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We demonstrate biogas upgrading towards full CO, conversion in mild conditions in a three-step reactor
system using Ru- and Ni-based catalysts. In each of the three reactor stages, the temperature is carefully
controlled, thus optimizing the reaction thermodynamics and kinetics, resulting in a maximized global
CO, conversion. At ambient pressure, 92% conversion can be achieved over a commercial Ru/Al,O3 cata-

lyst at a space velocity of 2 L/h/g..: in every stage. At 2 bar conversion is enhanced to above 99%. It is pos-
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sible to substitute the Ru-based catalyst in the first stage with a cheaper Ni-based catalyst, shifting the
first-stage temperature to higher values forming also CO. CO has a positive effect on the following step
since CO is converted to CH4 in the CO methanation reaction. In this way, it is possible to achieve the
same final conversion compared to the Ru-operated reactor system using Ni in the first reactor stage.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Power to gas (PtG) and biomethane production are two promis-
ing concepts for the development of the renewable energy based
economy. However, their development is currently slowed by con-
current problems. PtG requires CO as a carbon source and no tech-
nology nowadays provides this compound at a competitive price
and in a reliable way (Gotz et al., 2016). Biogas is a mixture of
mainly CH4 and CO, and an expensive (membrane- or scrubber-
based) separation of CO, must be performed to make it suitable
for injection in the natural gas grid, producing biomethane
(Kapoor et al. 2019, Witte et al., 2018a). Combining the two con-
cepts is a promising solution because the CO, methanation reactor
can operate as a unit for biomethane production, CO, separation
and product gas drying. On the other side, the biogas plant works
as a reliable CO, source for the PtG system, avoiding uncertainty
on the availability of this reactant. By coupling PtG and biogas
upgrading, it is possible to operate the storage of renewable energy
by the use of flexible units, which are able to operate in dynamic
conditions (Jiirgensen et al., 2015, 2014).
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The process is performed in the so-called Sabatier reactor,
where two main reactions take place: the Sabatier reaction (Eq.
(1)) and the reverse water gas shift reaction (Eq. (2)).

CO, +4H, < CH, + 2H,0AHR = —165Kk]/mol (1)

CO, + H, « CO + H,OAH} = +41kJ/mol )

The produced CO can further react to CH, in the CO methana-
tion reaction (Eq. (3), a linear combination of Egs. (1) and (2)).

CO + 3H, < CH4 + H,0AHR = —206Kk]/mol (3)

The requirements for gas grid injection are strict in terms of
CO,, Hy and H,0 concentrations. For example, in Switzerland, the
highest allowed CO, and H, concentrations are 2% and 6%, respec-
tively (Schweizerischer Verein des Gas- und Wasserfaches SVGW/
SSIGE, 2014, 2013). This means that the CO, conversion required is
above 99.5%. This conversion level can be reached only at temper-
atures below 300 °C for pressure up to 10 bar due to thermody-
namic limitations (Moioli et al., 2019a). For this reason, the
Sabatier reactor must be operated either with a highly-active noble
metal-based catalyst (such as Ru) or on a transition metal catalyst
with intermediate condensation (Moioli and Ziittel, 2020;
Mutschler et al., 2018b; Witte et al., 2019).

Because both Sabatier and CO methanation reactions are
strongly exothermic, appropriate heat management is required in
a Sabatier reactor (Moioli, et al. 2019b). Several approaches are
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possible to handle the problem. Among others, the most studied
reactor types for this application are adiabatic reactors with inter-
mediate cooling (De Saint Jean et al., 2015; Schaaf et al., 2014),
externally cooled reactors (El Sibai et al., 2017; Jiirgensen et al.,
2014; Kiewidt and Thoéming, 2015) and fluidized bed reactors
(Witte et al., 2018b). However, the highest optimization potential
for the Sabatier reaction is achievable with the employment of a
cooling strategy that is capable of efficiently removing the heat
produced, maximizing the reaction rate along the axial coordinate
of the reactor (Moioli et al. 2019b). The direct methanation of bio-
gas shows a lower temperature increase than the pure CO, hydro-
genation reaction, due to the presence of excess methane, which
operates as a thermal diluent. However, heat management remains
an important factor for the optimization of the reaction. For this
reason, we manufactured a new system that is composed of three
connected reactors, in which the temperature can be adjusted
freely and independently. We experimentally demonstrated that
tailoring the temperature in the three reactors, so that the profile
results are strictly decreasing, is the key to obtain an important
improvement in the CO, conversion. This effect can be observed
independently from the catalyst used, as it is mainly determined
by reaction thermodynamics and thermal management. The first
reactor performs most of the reaction, up to the reach of thermody-
namic equilibrium. The following reactors provide the residence
time to convert the remaining CO,, finding a matching point
between thermodynamics and reaction kinetics.

For what concerns the catalyst employed, the use of a cheap Ni-
based catalyst would be highly desirable, but the maximum CO,
conversion attainable on this type of system is below 90%
(Koschany et al., 2016). On the other hand, Ru-based catalysts
are reported to be active at the low temperature allowing for the
desired 99.5% CO, conversion value (Falbo et al., 2018; Gallandat
et al., 2018). With the system here presented, we experimentally
evaluated the possibility of combining the two catalysts to mini-
mize the amount of Ru required. Furthermore, we tailored the
combination of the two catalysts to maximize the reaction rate
thanks to the amalgamation of CO and CO, methanation because
CO is produced at high temperature. We demonstrate that with
such a special system, it is possible to produce a gas-grid compliant
product already at a pressure of 2 bar.

2. Materials and methods
2.1. Catalysts

For the experiments, a commercial 0.5% Ru/Al,0s; catalyst
(Sigma-Aldrich) and a Ni metal powder (Goodfellow) were
employed. The catalysts were analysed by means of X-ray photo-
electron spectroscopy (XPS) and no impurities were found other
than oxygen and carbon on the surface. X-ray diffraction (XRD)
confirmed the results from XPS. Transmission electron microscopy
analysis on the 0.5% Ru/Al,05 catalyst demonstrated that the aver-
age particle size is 11.5 nm (Mutschler et al., 2019). To avoid sinter-
ing of the Ni powder, the catalyst grains (ca. 1 mm diameter) have
been mixed with an equal weight ratio of glass beads (Schifer
glass) with an approximate diameter of 1-1.5 mm. This reduces
the thermal stress on the Ni catalyst and prevents evident deacti-
vation phenomena. The glass beads are made of borosilicate and
do not show any signs of melting at the maximum temperature
of the experiments.

2.2. Reactor

The reactor is composed of three separate cells with an internal
diameter of 6 mm. The three cells are heated independently by
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heating cartridges (Maxiwatt, Spain) placed below the reactive
channel. The temperature can be set between 30 and 550 °C. This
is below the Tammann temperature of nickel (Fukuhara et al.,
2017). The reactor body is included in an insulating foam concrete
jacket. The gases are fed through three mass flow controllers
(Bronkhorst El Flow series). Between the reactors, connections of
3 mm diameter link the different cells from outside the insulation.
These lines are heated at 180 °C. At the reactor outlet, a capillary
connected to the mass spectrometer (MS) is installed. A schematic
representation of the reactor is presented in Fig. 1. The MS is a
Pfeiffer OmniStar 320 with a Faraday and secondary electron
detector (MS-SED) For the gas analysis, a specifically developed
calculation routine within MATLAB R2016b was used to quantify
the partial pressures as a function of the reaction temperature
starting from the raw data (Mutschler et al., 2018a).

2.3. Performance tests for methanation

Prior to methanation experiments, the catalysts were precondi-
tioned. First, the reactor and the piping were preheated at 150 °C in
He flow to evaporate the moisture. Second, the catalyst was
reduced in H, to eliminate the oxygenated species from the sam-
ples. This operation was made by feeding 15 mL of H, and 5 mL
of He at a temperature ranging from 150 to 450 °C. The tempera-
ture ramp was 2 °C/min. During this operation, only water and
methane were detected as products.

After catalyst reduction, the CO, methanation experiments
were performed. A gas mixture of CH4:CO,:H, was used. Unless
differently specified, the stoichiometric ratio was 1:1:4 and the
flow rates were 1.67, 1.67 and 6.68 mL/min, respectively. The
amount of catalyst in every reactor was 258 mg for Ni and
308 mg for Ru/Al, 05 (six pellets). For each experiment, one reactor
at a time underwent a temperature ramp from 200 to 550 °C at

Inlet
Gas

Concrete
Insulation

R1 R2 R3

[ F—ms

Final product

Fig. 1. Scheme of the set-up used. Explanation of symbols: Rn = reactors; C = con-
denser; MS = mass spectrometer.
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2 °C/min, while the other reactors were kept at a constant
temperature.

The performance of the reactors is determined
conversion:

by COZ

XCOZ _ pproducts (4)

pproducts + pCOZ.outlet
p; is the partial pressure of the specified component.
Methane yield is calculated as:

DcH
YCH4 = Xc02 * 4

products
The yield to CO is given by:

Yeu, = Xco, — Yeu,

2.4. Thermodynamic equilibrium calculation

The thermodynamic equilibrium is calculated according to the
‘extent of reaction’ method. To determine the concentration of all
the species involved, reactions (1) and (2) must be considered.
The ideal gases state equation is used. The two equilibrium rela-
tionships are written as:

Pen,Pio
K =4 2 7
ea:seb Pcozpﬁz )
DcoPh,0
K =—2 8
eq,RWGS pcoz sz ( )

The equilibrium constants are calculated from the van't Hoff
equation:
AGr(T)  AHR(T) | ASg(T)
RT ~ RT ' R ®)
The reaction enthalpy and entropy are calculated according to
the NIST chemistry WebBook (Burgess, 2018).

In (Keq) = —

3. Results and discussion
3.1. Thermodynamics

To set the framework of the analysis, an appropriate thermody-
namic study is necessary. The equilibrium concentrations of the
species involved in the process (CO,, CO, CHy, H; and H,0) are cal-
culated according to the model explained in Section 2.4. The CO,
conversion and CO yield at equilibrium as a function of tempera-
ture for various CH4:CO, ratios, at constant CO,:H, = 1:4 ratio,

CO2 conversion (%)

200 300 350 400 450 500

Temperature (°C)

250

550
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are displayed in Fig. 2. The results are calculated at atmospheric
pressure because most of the experiments of this work are per-
formed at this pressure. We can observe that, for a CH4:CO, ratio
of 1, the yield of CO is negligible below 400 °C. In the same condi-
tions, the maximum temperature to achieve CO, conversion above
96% is 275 °C. Even though CH4 and CO, are in the optimal stoi-
chiometric ratio for the dry reforming reaction, this does not con-
tribute to the CO, conversion, as the equilibrium constant value is
extremely low and a large amount of H, is present in the reactive
mixture. The CH4:CO, ratio is an important parameter to consider
for the upgrading of biogas because it can change according to the
origin of the biogas and the operating conditions of the digester.
The increase in CH4 content at the inlet of the reactor causes a
decrease in the conversion and an increase in the selectivity to
CO. This is evident in the graph of CO yield, where we can notice
that CO is first formed at a lower temperature for higher CH4:CO,
ratio. This is an expected result because CH, is a product of the
Sabatier reaction and its presence causes a decrease in the extent
of advancement of this reaction, leaving more CO, available for
the RWGS reaction. If higher CO, conversion is desired, the ther-
modynamic limit can be raised by increasing the pressure. As an
example, the curves for 1 and 2 bar are reported in the supplemen-
tary information (Fig. S1). At 2 bar, the temperature for CO, conver-
sion above 96% is 290 °C.

3.2. Optimal temperature profile

3.2.1. Ru-based catalyst

The first experimental series was performed with the state-of-
the-art 0.5% Ru/Al,03 catalyst loaded in all three reactors. This cat-
alyst configuration is chosen to create a benchmark to be com-
pared with the following experiments. The experimental
procedure is as follows: CHy, CO, and H, are fed at atmospheric
pressure at the first reactor in a 4:1:1 ratio. A total gas flow of
10 mL/min is applied. Initially, a temperature ramp of 2 °C/min is
set in the first reactor, while the second and third are in stand-
by, at 150 °C. This temperature is selected to avoid condensation
of the water produced in the reaction and to keep the reactors
below the catalyst activation temperature. According to the results
of this first ramp, the temperature in the first reactor is set at the
optimal value (in terms of CO, conversion) and the procedure is
repeated with the second reactor. In this way, it is possible to find
the optimal temperature in the second reactor, with the third reac-
tor in stand-by. As a final step, the first and second reactors are
operated at the respective optimal temperatures and the tempera-
ture ramp is performed in the third reactor. With this series of
experiments, the optimal temperature profile in the three reactors

35 : ; ; . . .
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Fig. 2. The equilibrium CO, conversion and CO yield at various CO,:CH,4 ratios at the reactor inlet (P = 1 bar, CO,:H, = 1:4).
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is elucidated. The three curves of CO, conversion vs. temperature
are reported in Fig. 3. The Ru/Al,O3 catalyst is highly active in
the Sabatier reaction, and a significant CO, conversion (ca. 15%)
is obtained already at 300 °C. The maximum in the conversion
curve for the first reactor is found at 390 °C and it corresponds
to 86%. Above this temperature, the conversion curve overlaps with
the thermodynamic equilibrium. The curve obtained for the second
reactor starts at 86% conversion, the optimal value of the first step,
and shows a slight increase with temperature. The highest conver-
sion (90%) is reached at 360 °C, corresponding to the thermody-
namic equilibrium value at this temperature. The curve recorded
in the third reactor shows a limited increase in the CO, conversion
with temperature. However, the additional CO, conversion added
by this last reactor at the optimal point corresponds to only 2%,
resulting in a total conversion of 92%. These results confirm the
well-known design practice for equilibrium exothermic reactions,
which requires that the reactor temperature is decreased with
increasing conversion (Moioli et al, 2019a). In this specific case,
each reactor is operated at the same space velocity (SV = 2 L/(h
gcat))- Thus, we demonstrated that, in these conditions, each addi-
tional step shifts the maximum to approximatively 20 °C lower
temperature and consequently to a higher conversion value
according to the thermodynamic equilibrium curve. The reactor
system performance can be enhanced by decreasing the SV step
after step, to compensate for the lower reaction rate.

Because the optimum of the first reactor lies at high tempera-
ture, this reactor can be operated also on a less active catalyst.
We selected pristine Ni as a comparison catalyst, to underline
the effect of using a catalyst with low activity in the initial stage
of the process.

3.2.1.1. Hybrid reactor: Ni followed by Ru-based catalyst. Fig. 4 shows
the CO, conversion vs. temperature curves for the three reactors
filled with pristine Ni (first stage) and Ru/Al,O3 (second and third
stages). The results are significantly different from the single Ru/
Al,O5 case (Fig. 3). In this case, the reaction activates at a higher
temperature on the first reactor, with the consequence that the
maximum CO, conversion value is found at a higher temperature
that is 42% at 550 °C. As in the previous case, the maximum corre-
sponds to the thermodynamic equilibrium. The curve is not

100 +

80

60

40-

CO, conversion (%)

20+

0

200 250 300 350 400 450 500 550
Temperature (°C)

Fig. 3. CO, conversion vs. temperature over the 0.5% Ru/Al,05 catalyst. The optimal
temperature is 390 °C for the first reactor, 350 °C for the second and 330 °C for the
third (O 1st step, O after 2 steps, A after 3 steps; — thermodynamic equilibrium).
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continued after reaching the thermodynamic equilibrium to avoid
catalyst deactivation. When the product mixture of the first reactor
is fed to the second reactor, no increase in the CO, conversion is
observed between 200 and 250 °C. Afterwards, CO, conversion
increases with temperature, until reaching a maximum at 370 °C
and 88% conversion. The third reactor increases the conversion
by an additional 3%, reaching the maximum at 350 °C and 92% con-
version. Hence, the overall performance of the system is main-
tained constant by the substitution of Ru/Al,0; with Ni in the
first reactor. The origin of this change can be explained by comple-
menting the CO, conversion results with the corresponding graphs
of CO and CH,4 yields. These additional profiles are reported in Fig. 5
for the 1st and 2nd steps.

For the Ni-filled reactor, the CO, conversion and the CH, yield
are overlapping below 450 °C because in this region the CO yield
is negligible. Above this temperature, the formation of CO is signif-
icant, with an increasing trend with temperature, which follows
the thermodynamic equilibrium curve. At 550 °C, all three compo-
nents reach thermodynamic equilibrium. When the gas mixture
produced in the first reactor is fed to the second reactor, we can
observe that the presence of CO significantly modifies the reactiv-
ity compared with the case of Section 3.2.1. At first, the reaction
taking place is the CO methanation, leading to CH, formation. This
reaction is observed at a lower temperature than the Sabatier reac-
tion and leads to the complete consumption of the CO at 250 °C. In
this region, no CO, conversion is observed, which is in line with the
results of Section 3.2.1. As a consequence, CO, conversion and CH,
yield start to overlap at 250 °C. At higher temperature, the Sabatier
reaction takes place on the Ru/Al,03; and CO, conversion and CHy
yield grow contemporaneously until reaching the thermodynamic
equilibrium curve above 370 °C. In this way, we confirm that the
CO is a key intermediate of the CO, methanation because this latter
reaction can occur only when CO is completely consumed (Zhao
et al., 2018). The different performance of the hybrid configuration
compared with the ‘Ru-only’ configuration is thus originated by the
peculiar role of CO. Because the CO methanation is faster than the
Sabatier reaction, the presence of a mixture of CO, and CO at the
reactor inlet reduces the residence time required to reach the
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Fig. 4. CO, conversion vs. temperature over a first Ni catalyst followed by two steps
over the 0.5% Ru/Al,O3 catalyst. The optimal temperature is 550 °C for the first
reactor, 360 °C for the second, 330 °C for the third. (red: Ni, blue: Ru/Al,05 catalyst;
O 1st step, O after 2 steps, A after 3 steps; — thermodynamic equilibrium).
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Fig. 5. CO, conversion, CH4 and CO yield vs. temperature in the first and second steps of the hybrid reactor (O CO, conversion, O CH, yield, A CO yield, — thermodynamic

equilibrium, following the colour code for CO,, CH4 and CO).

desired CO, conversion (Falbo et al., 2019). This allows reaching
the thermodynamic equilibrium curve at a lower temperature
and thus at a higher conversion value. The results of these two
steps can be seen as representative of a single hybrid-bed Sabatier
reactor, where first high temperature is reached in the hotspot over
Ni and then the reaction is continued over Ru/Al,O3 after quick
cooling to the final temperature. The activity in the CO methana-
tion is the key for the performance improvement when using a
‘hybrid-bed’ reactor. As a comparison, we observed that, when also
the second catalyst bed is Ni, the function of this second step is
limited. In fact, as observable in Fig. S2, this catalyst shows low
activity in the CO methanation, so that the CO concentration
remains almost constant until 400 °C. Above this temperature,
the concentration decreases, until reaching thermodynamic equi-
librium. However, above 400 °C also the Sabatier reaction is active,
resulting in an increase of the CO, conversion, limited to an addi-
tional 10%.

The multistep Sabatier reactor concept could be further
enhanced by operating the second step with a tailored Ni catalyst
with higher performance (e.g. (Garbarino et al., 2019; Guerra et al.,
2018; Koschany et al., 2016; Vrijburg et al., 2019)), employing a
limited amount of the Ru-based catalyst only in the final step.

3.3. Effect of pressure

As observed in the previous section, the maximum CO, conver-
sion reachable in the reactors is determined by the match of kinet-
ics and thermodynamics. The former can be modified by changing
the catalyst or operating on the SV, while the latter can be altered
only by modifying the pressure (at constant stoichiometric ratio).
To determine the influence of higher pressure, the experiments
of Section 2 were repeated at 2 bar. The results showing the max-
imum CO, conversion in the three stages are reported in Fig. 6. For
the ‘Ru-only’ system, the increase of conversion in the first two
stages is moderate, reaching the values of 92 and 94%, respectively
(compared with 88 and 90% of the 1 bar experiments). The conver-
sion increase in the third step is important, leading to a CO, con-
centration in the outlet gas below the detectability threshold of
the MS spectrometer. This corresponds to an extremely high con-
version value, quantifiable as > 99%. The improvement in the CO,
conversion originates from the combined effect of pressure on
thermodynamics and kinetics. In fact, even though the effect of
pressure on kinetics is generally limited and originates from the
higher concentration of the gas, when the CO, conversion is high
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Fig. 6. Effect of pressure on the CO, conversion value: the increase to 2 bar
increases the CO, conversion to a value above 99% (red: Ni, blue: 0.5% Ru/Al,O3
catalyst).

(i.e. >90%), the increase in pressure results in an important relative
increase of the reaction rate. The key to the improved performance
at 2 bars is hence the shift towards higher temperature in the driv-
ing force generated by the thermodynamic equilibrium, which
reduces the influence of the reverse reaction.

The influence of pressure is important also in the ‘hybrid-bed’
case. In this reactor configuration, the increase of pressure involves
also the change of RWGS equilibrium. In fact, as underlined in Sec-
tion 3.1, the increase of pressure shifts the equilibrium of CO for-
mation towards higher temperature. For this reason, we observe
an increase in the CO, conversion in the first reactor stage (over
Ni): in fact, the production of CO is low and CO, conversion and
CH,4 yield coincide. This is shown in Fig. S3. However, the absence
of CO at the outlet gas of the first reactor has a negative impact on
the second reactor: it brings the conversion from 88% up to 90%
(+2%), while in the 1 bar case the increase in conversion corre-
sponds to 6%. Here, we observe a different reaction than for the
similar case of Section 3.2, where we underlined the higher reac-
tion rate of CO methanation compared with the Sabatier reaction.
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In this case, the absence of CO causes an increase in the residence
time required for the reaction, causing the decrease of outlet con-
version at constant SV. Despite this, as in the ‘Ru-only’ case, the
third reactor completes the reaction, reaching a global CO, conver-
sion value above 99%.

In conclusion, with the reactive system presented in this paper,
it is possible to reach a CO, conversion compatible with the grid
injection with a SV of 2 L/(h g.,) at 2 bar. Additionally, with the
temperature control strategy employed here, it is possible to limit
the deactivation phenomena on the Ni catalyst, as the maximal
operating temperature of 550 C is not overcome. This was evident
in the experimental campaign, as no deactivation of the catalyst
was observed over time and the results of the reference experi-
ment were always confidently reproduced.

3.4. Effect of space velocity

The SV is the main factor determining the performance of the
reactor. In the previous sections, SV was kept constant at 2 L/(h
gcat) for every reactor, to highlight the effect of the manipulation
of the temperature profile on the CO, conversion. Here, we discuss
the effect of varying the SV on the CO, conversion in the reactor
loaded with the 0.5% Ru/Al,0O5 catalyst in every step. This system
has been chosen to minimize the observation of effects related to
the presence of side reactions and only focus on the Sabatier reac-
tion. Fig. 7 shows the CO, conversion recorded at different global
values of SV, while keeping the optimal temperatures found previ-
ously for each step (in order, 380, 350 and 330 °C). The amount of
catalyst is constant in the three reactors so that the total SV is sim-
ply one-third of the SV of each reactor, i.e. 0.67 L/(h gc.). The ref-
erence point, obtained in Section 3.2, shows a CO, conversion of
92%. This point is already close to the thermodynamic limit for
the temperature of the 3rd reactor (ca. 300 °C). For this reason,
we observe that a decrease of the SV has a limited influence on
the total conversion, reaching the equilibrium value already at SV
of 0.5 L/(h gcat). An increase in SV from the reference point has
instead an important influence on the conversion because at 1 L/
(h gcar) it is reduced to 89% and at 1.3 L/(h g.,;) to 86%. From a pro-
cess point of view, SV should be selected at the minimum value
that allows reaching the thermodynamic equilibrium, in order to
obtain the required conversion with the minimal size of the
reactor.

3.5. Effect of the stoichiometric ratio

The study of the effect of the stoichiometric ratio is an impor-
tant point in the analysis of the biogas upgrading because the rel-
ative amounts of CO, and CH4 may vary according to the conditions
in the biogas production. As a first comparison, we analysed the
effect of the H,:CO, ratio. A variation in this parameter can be seen
as the consequence of a sudden change in the biogas composition,
not compensated by an adaptation of the H, fed to the reactor. The
results of the experiments at various H,:CO, values are shown in
Fig. 8. Starting from the design point, at H,:CO, = 4, we can observe
how the CO, conversion is modified by increasing or decreasing
this ratio, in relation to the thermodynamic equilibrium. At
hydrogen-rich conditions (H,:CO, > 4), the CO, conversion
increases, as expected according to the thermodynamic equilib-
rium. All the points collected in this region lie directly on the equi-
librium line, showing the important influence of the
thermodynamic limit on the reaction rate. At H,:CO, > 5, full CO,
conversion is reached. However, the resulting gas will be outside
the gas grid injection specifications because the composition of
the gas after condensation at H,:CO, = 5 and full conversion results
as 50% CH4 and 50% H,. When the reactor is operated in hydrogen-
lean conditions, the CO, conversion points are more distant from
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Fig. 8. Effect of the inlet H,:CO, ratio on the CO, conversion (- thermodynamic
equilibrium, CH4:CO, = 1, total SV = 1.67 L/(h gcat)).

the thermodynamic equilibrium, suggesting an inhibiting effect
of the CO, excess on the reaction kinetics. Apart from the mecha-
nistic considerations, the excess/defect of reactants should be eval-
uated under a process perspective, as the remaining reactants must
be further treated to reach the grid injection regulations. In this
sense, the reactor and the downstream processing should be care-
fully integrated and optimized as inter-dependent units.

The influence of the CH4:CO, ratio is more difficult to forecast
because this parameter significantly influences both the thermody-
namics and the kinetics of the reaction. Starting from the design point
at CH4:CO, = 1 and 92% conversion, in Fig. 9 we observe that an
increase in the methane content in the reactants increases the CO,
conversion, even though this slightly decreases the equilibrium con-
version. The reason for this phenomenon is the decrease in the ‘real’
SVbecausetheamountofgasiskeptconstant, but the fractionofreac-
tive gas is decreased. Furthermore, at low concentration of the reac-
tants, the amount of water produced is limited, avoiding the
inhibiting effect of water on reaction kinetics (Wang et al., 2016).
Additionally, with large amount of methane, the reaction hotspot is
reduced, due to the dilution effect, decreasing the need for rapid cool-
ing to complete the reaction. On the other side, the decrease in the
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Fig. 9. Effect of the inlet CH4:CO, ratio on the CO, conversion (- thermodynamic
equilibrium, H,:CO, = 4, total SV = 1.67 L/(h gcat)).

methane contents causes an increase in the ‘real’ SV, decreasing the
CO,, conversion. For this reason, at CH4:CO, = 0.5, we measured the
lowest CO, conversion, 85%.

These experiments demonstrate the important influence of the
gas composition on the optimal temperature profile in the reactor.
The various parameters, apparenly independent, are in reality
inter-dependent and influence the performance of the biogas
upgrading under both a reactor and process optimization perspec-
tive. For this reason, the temperature profile in the reactor must be
adapted during dynamic operation according to the quality of the
biogas. However, a full description of this type of dynamic opera-
tion is beyond the scope of this paper and this topic will be inves-
tigated in future work of the group.

4. Conclusions

In this paper, we presented the results of CO, methanation tests
performed with a new system composed of three consecutive reac-
tors used for synthetic natural gas production from biogas. The set-
up allows the free manipulation of the temperature in the three
steps and the determination of the optimal temperature profile
to maximize the CO, conversion in different conditions. When
the reactor is operated with a 0.5% Ru/Al,O3 catalyst, 92% CO, con-
version is achieved with a SV of 2 L/(h g.,;) per stage and at a pres-
sure of 1 bar. In this case the temperatures of the three stages are
390, 350 and 330 °C, respectively. Ni, a cheaper but worse perform-
ing catalyst, can replace Ru/Al,O5 in the first stage with the result
that the optimal temperature in this stage is increased to the max-
imum temperature allowed, that is 550 °C. At this temperature, the
contribution of the RWGS reaction is important and a significant
amount of CO is found at the outlet of the first reactor. This CO is
then converted in the second step in the CO methanation reaction,
which is faster than the Sabatier reaction. For this reason, the acti-
vation temperature of the second reactor is significantly lower
than in the Ru/Al,03-only case. Hence, by introducing Ni in the first
stage, we can still achieve 92% conversion, but with a lower
amount of noble metal catalyst. The CO, conversion can be further
increased by increasing the pressure of the system. We observed
that in both reactor configurations a CO, conversion above 99.5%
can be achieved already at 2 bar.

We thus demonstrated that the methanation of the CO, present
in biogas can be an effective strategy for upgrading this resource
and that this can be achieved with high efficiency in a simple sys-
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tem, just by tailoring the temperature profile to the properties of
the feed gas. This allows a flexible operation of the biogas upgrad-
ing, opening the way for an effective sector coupling between
renewable gas production and storage of excess electrical energy.
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