubular furnace at 300 °C
for 3 h (1°C-min"%) and under 5 vol.% Hz/Ar flow (100 NmL-mint).

SEM (Zeiss Auriga 60) was used to study the morphology of the samples, while the experimental
composition was studied by EDX (Oxford Inca Energy). SEM images and EDX analysis were
performed by using the procedure measurement described in [48]. The true densities of catalysts were
estimated by using helium pycnometer (Ultrapyc pycnometer 1200e, Quantachrome Instruments)
Experiments were performed using a large sample cell that was filled by catalyst at 75% vol. to ensure
accuracy (+0.02). True density was estimated by the average of collected data points from three runs
measured at 1.38 bar.

Textural analyses were carried out from the corresponding N2 adsorption-desorption isotherms at -
196 °C using a static automatic volumetric apparatus (TriStar 11 3020-meritics analyser). Before the
measurements, the samples were degassed at 90 °C for 1 h, and then at 250 °C for 4 h. Brunauer-
Emmett-Teller (BET) method was applied for calculation of the BET surface area for a relative
pressure (P-Po) range of 0.05-0.30. The total pore volume and the average pore size were determined
by applying Barrett-Joyner-Halenda (BJH) method to the desorption branch of the isotherms at value
P-Pot = 0.999.

H2-TPR and CO-Chemisorption were carried out using an automated chemisorption analyser
(Autochem HP-meritics). In the case of H2-TPR measurements 70 mg of synthetized material was
kept under a 12 vol.% Hz/Ar flow (50 NmL-min), while the temperature was increased from 25 to
800 °C with a heating ramp of 10 °C-min. The signal of H2 consumption was detected by a thermal
conductivity detector (TCD). CO-Chemisorption measurements were held at 35 °C under a 10 vol.%
CO/He flow over samples (50 mg), which were pre-reduced at 300 °C under a 12 vol.% H2/Ar flow
(50 NmL-min) for 3 h (heating ramp of 1 °C-min"%). CO pulses were periodically introduced until
full saturation of the system. Metal dispersion of the catalysts was calculated assuming a
stoichiometric ratio CO/Ni and CO/Ru equal to 1, an atomic weight for Ni to 58.71 and Ru to 101.07,
an atomic cross-sectional area for Ni to 0.0649 nm? and for Ru to 0.0613 nm?, and a density for Ni to
8.90 g-cm™ and Ru to 12.2 g-cm™,

XRD spectra were collected on a Bruker type XRD D8 Advance A25 diffractometer (Cu Ka radiation,
L= 1.5406 A, 40 kV, 40 mA) with a scanning range of 26 form 20° to 80° and step size of 0.05°/3s.
The average crystal sizes of the metallic nickel, ruthenium and cerium oxide nanoparticles were
derived from Scherrer’s equation at the most intense peaks: 20=44.55° for Ni (111), 26=44.07° for
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Ru (101) and, 26=28.71° for CeO2 (220): D=(KA/BCosO), where A is the X-ray wavelength, [ is the
full width of the diffraction peak at half maximum (FWHM), and © is the Bragg angle.

2.3. Experimental setup

The methanation facility (Figure 1) consisted on a COz2 cylinder (>99.5% purity, Air products X50S)
connected to a mass flow controller (EL-Flow Bronkhorst® model F-201CV-RAD-22-K, measuring
range 0.16 — 0.80 kg/h), a Hz cylinder (>99.5 purity, Air products X50S) connected to a mass flow
controller (EL-Flow Bronkhorst® model F-201AV-RAD-22-V, measuring range 0.003 — 0.15 kg/h),
a ceramic heater to pre-heat the reagent mixture (<400 °C, custom-made by Tellsa SL), a fixed bed
reactor (tube in stainless steel 310 and flanges in stainless steel 304, in-house design), three electrical
resistances wrapped around the reactor (3x500 W, annealed copper, model Electricfor FFC4 T-175-
E), a water condenser (custom-made Tellsa SL) and a burner to co-fire the synthetic methane with
butane (custom-made Tellsa SL) [58]. For cleaning and safety purposes, the facility also included a
N2 entry (N2 bottle >99.998% purity, Air products X50S).

The gas composition was analyzed before and after the methanation step using a gas analyser, which
consisted on a thermal conductivity detector (Calomat 6, Siemens) for Hz quantification and an
infrared detector (Ultramat 23, Siemens) for CO2, CH4 and CO quantification. Pressure and
temperature were measured with standard instrumentation at different points of the installation, and
were monitored using a Labview system.
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Figure 1. Methanation test facility.

The reactive channel consisted on a tubular fixed bed (30 mm diameter and 490 mm in length). The
prepared catalyst spheres were mixed and loaded with alumina spheres (3.56 mm in diameter with a
true density of 3.81 g/cm?, Goodfellow AL60-SP-000122) to have a homogenous axial distribution
of temperature. Additionally, two inert layers of 35 mm of alumina spheres were used to place the
catalytic bed in the desired location and a 60 mm layer of quartz wool was placed at the bottom. Table
1 describes the characteristics of the ruthenium and nickel fixed beds.

Table 1. Physical characteristics of the fixed beds.
Ru-based Ni-based

Catalyst (9) 41 39
Inert spheres (g) 750 750
Total mass (9) 791 789
Bulk density (g/cm?®) 2.285 2.283
Void fraction (-) 0.346 0.346




The reactor thermal design was based on a co-current “double pipe” (Figure 2). Air flowed through
the annular space to cool the inner tube (shell of 100 mm outer diameter), while the reactants flowed
through the inner tube (620 mm length and 30 mm inner diameter). A total of 9 thermocouples were
distributed along the reactor length (50 mm of separation), which were placed in contact with the
inner tube wall. Thus, the temperature of the wall measured by the thermocouples is expected to be
representative to the actual temperature of the catalytic bed.
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Figure 2. Methanation reactor (without external insulation).

2.4. Catalyst performance

The activation of the catalyst was carried out by passing a pure hydrogen flowrate of 0.015 kg/h
during three hours at 200-400 °C. After activation, the mass flows of H2 and CO: corresponding to
the operating point under study were set in the mass flow controllers. When the conversion and
temperature of the reactor was stable, the measurement in the gas analyzer was recorded. The tests
were performed in ascending order of operating temperature, in order to not cool the reactor between
tests. When requiring increasing the temperature to reach the new operating temperature set point,
the electrical resistances were set on.

The experimental plan (Figure 3) was designed to evaluate the performance of both catalysts at
different steady conditions of operating temperature (T=250-450°C), gas hourly space velocity
(GHSV=8000-16000 h), molar ratio (3.5-5.5) and activation temperature (T=200-400°C). The
operating pressure was 1 bar. The base case consisted on T=350 °C, GHSV of 10000 h'* and H2/CO:
ratio of 4. The experimental design consisted of 13 independent points for each catalyst. Experiments
were repeated twice for each catalyst (at different activation temperatures), therefore 52 experimental
data points were measured in total. The experimental conditions of each experiments can be found at
the appendixes (Table 5 to Table 8).

The GHSV was calculated by Eq.(2), while the CO2 conversion to CHa was experimentally calculated
by Eq.(3) from the measurements of the gas analyzer:

F
GHSV = —— (2)
mcat/pcat
X
Ncoz = cHs -100 ©)

Xcoz T Xco + XcHa



where F is the volume flow of reactants (STP conditions), m.,; the catalyst mass, p.,; the bulk
density of the catalyst and x; the molar fraction of component j in the final gas.
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Figure 3. Experimental design to evaluate catalyst performance. Sensitive analysis on Temperature
(yellow), GHSV (red) and H2/CO:2 ratio (blue).
2.5. Kinetic model

A kinetic model was elaborated for each catalyst by using the experimental results of the present

study. The model was based in the equation proposed by Falbo et al. (Eq. (4)) [59], which is a
modification of the model reported by Lunde et al. [16].

n
Keq

k [Peual" [Puzol™"
=—— . |[P nrp. 14n — 4
The term [P;] is the partial pressure of component i, the parameter n adjusts the reaction order, the

coefficient a gives the dependence on the water partial pressure, K., is the equilibrium constant
(Eq.(5)), and k is the rate constant (Eq.(6), Arrhenius equation).

1 56000 34633
Keq(T) = exp [1 987 ( T2 + T 16.4-InT + 0.00557 - T) + 33.165]

E,
k:kO'eXp<_R-T)

(5)

(6)

The parameters k, (pre-exponential factor), E, (activation energy), n (reaction order) and «
(dependence on water partial pressure) were obtained by minimizing the mean squared error (MSE)
of the CO2 conversion (Eq.(7)) over the total number N of experimental tests. The MSE was

minimized by using the Powell Method [60], with the following limits: 5 — 10000 mol/(s-g-atm®") for
ko, 50 — 90 kJ/mol for E4, 0.001 — 1 for n, and 0 — 70 1/atm for a.

2
- r]COZ(experimental),j)

N
MSE:\/Z]' (nCOZ(model),j = (7)




2.6. Process design

The kinetic model elaborated in this study was implemented in Aspen Plus to evaluate a methanation
plant able to reach a 95 vol.% of methane in the final synthetic natural gas. As case study, it was
assumed an electrolysis capacity of 1 MW with 68% efficiency [61]. A conventional configuration
of reactors in series with intermediate condensers was chosen (Figure 4).

Figure 4. Process flow diagram for the methanation plant in Aspen Plus (4-reactor configuration).

The simulation use the RKSMHV2 property method provided by Aspen Plus. This package is based
on the Redlich-Kwong-Soave equation-of-state and modified Huron-Vidal mixing rules, which are
valid for the tested temperatures and pressures. An optimization process based on the Sequential
Quadratic Programming (SQP) method was followed in order to minimize the amount of catalyst
required, constrained by the requirement of 95vol.% CHas in the final gas. In this optimization, the
temperature of the reactors and the mass of catalyst was varied, as well as the number of reactors (2,
3 or 4 reactors in series). A second optimization was performed including additional technical
constrains of typical methanation plants (GHSV < 5000 h* and T > 300 °C [62]).

3. Results and discussion

3.1. Temperature profile along the fixed bed

During the elaboration of the kinetic model, as well as for the catalyst performance comparison, it
was assumed that the reactor was isothermal. To check this condition, the temperature of the reactor
was cautiously measured by 9 thermocouples spaced by 5 cm along the fixed bed (Figure 2). The
difference of temperature with respect to the isothermal set point, in °C, was presented in a boxplot
in Figure 5, covering all the tests (Table 9). This type of graph is a standardized way of displaying
data based on the minimum, the maximum, the sample median, and quartiles.

In the case of Ru-based fixed bed, the median of the temperature differences for the third to eight
thermocouples was in the range +3.3% to -8.2%. Moreover, the ninth thermocouple had a median of
-14.3%, which is still reasonable since its influence will be minor taking into account its proximity to
the end of the fixed bed. Deviations were found for the two first thermocouples only, whose median
were -25.7% and -21.3%, probably because of a loosely insulation or a bad positioning of the upper
electrical resistance. Therefore, we concluded that about 70% of the length of the reactor was quasi-
isothermal in practice, and the rest 30% presented small deviations with respect to the desirable set
point temperature due to the scale of the reactor and the complexity of heat management. With regards
to Ni-based fixed bed, the median of the temperature differences was in the range +2.2% to -11.3%
accounting for all the thermocouples. Therefore, a lower temperature difference in the two first
thermocouples of the tests compared to the Ru-based case. This behaviour was considered quasi-
isothermal in practice.
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3.2. Reduction protocol

and the isothermal set point.

The influence of the reduction temperature was evaluated for both catalysts. The obtained CO2

conversion is compared through a parity

plot in Figure 6. As it can be seen, all these points laid over

the line with a slope of 1 using Ru-based. Therefore, it was concluded that there is no influence of
the reduction temperature at the range of 200-300 °C for the Ru-based catalyst. In the case of the Ni-
based catalyst (activation temperatures of 300 °C and 400 °C), it was observed an improve in the
activity for two operating points corresponding to conditions far from the equilibrium. For the rest of
the operating points, at high CO2 conversions, the activation temperature had no effect (points laying
on the diagonal line of slope 1 in the parity plot). Since the variation in the CO2 conversion with the
activation procedure was negligible in most cases, an intermediate value of 300 °C was chosen for
the reduction protocol during the comparison of the catalyst performance.
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Figure 6. Parity plot of CO2 conversion at the outlet of the reactor, using different activation
temperatures. The graph shows the results of Table 5, Table 6 and Table 7 versus the results of
Table 8. Dashed lines show £10% error interval.

3.3. Kinetic model

The calculated parameters of the kinetic model, after the minimization of the mean squared error, are

presented in Table 2. The mean squared

error was 7.4% for the Ru-based catalyst, and 1.4% for the
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Ni-based catalyst. The activation energy was 77.4 kJ/mol for the Ru-based and 69.4 kJ/mol for the
Ni-based, which are in the range of the typical values found in literature (60 — 80 kJ/mol [59]).

Table 2. Calculated kinetic parameters and minimum mean squared error.
Ru-based Ni-based
ko (mol/(s-g-atm®")) 300.4 3421

E, (kJ/mol) 7737  69.38
n () 02397  0.4309
a (1/atm) 06856  36.22
MSE (%) 7.4 (3.0) 1.4

The model results were compared to the experimental data through parity plots to validate the model
(Figure 7 and Figure 8). Only major deviations were found in two operating points for the Ru-based
catalyst, which corresponded to the transient in which the fixed bed starts the auto-thermal behavior
(between 275 and 310 °C, Tests #Ru-T1 and #Ru-T2b, see the Appendix). If these two points are not
considered when computing the MSE, we found a mean squared error of 3.0%.
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3.4. Catalyst performance

The influence of methanation temperature on the CO2 conversion was assessed through experimental
tests which make use of both catalysts activated at 300 °C (Table 5). The experiments were carried
out under atmospheric pressure, with a gas hourly space velocity of 10000 h** and a H2/COz2 ratio
equal to 4. Results illustrated in Figure 9 follow the typical curve of a CO2 methanation conversion
versus temperature which may be predicted through a kinetic model. The conversion achieved with
Ni-based material was higher for every tested temperature although similar conversions were reached
for temperatures from 350 °C. According to results of the kinetic model, the activity of Ni-based
catalyst is about 3 times higher than the activity of Ru-based catalyst at 275 °C, while the activity at
temperatures greater than 375 °C is nearly the same because equilibrium is reached.
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Figure 9. COz2 conversion at the outlet vs. isothermal temperature of reactor. Each point
corresponds to one steady state operation. GHSV = 10000 h''; H2/COz2 ratio = 4; P = 1 atm (Table
5).

The influence of gas flow was also evaluated through experimental tests carried out with both
catalysts activated at 300 °C. The experiments were performed under atmospheric pressure, with a
constant temperature of 350 °C and a H2/CO:z ratio equal to 4 (Table 6). The performance of Ni-based
catalyst was better for every tested GHSV between 8000 and 16000 h* and the trend of the
experimental results for both catalysts was coherent and analogous, decreasing with the increase of
the gas flowrate through the reactor (Figure 10). It must be highlighted that the carbon conversion
obtained for a doubled flowrate (16000 h') using Ni-based catalyst was similar than the conversion
achieved with Ru-based catalyst (8000 h). Thus, the Ni-based catalyst would allow for the treatment
of a doubled gas flowrate without impact on carbon conversion. The higher GHSV, the wider
difference between the conversions obtained for both catalysts.
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Figure 10. CO2 conversion at the outlet vs. GHSV. Each point corresponds to one steady state
operation. T = 350 °C; H2/COz2 ratio = 4; P = 1 atm (Table 6).

The influence of increasing the H2/CO: ratio was analyzed through experimental tests carried out
with both catalysts activated at 300 °C. The experiments were performed under atmospheric pressure,
with a constant temperature of 350 °C and a GHSV equal to 10000 h! (Table 7). Again, the CO:
conversion achieved with Ni-based catalyst were higher than those obtained with Ru-based catalyst.
The trend shown by the experimental data is a linear increase of carbon conversion with H2/COz ratio
until the equilibrium conditions are reached. The activity of the Ni-based catalyst was about 6% to
8% greater than the activity of Ru-based catalyst between the H2/COz ratios of 3.5 and 5 (Figure 11).
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Figure 11. COz2 conversion at the outlet vs. H2/COz ratio at the inlet. Each point corresponds to one
steady state operation. GHSV = 10000 h*; T = 350 °C; P = 1 atm (Table 7).

3.5. Catalyst characterization

The Figure 12 shows Hz-TPR profiles of both fresh Ni- and Ru-based catalysts. In the case of the Ni-
based catalyst, it was identified a small reduction peak around 225 °C with a shoulder at 300 °C,
suggesting an interaction between CeO2 and Ni. In addition, the main reduction peaks detected at
around 325, 400, and 475 °C were attributed to the reduction of NiO particles interacted weakly and
strongly with the support, respectively. For the Ru-based catalyst, its main reduction peaks were
identified at very low temperatures (<150 °C). This behaviour can be attributed to the fact that the
high amount of promoter phase weakens the strong RuO-support interactions, causing over the Ru-
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based catalyst a better dispersion of their metal components. For comparison purposes, the
temperature of 300 °C was selected to estimate the percentage of reducibility of the catalysts. At this
conditions, Ru-based catalyst (100%) showed a higher metallic phase activation than Ni-based
catalyst (13%), implying that a higher reduction temperature (>300 °C) can be positive to achieve the
activation of Ni sites in a high percentage, as it was also identified in the experiments carried out in
section 3.2. Despite the Ni-based catalyst showed a low percentage of reduction at 300 °C, its high
catalytic performance estimated in section 3.3 can be justified by the its favourable catalyst activation
during the evaluation of the reaction condition parameters, as for example temperature. In this series
of experiments, temperatures of 450 °C were used, and therefore the catalyst can be activated during
reaction.

Ni-based catalyt

TCD Signal [a.u.]

Ru-based catalyt

r T y T T T Y T v T v T v T X
0 100 200 300 400 500 600 700 800
Temperature [°C]

Figure 12. H2-TPR profiles of the Ni- and Ru-based catalysts

The morphology (surface shape) and elemental composition of the Ni- and Ru-based catalyst in their
two estates fresh and used were evaluated by SEM images and EDX analysis, respectively. SEM
images revealed that after impregnation, both fresh Ni- (Figure 13 (a)) and Ru-based (Figure 14 (a))
catalyst kept the shape and mm-size of the alumina support. It was designed spherical catalysts with
a verge diameter of 2.2 mm. Compared to fresh Ru-based catalyst (Figure 14 (b)), microcracks were
identified into the surface of some particles of the fresh Ni-based catalyst (see Figure 13 (a)). The
formation of small cracks into the surface can be negative since it structural phenomena can promote
to the catalyst attrition by fragmentation, as it can be identified for the used Ni-based catalyst (Figure
13 (b)). In this catalytic system, it was confirmed the breakages of the particles and particle attrition.
The most probably is that during the CO2 metahantion process, Ni-based particles may undergo
different forces in different directions when colliding with other particles or the wall of the attrition
tube, which causes fragmentation. Therefore, it can be claimed that surface features have effect on
attrition resistance, and they can influence attrition mechanisms. However, it is important to note that
this new microparticles had not a negative impact in the catalytic performance of the Ni-based catalyst
since it showed a superior catalytic activity than that Ru-based catalyst. On the other hand, EDX
analysis suggested that the experimental compositions of active and promoter phase of both catalysts,
Ni-based (19.04 w.% of Ni and 13.95 wt.% of CeO2) and Ru-based (2.23 w.% of Ru and 40.24 wt.%
of CeO2), were very close to the selected theoretical ones. In the case of the used samples, it was
determined a slight reduction of the active phase. The reduction for Ni-based catalyst was 3%, while
for the Ru-based catalyst was 8%. Concerning the promoter phase, an opposite behaviour was
observed in the used samples. For the used Ni-based catalyst, the CeO2 promoter phase was reduced
a 4%. In contrast, an increase in the promoter phase of 2% was determined for the Ru-based catalyst.
This reduction of active and promoter phase can be attributed to the attrition particles, A summary of
the elemental composition of the two samples in their different estates is summarized in Table 3.
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Figure 13. SEM images of the a) fresh and b) used Ni-based catalyst
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Figure 14. SEM images of a) fresh and b) used Ru-based catalyst
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Table 3. Physico-chemical properties of Ni- and Ru-based catalysts

Property Ni-based Ru-based
State Fresh Used Fresh Used
Elemental composition (wt%)

Ni 19.04 18.56 - -

Ru - - 2.23 2.06

CeO2 3.75 13.41 40.24 41.07
Shape Spherical ~ Spherical ~ Spherical ~ Spherical
Average Diameter (mm) 2.2 2.2 2.2 2.2
Density (g/cm®) 1.33 - 1.39 -
True density (g/cm?) 3.75 - 3.94 -
Metallic phase reduced (%) 13 - 100 -
BET (m?/qg) 132 126 122 103
Pore volume (cm®/g) 0.34 0.35 0.29 0.28
Pore diameter (nm) 9.25 9.17 9.12 9.47
Metal dispersion (%) 0.21 0.14 2.89 1.63
XRD

dNi (nm) 24.55 14.89 - -

dRu (nm) - - 27.42 27.86

dCeO2 (nm) 6.72 7.39 6.29 6.85

The Figure 15 shows XRD patterns of both Ni-based catalyst (left) and Ru-based catalyst (right) in
their fresh and used estates. At the selected temperature reduction of 300 °C, the diffraction peaks
found in the Ni-based catalysts around at 20=37.24, 43.28 and 62.91° were indexed to the NiO (101),
(012) and (104) lattice planes. Although the NiO phase was detected on both catalysts, these peaks
were weaker in the used sample, suggesting that the reduction of the Ni-based catalyst was carried
out even during the reaction. This fact can be also confirmed with the behaviour of the peaks
diffraction associated with the Ni (111), (200), and (220) lattice planes identified at 20=44.50, 51.84,
and 76.37°, respectively. As it can be observed, the peaks of the Ni phase detected in the used catalyst
were stronger than those identified in the fresh catalyst. With regard to CeO: phase, diffraction peaks
at 20=28.55, 33.07, and 47.49° were related to the (111), (200), (220), and (222) lattice planes.
Between fresh and used catalysts, slight alterations in the intensity of the diffraction peaks were
distinguished, implying mainly sintering of the CeO2 particles. Regarding to Ru-based catalysts, for
the fresh catalyst, the diffraction peaks identified at 2®=44.00 were linked to Ru (101) lattice plane.
Similar to Ni-based catalyst, a diffraction peak associated with the Al2Os (214) lattice plane was
detected at 20=66.52°. Besides Ru and Al20s3, CeO2 (111), (200), (311), (222), (400) and (331) lattice
planes were recorded at 20=28.55, 33.08, 47.47, 56.33, 69.40 and 76.7°, respectively. Between fresh
and used Ru-based catalysts, slight alterations in the intensity of the diffraction peaks were
distinguished, implying sintering of the Ru and CeOz2 particles. According to XRD analysis, Ni-based
catalyst shown competitive structural properties in comparison with Ru-based catalyst. After reaction,
the average crystal size of the metallic nickel was 14.84 nm, whereas the metallic ruthenium was
27.86 nm. However, an opposite behaviour was observed in the average particle size of CeOz. The
average particle size was of approximately 7.39 nm for Ni-based catalyst and 6.85 nm for Ru-based
catalyst.
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Figure 15. Left: XRD profile of the Ni-based catalyst. [ O] NiO: (101), (012) and (104); [ @]
Ni: (111), (200) and (220); [ #] CeO:2: (111), (200), (220) and (222); [ 4] »-Al20s: (214).
Right: XRD profile of the Ru-based catalyst. [ @] Ru: (101); [ #] CeO2: ((111), (200), (311),
(222), (400) and (331); [ 4] Al203: (214).

Other structural properties, such as metal dispersion and metallic surface area of Ni- and Ru-based
catalysts in their two states were also evaluated and estimated by means of CO-Chemisorption data.
According to the results summarized in Table 3, between both fresh catalysts, the better structural
properties were measured in the fresh Ru-based catalyst. These enhanced structural effects were in
concordance with Ru reducibility (100%), as estimated by H2-TPR measurements. Compared to fresh
Ru-based catalyst (2.89% and 10.54 m?/g), a metal dispersion of 0.21% and metal surface area of
1.43 m?/g were achieved for the fresh Ni-based catalyst. After the reaction, a reduction in the
structural properties of both catalysts was detected. For the case of the used Ni-based catalyst, its
metal dispersion is reduced to 0.14% and its metallic surface area decreased to 0.95 m?/g. Concerning
the used Ru-based catalysts, their structural properties were reduced by 43%. It was determined a
metal dispersion of 1.63 % and metallic surface area of 5.96 m?/g. These results can be linked to the
increase of CeO:2 particles, as estimated by XRD measurements.

The nitrogen isotherms obtained for Ni-based and Ru-based catalysts were type IV of IUPAC
classification, exhibiting H1 hysteresis loops with correspond to mesoporous solids. The main
textural properties, such as BET surface area, pore volume and average pore diameter for both
catalysts are displayed in Table 3. In overall, Ni-based catalyst shown the best textural properties
compared to Ru-based catalyst. As can be observed, BET surface area of fresh Ni-based sample was
132 m?/g, while decreased to 126 m?/g for used Ni-based sample. With regard to its other textural
properties, compared to the fresh sample, an increase of 3% in the pore volume and a reduction of
1% in the pore diameter were measured for the used sample. In the case of the fresh Ru-based
catalysts, its BET surface area was 122 m?/g, and even lower than the fresh Ni-based catalyst. This
behaviour can be mainly attributed to the high amount of CeO2 promoter. After the reaction, this
property decreased to 103 m?/g. Compared to the used Ni-based catalyst, an opposite behaviour was
detected in the pore volume and pore diameter of the used Ru-catalyst. The pore volume was reduced
by 1%, while the pore diameter increased by 4%. In concordance with SEM, XRD and CO-
chemisorption analysis, the modification of the textural properties in the used samples can be mainly
attributed to the attrition problems detected for Ni-based catalysts and the thermal degradation of
CeO:z particles identified for Ru-based catalysts.

Catalytic performance test showed that the Ni-based catalyst was more active. Characterization
techniques revealed that Ru-based catalyst was beneficial as active catalyst at low temperatures.
However, this catalytic system showed a low catalytic activity, especially with reaction temperatures
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below 350 °C. From this temperatures, both catalysts shown similar catalytic activities; however, it
was revealed that after reaction, the physicochemical properties of Ni-based catalyst were more stable
than the ones Ru-based catalysts. Therefore, considering the favourable catalytic performance and
the competitive physicochemical properties achieved over the CeO2 promoted Ni-based catalyst
makes it catalytic system promising for industrial applications.

3.6. Process design

After comparing the performance of both catalyst, the Ni-based catalyst was selected as the best
option for evaluating a process design. It presented higher CO2 conversion under all tested conditions,
as well as lower decrease of BET and metal dispersion during operation. Thus, its kinetic model was
implemented in Aspen Plus to analyse a methanation plant (Figure 4). An optimization process was
followed to minimize the amount of catalyst required, constrained by the requirement of 95vol.%
CHa in the final gas (independent variables: temperature and mass of catalyst in each reactor, and
number of reactors). Cases #2, #3 and #4 of Table 4 correspond to configuration of 2, 3 or 4 reactors
in series. The optimization was also performed with additional technical constrains typical for large
scale plants (GHSV < 5000 h™* and T > 300 °C [62]), corresponding to cases #2C, #3C and #4C.

When no technical restrictions were included, the total mass of catalyst required in a 3-reactor plant
was almost a quarter of the catalyst required when only 2 reactors were used (Figure 16). However,
including a fourth reactor allowed diminishing the catalyst mass only by an additional 10% (with
respect to the 2-reactor configuration). Moreover, the 4-reactor plant required a 26% more energy for
the preheating of the gases than the 3-reactor configuration (Figure 17), and would lead to greater
economic costs due to the additional equipment. Thus, 3 was the number of reactors that provided the
best results at first approach (using low temperatures of reaction and high GHSV).

When technical restrictions were considered, 95vol.% of CHa in the final gas could not be achieved
in a 2-reactor configuration (temperatures below 300 °C would be required). The difference between
the 3-reactor plant and the 4-reactor plant was similar to the previous case. The mass of catalyst was
diminished by 27%, but the preheating consumption increased by 20%. This save in the mass of
catalyst cannot justify increasing the cost with additional equipment and extra energy consumption.
The problem in this case came from the limitation of the GHSV at 5000 h', which prevented from
further diminishing the amount of catalyst mass. In the 4-reactor plant, the two first reactors were at
the upper limit of GHSV, and the third one close to it, so the minimization of the mass of catalyst
gets remarkably constrained when 4 or more reactors are installed.
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Figure 16. Minimum total mass of Ni-based catalyst necessary to reach 95vol.% of CHa in the SNG
vs. number of reactors in the methanation plant (1 MW electrolysis capacity) with and without
technical constrains.
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Figure 17. Total power required for gas preheating vs. number of reactors in the methanation plant
(1 MW electrolysis capacity) with and without technical constrains. The results correspond to the
operation with the minimum total mass of Ni-based catalyst necessary to reach 95vol.% of CHa in

the SNG.

Thus, the 3-reactor plant was found to be the most adequate configuration when considering
isothermal fixed-bed reactors operating with the Ni-based catalyst studied in this paper. In this
configuration, the total amount of catalyst was 3.26 kg per kg/h of SNG produced, the preheating
requirement was 4.90 MJ/kgsne, and the heat evacuated in the reactors was 10.8 MJ/kgsne. The
preheating needs could be partially satisfied with the heat removed from the reactors and condensers.
The average temperature of the three isothermal reactors was 320 °C (300 — 348 °C), and the GHSV
varied from 1150 to 5000 h™, which is in total agreement with literature [62]. The CO2 conversion in
the first reactor was 90%, in the second 80% and in the third one 53%, leading to a SNG with CH4
content of 95vol.%. The required electrolysis power capacity was 86.4 MJ/kgsne.

Table 4. Operating parameters of the studied configurations for the methanation plant. Each
configuration corresponds to an optimization that minimizes the required amount of catalyst mass.

Configuration #2 #2C #3 #3C #4 #4C
Electrolysis capacity (MW) 1.0 1.0 1.0 1.0 1.0 1.0
mw2 (kg/h) 20.42 20.42 20.42 20.42 20.42 20.42
mcoz (kg/h) 111.45 11145 11145 11145 11145 11145
Pressure (atm) 1 1 1 1 1 1
Number of reactors 2 2 3 3 4 4
Type of catalyst Ni-based  Ni-based Ni-based Ni-based Ni-based Ni-based
Technical constrains
- GHSV (h}) - < 5000 - <5000 - <5000
-T (°C) - > 300 - =300 - =300
- CHa4 in SNG (vol.% dry) 95.0 95.0 95.0 95.0 95.0 95.0
- Condensers (°C) 35.0 35.0 35.0 35.0 35.0 35.0
Reactor 1
-T (°C) 320.0 - 380.5 348.0 411.9 351.8
- Meat (kQ) 152.7 - 17.5 48.8 7.3 48.8
- GHSV (hh) 1598.6 - 13938 5000.0 33461 5000.0
- COz2 conversion (%) 92.5 - 85.7 89.4 81.6 89.4
- CHa in outlet gas (vol.% dry) 71.1 - 54.4 62.8 46.9 62.8
- Cooling (kW) 116.1 - 108.9 113.0 104.4 113.0
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Reactor 2

-T (°C) 266.3 - 325.9 310.7 351.8 334.6
- Mecat (kg) 258.5 - 25.1 37.7 10.8 14.7
- GHSV (h}) 260.1 - 3240.8 1955.6 8326.8 5000
- COz conversion (%) 86.3 - 79.4 79.5 75.9 73.3
- CH4 in outlet gas (vol.% dry) 95.0 <940 86.7 89.9 81.1 87.2
- Cooling (kW) 8.0 - 14.3 10.6 17.6 9.7
Reactor 3
-T (°C) - - 285.2 300.0 311.8 318.1
- Mcat (kg) - - 61.7 49.0 21.5 11.8
- GHSV (h}) - - 938.1 1149.0 28279 48819
- COz conversion (%) - - 65.5 53.2 63.9 45.9
- CHa in outlet gas (vol.% dry) - - 95.0 95.0 92.3 92.7
- Cooling (kW) - - 2.4 14 3.5 1.6
Reactor 4
-T (°C) - - - - 293.6 300.0
- Meat (kg) - - - - 24.4 235
- GHSV (h}) - - - - 2258.0 2338.9
- COz conversion (%) - - - - 36.6 33.2
- CHas in outlet gas (vol.% dry) - - - - 95.0 95.0
- Cooling (kW) - - - - 0.7 0.6
Total cooling at reactor (kW) 124.1 - 125.6 125.0 126.3 125.0
Total cooling at condensers (kW) 90.5 - 109.0 104.6 124.4 115.7
Total preheating (kW) 41.9 - 61.8 56.7 77.9 68.0

Total mcat — optimization variable (kg) 411.2 No solution 104.3 1355 64.0 98.8

5. Conclusions

In this paper, we compared nickel and ruthenium as catalyst active phase for synthetic natural gas
production at a 1 KW reactor, using in-house catalysts with ceria as promoter. The catalysts were
tested in a fixed-bed reactor with bottled CO2 and Hz. The fixed bed was 49 cm in length and 3 cm in
diameter. The catalyst spheres were mixed with alumina spheres to have a homogenous distribution
of temperature, which was monitored with 9 thermocouples distributed along the reactor length. The
tested conditions were 250 — 450 °C at intervals of 50 °C, gas hourly space velocities from 8000 to
16000 h! spaced by 2000 h, and H2/CO:z ratios in the range 3.5 — 5.5 by steps of 0.5. All the
experiments were performed at atmospheric pressure. The following conclusions were found:

e The behaviour of the reactor was considered isothermal in practice (considering the size of
the reactor): The median of the difference between the measured temperature and the
isothermal set point temperature was in the range +2.2% to -11.3% for the Ni-based catalyst
(accounting for all the thermocouples and tests). In the case of the Ru-based catalyst, the
median was between +3.3% to -14.3% for 7 out of 9 thermocouples, with variations smaller
than -26% for the other two thermocouples.

e The Ni-based catalyst presented higher CO2 conversion under all tested conditions: The
activity of Ni-based catalyst is 3 times higher than the activity of Ru-based catalyst at 275 °C,
while the activity at temperatures greater than 375 °C is nearly the same because equilibrium
is reached.

e The Ni-based catalyst is the preferred option in terms of physicochemical properties for this
reactor: The decrease of the BET and metal dispersion in Ni-based catalyst was lower than
for the Ru-based catalyst.

e Two kinetic models were successfully elaborated: The models are valid for the catalysts
studied in this paper and for the type of reactor used. The minimum mean squared error
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between the kinetic model and the experimental measurements was 3.0% for the Ru-based
catalyst and 1.4% for the Ni-based catalyst.

¢ Interms of plant design, the 3-reactor plant was found to be the most adequate configuration:
Different potential designs of a methanation plant were evaluated in Aspen Plus for the Ni-
based catalyst. The designs considered 2 to 4 reactors in series with intermediate condensers.
The simulation was optimized using the SQP method in order to minimize the amount of
catalyst required to reach 95vol.% of CH4 in the final gas within proper technical limits
(GHSV < 5000 h't and temperature > 300 °C). In the case of the 3-reactor plant, the total
amount of catalyst was 3.26 kg per kg/h of SNG produced. The total useful heat removed
from the reactors was 10.8 MJ/kgsne, while the preheating necessity was 4.90 MJ/kgsnc. The
temperature of the reactors was in the range 300 to 348 °C, and the GHSV varied between
1150 and 5000 h. The required electrolysis energy consumption was 86.4 MJ/kgsna. In the
case of a 2-reactor plant, the 95vol.% of CH4 could not be achieved in the final gas, while in
the 4-reactor plant, the decrease in the required catalyst mass (-27%) does not justify the
increment in preheating necessities (+20%) and the additional costs of a 4™ reactor.
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Nomenclature

Symbols

E4 activation energy, kJ/mol MSE mean squared error, %

F volumetric flow (STP), cm®/h n calculation parameter indicating the

GHSV gas hourly space velocity, 1/h reaction order, -

ko pre-exponential factor, N number of experimental tests, -
kmol/(s- geat-atm®") R ideal gas constant, kJ/K-mol

K.q  equilibrium constant, 1/atm? T temperature, K

m mass, g x molar fraction in the final gas, -

Greek symbols

a calculation parameter, 1/atm p bulk density, g/cm?®

Nco2 CO2 conversion to CH4, %
Subscripts and superscripts
cat  catalyst
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Appendix — Experimental data
Table 5. Experimental data for the comparison of catalyst performance under different operating

temperatures.
Test Fixed _I?educ:qu: Mu2 Mco2 OT GH?V Hz/COz }7(():02 7&/(()2(;))2 CH4 OCOZ CO H2
bed ) tan) (kg/h)  (kg/h) (C) (hY) O ) areqil (@vol. dry)

#Ru-T1 Ru 300 0.015 0.03241 0.17827 275 10,000 4.0 39.9 95.7 13.0 196 0.0 69.6
#Ru-T2 Ru 300 0.015 0.03241 0.17827 320 10,000 4.0 57.0 92.9 230 173 0.0 60.0
#Ru-T3 Ru 300 0.015 0.03241 0.17827 350 10,000 4.0 78.4 90.2 447 123 0.1 423
#Ru-T4 Ru 300 0.015 0.03241 0.17827 400 10,000 4.0 80.0 84.3 470 117 0.1 405
#Ru-T5 Ru 300 0.015 0.03241 0.17827 450 10,000 4.0 79.4 76.1 46.2 118 0.2 414
#Ni-T1 Ni 300 0.015 0.03204 0.17623 268 10,000 4.0 57.9 95.7 235 170 0.1 60.3
#Ni-T2 Ni 300 0.015 0.03204 0.17623 300 10,000 4.0 74.2 92.9 38.7 134 0.1 46.9
#Ni-T3 Ni 300 0.015 0.03204 0.17623 350 10,000 4.0 83.1 90.2 522 105 0.1 36.2
#Ni-T4 Ni 300 0.015 0.03204 0.17623 400 10,000 4.0 84.5 84.3 542 98 0.1 348
#Ni-T5 Ni 300 0.015 0.03204 0.17623 450 10,000 4.0 80.2 76.1 479 115 03 405

Table 6. Experimental data for the comparison of catalyst performance under different GHSV.

! CHy CO, CO H
Test ~ ixed ?edua:non Mo Moo T GHSV  HACO, neo (o + CO; 2
H2 o 1 ) o .
bed (C) (kg/h) (kg/h) (kgh)  (°C) (0 ¢) %) 4 equil. (%vol. dry)

#Ru-G1 Ru 300 0.015 0.02593 0.14262 350 8,000 4.0 82.1 90.3 49.7 108 0.1 36.6
#Ru-G2 Ru 300 0.015 0.03241 0.17827 350 10,000 4.0 78.4 90.3 447 123 0.1 423
#Ru-G3 Ru 300 0.015 0.03890 0.21393 350 12,000 4.0 78.5 90.3 448 122 0.1 423
#Ru-G4 Ru 300 0.015 0.04538 0.24958 350 14,000 4.0 75.3 90.3 40.1 13.0 0.1 465
#Ru-G5 Ru 300 0.015 0.05186 0.28524 350 16,000 4.0 73.8 90.3 382 134 0.2 484

#Ni-G1 Ni 300 0.015 0.02563 0.14098 350 8,000 4.0 86.6 90.3 60.0 92 0.1 30.0
#Ni-G2 Ni 300 0.015 0.03204 0.17623 350 10,000 4.0 83.1 90.3 522 105 01 36.2
#Ni-G3 Ni 300 0.015 0.03845 0.21147 350 12,000 4.0 84.4 90.3 55.2 101 01 344
#Ni-G4 Ni 300 0.015 0.04486 0.24672 350 14,000 4.0 83.8 90.3 533 102 01 36.2
#Ni-G5 Ni 300 0.015 0.05127 0.28197 350 16,000 4.0 81.9 90.3 505 110 01 391

Table 7. Experimental data for the comparison of catalyst performance under different H2/CO2 ratios.

CHs CO, CO H:

r | Fived $eductr|non Mg Mcoz T GHSV  HiJCO, 7coe ’Zgg)?
H2 0 -1 _
bed C)  (kgh) (kgh)  (kg/h)  (°C) (0 O ) grequi, (%vol. dry)

#Ru-R1 Ru 300 0.015 0.03151 0.19808 350 10,000 3.5 71.6 80.3 46.7 184 0.1 340
#Ru-R2 Ru 300 0.015 0.03241 0.17827 350 10,000 4.0 78.4 90.3 447 123 0.1 423
#Ru-R3 Ru 300 0.015 0.03315 0.16207 350 10,000 4.5 86.4 97.4 441 69 00 479
#Ru-R4 Ru 300 0.015 0.03376 0.14856 350 10,000 5.0 92.9 99.6 425 32 00 534
#Ru-R5 Ru 300 0.015 0.03428 0.13713 350 10,000 5.5 96.6 99.9 380 14 0.0 60.0

#Ni-R1 Ni 300 0.015 0.03115 0.19581 350 10,000 3.5 76.4 80.3 56.7 174 0.1 259
#Ni-R2 Ni 300 0.015 0.03204 0.17623 350 10,000 4.0 83.1 90.3 522 105 0.1 36.2
#Ni-R3 Ni 300 0.015 0.03277 0.16021 350 10,000 4.5 91.8 97.4 546 49 0.0 404
#Ni-R4 Ni 300 0.015 0.03338 0.14686 350 10,000 5.0 97.3 99.6 473 13 0.0 56.6
#Ni-R5 Ni 300 0.015 0.03389 0.13556 350 10,000 5.5 99.2 99.9 40.1 03 0.0 59.2
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Table 8. Repetition of experimental data of Table 5, Table 6 and Table 7 at different reduction temperature.

Tt Fixed Reduc::;r: . Meos OT GH fV HJ/CO  rcon ;Zg/oo)z CH; CO; CO H
bed C) (kgh) (kg/h) (kg/h) (°C) (hY ) (%) at equil. (%vol. dry)

#Ru-T1b Ru 200 0.015 0.03241 0.17827 250 10,000 4.0 5.1 95.7 1.2 222 0.0 79.7
#Ru-T2b Ru 200 0.015 0.03241 0.17827 310 10,000 4.0 20.5 92.9 55 21.3 0.0 76.0
#Ru-T3b Ru 200 0.015 0.03241 0.17827 350 10,000 4.0 78.6 90.2 450 121 01 420
#Ru-T4b Ru 200 0.015 0.03241 0.17827 390 10,000 4.0 80.1 84.3 486 119 0.2 393
#Ru-T5b Ru 200 0.015 0.03241 0.17827 450 10,000 4.0 76.5 76.1 404 122 0.2 423
#Ru-G1b Ru 200 0.015 0.02593 0.14262 350 8,000 4.0 80.9 90.3 486 114 0.1 388
#Ru-G2b Ru 200 0.015 0.03241 0.17827 350 10,000 4.0 78.6 90.3 450 121 0.1 420
#Ru-G3b Ru 200 0.015 0.03890 0.21393 350 12,000 4.0 77.9 90.3 440 124 0.1 430
#Ru-G4b Ru 200 0.015 0.04538 0.24958 350 14,000 4.0 76.1 90.3 418 129 0.1 454
#Ru-G5b Ru 200 0.015 0.05186 0.28524 350 16,000 4.0 73.9 90.3 39.5 138 0.1 477
#Ru-R1b Ru 200 0.015 0.03151 0.19808 350 10,000 35 70.2 80.3 436 184 0.2 365
#Ru-R2b Ru 200 0.015 0.03241 0.17827 350 10,000 4.0 78.6 90.3 450 121 0.1 420
#Ru-R3b Ru 200 0.015 0.03315 0.16207 350 10,000 4.5 87.5 974 463 6.6 01 464
#Ru-R4b Ru 200 0.015 0.03376 0.14856 350 10,000 5.0 91.6 99.6 409 3.7 00 546
#Ru-R5b Ru 200 0.015 0.03428 0.13713 350 10,000 5.5 96.3 99.9 382 15 0.0 60.0
#Ni-T1lb Ni 400 0.015 0.03204 0.17623 250 10,000 4.0 57.9 95.7 219 159 0.1 579
#Ni-T2b Ni 400 0.015 0.03204 0.17623 300 10,000 4.0 83.0 92.9 494 101 0.0 346
#Ni-T3b Ni 400 0.015 0.03204 0.17623 350 10,000 4.0 86.2 90.2 555 89 0.0 301
#Ni-T4b Ni 400 0.015 0.03204 0.17623 400 10,000 4.0 85.4 843 547 93 01 310
#Ni-T5b Ni 400 0.015 0.03204 0.17623 450 10,000 4.0 82.7 76.1 50.0 103 0.1 352
#Ni-G1lb Ni 400 0.015 0.02563 0.14098 350 8,000 4.0 874 903 590 85 0.0 27.2
#Ni-G2b Ni 400 0.015 0.03204 0.17623 350 10,000 4.0 86.2 90.3 555 89 0.0 301
#Ni-G3b Ni 400 0.015 0.03845 0.21147 350 12,000 4.0 85.7 90.3 542 9.0 0.1 317
#Ni-G4b Ni 400 0.015 0.04486 0.24672 350 14,000 4.0 83.9 90.3 515 98 0.1 344
#Ni-G5b Ni 400 0.015 0.05127 0.28197 350 16,000 4.0 82.9 90.3 49.1 100 0.1 364
#Ni-R1b Ni 400 0.015 0.03115 0.19581 350 10,000 35 76.9 80.3 557 16.7 0.1 226
#Ni-R2b Ni 400 0.015 0.03204 0.17623 350 10,000 4.0 86.2 90.3 555 89 0.0 301
#Ni-R3b Ni 400 0.015 0.03277 0.16021 350 10,000 4.5 934 974 519 37 0.0 393
#Ni-R4b Ni 400 0.015 0.03338 0.14686 350 10,000 5.0 98.1 99.6 438 09 0.0 504
#Ni-R5b Ni 400 0.015 0.03389 0.13556 350 10,000 5.5 99.6 99.9 36.0 02 0.0 59.6
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Table 9. Temperatures (°C) measured at the wall of the tube containing the fixed bed.

Test Set point (°C) 1 2 3 4 5 6 7 8 9
#Ru-T1 275 2252 231.0 2582 2722 2855 2702 2549 2499 2319
#Ru-T2 320 246.7 2714 2920 309.7 3280 3209 3049 2955 2749
#Ru-T3 350 260.7 2765 3242 3470 3536 3365 3154 3070 2837
#Ru-T4 400 2649  313.0 3962 4079 4064 3786 3456 3358 3136
#RU-T5 450 326.8 374.5 443.2 451.6 449.7 421.1 390.9 372.3 341.0

#Ru-T1b 250 223.9 2424 2489  259.8 2584 2647 2451 24277  230.6
#Ru-T2b 310 2614 2994 3105 3179 301.6 3067 2746 2742  261.0
#Ru-T3b 350 266.7 2783 339.0 3427 3673 3685 3526 3527 3357
#Ru-T4b 390 2899 3139 3786 3969  403.0 383.7 3617 346.7 3129
#Ru-T5b 450 3176 3741  439.8 447.0 4415 4127 3759 3657 3441
#Ru-G1 350 253.1 2595 3445 3408 3615 3561 3438 3419 3246
#Ru-G2 350 260.7 2765 3242 3470 353.6 3365 3154 3070 2837
#Ru-G3 350 251.0 2599 356.0 3550 3652 3516 3380 3368 3174
#Ru-G4 350 238.7 2498 3265 3475 3572 337.8 3238 3200 299.2
#Ru-G5 350 229.7 2435 3170 3532 3585 3280 3099 3032 2789
#Ru-G1b 350 286.2 3129 3555 3631 3719 3648 3442 3384  319.2
#Ru-G2b 350 266.7 2783 339.0 3427 3673 3685 3526 3527 3357
#Ru-G3b 350 2654 2742 3526 3478 371.2 3638 3473 3475 3323
#Ru-G4b 350 250.1 2637 3488 3656 3655 3405 3259 3216  300.2
#Ru-G5b 350 2600 2736 3737 3922 4044 3821 360.8 359.3 334.1
#Ru-R1 350 269.8 2735 3432 3579 3626 3479 3241 3182  296.8
#Ru-R2 350 260.7 2765 3242 3470 3536 3365 3154 3070 2837
#Ru-R3 350 255.1 2614  338.0 3485 358.0 347.7 3247 3256  306.0
#Ru-R4 350 2546 2625 3544 3594 3616 3427 3205 3208  299.3
#Ru-R5 350 2556 2642 3639 3652 363.0 337.2 3151 3138 2916
#Ru-R1b 350 261.1 2703 3317 339.0 3625 3621 3484 3494 3339
#Ru-R2b 350 266.7 2783 339.0 3427 3673 3685 3526 3527 3357
#Ru-R3b 350 2659 2792 356.2 3628 3614 3399 3272 3227 3021
#Ru-R4b 350 268.3 2827 3387 3531 3593 3444 3336 3292  309.2
#Ru-R5b 350 2668 2794 3678 3685 3633 3366 3221 3174  296.7
#Ni-T1 268 237.0 2334 2742 2689 2662 258.8 250.1 2473 2349
#Ni-T2 300 236.4 2411 2994 2928 3131 3174 3104 3095  299.8
#Ni-T3 350 2716 2946 3437 3465 3612 3631 3525 3476 3345
#Ni-T4 400 3359 360.3 389.8 4015 4135 4212 401.3 3998 3910
#Ni-T5 450 4147  426.7  459.7 4637 462.0 456.0 4314 4282  416.8
#Ni-T1b 250 238.1 2294 2608 2546 253.6 2470 2428 2456 2415
#Ni-T2b 300 2654  269.7 3132 2994  301.3 2920 2799 2808 273.6
#Ni-T3b 350 361.1 330.7 3833 3568 3663 3580 3359 3414 3336
#Ni-T4b 400 389.2 380.8 4194  409.4 4065 391.8 3628 3613 3517
#Ni-T5b 450 4282 4371 4647 4658 4547 4337 3982 3894 3753
#Ni-G1 350 3256 3069 3577 3379 3486 3446 3299 3379 3284
#Ni-G2 350 2716 2946 3437 3465 3612 363.1 3525 3476 3345
#Ni-G3 350 3356 3119 3640 3412 3557 3549 3387 3480 3398
#Ni-G4 350 303.4 3011 3505 3354 3529 3523 3414 3474  339.1
#Ni-G5 350 3150 3124 3746 3447 3559 3497 337.7 3446 3338
#Ni-G1b 350 3579 3140 3594 3383 349.1 3458 3348 3340 3256
#Ni-G2b 350 361.1 330.7 3833 3568 3663 3580 3359 3414 3336
#Ni-G3b 350 3421 3046 3487 3300 3329 3195 3035 3099 3003
#Ni-G4b 350 3541 309.1 3592 335 3329 3180 3003 3071  296.7
#Ni-G5b 350 3370 3043 3574 3314 3408 3343 3140 3226  316.0
#Ni-R1 350 280.3 2999 3580 3483 3576 3531 3416 3401 3250
#Ni-R2 350 271.6 2946 3437 3465 361.2 3631 3525 347.6 3345
#Ni-R3 350 3039 3086 3687 3489 3576 3516 3341 3375 3240
#Ni-R4 350 2944 2959 3443 3359 3546 356.1 3477 3502  339.9
#Ni-R5 350 3074 3024 3539 3372 3506 347.7 3386 3429 3318
#Ni-R1b 350 3246 3193 3555 3402 3365 3203 3035 3028 2943
#Ni-R2b 350 361.1 3307 3833 3568 3663 3580 3359 3414 3336
#Ni-R3b 350 3428 3175 3608 3387 3347 3157 297.7 2995  289.9
#Ni-R4b 350 3405 3079 3494 331.0 3420 3435 3228 3261 3199
#Ni-R5h 350 3509 3119 3556 3358 3478 319 3342 338 3289
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