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The transformation from the fatuous consumption of fossil energy towards a sustainable energy circle
is most easily marketable by not changing the underlying energy carrier but generating it from
renewable energy. Hydrocarbons can be principally produced from renewable hydrogen and carbon
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dioxide collected by biomass. However, research is needed to increase the energetic and economic
efficiency of the process. We demonstrate the enhancement of CO, methanation by sorption enhanced
catalysis. The preparation and catalytic activity of sorption catalysts based on Ni particles in zeolites is

reported. The functioning of the sorption catalysis is discussed together with the determination of the
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Introduction

The negative consequences of our actual energy economy
(scarcity of fuels, climate change etc.) originate from an open
cycle of materials carrying the energy, e.g. mining of crude oil
and release of CO, into the atmosphere. It is, however, possible
to close the cycle of materials for energy harvesting, transport,
storage and utilization by the production of renewable chemical
energy carriers." The natural cycles in the atmosphere are able
to transport only a few compounds, namely oxygen, nitrogen,
water and carbon dioxide. Therefore, the combustion product
of any kind of renewable fuel may only be water, carbon dioxide
or nitrogen. Mimicking the natural carbon cycle has the
potential of closing the energy circle by producing synthetic
hydrocarbons. Their combustion products are water and CO,,
which hitherto are starting compounds for the renewable
synthesis of the desired high energy density fuels. The required
energy might be directly introduced during synthesis, or originate
from hydrogen, which can be produced from renewable energy
via water electrolysis or directly from photoelectrolysis.> Possible
synthetic fuels are methane, methanol, dimethyl ether, and
liquid hydrocarbons (C,H,,., with n > 6).> The main advantage
of methanol from CO, and H, is the rather simple and nearly
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reaction mechanism, providing implications for new ways in catalysis.

energy-neutral synthesis process. However, its gravimetric
energy density is half of that of methane and octane. For
transportation, octane is the ultimate fuel - being liquid and
comprising an energy density as high as 44 MJ kg~ (13 kWh kg ™).
Its disadvantage is the intricate synthesis process - usually via
reversed water gas shift reaction combined with Fischer-Tropsch
synthesis.* Thus, from a practical point of view, methane is the
easiest to synthesize chemical energy carrier with the potential of
using the fully developed natural gas infrastructure but replacing
the natural gas by environmentally friendly, renewable methane.

Recently, this concept has been realized by replacing fossil
natural gas with biogas,” i.e. methane produced from biological
feedstock, using natural photosynthesis. Before feeding the
natural gas grid, the raw biogas has to be purified.® The CO,
separation process is particularly energy consuming (up to 10%
of the heating value of the biogas).” A further obstacle for
biogas as a renewable energy carrier is the limited biologic
feedstock.® An improvement of the process has been proposed:
the biogas upgrade® converts the CO, in the raw biogas to
methane using hydrogen from renewable energy sources. The
fundamental of the biogas upgrade process is the Sabatier
reaction:

4H, + CO, — H,0 + CO + 3H, — 2 H,0 + CH,.
AH = —165 kJ mol " (1)

The heat release of approximately 17% of the heating value
has to be considered the main efficiency loss of the Sabatier
process. The strongly exothermic heat of formation allows
theoretically a thermodynamically high reaction yield, in parti-
cular at low temperatures. However, this is not found practically,
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Fig. 1 Left: structure model of a sorption catalyst based on Ni particles on
zeolites; right: sketch of the free energy of reactants and products of the Sabatier
reaction on the conventional metal catalyst (orange) and a sorption catalyst
(blue), respectively, depicting the water-absorption-enhanced methanation of
CO, due to an additional driving force (exothermic water adsorption) both for
reaction step 1 and 2.

because the Sabatier reaction is a complex surface reaction, and
is kinetically limited. This kinetic barrier can be overcome using
catalysts. Commerecial catalysts reach a conversion of more than
90%, however only above 250 °C.'° Besides a high activity, the
catalyst should exhibit high selectivity for methane. However,
toxic carbon monoxide is also formed at high temperatures.
A further improvement of the catalytic activity is thus difficult
and requires new concepts.

In this paper we demonstrate the utilization of the Le
Chatelier principle to improve the reaction kinetics and yield
by local absorption of water at the reaction centres.'"> The
so-called sorption enhanced catalysis implies that the reaction
conditions can be controlled to modify directly the concen-
tration of reactants and products at the reaction centres and
thereby increase the reaction yield. The idea is depicted in
Fig. 1: the kinetics of a normal catalyst depend on the adsorp-
tion and desorption of reactants and products, respectively.
This is mainly determined by gas-solid thermodynamics, i.e.
the binding strengths of the species to the surface.'® Using a
catalyst that has a sorption function, we are able to tailor
coverage of the reactions sites by removing water through a
sorbent. The sorbent has a high affinity to water (see energy
diagram in Fig. 1), and thereby actively removes the product
from the reaction centres. The idea is experimentally realized
by Ni particles on zeolites. We demonstrate the proof-of-principle
of the water sorption enhanced CO, methanation reaction, and
shed light on the reaction mechanism by kinetic modelling and
in situ spectroscopy.

Materials and methods

Nickel nitrate (Ni(NO3),-6H,0) (Sigma Aldrich) and molecular
sieves (zeolite 5A) with pore sizes of 5 A (pellets, 1.6 mm, Sigma-
Aldrich) with linear formulae Ca,Naj; 5,[(AlO;)12(Si0)12):
xH,O, 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. 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
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flow at 650 °C for two hours. For comparison, a commercial
Ni catalyst (Ni on silica/alumina, Sigma Aldrich) has been
investigated.

The measurement of the catalytic activity was performed using
a stainless steel tubular flow reactor with a length of 450 mm and
a diameter of 18 mm. The 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™™.
The pressure was 1.2 bar. The exhaust gases were analysed by a
Fourier transform infrared (FT-IR) spectrometer (Bruker Alpha
equipped with an 8 cm gas cell). The exhaust gas was diluted with
N, to avoid saturation of the infrared spectrum and the condensa-
tion of water. Two measurement procedures were applied: for a
general characterization of catalyst the temperature dependence
of the conversion at constant reactants’ flows was monitored. 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).

For microstructural characterization at the pm-scale,
secondary electron SEM imaging was carried out with an 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.

Diffusive reflectance IR Fourier transform spectroscopy
(DRIFTS) combined with mass spectrometry has been used
to probe the surface species (reactants, intermediates and
products) during reaction. The DRIFT spectra were collected
using a Vertex 70 infrared spectrometer (Bruker Optics)
equipped with a DRIFT unit (Praying Mantis, Harrick) and
liquid nitrogen cooled MCT detector. The commercial Harrick
cell (HVC-DRP-3) was attached to a gas manifold system. Gas
exiting the cell was analysed online using a mass spectrometer
(Pfeiffer, Omnistar).

Results
Catalyst characterization

There is a maximum load of Ni in zeolites, if prepared by ion
exchange from 5 M Ni nitrate hexahydrate, corresponding to
approximately 2.5 at% (6 wt%). Such catalysts show the best
performance. Mapping the Ni-content over a cut through a
catalyst pellet indicates a very homogenous distribution of Ni
within the pellet. The Ni-ions partly exchange Ca/Na ions in the
zeolite. With reduction and formation of Ni particles, the
corresponding sites are re-occupied by hydrogen. These acidic
sites may have an influence on the catalytic properties of the
Ni-zeolite catalyst."* Indeed, repeating the infiltration procedure
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Fig. 2 Scanning electron microscopy image (left) and transmission electron
microscopy image (right) on Ni—zeolite 5A.

twice leads to catalysts with diminished performance - stressing
the importance of the surface structure of the zeolite. Further
investigations are needed to clarify this effect. In this paper; we
restrict the discussion to the system exhibiting the best catalytic
performance. The surface area of the zeolite 5A is 440 m* g~ and
the pore volume is 0.22 cm® g~ . After ion exchange and calcination,
the BET-surface and pore volume are only slightly reduced to
360 m* g ' and 0.21 cm® g, respectively. This indicates that
the Ni particles do not block the pores, and the overall structure
of the zeolite remains unchanged.

The SEM pictures display 5-10 pm large zeolite crystals, but
do not resolve the fine structure of the catalysts (see Fig. 2).
TEM shows Ni particles of the size of about 20 nm with a broad
size distribution.

Performance of catalyst

The standard analysis to reveal catalytic performance is the
measurement of the temperature dependence of the methanation
rate at a given space velocity. To minimize the influence of
systematic errors, such measurements were performed on the
sorption catalyst and a commercial Ni catalyst. The latter has
similar physical and chemical properties except that it is able to
absorb water in large quantities. The measurements as shown
in Fig. 3 were conducted after long term equilibration, thereby
eliminating the sorption function of the zeolite. Indeed the
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Fig. 3 Temperature dependence of the exhaust gas content of Ni@zeolite 5A
compared to that of a commercial catalyst Ni@silica/alumina. The amount of Ni is
identical in both cases. The space velocity is around 1000 h~".
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Fig. 4 Isothermal measurements of the transient kinetics, 7= 170 °C, 20 sccm
CO,, 13 g Ni sorption catalyst. CO, flux starts at t = 200 s. During 500 s ("’sorption
enhanced reaction”), water and CO are emitted below the detection limit.

catalytic properties of the sorption catalyst are only slightly improved,
ie. reaching maximum conversion at slightly lower temperatures
and lower CO release than that of the commercial one.

The strength of the sorption effect is demonstrated by the
transient kinetics starting with a dry sorption catalyst. Fig. 4 shows
the time evolution of the gas composition at the reactor outlet.
Initially the gas contains 100% methane with only impurities of
water and CO,. However, the produced water is adsorbed in the
zeolite pores with limited sorption capacity. When the total
amount of water exceeds this capacity, water also leaves the
reactor. Simultaneously, the concentration and thus the reaction
yield of methane decreases, demonstrating the interconnection of
reaction yield and water concentration. With decreasing reaction
yield, the reactant CO, and intermediate product CO are released.
Thus, despite the need for regeneration, the reactor is a chemical
converter with 100% selectivity for a limited time. The difference
in reaction yield between the dry and wet state of the sorption
catalyst is well explained by the additional driving force originating
from the exothermic adsorption of water (compare Fig. 1).

Fig. 5 shows the temperature dependence of this effect — the
conversion with and without maximum sorption enhancement. The
effect is most pronounced at intermediate conversion. At high
conversion, the reaction rate is limited by the low CO,-concentration
remaining in the process gas, while at low temperatures the intrinsic
catalytic activity of the Ni is too low. We substantiate this qualitative
explanation using a kinetic model.

The methanation kinetics on supported Ni particles is usually
described by an empirical Langmuir-type rate equation:"

E
Ani exp (*T;) Cpco,

(1+ Cpco,)

FcHy = (2)
Ay is the constant and E, is the activation energy of the
reaction, respectively, while C is the adsorption constant of
CO,, and pco, the partial pressure of CO,.
The empirical finding is based on a reaction mechanism, which
depends only on the number of reaction sites occupied by CO,:

ren, € Oco, 3)
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Fig. 5 Temperature dependence of the outlet concentrations of CO, and CH,4 —
with (“initial”") and without (“equilibrium’) maximum sorption enhancement.
50 sccm CO,, 11 g Ni@zeolite5A. The dots are measurement data, black lines are
a guide to the eye. The red lines are fits to the measured CH, yields using eqn (6),
the fine dotted curve is a simulation with B’ = 0.

If we include competitive adsorption of two water molecules
and CO,:

rCH4 oC Ocoz(l — 0H20) (4)
we obtain
E,
Ani exp (_R_/}) Cpco,
r = 5
CHa (1 + 2Bpu,0 + Cpco,) 5)

For fitting data, we have to consider that the CO, partial
pressure in the reactor depends on the reaction rate, particu-
larly as the conversion yield reaches nearly 100%.

The corresponding implicit function is estimated by

E
Aexp (—R—/})

rcuy, = En (6)
<1 +B+C exp(fRT))

The data in Fig. 5 is fitted by this eqn (6). The important
parameter, which is extracted from the fit, is B’, which describes
the effect of occupied sites on the reaction yield. All other para-
meters (activation energy E, and A4, C) are kept constant when
fitting the CH, reaction yield with and without maximum sorption
enhancement. The good fit indicates that the temperature
behaviour is solely explained by the number of sites occupied
by water or CO. Furthermore, a simulation of the function with
B’ =0 (i.e. all water respective to CO is instantaneously removed
from the reaction centre, Fig. 5) gives the maximum enhance-
ment theoretically possible by the water sorption effect. The
measured sorption enhancement does not reach the ideal curve;
because the kinetics of mass transport from the reaction centres
to the zeolite are limited (see discussion later).

Investigation of the reaction mechanism

The modelling of the performance data by a quantitative model
gives clear indication for a mechanism of the sorption based on
the removal of adsorbates from the reaction centres. Further
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Fig. 6 Transient kinetics of methanation on sorption catalysts measured by
time-resolved DRIFTS measurements. The right panel shows a DRIFTS spectrum
after reaching kinetic equilibrium. The 1st differentials of the measurements are
assembled as a grey-scale plot to highlight the changes taking place after
exposing the sample to hydrogen and CO, (after scan #2).

details are found by probing the reaction using in situ spectro-
scopy, more specifically diffusive reflectance IR transform
spectroscopy (DRIFTS) combined with mass spectrometry. By
utilizing this technique it is possible to identify active adsor-
bates and follow the surface site occupancy the during reaction.
In a typical experiment, after equilibration of the catalyst in an
Ar-H, mixture a DRIFT spectrum is taken, and the reactants are
introduced. The first spectrum is considered to be the reference
spectrum and is subtracted from all following spectra, hence
only showing changes due to evolution of adsorbed species on
the surface of the catalyst. The thus measured DRIFT spectrum
of Ni on zeolite 5A after long-term exposure to a H,~CO,-
Ar-mixture at 693 K (“kinetic equilibrium”) is shown in Fig. 6.

The spectrum shows four main peaks between 1500 and
2500 cm ™. Additional structures are visible at higher and lower
energies, which can be attributed to the same species as
indicated in Fig. 6: 2353 cm ™' corresponds to the v stretching
vibrations of physisorbed CO, on zeolites;'® 2018 cm™" and
1855 cm™ " (and 1918 cm™ ') are vibrations of strongly adsorbed
CO on Ni, and the region around 1626 cm ™" is water adsorbed
on the zeolite. Surnev et al. studied'” the CO adsorption on
Ni(111) by the use of infrared reflection absorption spectro-
scopy. By a comparison with their study we assign the peak
at 2018 cm™ " to linear CO species and the ones at 1855 cm™
and 1918 cm ™' to two-fold bridged CO species. Additional
intermediates/side products have been proposed for the
CO, methanation:'®'® carbonate species (strong band at
1420-1470 cm™)*° and formate species (giving bands at 2996,
2901, 1592 and 1395 cm™').>" As none of the bands occurs,
these species are either not formed or their concentration is
below the detection limit. The observed shift of the v; stretching
vibrations of physisorbed CO, corroborates that adsorption of
CO, on zeolites is enhanced when compared to CO, on Ni as
sketched in Fig. 1. The greyscale plot shows the time evolution of
the spectra. No new peaks develop, but strong intensity changes
are evident.
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particles during transient kinetics. Lines are fit to the data by an exponential
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The intensity is a measure of the coverage of the active sites
by the corresponding adsorbents during sorption reaction. The
normalized intensities are compared to the normalized CH,
concentration of the product gas in Fig. 7 (“1” corresponds to the
equilibrium value). At first glance, the graph already confirms the
enhancement of the CO, methanation by water adsorption:
the higher the amount of water adsorbed on the catalysts the
lower is the reaction yield. For quantitative analysis, we fit the
decay/growths of the data by an exponential growth function of
the first order giving a time constant for the change of kinetics.
The reciprocal time constant is taken as a measure of the rate
constant. With 1 o = —23.4 s and ¢y, = 11.6 s for the methane
yield and amount of adsorbed water, respectively, the methana-
tion rate is proportional to (1 — 0y 0),” as assumed in eqn (4).

If CO produced by the first step (reversed water-gas shift) is not
reacting fast enough to eventually form CH, during the subsequent
reaction step(s), CO will poison the reaction centres (=0co ~ 1);
for low coverage (=0co ~ 0), the situation is reversed:**

rer, € Oco (1 — Oco) ® —0co ¥V 0co — 1,and o€ 0o V 0co — 0
(7)

If tcu, ~ —7co (see Fig. 7), the methanation rate would be
proportional to —0co as proposed for 0co ~ 1. This is not the
case; the CO-coverage on the Ni-catalysts quickly reaches a
steady state below full coverage. Still, the coverage increases
slowly, i.e. the steady state coverage of CO depends on the
methanation yield, which decreases slowly. This means that
the removal of water from the reaction centres increases the
reaction yield of CH, and decreases the coverage of CO and
thereby minimizes the release of this unwanted side-product.

Apart from their ratio, the absolute number of the time
constants is an important piece of information. The enhance-
ment of the reaction vanishes after approximately 40 s. Experi-
ments with different flows show that the time constant scales
with the absolute reaction yield (e.g. increasing the reactant
flow by a factor of two reduces the time constant by a factor of
two as well). This means that the transport of species from the
reaction centres to the ‘“storage sites” on the zeolites is fast
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enough to allow for a reduction of the blocking of the reaction
centres. A “steady-state” of both CO and CO, is reached within
seconds, which requires fast diffusion within a zeolite crystallite.
Diffusion parameters of the order of 10 "' m*s ' and 10 °m?*s™*
for CO and water>® have been found in zeolites. For diffusion times
of one second, diffusion lengths of several micrometers are
obtained: the size of the zeolite crystallites (compare Fig. 2), which
is also the penetration depth of the IR probe. Thus, the above
interpretation of the inverse time constant as a measure of the
coverage of the active sites (both reactions centres and storage
sites) is well founded. On the other hand, a physical mixture of a
commercial Ni catalyst with zeolites does not show a sorption
effect. That means that the coupling of reaction and sorption is
suboptimal when proceeding via the gas phase. Probably the
additional desorption and adsorption steps slow down the
effective transport of species. The effect emphasises the need
for a nanostructured sorption catalyst.

Conclusions and outlook

We have investigated the sorption effect on the reaction yield of
CO, methanation on Ni particles. The obtained sorption
catalyst is readily applicable to be used in biogas upgrade
reactors with excellent properties and advantages compared
to commercial catalysts:

e The catalytic activity for methanation of CO, using sorption
catalysts exceeds that of commercial catalysts.

e The sorption of the products increases the reaction yield up
to 100%.

e With proper engineering, a chemical reactor producing
pure CH, from CO, and hydrogen can be designed.

Water and carbon monoxide are emitted below the detection
limit. While the removal of water (process gas drying) is relatively
simple after reaction, the separation of CO from methane is
technically demanding. In addition, the study reveals interesting
findings from a scientific point of view: the spectroscopic evidence
of the sorption enhancement confirms the long-postulated reac-
tion mechanism of CO, methanation on Ni (-particles). Several
studies show the existence of CO as a species occurring during the
reaction. However, various competitive reaction paths such as the
formation of formate species were proposed.>* As it was shown
that an increasing amount of water reduces the reaction rate while
the CO coverage grows simultaneously, CO is the important
intermediate.

Zeolites are chemically active nanostructures,> which can
be tailored to exhibit defined chemical properties such as
surface acidity, pores size, etc. There is thus space for improve-
ment for enhancing the sorption properties of the presented
sorption catalysts. Furthermore, we did not change the catalytic
metal (i.e. Ni). Also, space for improvement exists. Finally, the
application of the sorption effect to other chemical reactions is
possible.

We demonstrated the design of nano-structured catalysts by
growing nano-particles inside a pre-structured support. These
catalysts have their analogues in biologic enzymes, which have
channels pre-selecting the process molecules (for example the
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hydrogenase enzyme>®). We want to further develop this line of
thought: such enzymes are usually implemented in mem-
branes, which separate reactants and products on macroscopic
scale. Such a setup may be realized by designing nano-
structured membranes made of zeolite membranes.>”
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