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ABSTRACT

In situ analysis of heterogeneously catalyzed gas phase reaction systems is becoming a valuable aid to
their modeling and optimization. The commonly applied methods are either invasive, do not provide
spatial information or are not applicable for optically inaccessible systems. This work investigates the
possibility to use NMR imaging to study gas phase reaction processes in situ, spatially resolved and
non-invasively.

A multislice NMR spectroscopic imaging pulse sequence, which was optimized to realize ultrashort
echo time TE, was employed to study the ethylene hydrogenation reaction in an NMR-compatible packed
bed flow reactor. The catalyst bed, containing inactive y-Al,03; pellets and Pt-Al,03 pellets, was subdi-
vided into several sections in order to identify reaction zones that depend on initial conditions. Spatial
mapping of the chemical composition was demonstrated on the basis of two experiments with varying
initial volume flow and ethylene conversion. The inlet and outlet temperature of the catalyst bed was
simultaneously detected by analyzing the spectra of inserted glycol capsules.

The resulting spatial shift of the reactive zones in both experiments could be proven by the spa-
tially resolved concentration measurements and the temperature measurements. The locations of single
active catalyst pellets were also detectable by the same measure. The quantitative results of product
gas composition of both experiments were in good agreement with accompanying mass spectrometric
measurements.

The results demonstrate the applicability of NMR imaging methods to investigate gas phase reaction
processes and can help to establish these methods as a standard tool to map chemical transformations
in gas flow reactors.

1. Introduction

composition like online gas chromatography (GC) analysis or inva-
sive measurements like probe thermometers, which provide a

Heterogeneously catalyzed gas phase reactions have a substan-
tial relevance for the chemical and energy industry. Prominent
examples are the Sabatier reaction, the hydrogenation of alkines,
the partial oxidation of alkenes or the oxidative dehydrogenation of
alkanes. Due to the high potential of these reactions, performance
enhancements of these processes are of high interest as even small
improvements can already be economically viable [1].

A well established way to achieve significant enhancements
is to optimize mass and heat transport within a catalyst bed,
which are known to influence parameters like activity and selec-
tivity drastically [2-5]. To optimize the processes within a reactor,
knowledge about the inner conditions of a reactor is needed. How-
ever, techniques that provide integral information about chemical
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rather coarse spatial resolution at selected positions, are still state-
of-the-art and are widely used to validate modeling approaches
[6-8]. While these methods have clearly proven their value,
methods which allow to non-invasively obtain information about
temperature and chemical composition combined with high spa-
tial and temporal resolution have gained considerable attention
[9-13]. These methods are particularly suitable for the investiga-
tion of microscopic processes, such as adsorption reactions and
the determination of reaction intermediates. However, the investi-
gated reaction systems have to be optically accessible, which makes
these methods not applicable when information about reaction
processes within opaque environments, like porous catalyst beds,
should be acquired.

Another approach to map chemical compositions and temper-
ature, particularly in optically opaque reactors, is to apply nuclear
magnetic resonance (NMR) based methods, i.e. magnetic resonance
imaging (MRI), localized NMR spectroscopy (MRS) or magnetic



resonance spectroscopic imaging (MRSI) [14,15]. These NMR based
methods are not only well established and widely used diag-
nostic tools for medical and biomedical applications, but have
also found various applications in material sciences and chemi-
cal engineering [ 16]. NMR based methods offer a lot of advantages
compared to other methods. They are not only non-invasive, but
additionally provide a whole realm of contrast mechanisms such
as concentration, relaxation times, flow, diffusion, temperature or
magnetization transfer. In particular, they allow to simultaneously
measure parameters like chemical composition and temperature
with both high spatial and temporal resolution, which is crucial to
validate spatially resolved simulations of catalytic reactors.

Nowadays, suitable NMR imaging systems are widely avail-
able, although often in research facilities focusing on biomedical
research, and not on material sciences or catalysis. Thus, MRI and
MRSI might appear to be ideal tools to non-invasively investigate
macroscopic transport processes within chemical reactors in situ.
However, scientific publications on this topic are still rather rare,
which is due to several reasons:

(i) Areactor designed for operation within an MRI magnet has to
be made of NMR-compatible materials. The use of metals is
limited, even if non-magnetic, as they would distort the static
magnetic field BO and/or screen the radio frequency (RF) field
B1, thus making MRI measurements impossible. Therefore, the
design of NMR compatible reactors is challenging, particularly
for high temperature and high pressure.

(ii) The interaction between molecules of liquids or gases, which
are to be measured, and the porous carrier material with the
catalyst shortens the effective transverse relaxation time T2*.
Thus the transverse magnetization decays rapidly after RF exci-
tation, resulting in a decreased signal-to-noise ratio (SNR).
Additionally, short T2* values require to apply strong and
rapidly switchable BO gradients for spatial resolution as well as
optimized pulse sequences with ultrashort echo time (TE), i.e.
an ultrashort delay between RF excitation and signal detection.

(iii) NMR is an inherently insensitive method with respect to SNR,
e.g., as compared to mass spectrometry. This fact limits the
detection of samples with low concentration of NMR active
nuclei as well as the achievable spatial resolution. Solutions
to this problem comprise the use of hyperpolarization [17,18]
or special detection techniques such as “remote detection”
[19,20].

(iv) Most of the suitable modern NMR imaging systems are
available in a biomedical research environment and not in
engineering departments. Considering the difficulties men-
tioned above and the high prices of NMR imaging systems,
initial MRI or MRSI experiments for characterizing catalytic
reaction will most likely require a multidisciplinary coopera-
tion. However, this may be difficult to establish because of the
considerable experimental requirements and the remaining
risks of such projects.

Nevertheless, excellent work on investigating 3-phase reaction
systems with MRI methods has been published, e.g., on octene
hydrogenation and alpha-methylstyrene hydrogenation [21-25].
Furthermore, a method using the temperature dependence of
chemical shift difference between the two signals of ethylene gly-
col, well known from high resolution NMR spectroscopy [26], was
adapted for temperature measurements within an NMR compat-
ible reactor [27]. Even gas phase reactions were investigated by
using hyperpolarization or remote detection techniques [28-30].
Recently, an investigation of ethylene polymerization at industrial
conditions in a specially designed NMR compatible reactor has been
reported [31].

Along with the general requirements for investigating reaction
processes by NMR based methods, the analysis of gas phase reac-
tions provides further challenges [32,33]. The signal intensity of
gases is much lower than the intensity of liquids because of the
lower spin density (factor ~1000), especially at low pressure and
high temperature. The spin-spin relaxation times T2 of gases are
rather short, which decreases the SNR and complicates signal detec-
tion. Additionally, the short T2 and T2* relaxation times as well as
the much higher diffusion constants of gases as compared to liquids
hamper spatial encoding achieved by spatially selective RF pulses,
phase encoding BO gradients or readout BO gradients.

To address these problems, this work investigates the possibil-
ities to apply NMR based methods to heterogeneously catalyzed
gas phase processes within reactors of conventional dimensions at
ambient reaction conditions. It was the aim of this study to provide
a methodology for observing chemical reactions and temperature
changes in a rather large reactor over a longer time (typically
hours) and with low flow velocity. Therefore, the conventional
approach of using a standard volume RF coil for signal detection
and exploiting thermal nuclear polarization was preferred, despite
the attractive features of hyperpolarization and remote detec-
tion. An NMR compatible reactor was developed for use within a
standard quadrature RF volume coil of 72 mm inner diameter. For
simultaneously observing the chemical reaction and temperature
changes within the reactor, an optimized pulse sequence for mul-
tislice ultrashort echo time MRSI was developed. As an example,
the ethylene hydrogenation reaction was chosen. Measurements
were performed for different flow rate and concentration ratios.
The MRSI results were compared with mass spectrometric mea-
surements of the products.

2. Experimental
2.1. Materials

For the preparation of Pt-Al, 05 catalyst, commercial cylindrical
y-Al,03 pellets (length: ~8 mm; diameter: 3.2 mm; BET: 220 m?/g;
Alfa Aesar GmbH) were impregnated with a solution of water and
Tetraammineplatinum(Il)chloride hydrate (Sigma-Aldrich).

In a first step, the pore volume of the Al,03 pellets was cal-
culated by adding water step by step to the porous material. The
amount of water, which could be completely adsorbed, was 40 %
of the pellet mass. To get 1 wt.% homogeneously distributed Plat-
inum on the pellet, Tetraammineplatinum(II)chloride hydrate was
dissolved in the amount of water, which corresponds to the pore
volume. After adding the platinum solution to the pellets, they were
dried at 120°C and calcined at 400°C for 3 h. Before the experi-
ments, the catalyst was activated at a gas flow of 2.5 NI/min (H;:N,
1:5) at a temperature of 400 °C for about 2 h.

2.2. Temperature measurements

To measure the temperature level during the experiments at the
inlet and outlet of the catalyst bed, cylindrical glass capsules (outer
diameter 3 mm; length ca. 10 mm) were manufactured, filled with
ethylene glycol (99.5 % purity, Fluka) and fused. The chemical shift
difference between the —OH and —CH, peaks of ethylene glycol is
known to correlate well with temperature within a range of 20°C
and 140°C[26,34]. The temperature can be expressed as a function
of the chemical shift difference Ad in ppm [26]:

T(C') = 192.85 — 101.64 AS. 1)

The ethylene glycol capsules were placed in front of and behind
the reactive zone of the catalyst bed surrounded by inert Al,03
pellets (cf. Fig. 1) to avoid information loss by crosstalk of the
ethylene glycol signal into the gas signal. Before insertion into



Table 1

Experimental parameters (volume flow, concentration) of experiment A and B. The
volumetric concentrations were measured with a pMS behind the outlet of the reac-
tor. The concentration measurements were performed at steady state conditions.
The measurement uncertainty of the pMS was for all experiments below 1%.

Experiment A Experiment B

v, (Inlet) 0.1751/min 0.41/min
ve,n, (Inlet) 0.251/min 0.51/min
vy, (Inlet) 0.0751/min 0.11/min
CN, 41.3vol.% 44.2vol.%
CCyH, 40.0vol.% 44.1vol.%
CCyHg 18.0vol.% 11.0vol.%
CH, 0.7vol.% 0.7 vol.%

the catalyst bed, all capsules were tested by MRSI measurements
at room temperature. Additionally, one glycol capsule was mea-
sured by the MRSI method at four constant temperature values in
the range from 19°C to 44 °C. For these measurements, the gly-
col capsule was inserted in a beaker filled with perfluoropolyether
(Fomblin, Solvay Solexis, Bollate, Italy), in which the temperature
was measured by a fiberoptic thermometer (Luxtron 504, Polytec,
Waldheim, Germany). The temperature values determined from
the chemical shift difference between the two NMR signals of eth-
ylene glycol using Eq. (1) were compared with the values measured
by the fiberoptic thermometer yielding a largest difference of only
0.6 K.

2.3. Ethylene hydrogenation

The investigated gas phase reaction is the hydrogenation of
ethylene (see Eq. (2)). It has been chosen, because it is a well
investigated reaction process [35] and offers several favorable char-
acteristics, which makes it a good choice for a model reaction for
benchmarking measurements:

CH4 +Hy — CGyHg AHR = 71371(_]/I1’10] (2)

(i) It is nearly irreversible. (ii) It can be run at ambient condi-
tions in presence of a Pt-catalyst. (iii) It is highly exothermal like
many of the industrially relevant heterogeneously catalyzed gas
phase reactions. (iv) No side products are expected, which facili-
tates the analysis of reaction products. (v) As ethylene and ethane
are symmetric molecules, both gases give rise to single resonance
lines. The chemical shift difference between the two signals is larger
than 4 ppm [36], which facilitates signal separation.

The reaction was run within a glass tube reactor specially
designed for MRI purposes. The reactor had an inner diameter of
30 mm and the catalyst bed a length of 80 mm. The catalyst bed was
structured as follows: first a 20 mm thick layer of Al, O3 pellets was
piled up containing 3 capsules filled with ethylene glycol (cf. Fig. 1).
Then a ca. 40 mm thick layer consisting of a mixture of catalytically
active Pt-Al, 03 pellets and inert Al,O3 pellets were placed inside
the reactor. In this layer the amount of catalytically active pellets
gradually increased, beginning with very few Pt-Al, 03 pellets (just
2-3 in slice #2) up to 50 % of the total volume in slice #5. The last
layer (thickness ca. 20 mm, including slice #6 and #7) consisted of
inert Al, 03 pellets. In slice #7, three ethylene-glycol-capsules were
placed for temperature measurements.

The supply of the reactor with nitrogen, hydrogen and ethyl-
ene was realized by mass flow controllers (F-201CV, Bronkhorst,
Ruurlo, Niederlande & FMA-2618-A, Omega Engineering, Stamford,
USA). The total initial volume flow varied between 0.51/min and
1.01/min with varying hydrogen content of the reactant gases (see
Table 1). The outlet pressure was held at a constant level of 1.3 bar
(abs). Behind the reactor outlet, the composition of the product
gases was analyzed by a process mass spectrometer (pMS, GAM
200, InProcess Instruments, Bremen, Germany).

NMR-alnaIysis

Glycol
DY

capsule
Al,0;
pellet

@ Pt-ALO,

pellet

Reactants

Fig.1. Schematic representation of the structured catalyst bed: The amount of active
catalyst pellets was increased from slice 2 to slice 6. The areas around slice 1 and 7
were filled with inert Al, O3 pellets containing 3 capsules with ethylene glycol. The
slice centers were positioned at —33 mm (#1), —24 mm (#2), —14 mm (#3), -4 mm
(#4), 6 mm (#5), 16 mm (#6), 30 mm (#7).

To ensure process safety and avoid any damage to the detection
coil, the reactor was cooled with a steady flow of pressurized air
and insulated with a glass fiber mat.

2.4. MRSI experiments

All NMR experiments were performed on a small-bore NMR
imaging system Biospec 70/20 USR (Bruker Biospin MRI GmbH,
Ettlingen, Germany) equipped with a horizontal 7-Tesla magnet
and a magnetic field gradient insert BGA12S2 (inner diameter:
116 mm, maximum gradient strength: 441 mT/m per spatial direc-
tion, switching time: 130 ws). A quadrature birdcage RF coil with
an inner diameter of 72 mm was used for both RF transmission and
signal reception.

For orientation, a multislice FLASH [37] sequence was applied
with the following parameters: repetition time TR: 500 ms, echo
time TE: 3ms, 31 slices, slice thickness: 2.5mm, slice distance
(center-to-center): 3 mm, field-of-view (FOV): 48 mm x 48 mm,
256 x 256 matrix size, total measurement time: 2 min 8s. In these
images, the position of the glycol containing capsules was deter-
mined, while signals from the gases were lost because of the rather
long TE of 3 ms and the low gas concentration.

For the subsequent multislice MRSI experiments [38,39], the
position of the outer slices (slice #1 and #7) were chosen for mea-
suring signals from the glycol capsules, while the inner five slices
were used to detect the gases (cf. Fig. 1). An optimized multislice
MRSI pulse sequence was developed to realize an ultrashort echo
time TE, i.e. a delay between RF excitation and data acquisition, of
only 350 ps. Thus, signal losses due to short effective transverse
relaxation time T2* are reduced (S(TE) ~exp(-TE/T2*)). The asym-
metric RF excitation pulse used for slice selective signal excitation
was calculated by a Shinnar-Le Roux algorithm [40,41] using the
module of the Vespa suite for RF pulse design (available via: http://
scion.duhs.duke.edu/vespa/). The pulse was optimized for a flip
angle of 30°. The pulse duration was 250 s and the maximum was
about 70 ps prior to the end of the pulse. Immediately after the RF
Pulse, short triangular-shaped phase encoding gradients (130 s
switch on, 130 ws switch off), were applied for in-plane resolu-
tion using a FOV of 63 x 63 mm? and 42 x 42 phase encoding steps
with circularly reduced k-space sampling [42 |. Data acquisition was
performed using 1Ki complex data points and a spectral width of
50 kHz. Using a repetition time TR of 155 ms the total time per SI
measurement was about 3.5 min. Within each TR, seven slices were
sequentially measured with slice centers at —33 mm (#1), —24 mm
(#2), —14 mm (#3), —4 mm (#4), 6 mm (#5), 16 mm (#6), 30 mm
(#7) along the axial direction (z) of the reactor (cf. Fig. 1) with higher
zvalues pointing from the front side into the magnet. The slice order
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Fig. 2. (a) Typical magnitude spectrum measured of ethylene and ethane with superimposed MPM-fitted magnitude spectrum. (b) Fitted magnitude spectrum and the
absorption spectrum to enhance signal separation: The signal peak of ethylene (C;H4) was integrated from 7.6 ppm to 3.2 ppm, the signal peak of ethane (C;Hg) was

integrated from 3.0 ppm to —1.4 ppm.

within TR was #7, #6,. . ., #1, i.e. opposite to the direction of the gas
flow, to reduce saturation effects across the slices.

The temperature at the inner surface of the RF coil, measured
by a fiberoptic thermometer (cf. Section 2.2), increased during the
observation of the gas reaction despite the thermal insulation
between gas reactor and RF coil. Therefore, tuning and match-
ing of the RF coil were manually readjusted after the temperature
had changed by 3 K. Because of these interruptions (each lasting
1-2min), MRSI data sets were not measured at equidistant time
points.

MRSI data sets were processed using in-house developed IDL
(Interactive Data Language, version 7.0, Exilis Visual Information
Solutions, Bolder, USA) and Matlab (version 7.11.0, The MathWorks,
Inc., Natick, MA, USA) programs. The measured k-space data were
apodized with a Hamming function in the phase encoding direction
(kx, ky) and zero filled to a matrix size of 64 x 64 x 1Ki. Zero filling
to 8 Ki was also applied in the time domain prior to the 3D Fourier
transformation (FT) of the data sets of all slices. Magnitude spectra
were calculated for visual inspection of the data.

To approximate the volumetric fraction of ethylene and ethane,
the peak area of both signals (I) were determined by integra-
tion, normalized by the number of attached hydrogen atoms per
molecule and put into relation with each other:

Cc,Hg N (Ic,Hg/6)
CoHy +CoHs  (cyH,/4)+ Ucyhe/6)

(3)

A simple peak area integration in the magnitude spectra
was not sufficient to reliably separate the ethylene from the
ethane signals. Therefore, data was fitted in each voxel using
the matrix pencil method (MPM) [43], which performs data
fitting in the time domain by using a sum of exponentially
decaying signals each being characterized by four parameters
(amplitude, frequency, phase, decaying constant). While the max-
imum number of signals was set to two (ethylene, ethane),
the number of signals was automatically determined to account
for voxels with low signal-to-noise ratio (SNR) (e.g., outside
the reactor or prior to the formation of ethane). Thus, for
quantitative data analysis, data processing consisted of apodiza-
tion and FT in phase encoding directions, MPM in all voxels,
zero filling of the fitted and phase corrected data to 8Ki data
points, and FT in the time domain. As the phases of the fit-
ted signals were set to zero, the real part of the complex FT
spectrum corresponds to the absorption spectrum yielding bet-
ter signal separation than the magnitude spectrum (cf. Fig. 2).
Images of the ethylene or ethane gas were calculated by peak
area integration of these fitted absorption spectra. An alterna-
tive and more straightforward way for data quantification is,
of course, to directly evaluate the amplitudes determined by
the fitting routine. However, in individual voxels of some data

sets, fitted noise peaks caused problems for the automatic signal
assignment. Therefore, peak area integration in defined spectral
regions of the FT spectra of the fitted time domain data was pre-
ferred to ensure a robust data quantification for the long series of
3D data sets.

For accurate temperature measurements by determining the
chemical shift difference between the two glycol peaks, 8 Ki data
points for a spectral width of 50 kHz are not sufficient. Therefore,
the data for slices #1 and #7, were reconstructed by undersampling
the time domain signal by a factor of 8 resulting in 8 Ki spectra for
a spectral width of 6.25 kHz. Because of the very high SNR of the
glycol signals, the corresponding SNR loss was not an issue. The
straightforward alternative of zero filling to 64 Ki prior to FT would
prolong data processing and may cause memory problems of the
computer.

3. Results and discussion

The hydrogenation experiments were performed at different
flow rates and initial hydrogen concentrations (cf. Table 1). Fig. 3
shows a typical map of spectra measured during steady state oper-
ation mode in the middle of the catalyst bed. Only the inner 42 x 42
spectra of the reconstructed 64 x 64 matrix are shown to maintain
visibility of the single spectra. Additionally, the spectra are scaled
up by a factor of two to improve readability of spectra with broad
resonance lines resulting from low BO homogeneity.

The map clearly shows the circular cross section of the catalyst
bed. Despite intensity differences of up to a factor of ten, all voxels
within the cross section are analyzable. The intensity differences
arise from BO field inhomogeneities due to varying composition of
the catalyst bed and temperature gradients along the cross section
of the reactor. The chemical shift difference between the peaks of
ethylene and ethane are in accordance with the expected values
reported in literature [36]. During all experiments neither signifi-
cant shifts of the peak positions nor exaggerated peak broadening
was observed (cf. Figs. 2-4). Outside the catalyst bed just noise
is detected apart from a small circular area beneath the catalyst
bed. We assume that this signal arises from small amounts of con-
densed water steam which could be carried by the pressurized air
of the cooling circuit. Thus, the map of spectra and the achieved SNR
clearly show that in spite of reactant flow conditions slice selective
excitation and in-plane resolution by phase encoding is feasible by
using the optimized ultrashort TE MRSI pulse sequence.

To demonstrate that it is possible to detect the reaction progress
along the catalyst bed, Fig. 4 shows single spectra of the 5 inner
slices at the same voxel position along the longitudinal axis of the
reactor. It can be seen that the MPM fitting algorithm performs
well in regard to the application case: The NMR signals are fitted as
single peaks, however, only if the signal exceeds the noise level to a
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Fig.4. Single spectra of the 5 inner slices (a—e from left to right) at the same voxel position along the longitudinal axis of the reactor at reaction conditions with superimposed

MPM-fits.

certain extent (cf. Fig. 4a and b). For automatically determining the
number of peaks, the AIC criterion of the MPM algorithm performed
better than the MDL criterion [43], because the latter tended to miss
peaks at lower SNR.

The progress of the reaction can be tracked along the spectra: in
Fig. 4a no ethane peak could be spotted. The ethane signal appears
the first time in Fig. 4b, increases in Fig. 4c and stays stable in Fig. 4d
and e. The variation corresponds to the expected reaction progress
along the catalyst bed.

Beside the variation of the peak ratios significant differences
in signal intensity along the longitudinal axis of the reactor are
noticeable. To investigate the signal intensity pattern, the peak
areas of ethylene and ethane were added and plotted along the
horizontal plane of symmetry. The resulting signal intensity profile
of an experiment detected under steady state conditions (Exper-
iment A, cf. Table 1) is shown in Fig. 5. The signal intensity
profile of a single slice shows significant similarities to the pro-
file along all slices: both increase from the inside to the outside.
This can be explained by the corresponding temperature pro-
file along the axial and the radial direction of the catalyst bed:
Due the structure of the catalyst bed, the conversion is mainly
expected to take place within slices #3-#5 and thus leading to
higher temperature levels than in slices #2 and #6. Additionally,
the peripheral zones of the catalyst bed are cooled by the cooling
circuit. Both effects lead to u-shaped temperature profiles along the
radial and longitudinal axis of the catalyst bed. Considering that
the nuclear magnetization of a sample decreases with increasing
temperature due to the Boltzmann distribution (Mg ~ exp(— AE/kT)

with AE being the difference between the adjacent energy levels, k
the Boltzmann constant and T the absolute temperature), the signal
intensity should be lower in areas of elevated temperature.
Furthermore, the effect of isobaric conditions of the hydrogena-
tion process has to be considered. In areas of elevated temperatures,
the gas density and thus the spin density drops leading to an addi-
tional signal decrease. In the data set used Fig. 5, the averaged total

- 00000

@

Signal Intensity (a. U.)

.
#4
Slices

#2 #3 #5 #6

Fig. 5. Signal intensity of the sum of the peak area of ethylene and ethane added
and plotted along the horizontal plane of symmetry.
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signal intensities of slice #2 and slice #4 differ by about 24 %. The
temperature difference measured with a thermal couple at compar-
ison measurements outside the reactor yielded about 45K (110°C,
65°C; data not shown). If one calculates the expected intensity
loss caused by decreased nuclear magnetization and density loss
(assumption: ideal gas) alone, one would expect a signal difference
of about 22%. However, at least two further aspects have to be con-
sidered when explaining the observed regional differences in the
NMR signals. First, for the MRSI pulse sequence used, the protons
of the H, gas are NMR invisible due to the very short T2* relaxation
time (e.g., T2* ~ 200 s measured in separate experiments in a gas
mixture of Hy and CHy4 at room temperature, data not shown) and
the strong diffusion [44] during the slice selective RF pulse causing
dephasing of the transverse magnetization. However, as part of the
ethane molecule they become NMR visible and contribute to the
measured spectra. Second, the T1 and T2 relaxation times may also
be temperature dependent and could thus influence the observed
signal profiles across the reactor because of saturation effects and
signal losses during the echo time TE.

3.1. Temperature measurements

Knowledge about the temperature conditions within a catalyst
bed is crucial to evaluate process performances. To get information
aboutinlet and outlet temperature of the catalyst bed, the spectra of
ethylene glycol were measured in slices #1 and #7 by the multislice
MRSI pulse sequence. As outlined above, the time domain data was
fitted by the MPM algorithm and the absorption-like spectra were
used for determining the chemical shift difference.

At least 16 ethylene glycol spectra of each capsule could be
detected. The inner four spectra were used for temperature deter-
mination and the values were averaged (cf. Fig. 6a). The resulting
temperatures corresponded well to those measured with conven-
tional thermocouples during comparison measurements outside
the magnet. The temporally resolved temperature profiles of two
experiments are shown in Fig. 6b. The experiments A and B differ
in regard to the volume flow and hydrogen content of the reactant
gas (see. Table 1). As expected, the temperature profiles of both
experiments differ considerably. The inlet temperature of experi-
ment A is higher than the outlet temperature, with the difference
being lower than 10 K. Opposite conditions are found in experiment
B: Here the inlet temperature just increases slightly, whereas the
outlet temperature is more than 50K higher. The opposing tem-
perature profiles are to be expected, because on the one hand the
lower flow rate of experiment A promotes compensatory diffus-
ional processes, which lead to lower temperature gradients. On
the other hand the higher flow velocity of experiment B shifts the
reactive zone, and thus higher temperatures, towards the outlet of
the catalyst bed. These results demonstrate that the ethylene gly-
col capsules respond sensitively enough to temperature changes
to map the temperature profiles within a catalyst bed. Due to the
dimensions of the capsules, which are in the same order of mag-
nitude as the catalyst pellets, we further assume no significant
distortion impact on the flow pattern of the reactant gases.

As the gas composition was simultaneously measured in slices
#2-#6, this multislice MRSI approach yields information both on
the spatial distribution of gases and on the temperature in the
reactor. In the alternative case of temporally alternating measure-
ments of gas distribution and temperature, one could perform
the temperature measurements by volume selective spectroscopy
measurement as demonstrated by Gladden et al. [27] in well
defined voxels, allowing optimized shim values, i.e. better local
BO homogeneity. However, using the global shim values used for
multislice MRSI allowed precise and reproducible temperature
measurements (cf.,, Fig. 6). Therefore, the integration of gas dis-
tribution and temperature measurements within a multislice MRSI

Table 2
Results of the averaged volumetric concentration of ethane of experiment A and B
measured by MRSI and pMS.

Experiment A Experiment B

t=1:31:52h t=1:43:15h t=1:13:52h t=1:21:29h
Slice 5 16.1vol.% 16.4vol.% 9.8 vol.% 9.5vol.%
Slice 6 14.4vol.% 14.5vol.% 10.0vol.% 10.2vol.%
pMS 18.0vol.% 18.0vol.% 11.0vol.% 11.0vol.%

sequence was preferred to avoid any time delay between gas and
temperature measurements.

3.2. Gas composition measurements

To estimate the gas composition in every voxel, the hydrogen
conversion was calculated based on the ratio of the ethane peak
area normalized to the number of attached hydrogen molecules
divided by the sum of the normalized peak areas of ethane and
ethylene (see Eq. (3)). In each voxel, this ratio of normalized peak
areas corresponds to the ratio between the volumetric concen-
tration ethane and the sum of the volumetric concentrations of
ethylene and ethane.

In pMS measurements only insignificant amounts of hydrogen
were found at the outlet (Table 1). With this information the NMR
pattern could be quantified in terms of hydrogen conversion X, :

CGyHg

—= .~ Xy (4)
CcyH, + CCyHg 2

where « is a proportionality constant which can be calculated from
the ratio of ethane concentration to the sum of ethylene and ethane
concentration at a known hydrogen conversion. Here the factor o
was calculated based on the concentration conditions at the outlet
measured by the pMS. By taking the inlet conditions into account
(cf. Table 2), balance equations of each component, depending on
the hydrogen conversion, can be set up:

¥ = Uj,0 + ViXH, - VH,,0 (5)

where i refers to the chemical components present in the sys-
tem (N3, Hy, C;Hy,CoHg), O indicates the inlet conditions, ; is
the corresponding volume flow, and v; the stoichiometric factor
of component i. Thus the volumetric concentration of ethane can
be calculated in each voxel. The resulting concentration distribu-
tion of ethane for experiments A and B are shown in Figs. 7 and 8,
respectively.

For both experiments the spatial distribution of ethane is shown
for four different points in time:

(a) Only nitrogen and ethylene are flowing through the reactor. No
hydrogenation should take place

(b) Hydrogen is switched on. First measurement at transient reac-
tion conditions

(¢) Measurement at steady state conditions as assumed from the
temperature profile (Fig. 6)

(d) Comparison measurements at steady state conditions

The corresponding temperature measurements are shown in
Fig. 6 and the time points used for the data presented in Fig. 7 and
8 are marked with red circles. The results of experiment A show
clearly that a good signal separation is achieved by fitting and phase
correcting the signal: nearly no ethane is detected within the slices
at t=-5min. The next set of measurements (Fig. 7b) presents the
ethane concentration at transient reaction conditions: First small
amounts of ethane can be detected in slice #3 and are increasing
towards the outlet of the catalyst bed. A detailed quantification
of these amounts is not useful because the hydrogen conversion
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Fig. 6. Temperature profiles of the inlet and outlet of the catalyst bed of experiment A and experiment B. The temperatures were averaged over the four inner ethylene glycol
spectra of the central capsule. All time information corresponds to the middle of the measurement duration.

increased from 0 % to 80 % during the measurement time of about shape and position of single Pt-Al,03 pellets that are surrounded
3.5min. The ethane concentration profile of a steady state mea- by inert Al,O3 pellets which were inserted there.
surement can be seen in Fig. 7c. First locally limited zones with With increasing ratio of catalyst pellets from slice #2-#4 the

elevated ethane concentration can be detected in slice #2. Shape number of active zones of the catalyst bed increase, but in all cases
and position of these zones within the catalyst bed correspond to the active zones can still be clearly separated from each other. Thus

#2 #3 #4 #5 #H6 .

-
©o

-
-

~

Fig.7. Volumetric concentration maps of ethane of experiment A given in vol.%. The measurements (a—d from top to bottom) were performed at(a) t = —5 min, (b) t=2:30 min,
(c)t=1:31:52h,and (d) t=1:43:15h; all time information corresponds to the middle of the measurement duration.
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Fig. 8. Volumetric concentration maps of ethane of experiment B given in vol.%. The measurements (a-d from top to bottom) were performed at (a) t=—5 min, (b) t=2 :30 min
(c)t=1:13:52hand (d) t=1:21:29h; all time information corresponds to the middle of the measurement duration.

it can be assumed that the zones of elevated ethane concentration
are the active zones of the catalyst bed. Along the next two slices the
amount of ethane increases, whereas the concentration gradients
along the cross section decrease.

Slice #6 shows the most homogeneous concentration distribu-
tion. The concentration gradients are less pronounced compared to
the previous slices. This reflects that a homogenization by mixing
of the gases within the inert layer is achieved.

The similarity of pattern in Fig. 7c and d confirm the steady state
assumption. Active zones can be detected at similar locations of the
catalystinall the slices. This demonstrates the reproducibility of the
MRSI measurements.

Surprisingly, it appears that the averaged concentration of
ethane decreases from slice #5 to slice #6. If one compares the
averaged ethane concentration of slices #5 and #6, the apparent
decrease of ethane content is confirmed (cf. Table 2). Whereas the
averaged volumetric ethane concentration of slice #5 corresponds
to the pMS measurements better than 90%, the correspondence
drops in slice #6 to 80%. This can not be explained by an actual
decrease of ethane, because the reverse reaction does not occur
at the present reaction conditions and the pMS measures the gas
composition behind the outlet of the reactor. This effect was also
detected in different experiments with the same volume flow but
varying hydrogen contents (data not shown).

We hypothesize an NMR artifact, caused by saturation effects,
leads to the apparent ethane decrease. With increasing slice index

(in flow direction) the probability increases that spins that are to be
measured have already been measured at an earlier time pointin an
adjacent slice. In particular, this applies to the ethane signal, which
is only formed in the center of the reactor, and could thus suffer sat-
uration. Thus an increasing percentage of ethane could be partially
saturated, causing a signal decrease. However, we tried to minimize
saturation effects by using 30° excitation pulses and measuring
slices of 3mm thickness with 10 mm center-to-center distance.
In future experiments, we plan to examine the influence of sat-
uration effects by performing single slice MRSI or using multislice
MRSI with longer repetition time. Additionally, measurements of
the T1 relaxation times of the gases will help to estimate saturation
effects.

The results of experiment B (Fig. 8a—d) demonstrate the influ-
ence of flow rate on spatial and temporal differences in the
volumetric ethane concentration. In this experiment, the signal
level of ethane is lower because of the lower hydrogen content
in the reactant gas flow and the higher temperature in the reac-
tion zones (cf. Fig. 6) resulting from the higher flow velocity. Due
to the lower SNR compared to experiment A, the fitting procedure
failed to find an ethane peak in some voxels, particularly in slices
#2 and #3. Nevertheless the experiment could be analyzed allow-
ing the observation of the temporal and regional development of
the ethane concentration in the reactor. Compared to Experiment
A the reactive zones are shifted towards the outlet of the catalyst
bed. This corresponds to the temperature profiles of Fig. 6.
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Apart from the lower amount of ethane present in the system,
the active zones of the catalyst bed of experiment A and experiment
B follow comparable pattern: The active zones of the transient mea-
surement of experiment B are in the same position as in experiment
A(cf. Fig. 7b with Fig. 8b, slices #3 and #4). The stationary measure-
ments show also comparable active zones at the same position (cf.
slice #3 and #4 of Fig. 7c and d and slice #3 and #4 of Fig. 8cand d).
In accordance with experiment A both steady state measurements
are comparable with each other. Both measurements show simi-
lar reaction zones and the averaged volumetric ethane contents of
slices #5 and #6 deviate only slightly from each other (see Table 2),
which underlines the reproducibility of the measurements.

The major difference between experiment A and experiment B is
that in experiment B no decrease of ethane content between slices
#5 and #6 was detected. The averaged volumetric ethane content
of slice #6 corresponds to the pMS measurements better than 90%.
This might be a hint that saturation effects are the main reason for
the apparent ethane decrease. Due the fact that the reaction zone
is shifted towards the outlet of the catalyst bed, more ethane is
produced between slices #5 and #6 and thus the extend of ethane
saturation is lower than in experiment A, leading to lower deviation
from the ethane concentration measured with the pMS. Neverthe-
less this effect will be addressed in the next experimental campaign
as discussed above. Alternatively, measurements on non-reactive
ethane/ethylene flows may help to explain why differences in the
volumetric ethane concentrations between slices #5 and #6 were
observed in experiment A, but not in experiment B.

4. Conclusion

The presented results prove that optimized ultrashort echo
time multislice MRSI can successfully be applied to analyze het-
erogeneously catalyzed gas phase reaction systems at ambient
conditions, despite the disadvantageous NMR properties of gaseous
flows. Using the hydrogenation of ethylene as benchmark pro-
cess, simultaneous spatial mapping of the chemical composition
was demonstrated within five 3-mm-slices across a model reac-
tor, an in-plane resolution of about 1.5 mm, and a time resolution
of about 3.5 min. It was possible to clearly and reproducibly iden-
tify the active zones of a catalyst bed, to follow the progress of
the reaction along its longitudinal axis, and to separate and quan-
tify the observed gases by using the matrix pencil method, a fast
and robust time domain fitting algorithm. Further the multislice
MRSI method allows to simultaneously measure the temperature
within the catalyst bed. Expected temperature changes could be
observed immediately in front of and after the active reaction zone,
and characteristic differences between measurements with differ-
ent hydrogen content and different volume flow were detected.
Therefore, we are confident that ultrashort TE multislice MRSI will
be a powerful tool for optimizing heterogeneously catalyzed gas
phase processes in model reactors and for validating modeling
approaches.

There are certainly also a number of general disadvantages and
technical challenges of the presented methodology. Compared to
other methods used for NMR signal enhancing like remote detec-
tion or hyperpolarization, the presented approach suffers from
lower SNR, particularly for higher temperatures. Nevertheless, it
may be a method of choice for investigating gas phase reaction sys-
tems of larger macroscopic scale over longer time periods, because
the experimental effort and the costs are rather low compared
to approaches exploiting hyperpolarization, and the methods can
be applied for slow flow through long reactors, unlike techniques
using remote detection.

Additionally, the implemented method can be improved in sev-
eral ways. Thus, an SNR increase will be possible if excitation RF
pulses with optimized flip angle will be used based on knowledge

on T1 relaxation times and flow velocities. A further reduction of
the echo time can be achieved, either by methodological improve-
ments or improved hardware components, particularly faster BO
gradients. Furthermore, data processing and quantification can be
improved by adjusted and optimized procedures, e.g. by using prior
knowledge about the chemical shifts.

The development of new NMR compatible reactors should focus
on enabling measurements at higher temperature and higher pres-
sure. Additionally, improving the thermal insulation and or the
cooling of the outer reactor wall will be essential to avoid readjust-
ments of the RF coil, and to allow a smaller distance between reactor
and RF coil, thus yielding a higher filling factor and consequently a
higher SNR.

We hope that the described methodology and the presented
results will foster the application MRSI methods to investi-
gate other heterogeneously catalyzed gas phase reaction systems
and encourage multidisciplinary cooperation between researchers
focusing on chemical engineering and NMR imaging methods.
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