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Rational design of a methanation reactor by
neutron imaging†
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The reaction conditions in industrial scale chemical reactors can differ markedly from the ones in a

small laboratory scale reactor. The differences are both conceptual and practical, and can at best be

analysed by studying a full reactor, which requires an analytical method capable of quantifying the

distribution of reactants and products in a running reactor. For this, we introduce non-destructive

operando neutron imaging in combination with modelling. As a representative reaction, we studied the

hydrogenation of carbon dioxide to methane selected due to the large neutron cross-section of

hydrogen and hydrogen-containing species. The integration of the measurement setup/reactor into the

neutron beamline enables the temporally resolved measurement of the distribution of adsorbed water

on the catalyst under operating conditions (p, T). The resulting quantitatively determined partial pressure

of the water thus indirectly enables the spatial and temporal conversion of the processes. The

knowledge gained from this experimental approach, combined with modelling, allows the design of

reactor dimensions under optimized reaction conditions. The good agreement between simulation and

experimental neutron imaging warrants the method as a reliable instrument for reactor characterization

and design, with the prospect of its application on reactors on the industrial scale.

1 Introduction

With the growing awareness of climate change, CO2 capture
and its use to produce carbon-based renewable fuels (‘‘Power-
to-X technology’’) is becoming increasingly important.1–24

To achieve net zero, renewable fuel production rates have to
match the huge production rates of fossil industry. Although a
substantial part of the current energy infrastructure can con-
tinue to be used,1–24 this means a massive investment in new
chemical plants. At the heart of such systems is the catalyst of
the conversion reactions, which is therefore the focus of
countless R&D projects.25–29 However, the process and reactor
design for upscaling30–33 defines the energetic and economic
efficiency, capital expenditures (CAPEX) and overall environ-
mental footprint.

The central element of a chemical reactor is the catalyst,
which defines the basic parameters such as temperature, pres-
sure and maximum performance of the envisioned reactor.29

Accordingly, most research effort is spent on catalyst research.
To optimize the effort, the search for new catalysts is conducted
in small lab-scale reactors. These lab-scale reactors are designed
to mimic the conditions present in a large-scale reactor, that is,
gas composition, pressure and temperature, which are supposed
to be constant over the whole catalyst bed.34 This is a working
hypothesis introduced to simplify analysis, which does not stand
up to closer scrutiny. Already at microscopic scale, concen-
tration, potential and temperature gradients in the large catalyst
bed may exist, which reproduce with the growth in size.31,35,36

Local hot spots can occur in the bed, affecting both overall
reactor performance as well as catalyst stability.23,35,37 Further-
more, a technical reactor is designed for highest conversion.
Consequently, the local concentrations of reactants and pro-
ducts vary from very high to very low and vice versa, respectively,
over the length of the reactor. In principle, these issues are
considered by modelling of an upscaled reactor.38–41 However,
the depth of detail of the parameters to be considered is only
seldom accessible. Thus the behavior of many parameters such
as catalyst conversion as a function of reactants/products
concentration is usually extrapolated. Clearly, modelling
requires experimental verification,42 preferably on the global
as well as on the local scale.
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8600 Dübendorf, Switzerland. E-mail: marin.hrs@gmail.com,

andreas.borgschulte@empa.ch
b Department of Chemistry, University of Zürich, Winterthurerstrasse 190,

8057 Zürich, Switzerland
c Institute for Chemical and Bioengineering, Department of Chemistry and Applied
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Experimental insight into a running reactor can be gained
by recording the temperature of the reactor bed at various
locations in correlation with the analysis of product formation
and distribution.31,43,44 However, the local intermediates and
product distribution are difficult to access indirectly via locally
resolved temperature measurements making imaging method a
valuable help to optimize fixed bed reactor design parameters45–47

in the upscaling process. Li et al.48 designed a microfabricated
catalytic reactor to obtain information on the size, shape and
structural changes of heterogeneous catalysts under operation.
The microfabricated reactor was equipped with optical windows
that allowed operando analysis of the catalyst by synchrotron X-ray
absorption spectroscopy and scanning transmission electron
microscopy. Nevertheless, this system is only suitable for nano-
catalysts and is therefore not scalable. Other approaches to
monitor reactions in running reactors or to measure fluid
dynamics with only support pellets, i.e. without reaction, have
used magnetic resonance imaging to achieve temporal and spatial
resolution of the processes in a packed bed reactor.49–51 The NMR
technique comes with severe limitations such as being incompa-
tible with paramagnetic catalysts and is thus limited to special
model reactors.

In this work, we introduce neutron imaging as a general
method to image the distribution of hydrogen containing
compounds in reactors in operation. As a proof of concept we
imaged a macroscopic reactor for the hydrogenation of CO2

to synthetic methane by neutron radiography. The large neu-
tron scattering cross-section for hydrogen compared to other
elements52–54 makes neutron radiography an ideal non-
destructive tool to investigate both gaseous and condensed
hydrogen-containing phases55,56 in a running reactor without
further modifications.55,57 Recently, Cavaye et al. studied the
ethene hydrogenation over a carbon-supported palladium
catalyst by neutron imaging.58

To demonstrate the feasibility of the approach, we designed
a versatile reactor with various macroscopic modifications of
the catalyst bed to mimic the conditions in large scale reactors,
i.e., macroscopic dimensions deviating from an ideal 1D reac-
tor leading to local effects from mass – and heat transport, local
catalyst deactivation, and dead zones.

2 Working principle

The working principle of the approach is at best explained
along an experiment shown in Fig. 1. Fig. 1A schematically
depicts the principle of neutron imaging in a pellet bed reactor.
The neutron beam passes the reactor vessel perpendicular to
the mean flow direction of the reactants and its attenuation is
recorded. The attenuation is caused by hydrogen species in the
reactor, present in gas phase or adsorbed on catalyst and
catalyst support. The reactor is an aluminum container with
two chambers, which can be individually operated. The neutron
image in Fig. 1B reveals the two reactor chambers with the
catalyst bed packing, the aluminium walls of the reactor with
attached stainless steel screw connections and the adjacent

heating jacket with thermocouples. The contrast imaging (Fig. 1C)
derived by dividing the image of the reactor in operation by the
background image without (or with specific amount) of hydrogen
gas gives the distribution of hydrogen containing molecules
perpendicular to the neutron beam, integrated over the depth of
the reactor parallel to the neutron beam (for more details see
Section 8.3). To highlight the working principle of the process, the
two reactor chambers are filled differently. One side is filled with
pure support pellets without a catalytic Ni coating, while the
second reactor chamber is partially filled with a catalytic Ni coating
(Fig. 1B). The two reactor chambers are connected by four small
holes that allow exchange between the chambers (Fig. 1B and 6A).
In this experimental setup, the valve to the left chamber containing
the bare support pellets is closed, so that only the chamber
containing the active catalyst material is flushed with reactants
and thus also purged (Fig. 1B). This left reactor chamber can
therefore be considered an extreme example of a dead zone.

The products and intermediates are formed in the active
catalyst bed, which is observed by an increase in neutron
contrast (see Fig. 1C). Quickly, after few minutes, the complete
active catalyst bed shows high contrast fast (dark area in the
right hand side chamber), i.e. saturated with products and
intermediates. Slowly after the saturation of the catalytically
active sample, the connected non-active catalyst bed is increas-
ing in contrast as well, indicating the diffusion and subsequent
adsorption of hydrogen containing products. Eventually, both
reactor chambers cannot be distinguished anymore. This
observation is relevant for the interpretation of the results.
The experimental configuration and procedure is designed to
extract dynamic information, i.e., the evolution of contrast
changes developing upon external stimuli. E.g., diffusivity of
products in the catalyst pellets can be estimated by following
the diffusion front in the non-catalytic bed. A diffusion para-
meter of D C Dx2Dt�1 = 2.1 � 10�7 m2 s�1 is obtained (Fig. 1C).
This finding aligns well with literature for water vapor diffusion
into catalysts in a methane atmosphere at that temperature and
partial pressure,59 indicating that the increase in contrast
results mostly from water diffusion into the support pellets.
In general, one cannot distinguish between methane and water
as main products, nor whether the products are in the gas
phase or adsorbed on the support/catalyst. However, the
adsorption of methane at the operation temperature is negli-
gible (see ESI,† Section S1).60–65 Furthermore, the density of
protons as adsorbed water is much larger than the one in the
gas phase (see Section S1, ESI†).61,62,66 In summary, the neu-
tron images map the amount of locally adsorbed water.

3 Time dependent processes

The highest neutron contrast is observed during the start-up of
a reactor. Though we are aiming at investigating the steady-
state distribution (see Section 4), the change from initial to
steady-state is ideal to calibrate the system, as the limit states are
defined. For this and all subsequent experimental sequences, a
different bed packing was used. One chamber is completely filled
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with the catalytically active sample, while the second chamber is
filled with interruptions of the catalytically active material in order
to better investigate the conversion along the reactor axis (Fig. 2C).
The initial state is the dried reactor at reaction temperature.
Steady-state is empirically defined as the state of reactor after
long-time running without observable changes. The latter are
measured by the change in neutron attenuation on one hand,
and the flow of the products leaving the reactor on the other.

At a reaction temperature of C300 1C practically 100%
conversion of the CO2 is reached as indicated by the negligible
amount of CO2 in the exhaust stream (product gas composition
analyzed by a FTIR gas analyzer, see Fig. 2B). While CH4 leaves
the reactor, initially no water is measured. The neutron images
confirm that this water is adsorbed in the catalyst visible as a
front moving through the catalyst bed (Fig. 2D). Fig. 2A and
Fig. S1 (ESI†) compare the position of the front over time with
the total water content in the reactor as derived from the

integrated neutron attenuation assuming that only adsorbed
water contributes to the signal (see Section S1, ESI†).60–64,66

At t C 800 s, the water front reaches the reactor outlet and the
total water content equilibrates. At the same time, a sharp
increase in the water concentration in the exhaust stream is
detected (Fig. 2B). The good agreement between internal and
external measurements delivers relevant process parameters
such as the gas velocity of 0.080 cm s�1 (CH4 front by FTIR,
Fig. 2B) and water front velocity of 0.015 cm s�1 (both by
neutrons and FTIR, and for both catalyst bed packings
Fig. 2A, B and Fig. S1, see Section S2, ESI†).

The agreement is somewhat surprising as a reactor configu-
ration with two different bed filling was used (Fig. 2C). This
configuration mimics the situation of dead zone resulting from
long-term degradation and/or formation of hot spots. The small
differences in velocity of the developing water fronts in the two
catalyst beds (Fig. 2D) indicate that the main conversion takes

Fig. 1 (A) Schematic representation of the macroscopic and microscopic processes visualized by neutron imaging. The intensity of the neutron beam is
reduced in proportion to the quantity of hydrogen-containing molecules present on and within the catalyst. This approach enables insights into the
process and the quantification of the hydrogenated species. (B) Neutron radiography of the reactor (for more details see Sections 8.2 and 8.3) with the
corresponding catalyst bed packing. The valve for the reactor bed with support only was closed to demonstrate the working principle. (C) Neutron
radiography images processed with a filter function (see Section 8.3) demonstrating the water diffusion over time into the reactor bed with support only
at 300 1C and 5 bar.
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place in the first few centimeters of the reactor, where both
fillings are identical (Fig. 2C).

The neutron attenuation can be read in two ways: first, it is the
amount of water adsorbed on the catalyst, while secondly, it is an
indicator of the local water partial pressure being a function of the
water adsorbed on the catalyst and in equilibrium a quantitative
measure for the gas phase water content. To calibrate the water
partial pressure calculated from neutron attenuation, we assume
complete conversion over the whole reactor (verified by FTIR gas
analysis, see Fig. S3B, ESI†). Thus the water partial pressure at the
outlet of the reactor is given by the ratio of H2/CO2 at the inlet
(eqn (1)), with xH2

being the excess fraction of hydrogen,

(xH2
+ 4)H2 + CO2 - CH4 + 2H2O + xH2

H2 (1)

and p0 the total pressure resulting in a water partial pressure of

pH2O ¼
xH2O

xH2O þ xCH4
þ xH2

� p0 ¼
2

2þ 1þ xH2

� p0 (2)

The corresponding measurements and resulting calibration
relating neutron attenuation to the water partial pressure in
steady-state are given in the ESI† (Fig. S2 and Section S3). With
this relation, we can map the local water partial pressure in the
reactor.

4 Steady-state conversion

The primary objective of a reactor is to convert the mixture of
reactants into products with the highest possible conversion
and selectivity. In order to achieve this, the length of a plug flow
reactor is extended as much as required. Unfortunately, the
approach for reactor up-scaling, namely extrapolating a reactor
with a small length to a large one, is not a linear process, since
the concept of similitude cannot be rigorously applied. Further-
more, calculating the required length is not trivial.67 To reliably
measure catalytic activity, the reaction is usually measured in
laboratory-scale reactors at the lowest possible conversion to
avoid a chemical gradient in the catalyst bed (as is also done

Fig. 2 (A) Theoretical produced water content at 100% conversion (solid line), total water content in the reactor bed (empty squares), and front position
(solid squares) over time at 300 1C and 1 atm of the left reactor cell (catalyst only, see (C)). The total water content and front position were derived from
neutron data. The front position was determined using a threshold of 0.98 in the neutron contrast (see eqn (3)). (B) Corresponding FTIR gas data with CO2

and CH4 in molar concentrations and H2O in arbitrary units recorded from both reactor cells. (C) Neutron radiography of the reactor (for more details see
Section 8.2) with the corresponding catalyst bed packing. Gas was fed to both reactor sections. (D) Neutron radiography images processed with a filter
function (see Section 8.3) at different times of the process.
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here, see Section S5, ESI†). However, the catalytic activity decreases
with increasing conversion in a complex way, due to kinetic
(adsorption phenomena and mass transport limitations) and
thermodynamic reasons, impeding the rational design of a
reactor (‘‘determining its length’’). Modelling can bridge the
missing gaps, however, the (empirical) parameter space is huge
resulting in a high uncertainty (see Section 5).

Our empirical approach to a rational reactor design is to
oversize the reactor length and then determine the optimum
length by imaging the local conversion. As described earlier, we
cannot determine the conversion directly, but probe the local
water partial pressure. A local increase in water partial pressure
is caused by conversion of reactants. In good approximation
this defines the active part of the reactor. A constant water
partial pressure, i.e. a section without further increase in
attenuation along the flow direction is an inactive part of the
reactor; no conversion takes place. The local water partial
pressure as derived from neutron attenuation measurement is
shown as a function of the catalyst bed length in Fig. 3A. It is
important to note that the measurements were carried out
in steady-state, whereby the results are time-independent.
Furthermore, only the left, fully active catalyst bed (Fig. 2C)
was utilized for simulation (see Section 5). However, initiating
the reactions at slightly different water loadings in the catalyst
bed and thus through normalization (Section 8.3) leads
to slightly lower water partial pressures than the expected
B1.9 bar (eqn (2) and Section 8.2). The local water pressure
saturates within the first centimeters. In principle, this length
can be considered sufficient for the corresponding catalyst
packing density.

Due to granular structure of the catalyst (pellets), the data
fluctuates markedly. To quantify the results, the data is fitted
with a Boltzmann sigmoidal function (Fig. 3A) with the inflec-
tion point (‘‘half conversion’’) as a performance parameter
(Fig. 3B), which can be compared to simulation results. The
steady-state is measured for various space velocities. As expected,

the inflection points and thus optimum reactor length scale with
it. An extrapolation to zero, i.e. a GHSV of 0 sccm h�1 gcat

�1, gives
an inflection point of 0.89 cm (Fig. 3B), which corresponds very
well with the beginning of the active catalytic bed (Fig. 2C).

5 Simulations

The state of the art in reactor design is the modelling of the
catalytic reaction based on empirical reaction kinetics depend-
ing on partial pressures of the reactants CO2, H2 and products
CH4 and H2O and its extension to macroscopic dimensions
by including mass and heat transport phenomena (see
Section 8.4).68,69 The power of modelling is that geometries
more complex than the simple one dimension used to analyze
the neutron imaging (Fig. 4) can be modeled giving a more
realistic view on the process (Fig. 5).70,71

The underlying thermo-chemical parameters are based on
empirical measurements and fits to the corresponding the rate-
equations (e.g., eqn (17), see Section 8.4.2) performed in lab-
scale reactor by Koschany, et al.72 The concrete values depend
markedly on the specific preparation method of the catalyst
and thus vary significantly. To account for this uncertainty, the
catalyst used in this work is measured in a lab-scale reactor
(Section S5, ESI†). The resulting catalytic activity is similar to
that of Koschany et al.72 the deviation mainly due to a different
Ni-content is corrected by adapting the parameter fkin,exp in
eqn (19). Main limitation of the modelling is that we omitted
dynamic adsorption phenomena of products on the catalyst
for the kinetic modelling. Although this is the basis of the
spatially resolved water partial pressure measurements by
neutron imaging, its effect on the steady-state conversion is
only indirect, and is thus implicitly included using effective
kinetic parameters.

Fig. 4 compares the experimental spatially resolved water
partial pressure at finite space velocities with the ones from

Fig. 3 (A) Measured (line curves, see calibration in Fig. S2, ESI†) and fitted (dotted curves, Boltzmann sigmoid) water partial pressure in the first few
centimeters of the left reactor cell (Fig. 2C) at steady-state, 300 1C, 5 bar, and various GHSVs. (B) Inflection points obtained from the fitted curves.
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simulations for the simulated non-isothermal case, including
the energy balance for the catalyst bed and assuming a constant
temperature of 300 1C at the reactor walls. The modeled water
partial pressure approximated with the reaction kinetics
derived from ref. 72, agrees very well with the experimental
results (Fig. 4A, Section 8.4). The local deviations can be
attributed to the homogeneous porous media assumption
applied in the model that cannot cover the local inhomogene-
ities apparent in the pellet bed. These inhomogeneities, clearly
visible in Fig. 2C, stem from the large pellets and their
arrangement in the catalyst bed. This also leads to uncertainties
considering local heat and mass transfer. However, the model
predicts the mean trends. An increase in the space velocity leads
to a lower conversion for a given position, which is observed both
experimentally and in the simulation. As a simple outcome, we
can state that for the highest space velocity measured a length of

the reactor of 3 cm is sufficient for this reactor design (Fig. 4B).
In a similar way, also larger reactors can be analyzed.60

The comparison between modeled and experimental water
partial pressure provides further insight into the distribution of
CO2 throughout the entire reactor (Fig. 4B). The Sabatier
reaction is strongly exothermic. Heat effects are to be expected
(e.g., the so-called hot spots,73,74) but were neglected for the
evaluation of experimental partial water pressures assuming an
isothermal condition as the adsorption is temperature depen-
dent. To prove the assumption, the temperature distribution
within the reactor under steady-state conditions was calculated
(Fig. 5A). At a first glance, a ‘‘hot spot’’ is indeed formed.
However, the maximum temperature variation is less than
10 K (Fig. 5A), which is small enough to warrant the validity
of the experimental approach. Though negligible, an experi-
mental effect is visible if comparing the neutron attenuation

Fig. 5 (A) The temperature field of a 2D domain of the simulation at the highest flow rate 705 sccm h�1 gcat
�1, with an outer wall temperature of 300 1C

and a pressure of 5 bar is presented. The temperature distribution of the different regions, which are indicated by colors, is shown above. The
temperature distribution along the central reactor axis (dashed blue line) is shown in the Fig. 4B. (B) Averaged neutron radiography of the reactor in
steady-state at 300 1C, 5 bar and a flow rate of 705 sccm h�1 gcat

�1 with the same colored areas as selected for the simulation (A). (C) Corresponding
neutron attenuation from the neutron radiography (in B) of the colored regions.

Fig. 4 (A) Simulated water mole fraction in the gas phase (dotted lines) compared to experimentally determined values after scaling to the expected
partial water content at full conversion (full line, Fig. 3A, see Section 4) at 300 1C and 5 bar. (B) Simulated carbon dioxide mole fraction in the gas phase
and the axial temperature distribution at 300 1C and 5 bar indicating the required length of the reactor bed needed for full conversion.
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perpendicular to the flow direction (Fig. 5B and C). The
aluminum walls with high heat conductivity remove the heat
from the reaction, and thus the wall temperature is approxi-
mated with a fixed value in the simulation and a similar
behavior is assumed in the experiment. This leads to slightly
lower temperature near to the walls (Fig. 5A). Lower tempera-
tures lead to higher water adsorption, from which higher
neutron attenuation near to the reactor walls are expected.
However, the measured neutron attenuation is superimposed by
the inhomogeneity of the catalyst bed with a high void fraction
close to the reactor wall, but the gradient with a minimum in the
center while scaling with the absolute position is clearly visible
(Fig. 5C). The overall rather small temperature change of less than
10 K is due to the relatively small space velocity used in this
experiment. Higher space velocities will lead to a more pronounced
hot spot. While the influence of temperatures complicates the
interpretation of the neutron images it is extremely helpful for
identification of hot spots.

6 Outlook

We demonstrated the use of neutron imaging to map the
distribution of products in a running reactor. The experiments
were designed as a proof-of-concept, i.e., with a rather small
reactor compared to industrial dimensions. We chose a width
of the reactor (neutron path length) of 3.4 cm to reach proton
densities giving a reasonable neutron attenuation contrast
(see Sections 8.2 and 8.3). Larger diameters will improve the
contrast. The same applies to higher pressures, which results
in a higher density of neutron attenuating species, such as
those used for power-to-liquid applications20,75,76 and ammo-
nia synthesis.77 The rectangular dimensions of the reactor are
ideal for neutron radiography (2D projection). Neutron imaging
can be extended to tomography allowing the 3D mapping of any
reactor shape.56 A particular advantage of the neutron operando
imaging is that many changes taking place in the reactor
during operation are practically inaccessible by measuring
global parameters such as reactor output. We demonstrated
how neutron images bridge this knowledge gap, e.g., how to
localize inhomogeneities such as hot spots or dead zones in a
running reactor. For strongly exothermic reactions such as the
methanation reaction studied here, the local temperature
increase may become problematic; in contrast, for endothermic
reactions such as the reverse water gas shift reaction, the local
temperature decrease is challenging78 being a perfect study
object for neutron imaging. In addition, dynamic processes
such as diffusion and adsorption, which are used for separation
technologies, especially adsorption and membrane separation79

are accessible with time-resolved neutron imaging.
Simple reactions such as methanation and ammonia syn-

thesis are already well established, both in terms of technology
readiness and scientific understanding. Neutron imaging is
expected to push the scientific frontiers of reactor engineering
of complex reactions such as the MtO process (methanol to
olefins).80 Here, the number of product compounds increases

over the length of the reactor and the different compounds
influence each others.81 Similar to the methodology shown here,
gradients in proton concentration can be used as an indicator to
describe the local environment just as the partial water pressure
in this paper. Furthermore, new developments in neutron ima-
ging instrumentation opens new possibilities. There is a chemical
contrast from neutron scattering. To access this information,
time-of-flight neutron imaging can be used exploiting the
wavelength-dependent, i.e. energy selective, neutron scattering
cross-section of differently bonded hydrogen atoms.82,83

Apart from insights into reactor engineering, the methodol-
ogy may be used as a precise method to determine the catalytic
activity over the full parameter space relevant for upscaling.

Furthermore, the initiation of the reactor or pulsed opera-
tion (pulsed reactant flow) provides insights into the reaction
kinetics that were not discussed in detail in this work.

7 Conclusion

Various aspects, including the non-linear scaling of the reaction
conditions from small reactors on a laboratory scale to larger ones
in order to achieve maximum conversion of the reactants into the
desired products, must be considered and eventually optimized
during scale-up. For this, we introduced a non-destructive time-
resolved method using neutron imaging is demonstrated, which
enables operando imaging to follow the distribution of hydrogen
containing species in a running reactor.

Due to the high neutron cross-section for hydrogen, hydro-
genated species of the hydrogenation reaction of carbon dioxide
to methane can be quantified at realistic operation conditions.
The non-destructive operando method with the simple integration
of the reactor at full scale enables the spatial and temporal
resolution of water adsorption on the catalyst in steady-state
(p, T). The resulting quantitatively determined partial pressure
of the water thus indirectly reveals the spatial and temporal
conversion of the processes. The knowledge gained from this
experimental approach, in conjunction with the modelling, per-
mits the estimation of the optimal reactor dimensions contingent
on the desired reaction conditions. The good agreement between
the simulation and experimental neutron imaging warrants the
method as a reliable instrument for reactor characterization and
design. The chemical sensitivity of reactants and products could
be improved by energy-resolved neutron imaging, i.e. time-of-
flight neutron imaging.

In principle, direct observation of gaseous species is also
possible, as described in the ESI.† Nevertheless, in order to
enhance the neutron attenuation of the gaseous phase, the
density of the gas molecules should be increased, i.e. greater
reactor thickness or higher reaction pressures.

8 Methods
8.1 Catalyst preparation

Aluminum oxide support pellets (43 832, Thermoscientific)
were calcinated at 500 1C for 5 hours (heating rate 5 1C min�1)
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before wet impregnation. Ni(NO3)2�6H2O (Sigma Aldrich) at a
loading of 10-wt% (Ni) was added to the precalcinated Al2O3

pellets, dissolved in deionized water and stirred at 60 1C for
24 hours. The calcination of the impregnated samples was done
in air with an oven temperature set to 450 1C for 5 hours
(heating rate 5 1C min�1).84,85 The nickel loading, as deter-
mined by weighing the sample before and after impregnation,
was 4.3-wt%.

8.2 Reactor construction and experimental setup

The reactor was designed and built in our own workshop.
It consisted of two separate chambers connected by 4 holes at
equal distances to allow gas exchange (Fig. 1B, 2C and 6A). The
dimensions were 10 � 2 � 4 cm � cm � cm for each chamber,
including a wall thickness of 3 mm (Fig. 1B, 2C and 6A). The
reactor was heated by a heating jacket equipped with two
heating cartridges (280 W each) (Fig. 6B and C). The high
power cartridges provided rapid heating and temperature con-
trol. The heating jacket contained 4 inlets on each side for
thermocouples to measure the outer wall temperature (Fig. 6B
and C). Thermal insulation was maintained by wrapping the
reactor with several layers of aluminum, since other insulat-
ing materials used normally would absorb too much of the
neutron beam.

Gas flow and pressure were controlled with Bronkhorst
thermal mass flow controllers and a backpressure regulator
(Fig. 6A), connected to a Labview interface. The ratio between
the reactant gases H2 and CO2 was in all experimental
sequences 6.3/1 (H2/CO2). The temperature was controlled
using a Eurotherm temperature controller and the additional
temperatures measured on the outer wall of the reactor were
read using a RedLab-TEMP device. The product gas composi-
tion was analyzed by a FTIR gas analyzer (Bruker Alpha).

8.3 Neutron imaging

Neutron radiography images of the reactor were acquired at
the neutron imaging beam line NEUTRA at the Paul Scherrer
Institute.86 After traversing the sample, the incoming neutron

beam was detected using MIDI-camera box fitted with 20 mm
thick Gd2O2S/6LiF scintillator screen. The scintillation light has
been collected using CCD camera detector (Andor CCD). The
imaging arrangement provided images with the field of view of
150 � 150 mm �mm in size, with the pixel size of 61.2 mm. The
effective spatial resolution of the imaging setup was assessed
based on images of Siemens star resolution test object to be
about 75 mm.

The images were continuously taken (approx. every 20 seconds)
during the reactor in operation and allowed to follow the hydro-
gen and hydrogenated species operando without disturbing the
system. Neutrons are attenuated mainly by scattering with hydro-
gen giving the neutron contrast Ac defined as:

Ac ¼
I

I0
(3)

where I0 is the avereaged intensity from the acquired radiogra-
phies of the sequence used for the normalization. The neutron
contrast can be converted into the neutron attenuation Ax

(eqn (4)):

Ax ¼
ln Acð Þ

d
(4)

and if hydrogen is the only contributor to the change in neutron
attenuation, the concentration of hydrogenated species, water
respectively cH2O can be calculated the following (eqn (5)):

cH2O ¼
Ax

sH2O
(5)

where d is the reactor thickness, in our case 3.4 cm, and si the
neutron scattering cross-section for the specific hydrogenated
species and depends as well on the energy of the neutrons used
(see Section S4, ESI†). The neutron scattering cross-section per
hydrogen is slightly lower for hydrogen gas than per hydrogen in
methane.52,87–90

Image and data processing were performed with ImageJ
software using built-in functions and Python scripts for
the data extraction and calculations. To enhance the visibility
of the effects, the images were processed with the filters

Fig. 6 (A) Simplified P&ID of the experimental setup installed at NEUTRA (SINQ, PSI) and the reactor scheme. (B) Picture of the reactor in the neutron
beamline. (C) Corresponding neutron radiography of the reactor.
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(Gaussian Blur 3D) integrated in ImageJ (see Fig. 1C and 2D).
However, no filtered images were used for data extraction and
subsequent calculations.

8.4 Reactor modelling

The reactor was modeled using the finite element solver
COMSOL Multiphysics 6.291 and compared with experimental
results.

8.4.1 Conservation equations. The reactor model com-
prises the spatially resolved heat and mass transfer over
the catalyst bed under steady-state conditions. This includes
the Brinkman equations92 for continuity and momentum con-
servation approximating the compressible flow in the porous
pellet bed:

0 = r(rfu) (6)

0 = r[�pI + K] � mfkp
�1u (7)

with the stress tensor K

K ¼ mf
1

ep
ruþ ruð ÞT
� �

� 2

3
mf

1

ep
ruð ÞI; (8)

the Darcy velocity u, the mixture’s dynamic viscosity mf, and
the permeability kp and porosity ep of the porous matrix.
We applied the Kozeny–Carman model93 to calculate the per-
meability k in the solid matrix, i.e. the pellet bed consisting of
pellets with the diameter dpellet:

k ¼ dpellet
2ep3

180 1� ep
� �2: (9)

The energy balance, assuming local thermal equilibrium
and averaging thermophysical properties over porous matrix
and flow, writes as

rfcp,furT + rq = Q (10)

with the conductive heat transfer q = keffrT averaging the
effective thermal conductivity

keff ¼ kf
2kf þ kp � 2 kf � kp

� �
yp

2kf þ kp þ kf � kfð Þyp
(11)

over the domain assuming solid spherical inclusions with a
volume fraction yp with thermal conductivity kp in a gas phase
with thermal conductivity kf.

Since approximations for diluted species transport are not
applicable, the full set of transport equations with mixture
dependent properties were implemented:

r�ji + r(u�r)oi = Ri. (12)

Multi-component diffusion was considered using the Max-
well–Stefan diffusion model and neglecting thermal diffusion
and field forces

ji ¼ �roi

XQ
k¼1

~Dikdk (13)

with the multi-component Fick diffusivities D̃ik and the diffu-
sional driving force

dk ¼ rxk þ
1

p
xk � okð Þrp: (14)

The mass constraint

ok ¼ 1�
X
iak

oi (15)

was applied choosing H2 as reference. It is xk = Mnok/Mk with
the mean molar mass Mn.

We used the Millington and Quirk model for the effective
diffusivity in the pellet bed:94

D̃eff,ik = feff(ep, tF)D(ik) (16)

with feff = ep/tF and tF,i = ep
�1/3.

8.4.2 Reaction kinetics. The reaction kinetics were approxi-
mated with the LHHW rate expression as derived by ref. 72 for
nickel on Al2O3 in the version assuming formyl formation as
rate limiting step

r ¼
kpH2

0:5pCO2
0:5 1�

pCH4pH2O
2

pCO2
pH2

4Keq

� �

1þ KOH
pH2O

pH2
0:5
þ KH2

pH2
0:5 þ KmixpCO2

0:5

� �2
: (17)

with the Arrhenius-type rate expression

k ¼ k0;ref exp
EA

R
Tref �

1

T

� �� �
(18)

and van’t Hoff type adsorption constants accordingly parame-
trized with respect to Tref = 555 K. To account for the specific
properties of the catalyst and its reduction, the kinetic factor
k0,ref is scaled as

k0,ref = fkin,expk0,ref,Koschany, (19)

considering the experimentally determined nickel mass.
8.4.3 Thermophysical properties. The Peng–Robinson

equation of state was chosen as gas phase thermodynamic
model. All gas phase properties were derived using the thermo-
dynamic gas system for H2, CO2, CH4, and H2O as implemented
in COMSOL V6.2.

As relevant solid matrix properties we assumed a thermal
conductivity of the pellets kp = 3 W m�1 K, bed porosity ep = 0.3.
The catalyst mass was 16.73 g with a nickel content of 4.3 wt%,
filling a total bed volume of 39.98 cm�3, which results in a
catalyst bed density of 0.42 g cm�3.

With the low thermal conductivity of 3 W m�1 K�1 for the
catalyst pellets,95 this case can be considered as limited by heat
transport over the gas phase. For increasing thermal conduc-
tivity of the solid matrix, the results approach those of the
isothermal case. Increasing the thermal conductivity of the
solid matrix to 10 W m�1 K�1 decreases the maximum tem-
perature from 592 K as observed in Fig. 4 to 588 K.

8.4.4 Computational domain and boundary conditions.
The reactor was approximated as a rectangular computational
domain in a 3D setup as well as in 1D (isothermal). The length
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in flow direction were 100 mm plus inert inlet section, the
width was 14 mm and the depth in direction of the neutron
beams was 34 mm. On the inlet section with a length of 8.5 mm
in mean flow direction, the reaction term was turned off,
assuming no catalytic activity, but the same material properties
as apparent in the catalyst bed.

The boundary conditions for the Brinkman equations are
u = �u0n, [�pI + K]�n = �p0n, and u�n = 0 at the inlet, outlet and
walls respectively, not resolving the velocity gradient at the wall.
The boundary conditions for the species transport are oi = o0,i

for the inlet, �n�rDiroi = 0 for the outlet, and �n�ji for
the walls. The temperature boundary conditions are set accord-
ingly, except for the wall we assumed a constant temperature
T = Tw.

8.4.5 Operation regimes. The experiments were designed
at low space velocities (235 to 705 sccm h�1 gcat

�1). The
simulations reveal that the investigated flow rates are at the
transition between being influenced by diffusion in the gas
phase and the convection dominated behavior of a plug flow
reactor.

Data availability

Data for this article, including all numeric data of Fig. 2–6, and
the ones of the ESI,† are available at https://doi.org/10.5281/
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A. Borgschulte and L. Schlapbach, Wiley, 2008.
5 J. Graetz, Chem. Soc. Rev., 2009, 38, 73–82.
6 T. He, P. Pachfule, H. Wu, Q. Xu and P. Chen, Nat. Rev.

Mater., 2016, 1, 16059.
7 M. Hirscher, V. A. Yartys, M. Baricco, J. B. von Colbe,

D. Blanchard, R. C. Bowman, D. P. Broom, C. E. Buckley,

F. Chang, P. Chen, Y. W. Cho, J.-C. Crivello, F. Cuevas,
W. I. David, P. E. de Jongh, R. V. Denys, M. Dornheim,
M. Felderhoff, Y. Filinchuk, G. E. Froudakis, D. M. Grant,
E. M. Gray, B. C. Hauback, T. He, T. D. Humphries,
T. R. Jensen, S. Kim, Y. Kojima, M. Latroche, H.-W. Li,
M. V. Lototskyy, J. W. Makepeace, K. T. Møller, L. Naheed,
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