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Manipulating the reaction path of the CO,
hydrogenation reaction in molecular sieves
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Geerlings® , A. Ziitte]™® , D. Ferri"

We demonstrate that the kinetics of the Sabatier reaction catalysed by sorption catalysts depends
on the nanostructure of the catalyst — sorbent system. The catalysts are prepared by ion exchange
of Ni-nitrate solution in two zeolites with different pore size. Beside a different pore size, which
enables or hinders the adsorption of the reactants, intermediates and products in the inner of the
crystallites, the catalyst systems have slightly different size distribution of the Ni-particles. By
studying various catalysts with different Ni-contents we can attribute different catalytic acitivity
and in particular the selectivity to the shape selectivity of the zeolite support. Focus lays on the
microstructural characterization of the catalyst. We observe that the selectivity for methane is
greatly enhanced if the pore size of the support is larger than 5 A, while pore sizes of less than 3
A reduce the overall conversion rate and the selectivity for methane. Thus, Ni on 3A zeolites can
be used as low temperature catalysts for the reversed water-gas shift reaction producing carbon

monoxide.

A Introduction

Primarily goal of most industrialized chemical processes is the
production of a chemical compound at maximum yield. The
energy efficiency is important, too, but ranks as a secondary
parameter [1]. This is different in chemical processes aiming
for the production of a chemical energy carrier. A chemical
energy carrier, e.g. hydrogen, is a vector, i.e., it is most
important how much energy can be delivered with it
considering also the conversion losses; an energy carrier
costing more energy for production than it delivers does not
make any sense. The energy efficiency of the production and
conversion reactions is thus the most relevant parameter.
However, in most cases, existing catalysts were developed for
technical processes, i.e. highest conversion rate. In this sense,
the CO, hydrogenation reactions are typical, because relatively
good working catalysts are at hand and the corresponding
reaction mechanisms are well understood [2] [3]. However, the
heat release of the exothermic reactions yielding either methane
(n = 1) or higher hydrocarbons (n > 1)
(3n+1) H, + n CO, — n H,O + n CO + (2n+1) H,

— 2n H,0 + C,Hy,,0.
AH =-165kJ/mol (n=1) > AH=-115kJ/mol (n=8) (1)
is an energy loss, which cannot be avoided by simply
improving kinetics. When producing liquid hydrocarbons, the
reaction (1) takes place usually also spatially separated in two
reactors, i.e., first producing CO (reversed water-gas shift
reaction, RWGS) and then utilizing the Fischer-Tropsch

This journal is © The Royal Society of Chemistry 2013

reactions yielding liquid hydrocarbons [4]. As the RWGS
reaction is endothermic, it proceeds at high temperatures only.
Therefore, the required heat cannot be taken from the
exothermic Fischer-Tropsch reaction, because the
corresponding optimal reaction temperature of this reaction is
much lower. Thus, production of liquid solar fuels based on the
two sub-steps reaction is associated with a significantly greater
energy loss than the thermodynamically required one. To
reduce the loss, Haije and Geerlings [4] propose the use of
sorption catalysis. Here, the exothermic adsorption of water
adds up to the overall reaction heat thus reducing the reaction
temperature and increasing the conversion efficiency. This is a
thermodynamic argumentation: the free energy of the system
defines the reaction path. A realization of a sorption reaction
should thus not require peculiar “sorption catalysts” — lowering
the water partial pressure by plain physical mixture of catalysts
and sorbent should be sufficient to shift the equilibrium of the
Sabatier reaction towards the product side as has indeed been
demonstrated by [5]. However, in this paper, we demonstrate
that the kinetics of the reaction and thus eventually the reaction
path depends on the nanostructure of the catalyst — sorbent
system, i.e. the sorption catalyst. This might be seen as
additional effort for the technical realization of sorption
catalysts, but can also be exploited. The idea is the following.
CO is an intermediate occurring on most metallic catalysts
during CO, hydrogenation (eq. 1) [6] [3]. Subsequently, the CO
is further reduced. We demonstrate that this subsequent step is
impeded, if the reaction takes place in composite catalysts with
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specific mesoporous structure thereby increasing the selectivity
for CO instead of hydrocarbons — making use of the so-called
shape-selectivity.

The shape-selectivity of zeolites has wide applications in
catalysis — examples are reactant selectivity (e.g. dewaxing),
product shape selectivity (e.g. toluene disproportionation), and
transition-state selectivity (e.g. alkylation of aromatics), see,
e.g., Refs. [7], [8], [9], [10], [11]. The basic idea is that the pore
size inside the porous structure interferes with the molecular
the
respectively. The above given examples depict situations in

size of reactants, products, and transitions states,

which the corresponding molecules are rather large (long chain
hydrocarbons, benzene rings, etc.) and thus their size and shape
and their interactions with the pore walls are well defined.

Figure 1: lllustration of the shape-selectivity in molecular sieves. CH, (kinetic
diameter around 3.8 A) is adsorbed in zeolite 5A (5 A pore size), but not in zeolite
3A. The picture is misleading, though: the size of a molecule is not directly
related to its atomic structure, but to its ‘kinetic diameter’, which is derived from
viscosity or diffusion experiments [12].

, This is not the case for small molecules, which are of interest
in energy conversion processes. The Linde type A (LTA)
zeolite has pore diameters (window size) close to the kinetic
diameters of small molecules (‘molecular sieves’) [13] — in
particular, while the pore diameter of zeolite SA is larger, the
one of zeolite 3A is smaller than the kinetic diameter of CHj.
Thus CH, cannot easily leave the 3A pores (the encapsulation
of CH, is a very slow process [14]). However, unfortunately,
CO, and CO have similar diameters and cannot enter such
small pores either. The gas kinetic diameter is an empirical
parameter, which is usually derived either from the viscosity of
the corresponding gas or its (self) diffusion coefficient. [12].
Accordingly the numbers differ slightly. The uptake of the
corresponding molecule by the zeolite provides a better and
more direct characterization about whether the gas molecules
can enter the inner pores. Furthermore, the selectivity of a
reaction, in this case of the CO, hydrogenation, depends
significantly on the particle size of the catalytically active metal
[15] [16]. Although we do not want to focus on this effect here,
the particle size of the Ni-particles in the zeolite catalyst is
altered by the specific zeolite and preparation method. This side
effect is carefully investigated; and by a comparison of the
with
reactivity and selectivity we are able to demonstrate the shape

adsorptive and structural properties the measured

selectivity of Ni-LTA zeolite systems for CO,-hydrogenation.

2| J. Name., 2012, 00, 1-3

B Materials and methods

Nickel nitrate (Ni(NO3),*6H,0) (Sigma Aldrich) and molecular
sieves (zeolite 3A/5A) with pore sizes of 3 and 5 A (pellets, 1.6
mm, Sigma Aldrich) with linear formulae K Naj,.
al(Al10,)15(Si02)15] - xHyO and Ca;Najp-5,[(AlO,)15(Si05)10] -
xH,0, respectively, were used in the preparation of nickel
sorption catalysts. The alkaline / earth alkaline zeolite was
exchanged using Nickel nitrate aqueous solution with different
concentrations at room temperature for 24 h (0.1 M/ 5M). Then,
the zeolite was washed with deionized water and dried under an
air stream at 100°C for two days. Subsequently, the sample was
reduced in a hydrogen flow at 650°C for two hours.

The measurements of the catalytic activity were performed
using a stainless steel tubular flow reactor with a length of 450
mm and a diameter of 18 mm. Typical catalyst mass was 13 g
(total) with a volume of 25 ml. The gas flows were controlled
by thermal mass flow meters from MKS Instruments connected
to a Labview interface. Typical flow rates were 50 ml/min CO,,
and 400 ml/min H, corresponding to a space velocity of 1000 h’
', A ratio of 8:1 for H,:CO, was chosen to not favour the
RWGS-reaction thermodynamically and to be more sensitive to
kinetic effects. The pressure was 1.2 bar. The exhaust gases
were analysed using a Fourier transform infrared (FT-IR)
spectrometer (Alpha, Bruker) equipped with an 8 cm gas cell.
The exhaust gas was diluted with N, to avoid saturation of the
The
temperature dependence of the conversion at constant reactants’

infrared spectrum and the condensation of water.

flows was monitored by cooling down from highest
temperature. For transient measurements at isothermal
conditions, the catalyst was dried in hydrogen at high

temperature. After equilibration to the desired measurement
temperature, the CO, flow was switched on.

The catalysts were characterized for their specific surface area
(BET method) and Ni content, metal area and crystallite size.
The BET surface area of the sample was extracted from
nitrogen adsorption isotherms at 77 K measured with a
BELSORPmax (BEL, Japan). In addition, H, and CO,
adsorption isotherms at room temperature were conducted
using the same apparatus. By performing subsequent hydrogen
adsorption isotherms, the amount of chemisorbed hydrogen was
determined.

For microstructural characterization at the pm-scale, secondary
electron SEM imaging was carried out with a FEI ESEM XL30
at an acceleration voltage of 20 kV. The SEM is equipped with
an energy-dispersive X-ray spectroscopy (EDX) for elemental
analysis. The structure at the nano-scale was examined by
scanning transmission electron microscopy (STEM) with a
JEOL 2200FS TEM. For the electron tomography, high angle
annular dark-field (HAADF)-STEM images were recorded at
2¢ tilt intervals between -70° to 70°. The images were aligned

This journal is © The Royal Society of Chemistry 2012
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using the StackReg plugin for the image processing software
Imagel. The 3D reconstruction was computed using 30 cycles
of simultaneous iterative reconstruction technique (SIRT)
implemented in TomoJ (Imagel] plugin). The 3D projections
were generated with the Amira visualization program.

Diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) combined with mass spectrometry has been used to
probe the species

products) during reaction. The DRIFT spectra with a resolution
1

surface (reactants, intermediates and

of 4 cm™ were collected using a Vertex 70 spectrometer
(Bruker) equipped with a mirror unit (Praying Mantis, Harrick)
and a liquid nitrogen cooled MCT detector. The commercial
Harrick cell (HVC-DRP-3) was windowed with a flat CaF,
window rather than the conventional dome and was attached to
a gas manifold system. The gas exiting the cell was analysed
online using a mass spectrometer (Pfeiffer, Omnistar) (see also
Ref. [2]). After in situ reduction in 80 vol% H,/Ar at 500°C and
cooling to 420°C, the sample (80 mg) was exposed to the
H,:CO, 8:1 reaction mixture at a total flow of 54 ml/min.

C Results and discussions

Catalytic Activity

We measured the temperature dependence of the CO, reduction
under excess of hydrogen rate at a given space velocity for
various catalysts made of Ni-impregnated 3A zeolite and 5A
with  different The
measurements as shown in Figure 2 and Figure 3 were

zeolite, respectively Ni-loading.

conducted after long term equilibration thereby eliminating the
water sorption function of the zeolite.

This journal is © The Royal Society of Chemistry 2012
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Figure 2: Temperature dependence of the exhaust gas content of Ni-zeolite 3A
ion exchanged with 0.1M and 5M Ni-nitrate solutions resulting in a nickel
concentration of 1, 5 and 15 at.%, respectively. The space velocity is around 1000
h™. The blue line is a fit to a simple Arrhenius type equation with equal activation
energy (94 kJ/mol) for all systems for the sake of comparison using the prefactor.

The activity and selectivity of the six showcase systems vary
greatly; the SASM system (5A zeolite exchanged with 5SM Ni-
nitrate solution) has highest conversion rate at nearly 100%
selectivity for CHy. Vice versa, the reactivity of the 3A systems
is slightly lower, at high selectivity for CO (compare also
values in Table 1).

To be able to compare the catalytic systems, we added a fit of
the CO, concentration to the function
E
R=1-kexp (ﬁ) )
with a constant activation energy E, of 94 kJ/mol as derived
from the 5SA5M system (which is in good agreement with the
literature value of the activation energy of the methanation
[17]). The fits
temperatures, i.e. low conversion rates, and the fit parameter k

reaction on Ni are acceptable at lower

scales with the amount of irreversibly adsorbed hydrogen, i.e.,
the number of catalytically active sites (compare Table 1).



Catalysis Science & Technology

1.0

5 0'8:_ I. _:
B 061 .
uSi 04l = 5A 1M ]
© 02 :‘J“ 2
2 ol , Adecdedodeadiatiachatt ]
150 200 250 300 350
1.0 ' - s anguiin mgul g uy
0.8F 3 -
06 224
0.4 5A 5M 002
02F
0.0

150

200 250
Temperature (°C)

300 350

Figure 3: Temperature dependence of the exhaust gas content of Ni-zeolite 5A
ion exchanged with 0.1M and 5M Ni-nitrate solutions resulting in a nickel
concentration of 1.1, 2.1 and 2.5 at.%, respectively. The space velocity is around
1000 h™. The blue line is a fit to a simple Arrhenius type equation with equal
activation energy (94 kJ/mol) for all systems for the sake of comparison using the
prefactor.

At higher conversion rates, the formed CO may not be further
reduced fast enough and therefore the catalyst produces CO.
This effect is well depicted by comparing the CO, conversion
of the 5A 5M and 5A 1M catalysts (Figure 3). These systems
have a very similar Ni-content and therefore similar amount of
catalytic centres. Accordingly, the CO, conversion is identical:
what is different is the amount of CO produced at intermediate
conversion rates. This difference is explained using details of
the microstructure (see later).

At very low Ni-content, the CO, conversion drops as well as
the one of the subsequent reaction steps. Still, the CO,
conversion is relatively high leading to a high selectivity to CO
(see Figure 3, catalytic activity for the 5A 0.IM system).
Summarizing, the selectivity to CO is related to the relative
activity of the first CO, hydrogenation steps (yielding CO)
compared to the subsequent steps (yielding methane). In case of
the 5A zeolite, this relation is influenced by the Ni-content. The
3A systems show a different behaviour: although the Ni-content
varies over a much higher span than in the 5A systems (from 1
to 18% at., see Table 1), the changes of the catalytic activity
and in particular of the selectivity are rather subtle (Figure 2).

4| J. Name., 2012, 00, 1-3

The dominant product at lower temperatures is CO, further
hydrogenation to methane occurs at higher temperatures only.
A small difference is the temperature at which CO production
peaks, the overall trend remains - in contrast to the 5 A system.
This is a clear hint of the influence of the support on the
catalytic activity.
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Figure 4: Isothermal measurements of the transient kinetics of a 3A0.1M (top)
and 3A5M (bottom) catalyst, T = 265°C, 20 sccm CO,. CO, was admitted at t = 40
s. CO,, CO, and CH; mole fractions are shown as dots, the uncalibrated water
concentrations as lines.

The above discussed catalytic activity is a temperature scan
after high temperature equilibration assuming that the support,
i.e., the zeolite does not adsorb any water. However, in the dry
state, the zeolite has a high affinity to water, and thereby
actively removes the product from the reaction centres. This so-
called sorption catalysis changes the overall energy relations
and turns the endothermic RWGS-reaction into an exothermic
one [4] [18]. Figure 4 shows the time evolution of the gas
composition at the reactor outlet at 265°C. Initially the gas
contains only impurities of water and CO,, i.e., a conversion
rate of 100%. Here, maximum amount of CO is produced.
However, when the total amount of water exceeds the
maximum uptake capacity, also water leaves the reactor and the
reaction yield decreases. The water adsorption in the zeolite
pores enhances both the formation of CO and CH,, in good
agreement with Ref. [2] (CH,) and Ref. [18] (CO). The
relevance of each process depends also on its location, i.e.,
near/in the pores CH, cannot be formed thus enhancing CO
formation, while the CH, formation takes place on external Ni-
particles.

Structural properties of Ni zeolites

Without further investigations, the origin of the effect cannot be
unambiguously assigned to the shape selectivity originating
from the different pore sizes of the zeolites: the catalytic
systems prepared from Ni-nitrate solutions on different
supports might have different Ni-particles, i.e., overall Ni-
concentration, number and size of Ni-particles, being a possible
alternative origin of the effect. The difference in catalytic

activity between 0.1M and 5M catalysts on the same support

This journal is © The Royal Society of Chemistry 2012
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(5A) supports this hypothesis. Indeed Lawson and Rase
proposed that an optimum nickel crystallite size and therefore
nickel distribution for highest catalytic activity exist in Ni-
zeolites [19]. Furthermore, remaining Ni* cationic sites in the
zeolites might be catalytically active [20]. Thus, in the
following we give a detailed analysis of the structural and
adsorptive properties.

Figure 5: TEM images of Ni-particles in 5A and 3A zeolites. Ni particles are larger
in 5A 5M than in 3A 0.1M. An estimation of the particle size distribution is given
in Figure 6.

We assigned the samples by the zeolite used (“3A”, “5A”) and
the concentration of the Ni-nitrate impregnation solution
(“1M”) as a parameter for the overall Ni-uptake in the zeolite.
This indeed corresponds approximately with the measured Ni-
concentration ranging from 1 to 18 at.% for the 3A zeolite and
1 to 2.5 at.% for the 5A zeolite. Apparently, the relation is not
linear: the 5A zeolite has reached its saturation level already at
2.5 at.%, the saturation level is higher for the 3A zeolite
(compare also literature values for 4A zeolites: [21]). X-ray
diffraction reveals only slight structural changes of the zeolites
and Ni-particles with a diameter in the 2-5 nm range (Scherrer
formula). Detailed insights are given by electron microscopy:
SEM-pictures show regular zeolite crystals with an average size
of several pm. TEM images resolve the microscopic fine
structure of the Ni-particles (Figure 5): Ni particles (dark spots)
are distributed across the zeolite and some areas seem to
contain more particles than others. Ni particles are larger in the
zeolite 5SA 5M than 3A 0.1M.

0.25 T T

3A0.1M/d =2.5nm
5A0.1M/d = 3.7 nm i

0.20 -

0.15 - E

0.10 -

frequency (1)

0.00 A

particle diameter (nm)

This journal is © The Royal Society of Chemistry 2012

Catalysis Science & Technology

Figure 6: Size distribution of Ni-particles in 5A and 3A zeolites exchanged with 5
M and 0.1 M Ni-nitrate solutions (columns) as derived from TEM-measurements.
The mean value of the size distribution is derived from fits to a log-normal
statistics (lines).

The size distribution of several Ni particles from the zeolites
5A and 3A is shown in Figure 6. The Ni particles in zeolite
5A5M have a broad size distribution; the majority of the
observable particles are ranging between 10 to 20 nm. On the
contrary, Ni-particles impregnated into zeolites at low
concentrations form smaller Ni-particles. However, Ni particles
are larger than the nominal size of the pores of the zeolite; this
means that there is a local destruction of the zeolite pores
during the growth of the Ni particles. In addition to the majority
of the particles around the indicated mean value of 6 nm, the
3A zeolite exchanged with high Ni-concentration (3A5M) has
relatively large particles up to 100 nm. This is in good
agreement with the maximum Ni concentration exchanged in
the zeolite: while the maximum Ni-uptake in 5A zeolites is
around 2.5 at.%, 3A zeolites contain up to 18 at.% Ni.
However, the high Ni-concentration does not improve the
catalytic activity (Table 1). This suggests that the excess
concentration is due to large Ni-particles, which do not

contribute significantly to the overall activity.

Figure 7: 3D Transmission Electron microscopy image of Ni-zeolite SA5M. Top
micrograph: Visualization of zeolite, and bottom micrograph a Ni particle inside
the zeolite visualized by a corner cut. The image size is around 150 nm x 100 nm.

| 5
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An important piece of information is, whether the particles are
formed only on the external surface of the crystals. Electron
tomography gives information on the size, shape and location
of the Ni particles inside the zeolite. For this reason, STEM-
tomography was conducted on the sample; the tomography
clearly demonstrated that Ni-particles agglomerate not only
outside the crystals, but also inside the pores (thus locally
destroying the structure). Figure 7 shows 3D reconstructed
images from~90 nm crystals of 5A zeolite. The zeolite structure
is shown in dark beige and the Ni particles in bright beige. To
illustrate that Ni particles exist inside the zeolite crystal, a
corner is cut out of the zeolite crystal. Although the TEM
results provide detailed information about particle sizes larger
than about 1-2 nm, it cannot be ruled out that small clusters of
Ni atoms are present as well.

Ni particles also grow inside the zeolite structure of 3A zeolite
as it is demonstrated in the supplementary information. The size
of the Ni particles is slightly smaller in 3A zeolite (Figure 6)
than in 5A zeolite. Generally speaking, the effect of the pore
structure of the support on the Ni-particles is less pronounced
than the effect of the Ni-concentration of the impregnation
solution. Because the strong selectivity effect observed in
Figure 2 and Figure 3 mainly depends on the choice of the
support, the influence of the size of the Ni-particles is of less
significance for this effect.

Shape selectivity in reactions with molecules with small kinetic
diameter

Figure 8 shows hydrogen and CO, adsorption isotherms at
room temperature for Ni exchanged 3A and 5A zeolites. The
effect of the two different pore sizes of 3 A and 5 A,
respectively, on the uptake of CO, (kinetic diameter, 3.3 A) is
obvious, in pure zeolites the ratio of maximum uptakes at 1 bar
is around 20 (see Table 1). The same is true for CO (kinetic
diameter around 3.2 A), CH, (3.8 A) and N, (3.6 A). Thus, the
BET surface area as extracted from the corresponding nitrogen
isotherms at 78 K (Table 1) is the total surface area of 5A
zeolites including internal (pore) surfaces and external (crystal)
surfaces. For 3A zeolites, the surface area represents the area,
which is accessible for nitrogen, i.e., the external surface, only.
Smaller molecules such as water (2.65 A) and hydrogen (2.9 A)
can be adsorbed in both pure zeolites (for hydrogen, see Table

1.
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Figure 8: Hydrogen (bottom panel) and CO, (top) adsorption isotherms at room
temperature for 3A5M and 5A5M zeolite systems. The difference between two
subsequent hydrogen adsorption isotherms reflects the irreversibly adsorbed,
i.e., chemisorbed hydrogen. Complete data on all investigated systems is
summarized in Table 1.

Hydrogen is special, though: in Ni-impregnated zeolites,
hydrogen can be chemisorbed. By performing subsequent
hydrogen adsorption isotherms, the amount of chemisorbed
hydrogen is determined (see Table 1, Figure 8).

The results of the adsorptive properties are summarized in
Table 1 together with the main outcome from the catalytic
testing. The interpretation is straightforward for the 5A system:
The pores of the SA zeolites are large enough to accept CO,
and H,, and CO as well as CH, can easily leave the cages. The
ion exchanged systems show a similar BET-surface, and
accordingly the CO, and H, uptake in physisorbed form is
similar. Adding Ni corresponds to adding catalytic centres
evidenced by the high fraction of irreversibly adsorbed
hydrogen in the 5SA5M sample.

This journal is © The Royal Society of Chemistry 2012
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Table 1: Basic Properties of the presented catalytic systems: Ni
concentration, irreversibly and total amount of adsorbed hydrogen, BET-

surface area, CO, uptake at 1bar CO, and room temperature, temperature T,
indicating 50% conversion rate, CO selectivity and pre-exponential

parameter of the conversion rate k determined from eq. (2).

Sample Ni- Hehem BET CO, T CO k
conc. [Hiotal (CH4+C
0,)
Units at.% ml/g m?/g ml/g °C) Mol/ 0.01
Mol Mol/
Mol
3A 0 0.02/ 13 2.8
0.29
3A0.1IM ~1 0.008/0.2 17 1.23 210 1.0 0.755
81
3AIM 5 0.06/ 15 0.91 230 2.9 0.250
0.26
3A5M 18 0.03/ 12 1.17 260 4.0 0.105
0.13
5A 0 0.04/ 460 60.3 - - -
0.32
5A0.1M 1.1 0.009/ 336 55.6 260 0.6 0.12
0.265
5AIM 2.1 0.12/ 312 52.1 190 0.17 1.85
0.43
SA5SM 2.5 0.25 330 55.0 190 0.024 1.85
/0.62

The situation is different in the 3Azeolite: it accepts hydrogen
molecules in the pores; the pure 3A zeolite adsorbs nearly
exactly as much hydrogen as the SA zeolite. This confirms that
the inner surfaces are similar. However, these surfaces are not
accessible by CO,: maximum CO, uptake in 3A is a factor of
20 lower than in 5A. The BET measurements reveal only the
outer surface of the 3A zeolite, which is of the same order
expected from the electron microscopy measurements of the
crystallite size (in the micrometre range). Increasing the Ni-
content slightly enhances the amount of irreversibly adsorbed
hydrogen. Simultaneously, the amount of adsorbed CO, and the
total amount of hydrogen is reduced. Apparently, some of the
pores and pore entrances of the 3A zeolite are blocked by Ni
particles. This explains why despite the increase of the number
of possibly active centres the total CO, hydrogenation rate is
reduced (as evidenced by the increased temperature for 50%
CO, conversion, see Table 1). On the other hand, the selectivity
for CO is greatly enhanced.

This journal is © The Royal Society of Chemistry 2012
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Figure 9: DRIFT spectra of Ni-loaded 3A and 5A catalysts (3A1M and 5A1M)
under steady state conditions in a 8:1 H,:CO, mixture at 420°C (top). The bottom
graph is a magnification of the region of CO, and CO vibrations. The relative
intensity between 3A and 5A was conserved during data handling. The gas
spectrum of the product gas from a 3A catalyst is added for comparison.

The different cations of the 3A and SA zeolites define the pore
size diameters, but also the amount of Ni-ion uptake and thus
eventually influence the Ni-particle size. This is the reason,
why we were not able to compare samples with identical Ni
particle size but different pore sizes. Some of the observed
effect might thus originate from different catalytic properties of
the corresponding Ni-particles. Although we have presented
several indirect evidences of the dominant influence of the
shape selectivity on the selectivity, a final proof is missing. To
do so, we employed diffuse reflectance Fourier transform
infrared spectroscopy (DRIFTS) combined with mass
spectrometry. By utilizing this technique it is possible to
identify active adsorbates and follow the surface site occupancy
during reaction. After equilibration of the catalyst in an Ar/H,
mixture at the desired temperature a DRIFT spectrum was
taken prior to introduction of the reactants. The first spectrum is
taken as reference of the clean catalyst surface and is subtracted
from all following spectra hence only showing changes due to
changes of adsorbates on the surface of the catalyst. The thus
measured DRIFT spectra of Ni on zeolite 3A and 5A after long-
term exposure to a H,/CO,/Ar-mixture at 420°C (“steady
state”) are shown in Figure 9. For comparison, a gas infrared
spectrum of the product gas from a 3A catalyst is added.
Assignment and interpretation of the spectra is straightforward:
mainly CO,, water, and CO are adsorbed on the zeolite and on
the Ni-particles. Formates (1653 cm’!) and bicarbonates (1622
cm™) coordinated to the zeolite are observed especially on 5A
zeolite. The signals of CO are shifted by ~100 cm™ compared
to those in the gas spectrum, indicating strong CO-Ni
interaction resulting in the formation of subcarbonyl (2067 cm”
1) and linear carbonyl (2030 em) species chemisorbed to Ni.
[22] The small differences in energy between 3A and 5A
zeolites  (originating from a different distribution of
subcarbonyl and linear carbonyl groups, see inset in Figure 9
[23]) and in intensity as measured under identical conditions
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are attributed to a lower coverage of CO on Ni in 3A zeolite.
The adsorption strength of CO on Ni is thus similar suggesting
a similar catalytic behaviour of the Ni-particles in 3A and 5A
zeolites. An important difference in the spectra is related to the
CO, stretching vibrations that are stronger and slightly shifted
in 5A zeolite compared to the 3A zeolite, which exhibits similar
features to the gas spectrum. This reflects significant interaction
of CO, with the pores of the 5A zeolite (despite the high
temperature) [24], and negligible adsorption in 3A zeolite. This
is in perfect agreement with the measurement of the isotherms
(Figure 8), and the idea of the shape selectivity. CO,
adsorption takes place on/in the zeolite support - Ni-particles
inside the 5A zeolite can thus be reached by CO,, while the
ones inside 3A zeolite are attainable only to a lesser extent.
This observation partly explains the selectivity towards CO
(CH, produced inside the pores cannot leave the crystal)
observed in the latter type of zeolite.

The Sabatier reaction is a complex surface reaction transferring
eight hydrogens and electrons to one carbon starting from the
reduction of CO, to COOH and CO. Calculations for the
reduction of CO, on Pt that
subsequently CO is fully reduced and four hydrogens are added

electro-catalytic suggest
giving methane [25]. Different pathways are possible, though:
additional hydrogen may be added to CO before oxygen is
removed as water. However, then a possible by-product is
methanol, which was not observed. Furthermore, production of
CO is suppressed, when water is removed from the reaction by
adsorption in the zeolite support. This indicates that CO is
reduced by the formation of water — in line with the pathway
described above. The first steps of the CO, hydrogenation
reaction are similar on all discussed systems: the fit to the
temperature dependence of CO, conversion is satisfying for all
systems; main differences appear during the subsequent steps.
The ratio between first and subsequent hydrogenation steps
defines the selectivity to methane or CO: if the later steps
converting CO into methane are fast, CO is an impurity only; if
these steps are rate-limiting, the selectivity for CO is high. With
the assumption that the Ni-particles are comparable (Figure 6),
the reaction steps from CO to methane must be linked to the
(internal) surface of the corresponding zeolite to explain the
different selectivity. Ni-ions or atoms inside the pores of the
zeolites are renowned for their catalytic activity [20]. These
sites alone cannot be responsible, because predominate methane
yield is not found for small overall Ni-concentration (Figure 2),
but for systems containing bigger Ni-particles. However, the
combination of processes on the zeolite surface and the Ni-
particles (e.g., at the metal — oxide interface) seems to
guarantee a full reduction of CO, to methane in the 5A system.
In the 3A system, this interaction is only possible at the external
crystal surfaces, thus here the reduction to CO is fast and
further reduction to methane is relatively slow. Strong hint for
this is found by DRIFTS by the occurrence of strong peaks in
the 5A system, which are attributed to intermediates of the
reaction (carbonates, formates, see Figure 9). The 3A spectra
are very similar but these peaks weaker, indicating that not the
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chemistry of the zeolite surface differs strongly between 3A
and 5A (e.g., the acidity), but its accessibility, i.e. the pore size.
Investigations on the dynamics of these surface species giving
further evidence on this hypothesis will be presented elsewhere.

At higher temperatures, the conversion of CO to CH, is
increased relative to the production of CO and thereby the
selectivity drops again. The effect of the shape selectivity may
be enhanced, if a zeolite support can be developed exactly
matching the proper molecule diameters to allow the adsorption
of CO, in the pores but hindering the formation of CHy, i.e., a
pore size d of 3.8 A > d > 3.3 A. This idea is corroborated by
comparing the activities of the two 3A samples: although the
Ni-concentration scales with the active sites, while the BET-
surface and CO, uptake and with them the catalytic activities
(i.e. k) do not. The amount of CO,-uptake and thus the
accessibility to the pores (shape selectivity) seems to be of
higher relevance than the number of hydrogen dissociation
sites.

100% selectivity towards CO is never possible with this setup
because of thermodynamics. An observed CO/(CH4+CO,) ratio
of 4 (Table 1) is near to the thermodynamically possible value,
at which AG is still negative at the corresponding temperature
and conversion [18], [26]. Utilizing the so-called sorption effect
[18], in which the reaction enthalpy of the RWGS reaction is
the
adsorption of water in zeolites, a higher selectivity is possible.

decreased towards negative values by exothermic

First experiments indeed show the desired enhancement of the
CO-selectivity for the 3A samples. However,
difficulties associated with coking and blocking of the small

additional

pores occur, and will be published elsewhere [27].

Conclusions

In this paper, we demonstrate the extreme sensitivity of the
reaction kinetics of CO, hydrogenation on the nanostructure of
sorption catalysts. The Sabatier reaction catalysed by Ni-
particles on zeolite support is greatly enhanced, if the pore size
of the support is larger than 5A, pore sizes of 3A reduce the
overall conversion rate and the selectivity for methane. Thus,
Ni on 3A zeolites may be used as low temperature catalysts for
the reversed water-gas shift reaction. The kinetic effect is
improved, if the water adsorption capability of the zeolite is
used: here, the endothermic reaction is turned into an
exothermic one using the heat of adsorption in the zeolite. The
experiments also reveal a dependence of the reaction yield on
the CO, uptake capability, which is linked to that of the CH,
uptake (similar kinetic diameter). Thus, the overall catalytic
activity producing selectively CO is relatively low. This
indicates the relevance of concept of ‘“shape selectivity of
nanoporous composite catalysts” also for small molecules, i.e.,
for the production of renewable energy carriers (CO, CHy).
Future prospect may be the preparation of porous hosts with

appropriate pore size d of 3.8 A > d > 3.3 A. The design of such

This journal is © The Royal Society of Chemistry 2012
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zeolites has recently been demonstrated [28], [29]. In addition,
it is shown that the enhancement of the reaction yield by water
adsorption in the zeolite pores is only effective if adsorption
and catalytic reaction take place in the near vicinity. The
sorption enhancement may therefore be described as a
“reversed spillover effect” (compare, e.g., Ref. [30]). Though
requiring new reactor concepts, the sorption enhancement for
methane has been demonstrating to increase the energy
efficiency of the methanation significantly [5]. With improving
the nano-structured sorption support, an equally high
improvement might be possible for the reversed water-gas shift
as well.
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