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ABSTRACT: Catalytic hydrogenation reactions are important in a
modern hydrogen-based society. To optimize these gas-phase reactions, a
deep understanding of heat, mass, and momentum transfer inside chemical
reactors is required. Nuclear magnetic resonance (NMR) measurements
can be used to obtain spatially resolved values of temperature, gas
composition, and velocity in the usually opaque catalytic macrostructures.
For this, the desired values are calculated from measured NMR parameters
like signal amplitude, T1, or T2. However, information on how to calculate
target values from these NMR parameters in gases is scarce, especially for
mixtures of gases. To enable detailed NMR studies of hydrogenation
reactions, we investigated the T1 relaxation of methane and hydrogen,
which are two gases commonly present in hydrogenation reactions. To
achieve industrially relevant conditions, the temperatures are varied from
290 to 600 K and the pressure from 1 bara to 5 bara, using different mixtures of methane and hydrogen. The results show that
hydrogen, which is usually considered to be nondetectable in standard MRI sequences, can be measured at high concentrations,
starting at a pressure of 3 bara even at temperatures above 400 K. In the investigated parameter range, the absolute T1 values of
hydrogen show only small dependence on temperature, pressure, and composition, while T1 of methane is highly dependent on all
three parameters. At a pressure of 5 bara, the measured values of T1 for methane agree very well with theoretical predictions, so that
they can also be used for temperature calculations. Further, it can be shown that the same measurement technique can be used to
accurately calculate gas ratios inside each voxel. In conclusion, this study covers important aspects of spatially resolved operando
NMR measurements of gas-phase properties during hydrogenation reactions at industrially relevant conditions to help improve
chemical processes in the gas phase.
KEYWORDS: NMR, longitudinal relaxation time, heterogeneous catalysis, temperature measurements, Boltzmann distribution,
temperature 290−600 K, pressure 1−5 bar (absolute)

1. INTRODUCTION

In chemical engineering, the process intensification of chemical
reactions is one of the main tasks aiming to increase the
efficiency of production steps.1 Hydrogenation reactions are
crucial in many chemical processes for the formation of specific
products and in chemical energy storage.2,3 In many countries,
the use of hydrogen moved more and more into focus, mainly
as an energy source and as an energy carrier to decarbonize
societies.4,5

In this context, hydrogenation reactions are used to valorize
carbon from different sources into chemicals or fuel. To boost
the productivity of hydrogenation reactions, the efficiency of
reaction systems (i.e., reactor and reacting conditions) should
be optimized. An important factor here is the understanding of
the macroscopic transport of heat, mass, and momentum in the
reactor.6 Nuclear magnetic resonance (NMR) techniques offer
numerous possibilities to spatially map process parameters of
chemical reactions like velocities,7−11 mass transport,12,13 and

species distributions14,15 in opaque structures, ex and in situ,
and even in the gas phase.

Prior NMR studies of the gas phase showed, however, that
the detection of hydrogen gas using typical NMR sequences is
very difficult or even impossible16 due to the high diffusion
coefficient and short longitudinal and transversal relaxation
times of hydrogen (D, T1, and T2, respectively). Furthermore,
the presence of multiple gases (i.e., CH4, CO2, CO, H2O) in
varying concentrations during a chemical reaction poses a
second challenge for operando measurements of heteroge-
neously catalyzed reactions. In a recent study,17 we were able
to show that T1 of methane offers information on the
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temperature of the gas, which we consider an important step
toward the operando characterization of chemical reactions.

To tackle the obstacles of gas-phase NMR, in this work, we
perform measurements of the longitudinal relaxation time T1
of hydrogen and methane in mixtures of both gases. Similar
mixtures are present in many hydrogenation reactions such as
the Sabatier reaction and the Fischer−Tropsch synthesis. The
measurements are performed using five different gas mixtures
of hydrogen and methane (CH4/H2 ratios of 1:0, 1:3, 1:1, 3:1,
and 0:1) and under industrially relevant conditions, with
temperatures ranging from 290 K to approximately 600 K and
pressures ranging from 1 to 5 bara (bar absolute). With these
measurements, we elucidate the dependence of the T1 of
methane on temperature, pressure, and composition in the
given temperature and pressure range and, more importantly,
obtain a value for the effective cross section for the collision of
methane with hydrogen, σj,CHd4−Hd2

, which has not been reported
yet. This information is crucial to apply the existing theory of
T1 of methane in mixtures of methane and hydrogen. This
allows thermometry experiments during hydrogenation reac-
tions when mixtures of methane and hydrogen are present.
Further, we show that the T1 of hydrogen can be measured
under certain pressure, temperature, and concentration
conditions as well, which is noteworthy as hydrogen is usually
considered to be undetectable using standard MRI sequences
due to the time required for spatial encoding as well as low flip
angles.16,18

2. EXPERIMENTAL SECTION

2.1. Setup and Procedure
All measurements were carried out in a small cylindrical glass tube,
which was open for gas flow at the top and bottom of the cylinder
(Figure 1). The tube was positioned in the center of an NMR reactor,
which was designed and built for high-temperature and -pressure
applications; we have published details of this reactor in a previous
paper.19 To heat up the tube, the unfocused but parallelized radiation
of a 500 W diode laser was pointed directly on a black ceramic sponge
positioned at the front of the tube inside the reactor (Figure 1, black
sponge, and Appendix A, Figure A1). This way, only the sponge and,
consequently, the tube was heated without the need to heat up the
surrounding chemical reactor. This setup avoids high temperatures
close to the NMR magnet and thus potential damage to the NMR
magnet and radiofrequency (RF) coil as the heat is only absorbed
inside the ceramic reactor. In a previous work, we already underlined
the significance of thermal conductivity for radial heat removal in
catalytic beds using CFD simulations.20 The actual measurements of
T1 were carried out inside nonporous ceramic honeycomb structures
positioned behind the black ceramic sponge. Using honeycombs
ensures small radial temperature gradients inside the tube. The second
honeycomb was used to offer a second temperature level for the
measurement as the gap between the two monoliths interrupts
thermal conduction. However, the gap further resulted in an
inhomogeneous material distribution in between the two honey-
combs, which compromised the quality of the measurements in the
slices adjacent to the gap. Therefore, only the results of slices 9, 10,
and 14 were used as indicated by the green areas in Figure 1. To fixate
the three monoliths (one black sponge and two ceramic honeycombs)
inside the glass tube, the last honeycomb was wrapped in fiberglass
wool and fitted tightly into the tube.

For all measurements, we set a constant gas flow of 0.565 LN/min
with changing gas composition. The pressure was measured after
mixing the gases outside the NMR scanner’s room and altered using a
back-pressure regulator at the outlet of the chemical reactor. Each day
was designated with one temperature level and one pressure level,
with the gas composition varying over the day. At the start of the day,

we measured pure methane at room temperature and at the
designated pressure. Aside from being part of the measurement
series, the initial measurement served as a reference for the
temperature calculation using the amplitude ratio, as proposed in
ref 17. After the initial measurement, we heated the system for
approximately 90 minutes to reach a certain temperature level. The
power level of the laser was kept constant each day. This way, the
actual temperature inside the measurement tube changed only slightly
as a function of gas composition and pressure. This was due to the
different heat capacities of methane and hydrogen21,22 and the fact
that methane partially absorbs the laser’s radiation, while hydrogen
does not. However, as the temperature was measured operando
according to Eq. (3), these changes could be detected and were thus
accounted for. We performed the measurements in an open system as
this facilitated the change of gas composition and increased heat
transport inside the tube. Further, open systems correspond to
applications of heterogeneously catalyzed gas-phase reactions.
2.2. NMR Measurements
A 7 Tesla preclinical NMR imaging system (Biospec 70/20, Bruker
Biospin GmbH, Ettlingen, Germany) equipped with a gradient system
BGA12S2 (441 mT m−1 maximum gradient strength in each
direction, 130 μs rise time) was used for all NMR measurements. A
circularly polarized volume RF coil (inner diameter of 72 mm; MRI
Tools GmbH, Berlin, Germany) was used for RF excitation and signal
detection. The NMR pulse sequences were implemented using the
software platform Paravision 5.1.

For the T1 measurements, we used the same three-dimensional
(3D) saturation recovery MRSI sequence described in our previous
work.17 Using two 90° rectangular RF pulses each followed by spoiler
gradients, the magnetization is reduced to a minimum and then, after
a time τ, a third 90° rectangular RF pulse is used to flip the rebuilt
magnetization again. Phase encoding gradients are applied in all three
spatial directions (x, y, z) immediately after the third pulse, and the
emerging free induction decay (FID) is acquired (FOV: 50 mm × 50
mm × 105 mm; matrix size: 25 × 25 × 21 with an elliptically reduced
k-space sampling). From each measurement, the 4D data set was fast
Fourier-transformed in the three spatial dimensions and then fitted as
a sum of exponentially decaying sinusoids in the time domain using
the matrix pencil method (MPM).23 The two signals of methane and
hydrogen could be separated by their frequency difference of
approximately 4.6 ppm. As a result of the fitting procedure, a series
of amplitudes S per voxel (volume element) and per time value τ were
acquired for methane and hydrogen gas individually. The data was
fitted to the function

Figure 1. Picture of the cylindrical glass tube for the measurements
with an inner diameter of 15 mm used for the NMR measurements.
The unfocused but parallelized radiation of a diode laser was used to
heat the tube (Appendix A). A black ceramic sponge at the front of
the tube was used to absorb the laser radiation. The actual
measurements of T1 were carried out inside the two ceramic
honeycomb structures. For the results, only slices 9, 10, and 14
were used as indicated by the green areas, as they yielded the highest
magnetic field homogeneity (Appendix B). To fixate the three
monoliths inside the glass tube, the last honeycomb was wrapped in
fiberglass wool. The scale is in centimeters.
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(1)

using the “trust-region-reflective”-algorithm provided by MATLAB
(mathworks.com, Version 2017b). The fitting parameters are the
maximum signal amplitude A, the longitudinal relaxation time T1, and
an error term C, which accounts for possible local deviations of the
90° flip angle, e.g., incomplete saturation.

One set of measurements was carried out at each of the four
temperature levels (ambient temperature, ∼370 K (20 W), ∼470 K
(40 W), and ∼570 K (65 W)), three pressure levels (1 bara, 3 bara,
and 5 bara), and five different gas ratios (CH4/H2 ratios of 1:0, 1:3,
1:1, 3:1, and 0:1). Thus, 60 different sets of measurements were
performed in total. Each set consisted of 6−10 measurements using
different values of τ. In the presence of methane, the maximum value
of τ was always set to a value about three times the expected T1. The
consecutive values of τ were then about halved each time to a
minimum of 0.8 ms to get a proper reproduction of the exponential
decay of the signal of methane. The same was done with hydrogen,
but as the T1 of hydrogen exhibits only slight absolute changes over
the given parameter range, the τ values for hydrogen were kept
constant (namely, 20, 12, 6, 3.5, 2, 0.8, and 0.5 ms). When both
species were present, the choice of τ values was an amalgam of both
ranges. The measurement time for a complete set increased almost
linearly with the maximum τ value and increased from approximately
21 min at τmax = 20 ms to approximately 90 min at τmax = 350 ms. In
each evaluated slice, the central 6 × 6 voxels were analyzed (nominal
12 mm × 12 mm of the 15 mm diameter honeycombs). Results,
alongside various measurement parameters, are given in a database
available in a repository.24 As mentioned before, only slices 9, 10, and
14 yielded sufficiently accurate results, as magnetic field inhomoge-
neities disturbed the proper measurement of temperature at each end
of the honeycombs. This is further discussed in Appendix B.

To ensure temperature stability, consecutive slice-selective two-
dimensional (2D) MRSI measurements (5 mm slice thickness in the
x-direction, echo time 0.35 ms, repetition time 80 ms, 30° flip angle,
no presaturation, 31 × 31 phase encoding steps using an elliptically

reduced k-space sampling, FOV 112 mm (z) × 80 mm (y), 1024
complex data acquired with a spectral width of 50 kHz, ∼5 min
interval) were carried out prior to the actual 3D MRSI measurements
described above. When the change in signal amplitude from one
measurement to another was below 1%, the 3D MRSI measurements
were started. However, the ratio of two subsequent signal amplitudes
could only be determined for methane. Further, when the gas
concentration of methane was low, either due to low pressure or low
methane gas ratios, the technique failed as the signal variance was too
high. In this case, the waiting time was determined from experience
from prior measurements.

The temperature was calculated for each voxel using the
temperature dependence of the signal amplitude A in comparison
to the signal amplitude A0 at room temperature T0, which was also
proposed in our previous work17

(2)

The equation was adapted to the open system with changing
pressure and gas composition replacing the average molecular gas
density ρ by the pressure p and molar concentration of methane xCHd4

,
using the ideal gas law and Dalton’s law

(3)

The T1 measurements of methane are compared to the equation
proposed by Dong and Bloom25 and Beckmann26

Figure 2. Longitudinal relaxation times T1 of methane (CH4) as a function of temperature and gas ratio at (a) p = 1 bara (ambient pressure), (b) p
= 3 bara, and (c) p = 5 bara. One data point corresponds to a single evaluated voxel, resulting in 6 × 6 × 3 data points per measurement. The
temperature was calculated by the amplitude ratio from the voxel to its respective voxel measured at an ambient temperature and pure methane on
the same day. Measurements at an ambient temperature are fixed at the standard temperature inside the scanner’s room of 290 K.
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(4)

Here, ℏ = 1.0546 10−34 J s is the reduced Planck constant, Ceff
2 is

calculated similar to our previous work,17 the effective spin-rotation
constant, I0 = 5.33 × 10−47 kg m2 is the principal moment of inertia of
methane, kB = 1.3806 10−23 J K−1 is the Boltzmann constant, T is the
temperature, τ1 is the average time between molecular collisions, ω0/
2π = 300 MHz is the nuclear Larmor frequency, and ωL/2π = 16.8
MHz is the rotational frequency.

The average time between molecular collisions τ1
−1 = v̅ρσj is

calculated using the mean relative gas velocity v̅, the average
molecular gas density ρ, and the effective cross section σj. The
theory was previously applied mostly to pure methane gas, but both v̅
and σj are dependent on the colliding molecule, which in the case of
our mixture can either be hydrogen or methane. For such a mixture,
τ1

−1 is calculated as the sum of the molecular density of species i
multiplied by the effective cross section for the collision of methane
with species i, σj,CHd4‑i, and their mean relative gas velocity v̅CH4−i

27

(5)

While the cross sections for the collision of methane with many
different gas species were already determined by Jameson et al.,28 the
cross section for the collision of methane with hydrogen σj,CHd4−H2 was
not reported yet. We will therefore determine the parameter in this
work.

3. RESULTS AND DISCUSSION

3.1. T1 Relaxation of Methane
In this section, we show the results of the T1 relaxation of
methane to elaborate how gas-phase hydrogenation reactions
can be described operando. Longitudinal relaxation times T1 as
a function of temperature for different pressures and gas ratios
are shown in Figure 2. Each panel contains the results of one
pressure level. T1−values calculated from the theory (eq 4) are
also plotted. The required collision cross section σj,CHd4−H2 was
unknown a priori; we have therefore extracted this parameter
by fitting eq 4 to the experimentally determined T1 at all
mixture compositions and temperatures and at the highest
pressure level of 5 bara. The collision cross section for

methane−methane collisions was taken from Jameson et al.28

as σj,CHd4−CHd4
= 18.4 (T/300 K)−0.9 Å2.

At p = 1 bara (Figure 2a), the theory predicts little
dependence of T1 on gas composition (lines). The measure-
ments show a high statistic uncertainty, making it virtually
impossible to distinguish between different gas compositions.
The temperature dependence of T1, which is visible from the
theory, is obstructed by the uncertainty in the measurement.
The results manifest the findings of our previous publication,17

where we measured the temperature of pure methane in a
sealed tube at approximately 0.9 bara and found an equally
high uncertainty. However, it can be seen from Figure 2a that
at low temperatures the theoretically predicted T1 relaxation
times are higher than the measured values.

At p = 3 bara, T1 shows a clear dependence on the gas ratio
both in theory and from the experimental data (Figure 2b). T1
increases with the methane-to-hydrogen ratio but decreases
with temperature. In comparison to 1 bara, the temperature
dependence is more pronounced and experiments show only
little statistic uncertainty. However, similar to 1 bara, the
theoretical T1-values are higher than the measured T1-values at
lower temperatures. A possible reason for the overestimation
might be our model for Ceff, which is deployed on the basis of
data by Beckmann26 who used a Larmor frequency of ω0/2π =
30 MHz. The model might thus be insufficient to properly
reproduce data at the Larmor frequency used in this study, ω0/
2π = 300 MHz. A second common mechanism for the
reduction of T1 is wall interaction.29 However, we were able to
reproduce the measured values of T1 at an ambient
temperature in a gas sampling container with a large diameter
(approximately 60 mm) made of glass where no wall
interaction can be expected. As the overestimation only arises
toward lower temperatures but wall interaction should increase
with increasing temperature, the effect of wall interaction with
the used honeycombs is neglected.

At p = 5 bara (Figure 2c), the dependence of T1 on
temperature and concentration is even more pronounced and
the uncertainty is reduced further. Here, eq 4 is able to
reproduce the data points accurately over all measured
temperatures. Therefore, we extracted the parameter σj,CHd4−H2

by fitting eq 4 to this measurement series. As mentioned
before, the parameter is required for theoretical predictions of

Figure 3. (a) Longitudinal relaxation times T1 of hydrogen (H2) at different temperatures, pressures, and gas ratios. One data point corresponds to
a single evaluated voxel, resulting in 6 × 6 × 3 data points per measurement. The temperature was calculated by the amplitude ratio of methane
from the voxel to its respective voxel measured at an ambient temperature and pure methane on the same day. For the pure hydrogen
measurements, the temperature was extrapolated from the temperatures of the other measurements at the same pressure and laser heating level.
Measurements at an ambient temperature are fixed at the standard temperature inside the scanner’s room of 290 K. (b) Ratio of signal amplitude
from methane and hydrogen T1 measurements over the applied gas ratio (CH4/H2). At p = 1 bara, no hydrogen signal could be detected in gas
mixtures due to low SNR. The data points of the 3 bara measurements have been enlarged for better visibility.
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T1 of methane in the presence of hydrogen. From a linear least-
squares fit to all data points of methane/hydrogen mixtures at
p = 5 bara, the effective cross section for the collision of
methane with hydrogen was determined as σj,CHd4−H2 = (4.07 ±
0.09) (T/300 K)(−0.52±0.01) Å2 (uncertainty given as 95%
confidence interval) using the same temperature-dependent
approach for σj as Jameson et al.28 This parameter was then
used for the theoretical curves at all pressures in Figure 2.

The T1 relaxation of methane decreases with increasing
hydrogen concentration because the cross section σj,CHd4−H2 is
lower than σj,CHd4−CHd4

. At constant pressure and temperature, a
higher hydrogen concentration results in a smaller average
collision probability and thus a higher time between collisions
τ1. In the extreme narrowing limit ((τ1ω)2≪1), this results in
smaller T1 relaxation times, as can be derived from eq 4.
3.2. T1 Relaxation of Hydrogen

This section extends the measurements of T1 relaxation times
to hydrogen and, thus, demonstrates that in a certain
parameter range hydrogen gas is detectable using 3D MRSI.
The results of the T1 relaxation times are shown in Figure 3a.
The T1 of hydrogen changes only slightly in the investigated
parameter range. Therefore, the results are summarized in a
single plot. For hydrogen, only the seven lowest values of τ are
used because at higher values the signal of methane was more
likely to overshadow the signal of hydrogen, which
compromised the quality of the fit of eq 1. The temperature
was taken from the methane measurement of the same voxel
and, in the case of pure hydrogen, linearly extrapolated over
the change in density. No dependence of T1 on temperature,
pressure, or gas ratio can be observed as the results are
obscured by the high amount of uncertainty. Other works
found a T1 relaxation time of hydrogen of 3.1 ms16 (1 bara,
room temperature, 299 MHz) and 3.7 ms30 (1 bara, room
temperature, 500 MHz), which are in the same range as the
obtained data. Extrapolating the data shown by Lalita et al.31 to
the pressure range of our study leads to much shorter T1
values. However, it is important to note that this study was
performed at 30 MHz and higher pressure (p ≥ 7 bar).
Armstrong32 compared T1(p) data for hydrogen at 77.5 K
measured at different NMR frequencies, which illustrates the
shift of the T1 minimum to higher density and higher T1 values
with increasing NMR frequency. From this data, one can
estimate that our measurements at 300 MHz and the
investigated parameter range of temperature, concentration,
and pressure were performed near the T1 minimum. Thus,
besides the limited data quality, this fact might explain why no
significant changes in the T1 relaxation time of hydrogen could
be detected in our study.

At p = 1 bara, T1 data could only be calculated at room
temperature, and for pure hydrogen, as at increased temper-
atures and in mixtures, no hydrogen signal could be detected.
We also did not detect a hydrogen signal at a H2/CH4 ratio of
1:3 at p = 3 bara and T ≈ 480 K and at p = 5 bara and T ≈ 580
K. Even though no reliable information on exact T1 relaxation
times of hydrogen can be derived from the given data, Figure
3a illustrates the range in which T1 measurements of hydrogen
can be performed.

The uncertainty can partly be explained by the low SNR of
hydrogen in general, as well as the low amount of signal
compared to methane. The observed T2* of hydrogen (which
we share in our repository24) ranges from about 0.3 to 1 ms.

Therefore, at the beginning of data acquisition, after a time
delay TD of 300 μs, about 63−26% of the observable transverse
magnetization was already lost before data acquisition started
(S ∼ exp(−TD/T2*)), which drastically reduced the SNR. In
most MRI and MRSI sequences, TD has a duration of 1 ms and
longer, which might explain why in these studies hydrogen
seemed to be undetectable. The methane molecule contains
twice as many protons as the hydrogen molecule. As a result,
when the same amount of hydrogen and methane is present,
the signal amplitude of hydrogen is always by a factor of 1/2
smaller, which further reduces the signal intensity of hydrogen
gas.
3.3. Determination of Gas Ratio

In the previous sections, the T1 relaxation of mixtures of
methane and hydrogen was evaluated. By fitting eq (1) to a set
of τ values, we can derive not only T1 but also the maximum
signal amplitude of each species, A. As shown before,18 the
amplitude ratio of two gas signals inside a single voxel is
proportional to the ratio of molecules in the same volume.

From this, using a priori knowledge of input gas composition
and stoichiometry, we can eventually calculate the gas
concentration. This is favorable, as for ideal gases, the ratio
is independent of the applied pressure and temperature. For
chemical reactions in which hydrogen participates as a reactant
and methane as a product�such as the Sabatier reaction (CO2
+ 4 H2 ⇄ CH4 + 2H2O)�this information can be vital to
characterize local yields and accurate temperature information.

Amplitude ratios calculated from the results of this study are
shown in Figure 3b as a function of the applied gas ratio. The
signal amplitudes have been extrapolated to the time of
excitation (300 μs prior to data acquisition). Voxels in which
the phase difference between methane and hydrogen at
excitation was larger than 0.05π were considered bad fits and
subsequently omitted. As hydrogen could not be quantified in
a gas mixture at p = 1 bara, only data for 3 bara and 5 bara is
shown.

The amplitude ratio follows the applied gas ratio very well.
However, the amplitude ratios are on average 16% higher than
the gas ratios. A systematic deviation of input gas ratios is
negligible, as mass flow controllers were checked using a
bubble flow meter. A possible cause for the deviation could be
the fast signal decay of hydrogen due to its low T2*. As a result,
the methane signal dominates the acquired FID data, which
might lead to an overestimation of the methane signal (see
Figure B1 of Appendix B). As stated before, because of the
smaller number of hydrogen nuclei per molecule and the much
shorter T2* values, the SNR of hydrogen is lower than that of
methane. This might explain why the uncertainty of the
method increases with the CH4/H2 ratio, as only a very poor
SNR of hydrogen remains. Furthermore, the assumed
Lorentzian signal decay does not perfectly describe the
measured FIDs (see Figure C1 of Appendix C1). As we
extrapolate the signal decay to calculate the gas ratios, the
fitting error increases as well.

4. CONCLUSIONS
In this work, we measured the longitudinal relaxation times T1
of mixtures of hydrogen and methane at different pressures
from 1 to 5 bara, temperatures from 290 to approximately 580
K, and at different gas ratios. T1 of methane decreased with the
temperature at all investigated pressures, as predicted by the
theory. At lower pressures, 1 bara and 3 bara, and temperatures
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<400 K, the measured values of T1 are smaller than expected
by the theory. At 5 bara, experimental results and theory match
very well; thus, the data was used to estimate the effective
cross-sectional parameter σj,CHd4‑Hd2

, which is required to expand
the theory to be able to predict T1 of methane in mixtures with
hydrogen, which is a common scenario in hydrogenation
reactions. In the range p ≥ 5 bara, the theoretical prediction
can then be used to calculate gas-phase parameters like
concentration or temperature, as shown in our previous
work.17

From our obtained data as well as theory, we showed that
toward higher temperatures T1 of methane at 1 bara only
slightly depends on gas ratio, while the dependence of T1 on
gas ratio at 3 and 5 bara is more pronounced. Furthermore, the
uncertainty of the results is significantly lower at 3 and 5 bara
than at 1 bara. Both these results demonstrate the importance
of carrying out NMR measurements of the gas phase at
pressures above ambiance. An increase of pressure to 3 bara
already has a significant influence on the measurement quality.
Increasing the pressure further might allow us to decrease the
voxel size from the quite large nominal 2 mm × 2 mm × 5 mm
to achieve a finer spatial resolution. However, this comes with
a significant increase in measurement time, as higher pressures
result in a larger T1 of methane, which requires higher τ values
to be measured properly. This would add up on top of the
increase in measurement time caused by the larger number of
phase encoding steps required for a higher spatial resolution at
a fixed field of view.

Additionally, we were able to measure T1 of hydrogen under
temperature and pressure conditions relevant to chemical
reactions. The success of the spatially resolved detection of
hydrogen gas is mainly due to the use of an MRSI sequence
with a short time delay TD of only 300 μs. Furthermore, only
short rectangular RF pulses are used in this 3D MRSI sequence
to avoid a prolonged echo time and signal damping by
diffusion weighting caused by slice-selection gradients. A
general drawback of this approach is that a rather large FOV is
required, which covers the whole volume from which NMR
signals are detected by the RF reception coil. This leads to a
long minimum total measurement time for a given voxel size.
However, a considerably shorter total measurement time
would not be adequate for many quantitative studies because
the inherently low SNR of gas-phase NMR studies would
require signal averaging.

To map the spatial distribution of hydrogen gas by NMR
techniques, it is of the highest importance to increase SNR
either by increasing the pressure or by reducing the ratio
between the time delay for switching gradients TD and T2*.
While TD is limited by the hardware of the gradient coil, T2* is
heavily affected by material properties in the region of interest.
Optimizing these two parameters will be a challenge for MRSI
measurements of hydrogen.

From the fitting of T1, the maximum signal amplitude can be
estimated, which, when enough hydrogen is present, can be
used to calculate the gas ratio of methane and hydrogen in a
single voxel. This is suited for the application of hydrogenation
reactions, as the gas ratio is independent of pressure and
temperature. For many hydrogenation reactions, a high
percentage of hydrogen is fed into the reactor as it not only
reacts with new hydrocarbon species but is also required to
bind excess oxygen, e.g., carbon mono- or dioxide. Thus, a high

hydrogen/product ratio could benefit the NMR measurement
and result in a higher accuracy of the measurement.

Apart from adding new measured NMR parameters to the
record, the current work elucidates important aspects required
to perform spatially resolved operando measurements of gas-
phase reactions under industrially relevant conditions. To
achieve good accuracy, especially at higher temperatures, a
pressure above 3 bara is required. To detect hydrogen, the
echo time must be kept as short as possible and a pressure of
≥5 bara should be applied to accurately apply the theory on T1
of methane to calculate gas-phase parameters like temperature.
We consider the findings of this work to be crucial in the
development of new NMR methods to study gas-phase
reactions involving methane and hydrogen. With precise
knowledge about the relaxation times of each different species,
NMR sequences can be tailored to create image contrast of
specific parameters and give new insight into reaction systems.
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■ LIST OF SYMBOLS

Roman

A signal amplitude, a.u.
Ceff effective spin-rotation constant, Hz
D diffusion coefficient, m2 s−1

ℏ reduced Planck constant, J s
ΔRH298K standard enthalpy of reaction, J mol−1

I0 principal moment of inertia, kg m2

kB Boltzmann constant, J K−1

p pressure, Pa
R molar gas constant, J K−1 mol−1

S signal intensity, a.u.
T temperature, K
T1 longitudinal relaxation time, s
T2 transversal relaxation time, s
T2* effective transversal relaxation time, s
TD time delay, s
v̅ mean relative gas velocity, m s−1

x molar concentration

■ GREEK
σj effective cross section for the collision of two molecules,

m2

ρ average molecular density, mol m−3

τ time between the second and third 90°-flip-pulses, s
τ1 average time between molecular collisions, s
ω0 nuclear Larmor frequency, Hz
ωL rotational frequency, Hz
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