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Here, we present a preliminary study to choose a catalyst with enough catalytic activity at
temperatures below 250 °C, in order to study heat transfer in a platelet milli-reactor (PMR)
with an infrared camera and a commercial window inserted on the top of our reactor that
only withstands a maximal temperature of 250 °C. The higher methane productivity of
foam catalysts compared to powder catalysts was revealed. Foam catalysts, all
impregnated with the same amount of active phase (Ni + Ru) and with different coatings,
were compared to SiC only impregnated with Ni + Ru. The different coatings studied were:
Foam carbon nanofibers (CNF), ceria-zirconia (CZ) and the combination of both. Both CNF and CZ
Carbon nanofibers . R .

- washcoats were able to increase the low specific surface area of the SiC foam. Moreover,
CO, hydrogenation . . . . . .
Methanation the presence of ceria-zirconia was proven to be essential for ensuring high methane
Ceria-zirconia productivities. The catalyst combining both CNF and CZ showed the best results.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Carbon dioxide has always been present in the
atmosphere in small quantities. There are natural sources
responsible for its presence (breathing, fermentation, fires,
volcanoes, decomposition of organic matter...), but also
anthropogenic ones (combustion of fossil sources and
biomass, industries, agriculture...), the contribution of
which being massively and constantly increasing since the
beginning of the industrial revolution. Carbon dioxide is
one of the gases responsible for the greenhouse effect. In
order to reduce the CO, production or its emission into the

* Corresponding author.
E-mail addresses: myriam.frey@etu.unistra.fr (M. Frey),
david.edouard@univ-lyon1.fr (D. Edouard), annececile.roger@unistra.fr
(A.-C. Roger).
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atmosphere, a lot of research projects about capture and
storage emerged [1].

Another pathway to reduce these emissions is the
valorisation of CO, by transformation into valuable
chemical compounds, like methane or longer hydrocarbon
species, methanol, esters, ethers... [2].

The production of methane using CO, as a reactant is
therefore a suitable way to contribute to the decrease of
greenhouse gas emissions through chemical recycling.
Using conventional electricity, made for example from
fossil fuel, would be nonsense, contrary to the power-to-
gas concept where the excess of energy mainly produced
by wind parks or solar-electric generation is used. The
hydrogen necessary for the methanation reaction is
produced by water electrolysis and reacts with carbon
dioxide to produce methane that can be directly injected
into the natural gas grid. Few projects are already at the
state of demonstration project, for example the ENERTAG

1631-0748/© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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project (2011) [3], which uses excess energy from wind
parks to produce hydrogen combined with a biogas plant
to produce biomethane, or Audi (2013) [4] with a power-
to-gas facility of 6 MW to produce methane for their new
gas powered cars.

The methanation reaction was discovered by Sabatier
and Senderens in 1902 [5,6], who studied the hydrogena-
tion reaction of CO and CO, on nickel or cobalt. Since then
many studies on metallic elements of group VIII (Fe [7], Rh
[8,9], Ru [10,11], Co [12] or Ni [9,13-19]) supported on
oxides (TIOZ, CEOZ, Zr02, A1203, SiOZ, La203, La203/SIC
[18]...) or mixed oxides [9,18-21] were published.

During the hydrogenation of carbon dioxide into
methane (1), other side products like alkanes (2), alkenes
(3), and CO through Reverse Water Gas Shift reaction (4)
can be formed:

CO, + 4H, = CHy4 + 2H,0 (1)
n CO, + (3n + 1)Hy = CyHapy2 + 2nH,0 (2)
nCO, + (3n)Hy = CyHay + 2nH,0 (3)
CO; + Hy = CO + 2H,0 (4)

Most of the studies that can be found in the literature
about this reaction were done using powder catalysts in a
fixed-bed reactor. The use of cellular foam instead of
powder in a fixed-bed has many advantages such as a high
surface/volume ratio, low pressure drop, a better control of
the reaction conditions and an intensification of mass and
heat transfer [22-24]. The last one is very interesting for
the intensification of the methanation reaction. Effectively,
the exothermicity of this reaction is partly responsible for
the catalyst deactivation by enhancing the sintering of
metallic particles.

The cellular foams used in this work, made of 3-SiC and
provided by SICAT [25], are synthesized using a shape
memory synthesis developed by Ledoux et al. [26]. The use
of B-SiC foams have some advantages: SiC is chemically
inert, has a good mechanical and thermal resistance and
presents a high thermal conductivity for a ceramic matrix.
[3-SiC shows however one major disadvantage, its low
specific surface area (approx. 20 m?.g ') which is due to its
method of preparation that requires high temperatures.
However, Edouard et al. [27] reported that by growing
nanofibers on the foam’s surface, the specific surface area
can be increased up to 50 m?.g~'.

A new kind of platelet milli-reactor (PMR), shown on
Fig. 1, has been developed by our institute for the
intensification of catalytic processes like the dehydration
of methanol into dimethylether [28,29], the oxidative
dehydrogenation of ethane and ammoxidation of propane
[30] and the Fischer-Tropsch synthesis [31]. But, up to
date, no industrial processes have been reported using
microreactors or PMR despite their advantages compared
to conventional reactor. The PMR used in this study is
composed of a metallic host structure where a cellular 3-
SiC foam with or without carbon nanofibers (CNF),
impregnated with a catalyst, is inserted into a central
channel (18 mm x 5 mm x 24 mm), as shown in Fig. 1. This
PMR is used in order to enhance the methanation reaction
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COQ+4H2—1 |—> CH, +2H,0

Fig. 1. (Color online.) Drawing of the platelet milli-reactor (PMR)
developed for this study with a single central channel of 18 x 5 x 24 mm.

by combining the advantages of milli-reactors and [3-SiC
foam support.

The final objective of our work is to study the heat
transfer of the highly exothermal carbon dioxide metha-
nation reaction. In order to study the heat transfer, an
infrared camera will be used and a commercial window
inserted on the top of the PMR. The window used only
stands a maximal temperature of 250 °C. Therefore, in this
paper, we will present the preliminary studies made to
choose a catalyst with enough catalytic activity at
temperatures below 250 °C (10-20%). First, catalytic tests
in a fixed-bed were made on powder catalyst, then on
fragments of impregnated (3-SiC foam, in order to choose
which active phase will be deposited on the foams that will
be tested in the PMR.

Nickel-based catalysts were chosen because they are
efficient for CO, methanation in term of activity and
selectivity [9,21], and are less expensive than ruthenium-
based catalysts also used for methanation. A ceria-zirconia
support, that has already been studied by our institute
[32,33] and proven to show high conversion rates,
methane selectivity and stability, was employed. Two
powder catalysts impregnated with 10w% of Ni and
0.1 wt% of Ru were compared: CZ, (CZ being Ce,Zr,0g) and
SiC’p. Six SiC foam-based catalysts (cell size 2700 m, strut
size 226 wm, window diameter 1146 wm, porosity 0.9),
whose detailed compositions are summarized in Table 1,
were also studied. The first one, SiC’s, was a SiC foam
impregnated with 10 w% of Ni and 0.1 wt% of Ru and was
compared to SiC', catalyst to investigate the difference
between foam and powder catalysts regarding the
catalytic activity. The second one, 27CZ;, was a SiC foam
with 27 wt% loading of ceria-zirconia and 2.5 wt% of Ni and
0.025wt% of Ru to have the same Ni/CZ ratio (1/9) than
powder catalyst CZ,. It will allow us to investigate the
difference between foam and powder catalysts regarding
the catalytic activity in the case of ceria-zirconia-based
catalysts. The amount of active phase was set to 2.5 wt% of
Ni and 0.025 wt% of Ru, to compare the foam catalysts
studied. The third catalyst studied, SiCs, was a SiC foam
only loaded with the Ni and Ru active phases. The fourth
catalyst studied, 15CNFg was a SiC foam with 15 wt%
loading of carbon nanofibers to study the influence of those
CNF on the catalyst’s activity. A SiC foam with 1 wt% of CZ
was also synthesized, 1CZ;, to compare the effect of CNF
and a ceria-zirconia-based catalyst with lower CZ content.
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—(r(?tl))ll:rlonline.) Theoretical composition of the catalysts studied in this paper.

Catalysts wt% SiC wt% CZ wt% CNF wt% Ni wt% Ru

Y SiC’p 89.9 - - 10 0.1

] Cz, - 89.9 - 10 0.1

A SiC¢ 89.9 - - 10 0.1
SiCe 97.5 - - 2.5 0.025

X 15CNF¢ 82.5 - 15 2.5 0.025

+ 1CZ¢ 96.5 1 - 2.5 0.025

X 27CZ¢ 82.5 - 27 2.5 0.025

| 1CZ/15CNF;¢ 81.5 1 15 2.5 0.025

CZ: ceria-zirconia; CNF: carbon nanofibers.

Finally, 1CZ/15NFCs; loaded with 15 wt% of CNF covered
with 1wt% of CZ, was synthesized to investigate the
combined influence of CNF and ceria-zirconia.

2. Experimental
2.1. Catalyst preparation

2.1.1. Synthesis of Ce»Zr,0g

Ce,Zr,0g was synthesized using a “pseudo sol-gel”
method. The starting salts, cerium acetate (III) and
zirconium acetylacetonate (IV), were dissolved separately
in propionic acid (100 °C), in order to obtain a solution of
0.12mol.L~! and generate the desired metallic propio-
nates. Both solutions were then mixed and heated under
reflux for 2h in order to give mixed propionates. A
distillation under progressive vacuum is made to evapo-
rate the solvent and leads, through oligomerization, to the
formation of a resin. Finally, this resin was calcined for 6 h
at 500 °C in the air.

2.1.2. Powder catalyst impregnation of Ni+Ru

An amount of 10 wt% of Ni® and 0.1 wt% of Ru® were
loaded over these supports using the incipient wetness
impregnation method with nickel nitrate hexahydrate and
ruthenium acetylacetonate dissolved in ethanol. The
catalyst was then dried at 100 °C for 2 h and calcined at
500 °C for 6 h in the air (heating rate 2 °Cmin1).

2.1.3. B-SiC pre-treatment

The 3-SiC foams were first calcined at 900 °C for 2 h in
the air in order to generate a natural SiO,-SiO,C, washcoat
layer [27] allowing a better anchoring of the active phase.

2.1.4. CNF synthesis

The cellular foams were impregnated with 3 wt% of Ni°
using an ethanolic solution of Ni(NOs),-6H>0, dried at
100°C for 2h and calcined at 350°C in the air for 2h
(heating rate 2°Cmin~!). The synthesis of CNF was
performed in a quartz tubular reactor (inner diameter
30 mm, length 600 mm). The sample was first reduced
under a hydrogen flow (100 mL-min~!) for 1h at 400 °C
(heating rate 3.5 °C min~'). The temperature was increased

to 680°C (heating rate 3.5°Cmin~') and the gas flow
changed to the reaction mixture H,/ethane (50 mL-min~!
and 100mL-min~') for 2h to generate the CNF. The
temperature was then returned to ambient under argon.
Finally, the samples were sonicated for 15 min to eliminate
the CNF that are not well anchored.

2.1.5. Ceria-zirconia coating

The samples coated with ceria-zirconia, were dipped
into a saturated propionic acid solution of pseudo sol-gel
(cationic concentration of 0.94 M), dried overnight at
100 °C, and calcined for 6 h at 500 °C in the air. This step
was repeated four times in order to have 30 wt% of CZ on
the foam. A solution of 0.094 M and one dipping step was
necessary to have 1 wt% of CZ on the SiC foam and SiC foam
covered with carbon nanofibers.

2.1.6. Foam impregnation with Ni+ Ru

The samples were impregnated with 2.5 wt% of Ni® and
0.025 wt% of Ru’ by dipping them into an ethanolic
solution of nickel nitrate hexahydrate and ruthenium
acetylacetonate, and then dried at 100°C for 2h. The
samples without CNF were calcined at 500 °C for 6 h in the
air and the sample with CNF were first calcined at 200 °C
for 2 h in the air, and after that, at 500 °C for 6 h under Ar.

2.2. Characterization

The specific surface area (SSA), average pore size and
diameter of the different catalysts were determined by the
Brunauer-Emmet-Teller (BET) method using N, adsorp-
tion-desorption measurements at 77K (Micromeritics
ASAP 2420). Prior to N, adsorption, the sample was
outgassed at 250°C for 3 hours to desorb moisture
adsorbed on the surface and inside the porous network.

Scanning electron microscopy (SEM) micrographs were
only used on the fragments to measure the diameter of CNF
and to investigate the homogeneity of the CNF network
and coating on the foam surface. SEM micrographs were
taken with a JEOL FEG 6700F microscope.

Thermogravimetric analysis (TGA) experiments were
performed from ambient to 1000°C (heating rate
10°Cmin~!) in the air on the SiC foam to quantify the
CNF synthesized.
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X-ray diffraction patterns (XRD) were recorded on a
Bruker D8 Advance diffractometer with a LynxEye detector
and Ni filtered Cu Ko radiation (1.5418 A) over a 20 range
of 25-100° and a position-sensitive detector using a step
size of 0.012° and a step time of 0.5 s. The crystallite size of
the samples was evaluated from X-ray broadening by using
the Debye-Scherrer equation [34].

Hydrogen temperature-programmed reduction (Hs-
TPR) on the powder samples was performed to evaluate
the reducibility of the catalyst using a Micromeretics
AutoChem II. TPR measurements were carried out on 100-
150 mg of catalyst, loaded in a quartz U-tube and heated
from room temperature to 900 °C (15°Cmin~') under a
flow of 10% H/Ar (50 mL-min~1).

2.3. Catalytic test

The powder catalysts were sieved to use only the 125-
200-pm fraction. The foam catalysts were fragmented and
shaped to a cylinder with the same diameter than the
reactor and a height of 5.5 mm. Carbon dioxide hydro-
genation into methane was carried out under atmospheric
pressure in a fixed-bed tubular reactor made of quartz
(inner diameter 6.8 mm). The reaction temperature was
monitored by using a thermocouple located inside the
reactor. The Gas Hourly Space Velocity (GHSV) was set to
10,000 h~" and the formula used was: GHSV =g, Q is the
flow rate (L-h™!), and V is the apparent volume of the
catalytic bed (L).

The gas flow rate was set to 25 mL-min~". For powders,
the mass of catalyst was adjusted depending on its
apparent density. The V value taken for the foam fragments
was directly determined by calculating the volume taken
(foam and volume taken by the empty cells) by the
cylindrical fragment inserted into the quartz reactor.

The catalyst was pre-reduced in an 80:20 H;:N, stream
(46 mL-min~") at 400 °C (heating rate: 2 °Cmin~!) for 6 h.
The reactivity of the catalyst was followed at different
temperatures: 150, 200, 250, 300, 350 and 400 °C (heating
rate: 2 °Cmin~!) under a stoichiometric flow of reactants:
H,/CO, (4:1), and N, as an internal standard. The molar
ratio of H,:CO,:N, was 36:9:10, with a flow rate of
25mL-min~!. The feed and products were analyzed at
every temperature using a programmable micro-
chromatograph (Agilent M200H, TCD detector, alumina
poraplot and molecular sieve 5-A columns). The CO,
conversion and CH,4 selectivity were defined as follows:

A
Xco, (%) = (1 -

_ x 100
AC02 + ACH4 + Aco + 2AC2HG>

Acn
Sy (%) = A
cHy (70) (Acoz + Acu, +Aco + 2Ac, 1,

> x 100

X is the conversion, S the selectivity, and A the surface
areas of the peaks obtained by chromatography and
corrected by their corresponding gas response factors.
The liquid phase was analyzed at the end of the reaction
with a gas chromatograph (Agilent 6890N, SolGelWax
column).

The methane productivity was also determined and
defined as the amount of CH4 moles produced per hour per
gram of active phase (Ni +Ru).

3. Results and discussion
3.1. Characterization

All the catalysts (Fig. 2) show a set of reflections at 37°,
43° et 63°C, assigned to NiO (NiO, JCPD card No. 01-089-
7131), except 15CNF; that has reflections at 44° and 52°,
assigned to Ni°, due to the calcinations step under Ar. The
reflections assigned to nickel crystallites are naturally less
intense for the foams due to the smaller amount of nickel
present. RuO, is not detected by XRD, because of the
amount of metal present on the catalysts being under the
detection limit of the apparatus.

The XRD patterns (Fig. 2) of CZ, show the presence of
the fluorite cubic structure (Ceg 4Zrq 0, JCPD card No. 00-
038-1439), usually observed for ceria-zirconia mixed
oxide with high contents of ceria [35,36]. Reflections
corresponding to (111),(200), (220),(311),(222) and (400)
planes are observed. Furthermore, no CeO, or ZrO,
segregation phases are detected. This indicates that
zirconia is completely incorporated into the ceria lattice,
forming a homogeneous solid solution. The X-ray powder
diffractograms of SiC’p, SiCr and SiC’r (diffractograms of
foams not presented because it is similar to SiC’,) also
show the presence of a fluorite cubic structure correspond-
ing to 3-SiC (3-SiC, JCPD card No. 00-001-1119). Reflec-
tions corresponding to (111), (200), (220),(311),(222) and
(400) planes are observed. The natural SiO washcoat
cannot be seen by XRD.

The XRD pattern of 1CZ; also shows that ceria-zirconia
and SiC have both a fluorite cubic structure, but the peaks
are broader and seem to be split, which indicates the

©

oNi oCZ oSiC 2NiO

Intensity (a.u.)

25 35 45 55 65 75 85 95
Bragg angle (20)

Fig. 2. (Color online.) Powder diffractogram of the catalysts studied.
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Table 2

XRD results: crystallite size (D) calculated with the following reflections: (220), (400), (422) and (333), and cubic lattice parameter (a); BET results:
mesoporous diameters (Dpores), mesoporous volumes (Vyores), and specific surface area (SSA).

Catalyst XRD BET
Dsic(nm)  Dcz(nm)  Dyio (nm)  Dguoz (nm)  asic (A)  acz(A)  Dpores (NM)  Vpores (cm?/g)  SSA (m?/g)

_____ SiC, 31.2 - 24.9 nd 4352 - 17.8 0.13 6

cz, - 7.1 335 nd - 5.268 4.4 0.05 31
A SiC¢ 31.2 - 249 nd 4.352 - 17.3 0.19 10

SiCy 314 - 18.6 - 4.357 - 15.2 0.12 25
X 15CNF¢ 27.6 nd 18.1 nd 4.356 nd 12.2 0.15 40

1CZ¢ 31.2 4.9 nd nd 4.360 5.306 13.8 0.11 27
'Y 27CZ¢ 25.6 3.8 18.4 nd 4.363 5.353 71 0.08 29
O 1CZ/15CNF¢ 31.9 nd 20.9 nd 4.357 nd 11.8 0.14 40

XRD: X-ray diffraction patterns; BET: Brunauer-Emmet-Teller; nd: not detected; CZ: ceria-zirconia; CNF: carbon nanofibers.

presence of other peaks. Not all the crystallites are present
as a mixed oxide, some segregations may have occurred.

XRD results are summarized in Table 2. The crystallite
size of SiC varies from 27 to 31 nm. The size of ceria-
zirconia particles are of 6.6 nm for the powder catalyst and
3.8 nm for the ceria-zirconia deposited on the SiC foam.
The nickel particles are of 25 and 33 nm, respectively for
SiC’p and CZ;,. In the case of SiCy, 15CNFrand 1CZg, the sizes
of nickel particles are similar: 18-19nm. The lattice
parameters of SiC crystallites are also similar and vary
between 4.35 and 4.36 A. In the case of the ceria-zirconia
catalysts, the lattice parameter of the powder and the foam
catalyst are respectively of 5.268 and 5.353. The higher
value of the second one is due to the presence of the
segregated phases observed on the powder diffractogram.

The BET results are summarized in Table 2. The SiC
powder catalyst, SiC’,, has a specific surface area of
6m?2g~!, which is the lowest value observed. The SSA
value of CZ, is much higher: 31 m?g~'. The coating of
foams with ceria-zirconia slightly increases their surface
area from 25m?g~! to 27 and 29 m? g~ ! respectively for
1CZs and 27CZ;. The foams covered with CNF have the
highest surface area values: 40 m? g~'. The pore size of the
SiC is of 18 and 15 nm respectively for the powder and
foam catalyst. The pore size decreases when covered by
nanofibers. This phenomenon is even more important for
the foam coated with ceria-zirconia, with pore sizes of
14 and 7 nm for 1CZ¢ and 27CZ;. The pore size seems to get
closer to the value of powder ceria-zirconia: 4.4 nm. The
pore volume values seem to be slightly higher when the
foam is covered with carbon nanofibers, whereas those
value decrease when the quantity of ceria-zirconia
washcoat increases, the latter being due to the low pore
volume values of ceria-zirconia synthesized by the pseudo
sol-gel method.

The H,-TPR results of the powder catalysts and of their
corresponding supports are shown in Fig. 3 and summa-
rized in Table 3. The reducibility of ceria-zirconia before
impregnation is of 79% and of 76% after impregnation,
assuming that all the Ni+Ru present is reduced into Ni°
and Ru®. One reduction peak at 360 °C can be attributed to
the reduction of surface Ce*" into Ce** according to the

literature [37]. The peak at 381 °C can be attributed to the
reduction of NiO particle of weak interaction with the
ceria-zirconia support and the peak at 505°C to the
reduction of NiO particle of strong interaction with the
ceria-zirconia support [38,39]. Another set of peaks is
present between 164 °C and 220 °C. It is probably part of
NiO and Ce>* that is reduced at lower temperature due to
their interaction with ruthenium particles, which renders
their reduction easier. H,-TPR of SiC powder shows
practically no H, consumption, whereas for the reduction
of the SiC’j, catalyst, hydrogen consumption is nearly twice
the amount needed to reduce all the NiO and RuO,, present.
This higher consumption can be explained by a hydrogen
spillover effect from the Ni+ Ru metallic site to the SiO,-
SiO,C, sites of the washcoat [40]. In order to reduce most of
the NiO and RuO, particles, a reduction at 400 °C of the
catalyst is needed. Therefore, for the reactions made in the
PMR, the foam will be reduced ex situ first, in a quartz
tubular reactor, and afterwards a second reduction step at
220°C inside the PMR to reduce the possible NiO layer
formed on the metallic particles during the transfer of the
foam from the tubular reactor into the PMR.

SEM micrographs of the foams of 27CZ¢ (Fig. 4), 15CNF;
and 1CZ/15CNFs (Fig. 5) were taken before impregnation
with Ni + Ru. Fig. 4a and Fig. 5a clearly show that the struts

-
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R7) CZsupport e N
50 250 450 650
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Fig. 3. (Color online.) Hydrogen temperature-programmed reduction
(H,-TPR) of the powder catalysts studied and their corresponding
supports.
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Table 3

Hydrogen consumption measured by H,-TPD on the powder catalysts and their corresponding supports.

Catalyst H, consumption (mmol/g) H, theoretical consumption by Ni+Ru (mmol/g) Ce3*/Ce; after TPR
CZsupport 1.33 - 0.79

Cz, 2.87 1.51 0.76

SiCsupport 0.04 - -

Sic’y, 2.81 1.72 -

H,-TPR: hydrogen temperature programmed reduction; CZ: ceria-zirconia.

have a triangular shape and are hollow, which is distinctive
for foams synthesized with the shape memory synthesis
method described by Pham-Huu et al. [41]. Fig. 4a and b
show that the whole surface of the foam is coated with CZ.
The thickness of the coating was measured using Fig. 4c,
giving an average thickness of 27 pm.

Fig. 5a and b show that the foams with CNF are entirely
covered with a dense network of carbon nanofibers,
without closing cells or windows. The CNF diameters are
between 20 and 50 nm, which is usually observed for
carbon nanofibers grown over nickel particles using ethane
[42]. In the case of foams with carbon nanofibers coated

WD 8.2mm

with ceria-zirconia, it can be observed in Fig. 5c that part of
ceria-zirconia forms aggregates on the surface of the foam.
However the nanofibers diameter measured using Fig. 5d
are now between 30 and 80 nm, which clearly indicates
that there is a washcoat of ceria-zirconia over the CNF.

3.2. Catalytic test

A study of the catalytic activity as a function of the
temperature was made for all the catalysts mentioned
previously and the results of CO, conversion rates and
productivity are displayed in Figs. 6 and 7. For each test, the

WD82mm  10pm

Fig. 4. Scanning electron microscopy (SEM) micrographs of 27 ceria-zirconia (CZ) before impregnation with Ni+Ru.
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LEI imm WD 8.2mm S . Tpum wi )7(5.9""“

WD.9.6mm A 100nm

Fig. 5. Scanning electron microscopy (SEM) micrographs: a and b: foam 15 carbon nanofibers (CNF)F; ¢ and d: ceria-zirconia (CZ)/15CNF; (both before
impregnation with Ni + Ru).

mass of Ni+Ru involved (depending on the catalyst
density and composition) as well as the methane
selectivities and side products at 250, 300 and 400 °C
are presented in Table 4.

Regarding the powder catalysts studied (Fig. 6), the CO,
conversion rates and methane selectivity at 250 °C are of
35.5% and 98.3% for CZ, while SiC’, those values are of 5.0%

and 94%. The same trend is observed for higher tempera-
tures. The ceria-zirconia-based catalyst is better than SiC.

The differences between foam and powder catalysts
have been investigated, comparing SiC catalysts, SiC’, and
SiC’r, and ceria-zirconia-based catalysts, 27CZ; and CZ,
diluted with SiC powder giving a 30-70 CZ,-SiC,, ratio in
order to have the same chemical composition as that of

100 (a) 3.0
A90 :{--(_-'_-- Slc,p\
® 80 #===10Ni+0.1Ru/CZp., S 2% 2.5
= 70 SiC't 28 =7
k) o= [Ni+Ru/CZp]-$iCp (30-70x2 "/, & "z2°
£ 60 27CZf 2 E
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Fig. 6. (Color online.) a: CO, conversion values of the powder catalysts and their corresponding foam catalysts studied at Gas Hourly Space Velocity (GHSV)

10,000-h~" and thermodynamic values calculated for CO, conversion at various temperatures; b: CH4 productivity values of the catalysts studied at GHSV
10,000-h~! for various temperatures.



290

100 -
e SiCT (@)

~ 1CZf
X 80 g 27 CZf
; e 1 5NFC
© 60 -|==E==1CZ/15CNF{f
? ==thamedviamiss o o
]

40
2
&
@ 20

o
Q
© 0

150 250 350
Temperature (°C)

CH,, productivity
(mOICH4 8nivra * h)

M. Frey et al./C. R. Chimie 18 (2015) 283-292

5

N W A

[

e}

150

250
Temperature (°C)

50
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27CZs (72.5 wt% SiC, 27 wt% CZ, 2.5 wt’% Ni and 0.025 wt%
Ru). The results are presented in Fig. 6 and in Table 4. At
250°C, the CO, conversion values of SiC’, and SiC’r are
respectively of 5.0% and 2.5%. The same trend can be
observed at higher temperatures: for similar compositions,
the powder catalyst is always more active than the foam
catalyst. For the ceria-zirconia-based catalysts, the pow-
der (CZ,-SiC,) and foam catalysts (27CZ¢) have respective-
ly CO, conversion values of 5.8 and 8.3% at 250 °C. For
higher temperatures (400 °C), the powder catalyst shows
higher CO, conversion rates with values of 72.0% against
59.8% for 27CZ;.

The foam catalysts seem to have lower conversion rates,
but in order to compare powder and foam catalysts, the
parameter kept unchanged is the apparent volume of the
catalytic bed. Therefore, the catalyst loading is less important
due to the lower density of foams compared to powders.
Consequently, a better comparison between foam and
powder can be made if the productivity results are considered
(Fig. 6 and Table 4). In the case of SiC’, and SiC’, both curves
are superimposed. The ceria-zirconia-based foam (27CZ¢) has
productivity values that range from 0.37 to 2.63 molcy,-
gNHRu‘l-h’l between 250°C and 400°C against 0.1 to
1.8 molcy, gyi;ga - h ™' for the CZ/SiC mixture. Finally, at

Table 4
(Color online.) CO, conversion, methane, CO and ethane selectivities and productivity values at 250 °C, 300 °C and 400 °C at GHSV 10,000-h~".

Catalyst MRy (M) Temperature (°C) Xcoz Scha Sco ScaHe Pchg
o SiC’, 14.4 250 5.0 94.0 47 0.4 0.04
300 29.6 93.9 6.0 0.0 0.21
400 76.2 98.4 14 0.0 0.57
cz, 28.5 250 35.5 98.3 0.4 1.0 0.13
300 77.3 99.5 0.3 0.2 0.30
400 82.2 99.3 0.8 0.0 0.31

PY SiC,-CZ, (70-30) 44 250 5.8 935 3.1 15 0.1

300 28.2 96.8 2.3 0.9 0.7

400 72.0 98.0 1.9 0.1 1.8
YAN SiC’¢ 11.7 250 2.5 87.2 125 0.0 0.02
300 143 87.7 12.2 0.0 0.12
400 69.9 93.9 43 0.0 0.62
SiCe 1.3 250 0.6 74.5 233 0.0 0.04
300 3.2 79.3 20.7 0.0 0.21
400 37.5 76.6 23.1 0.0 2.42
X 15CNF¢ 15 250 13 88.1 133 0.0 0.09
300 7.1 87.3 12.7 0.0 0.46
400 48.6 86.5 12.7 0.0 3.13
+ 1CZ¢ 13 250 2.1 99.3 2.8 0.7 0.18
300 9.9 97.1 2.6 0.3 0.80
400 46.4 923 83 0.0 3.58
LY 27CZ¢ 2.4 250 8.3 97.5 2.1 0.5 0.37
300 31.6 98.1 1.7 0.2 1.42
400 59.8 96.4 3.9 0.0 2.63
O 1CZ/15CNF¢ 1.7 250 6.3 97.7 19 0.4 0.39
300 27.5 97.7 3.1 0.2 1.73
400 65.1 96.2 3.8 0.0 4.03

GHSV: Gas Hourly Space Velocity; CZ: ceria-zirconia; CNF: carbon nanofibers.
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250°C, the methane selectivities of SiC’, and SiC’y are
respectively of 94.0% and 87.2%, while the CO selectivities
are of 4.7% and 12.5%. In the case of ceria-zirconia, at 250 °C,
the foam catalyst has respectively methane and CO
selectivities of 97.5% and 2.1%, and the SiC/CZ mixture
93.5% and 3.1%.

To conclude, the productivities of SiC’, and SiC are
similar, while the CO selectivities are higher for the foam
catalyst SiCy. In the case of ceria-based-catalysts, 27CZ¢
clearly shows the best productivity values and higher
methane selectivities than the powder catalyst (CZ,-SiCp,).

Fig. 7 and Table 4 allow us to compare the influence of
ceria-zirconia, carbon nanofibers and carbon nanofibers
combined with ceria-zirconia washcoats on the carbon
dioxide methanation reaction. The conversion values of SiC¢
(Fig. 7a), 15CNF, 1CZsand 27CZ¢at 250 °C are respectively of
0.6%, 1.3%, 2.1% and 8.3% and their productivity values
(Fig. 7b) from 250°C to 300 °C are 0.04-0.21, 0.09-0.46,
0.18-0.80, and 0.39-1.42 molcys-Enisre -h~'. The presence
of carbon nanofibers has a positive effect on the catalyst’s
activity and ceria-zirconia seems to have a higher effect on
the conversion rates. Moreover, the methane selectivities of
SiCy, 1CZ¢, 27CZ¢ and 15CNF¢ are respectively of 75-79%, 92—
99%, 96-98% and 87-88%. Catalyst SiCs has the lowest
methane productivity and CO, conversion rates and more
than 20% of selectivity for CO, which is too high to consider a
direct injection of these reaction products into the natural
gas transmission network. The CO, conversion rates of
15CNF; are higher than for SiC; but the average CO
selectivity of 13% is still too high. Still, those results show
the beneficial effect of the carbon nanofibers on the catalytic
activity by increasing the conversion rates and lowering the
selectivity for CO. The CO, conversion values of 27CZ; are
higher and its productivity better due to the higher
selectivity in methane and consequently lower CO selectiv-
ity (2-4%). Decreasing the ceria-zirconia loading to 1 wt%
(1CZg) shows similar conversion values than for 15CNFy, but
higher methane productivities and selectivities than for
15CNFy.

Catalyst 1CZ/15CNFfwas prepared to see if a combined
effect of ceria-zirconia and carbon nanofibers could be
achieved. For this catalysts, the CO, conversion rates
are of 6.3% at 250°C, which is close to the values of
27CZs (8.3%), and the methane selectivities of 96-98%
are the same as for 27CZ;. However, the productivity
values of 0.39-1.73 molcya-Enisre -h~! ranging from
250°C to 300°C are higher for 1CZ/15CNF; than 27CZs
(0.18 — 0.80 molcy, i gy - h™"). The comparison of
1CZ/15CNFf and 1CZg, which both have the same ceria-
zirconia loading, shows that the CO, conversion rate,
which is of 2.1% and 6.3% at 250 °C for 1CZ/15CNF; and
1CZ;, respectively, is higher for 1CZ/15CNF;. Moreover, the
same trend is observed for productivity values of 0.39-
4.03 and 0.18 — 3.58 molcy, gnj,gy - h ' for 1CZ/15CNF¢
and 1CZ, respectively.

Consequently, the catalyst that will be used for the heat
transfer study through infrared imaging is 1CZ/15CNFy.

The conversion rate of the chosen catalyst at 250 °C is of
6.3%. This value seems low, but the catalytic tests were
performed in a quartz tubular reactor with a bed apparent
volume of 0.15 cm? and a flow rate of 1.5 L-h~! in order to

have a GHSV of 10,000-h~, high enough to allow a better
comparison of the catalyst without being limited by the
thermodynamic equilibrium. The bed volume in the PMR
will be of 1.1 cm?, the flow rates will vary from 2 to 5 L-h™!;
consequently the GHSV will be lowered between 1800 to
4600 h~!. Therefore, the residence time will be much
higher and the catalyst activity will be higher; the
conversion rates at 250 °C are thus expected to be higher
than 6%.

4. Conclusion

The objective of this work was to develop a catalyst
with enough catalytic activity at temperatures below
250°C (CO, conversion rate of 10-20%) in order to study
the heat transfer in a PMR filled with cellular foam using an
infrared camera.

The specific surface area of the commercial SiC foam
was successfully increased either by coating the foam with
ceria-zirconia or by growing carbon nanofibers on the
foam. The beneficial effect on the catalytic activity of ceria-
zirconia and carbon nanofibers on the SiC foam was also
revealed. Furthermore, the ceria-zirconia catalysts
showed higher conversion rates and the presence of
ceria-zirconia was proven to be necessary in order to have
the lowest CO selectivity values and therefore the highest
methane productivity. Finally, combining the positive
effect of ceria-zirconia and carbon nanofibers gave the
best productivity results and therefore, the catalyst 1CZ/
15CNF¢ was chosen for the heat transfer study.
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