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a b  s  t  r a  c t

Measuring spatially  resolved concentration  distributions  in gas phase reaction  systems is  an  important

tool  to validate simulation  calculations,  improve  the understanding of  transport  processes within  the

catalyst,  and identify  potentials  for improvements  of monolithic catalyst supports.  The commonly  used

measurement  methods  for  such  opaque systems are  invasive  and, thus,  might  be  misleading  due  to

alteration  of the  system.

To overcome this  issue,  a 3D  magnetic  resonance spectroscopic imaging (MRSI)  method was devel-

oped  and  implemented  on a  7-Tesla  NMR  imaging system to map  the  concentration  distributions  within

opaque  monolithic  catalysts using the  ethylene  hydrogenation  process as case  study.  The reaction  was

catalyzed  by  a coated  sponge  packing  or  a honeycomb  monolith  within  an NMR compatible packed bed

reactor.  Temperatures  at the  inlet  and  the  outlet of the catalyst  beds  were simultaneously  determined by

analyzing  the  spectra  of inserted  ethylene  glycol filled glass capsules.  Steady state  concentration  profiles

and  temperature  levels  were  measured  at  different reaction  conditions. In  order to  prove  the  plausibility

of  the  measured spatial  distributions  of compound  concentrations,  the  experimental  results  were  com-

pared  to a 1D  model  of the  reactor based  on kinetic data  from  literature.  Furthermore,  a comparison

with  integral  concentration  measurements  using  a mass  spectrometer  demonstrated  deviations below

5%.  The results  show that 3D MRSI is a valuable and  reliable  tool to non-invasively  measure  spatially

resolved  process parameters  within  optically  and/or  mechanically inaccessible  structured  monolithic

catalyst  supports,  even if  only  standard thermal  polarization  is exploited and  the  use of  expensive  and

technically  challenging  signal enhancement  techniques  (hyperpolarization) is  avoided.  We expect that

3D  MRSI  can pave  the  way  toward deeper  insight into  the  interactions  between catalyst,  catalyst  support,

and  gas phase.

©  2016  Elsevier B.V.  All  rights  reserved.

1.  Introduction

Within the last decades structured catalyst supports became a

valuable option to  enhance the performance of heterogeneously

catalyzed reaction processes. Their beneficial properties, like low

pressure drop and adjustable heat transport characteristics, are

especially suitable to intensify gas phase reaction processes with

elevated exothermicity [1–3]. Despite the wide application of

monolithic catalysts in environmental catalysis, reliable and val-

idated reactor models are still necessary to identify enhancement

potentials when applying structured catalysts. However, the vali-

dation of modeling approaches of reaction systems with structured
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catalyst supports is still challenging due to the typically inaccessi-

ble and opaque nature of these supports, which makes non-invasive

measurements of temperature and chemical concentration of the

reactive flow within the catalyst bed rather difficult.

Although invasive methods such as suction probe techniques

and thermometers provide only low spatial resolution and might

lead to significant increase of the local residence time when applied

for monolithic catalysts [4], they are  still state-of-the-art and fre-

quently applied in current research [3,5,6]. Another approach to

map  chemical compositions and temperature non-invasively, par-

ticularly in optically opaque reaction systems, are nuclear magnetic

resonance (NMR) based methods, which are well established in

biomedical diagnostics and analytical chemistry, and have also

found various applications in material sciences and chemical engi-

neering [7]. Several studies on investigating 3-phase reaction

systems [8–10] with NMR techniques have been published, in

dx.doi.org/10.1016/j.cattod.2016.02.062
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2016.02.062&domain=pdf
mailto:julpts@uni-bremen.de
dx.doi.org/10.1016/j.cattod.2016.02.062


which signal detection was mainly based on the liquid phase. Also

gas phase processes have been investigated by  NMR  imaging and

spectroscopy. In addition to the general difficulties associated with

NMR  measurements, like low inherent sensitivity and the required

NMR compatibility of the reactor, the low spin density and rather

short transverse relaxation times of gases make such measure-

ments particularly challenging [11,12]. To overcome this issue,

signal enhancement can be  achieved by  para-hydrogen induced

hyperpolarization [13,14] or remote detection techniques [15,16],

which are of  particular interest for microreactors and systems with

rather short residence times of the gas molecules. However, macro-

scopic reaction systems can also be investigated by using thermal

polarization and standard volume radiofrequency (RF) coils, as

recently demonstrated by  applying ultrashort echo time multislice

magnetic resonance spectroscopic imaging (MRSI). In that study a

gas phase hydrogenation was characterized in  a packed bed flow

reactor containing Pt-Al2O3 pellets [17].

In this study, we  demonstrate that MRSI can be successfully

applied to look inside ceramic monolithic catalysts of macroscopic

scale (Ø  >  20 mm) under reaction conditions. We  show how NMR

measurements can help to understand the influence of the mono-

lithic catalyst support on heat and mass transport in a  gas phase

process. To this end, we optimized and applied a  3D MRSI method.

This approach allowed to  measure both the spatial distribution of

the reactants and products within two different monolithic catalyst

supports using the ethylene hydrogenation as a  model reaction, and

the temperature at the inlet and outlet of the reaction zone. Fur-

thermore, the  experimental results are  compared to predictions of

a 1D model of the reactor.

2.  Experimental

2.1. Materials

Three  stacked �-Al2O3-sponge segments (length: >20 mm front

and back segment and >10  mm central segment (cf. Fig. 1a), diam-

eter: 25 mm, 10  PPI; open porosity: 81%, Drache GmbH, Diez,

Germany) and a cordierite honeycomb monolith (length: 50 mm,

diameter: 25 mm, 600 cpsi, NGK, Poland) were used as monolithic

catalyst supports.

All  monoliths were coated with a  1 wt.% Pt/Al2O3 catalyst layer.

To this end, tetraammineplatinum(II) chloride hydrate (Sigma-

Aldrich, St. Louis, USA) was dissolved in water and mixed with an

aqueous suspension containing �-Al2O3 (BASF Catalyst Germany

GmbH, Nienburg). After stirring the suspension for about 5 min, the

monoliths were dipped into the suspension. Then, excessive mate-

rial was blown off with compressed air. All samples were dried first

at 120 çC  and then at 490 çC, each for 3 h. The amount of catalytic

material coated on the surface of the catalyst substrates was  deter-

mined by weighting the substrates before and after coating and

calcinating: The amount of coating material was  approximately

1.6 g  at the  sponge segments and about 1.5  g at the honeycomb

monolith. Prior to the experiments, the catalysts were activated

using a gas flow of 2.5 Nl/min (H2:N2 1:5) at a temperature of 400 çC

for about 2  h.

2.2. Ethylene hydrogenation

The  reaction of choice was the exothermal hydrogenation of

ethylene (�HR = −137 kJ/mol at 298 K) because it can be operated at

ambient conditions, it selectively yields a  single product (ethane),

and, due to the symmetry of ethylene and ethane, both gases give

rise to single resonance lines in 1H  NMR  spectra. In addition, the

chemical shift difference between the two signals is  larger than

4 ppm [18], which facilitates signal separation. Furthermore, the

availability  of a  broad set of kinetic data [19–21] for the Pt  cat-

alyzed ethylene hydrogenation allows the formulation of a  simple

rate expression which should meet a good level of accuracy for the

applied reaction conditions (cf. Section 2.4).

The hydrogenation reaction was carried out within an NMR

compatible glass reactor, which was cooled with pressurized air.

The measurement range was arranged as follows (cf. Fig. 2): For

constraining the reactive zone to  a  given area without any bypass

flows or dead zones, the catalytic monoliths were tightly fitted

into a  glass tube (inner diameter: 25 mm; wall thickness: 1.5  mm

length: 51 mm). The tube containing the catalytic monolith was in

turn positioned inside the NMR  compatible reactor. The resulting

gap between glass tube and inner reactor wall was sealed with glass

fiber sealing cord.

To  measure the temperature at reproducible positions at  the

inlet and the outlet, ethylene glycol filled glass capsules were

inserted into uncoated honeycomb segments (Ø 25 mm; length

25 mm; 600 cpsi), which were placed in front of and behind the cat-

alytic monolith. Details of this temperature measurement method

were described in a previous study [17]. To avoid flow disturbances

and crosstalk of the ethylene glycol signal into the reactive zones,

a gap of about 3 mm was left between the uncoated honeycomb

segments and the catalytic monolith.

The process conditions were kept comparable to earlier ethylene

hydrogenation studies [17]: The reactant gas supply of the reactor

with argon, hydrogen and ethylene was realized by mass flow con-

trollers (F-201CV, Bronkhorst, Ruurlo, Netherlands, FMA-2618-A,

Omega Engineering, Stamford, USA).

To explore the limits of the 3D MRSI method, the total initial

volume flow was set to either about 0.4 Nl/min or  1.0 Nl/min with

different hydrogen content in  the reactant gases. The correspond-

ing experiments are referred to  as “low flow rate experiment” and

“high flow rate experiment” in the following text (cf.  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  ana-

lyzed by a  process mass spectrometer (pMS, GAM 200, InProcess

Instruments, Bremen, Germany).

Prior to the studies, the process mass spectrometer was cal-

ibrated with test gases manufactured by Linde (Ar:H2, Ar:C2H4,

Ar:C2H6; each 90 vol.%: 10 vol.% with regard to standard conditions,

relative measurement uncertainty: 2%), leading to an accuracy

better than 0.5 vol.%. Significant cross sensitivities between the dif-

ferent gases were not noticed during the calibration measurements.

2.3. MRSI experiments

All  NMR  experiments were performed on  a 7 Tesla preclini-

cal NMR  imaging system (Biospec 70/20, Bruker Biospin GmbH,

Etlingen, Germany) equipped with a magnetic field gradient sys-

tem BGA12S2 with a  maximum gradient strength of 441 mT/m per

direction (x–z) and a  rise time of 130 �s. A circularly polarized RF

coil with an inner diameter of 72 mm was used for both RF trans-

mission and signal detection.

Based on  the multislice MRSI pulse sequence used in a  pre-

vious study [17], a  3D MRSI sequence was developed and then

applied with the following parameters: repetition time TR = 12.5

ms; flip angle: 15ç,  echo time TE =  0.35 ms; spectral width: 25 kHz;

256 complex data points per acquired time domain signal; matrix

size for a  non-isotropic spatial resolution (in x,y,z): 63  ×  63  × 49

with elliptically reduced phase encoding; field-of-view (FOV):

63 ×  63 × 105 mm3; The slice thickness in  z direction was  adjusted

to the FOV. The total measurement time was about 20.1 min and

every measurement was repeated three times. Note that the short

echo time, i.e., the delay between RF excitation and the start of

data acquisition was achieved by using an optimized asymmetric



Fig. 1. (a) The monolithic sponge packing used in  the first set of experiments consisted of three stacked 10 PPI sponge segments with 25 mm diameter and 20 mm (front

and back segment) resp. 10 mm (central segment) length; the green dotted lines indicate the positions of the segments. The arrow indicates the  position of the sponge cross

section shown in Fig. 4a. (b) Picture of the coated cordierite honeycomb monolith (600 cpsi) used in the second set of experiments. (For interpretation of the references to

colour  in this figure legend, the reader is referred to  the web version of this article).

Fig. 2. Scheme of the experimental setup. The flow direction was from left  to right.

Table 1

Experimental parameters (volume flow, concentration, temperature, velocity) of the low and high flow rate experiments on  the sponge packing and the honeycomb. The

volumetric concentrations were measured with a  pMS  behind the outlet of the reactor. The concentration measurements were performed at steady state conditions. For all

experiments  the measurement uncertainty of the pMS  was below 0.5%. The measurement uncertainty of the temperature measurements derived from the  ethylene glycol

spectra and was below 1.5 çC.

Low flow rate experiment

(sponge)

High  flow rate experiment

(sponge)

Low  flow rate experiment

(honeycomb)

High  flow rate experiment

(Honeycomb)

Inlet:

v̇Ar in Nl/min 0.175 0.40 0.175 0.40

v̇C2H4
in  Nl/min 0.22 0.50 0.25 0.50

v̇H2
in Nl/min 0.078 0.10 0.075 0.10

Linear  velocity in cm/s 1.6 3.4 1.7  3.4

T  in çC  (rotational axis) 56 32 50 32

Outlet:

cAr in vol.% 41.6 44.0 41.8 44.4

cC2H4
in vol.% 39.6 44.3 39.4 43.9

cC2H6
in vol.% 18.0 11.0 18.0 11.0

cH2
in  vol.% 0.8  0.7  0.8  0.7

T  in çC (on  rotational axis) 65 117 61 106

RF pulse and a short duration of phase encoding of 260 �s in  all

three directions.

For  visual inspection, data processing consisted of apodization

(multiplication) of the measured raw data using a  Hamming func-

tion followed by a  4D  Fast Fourier Transform (FFT) and magnitude

calculation.

For quantitative data evaluation, data fitting was  performed

using the matrix pencil method (MPM)  [22–24,17], which approx-

imates the measured time domain data by a sum of exponentially

decaying signals each being defined by four parameters (ampli-

tude, frequency, phase, decay constant). To this end, apodization

and a  3D FFT in  three spatial directions was  performed followed

by MPM  fitting of the time domain data in each voxel (cf. Fig. 3).

The performance of MPM  for quantifying noisy spectroscopic NMR

time domain data was  investigated in [23] and [24], emphasiz-

ing the excellent estimation accuracy and the low “breakdown”

signal-to-noise (SNR) threshold.
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Fig. 3.  Magnitude spectra measured in (a)  the sponge catalyst support and (b) the honeycomb catalyst support at  the same voxel position along the longitudinal axis of the

reactor. The measured magnitude spectra were normalized by their maximum value and plotted alternating with solid and dashed lines for better readability. Additionally

each  second and last spectrum of the diagrams are shown with the corresponding MPM-fitted magnitude spectrum superimposed (red). The  spectra were acquired at  reaction

conditions of  the configuration “low flow  rate” (cf. Table 1). (For  interpretation of the references to  colour in this figure legend, the reader is referred to  the web version of

this  article.)

To quantify the volumetric fraction of ethylene and ethane, the

maximum number of signals was set to two (ethylene, ethane).

This was appropriate because the hydrogen signal of H2 gas was

not detected due to its very short transverse relaxation time. In

each voxel, the number of signals was automatically determined

(0, 1 or  2) to account for voxels with low signal-to-noise ratio

(SNR) (e.g., outside the reactor) or regions where ethane was not

or not yet produced. The amplitudes determined by  the MPM algo-

rithm were assigned to their corresponding chemical component

on the basis of the  associated frequency. The ethane/ethylene ratio

was determined by normalizing the amplitudes to the number of

attached hydrogen atoms per molecule and dividing the normal-

ized amplitudes. This procedure was chosen to avoid unnecessary

integration errors, particularly for regions with broad resonance

lines where signal overlap may  lead to  an overestimation of the

smaller component.

The MRSI data sets of this study 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, USA) programs.

2.4. Modeling approach

For the simulations, we used a pseudo homogeneous 1D fixed

bed reactor model that combines the fluid and solid phase into a

single effective phase and thus neglects interfacial heat and mass

transfer. Neglecting interfacial mass transfer in this case is  justi-

fied because of the Mears’ criterion calculated in the Appendix (cf.

Appendix A Supplementary data). Furthermore, based on the tem-

perature measurements, we  assume isothermal conditions for the

low flow rate experiment. In addition, pressure is  considered to be

constant because of the short reactor and high gas permeabilities

of the catalyst supports. Consequently, an overall mass balance and

n species mass balances are necessary to describe the process with

sufficient physical accuracy. The balance equations read:

dG

dz
= 0 (1)

G
dËi

dz
= Mi

nr
∑

j=1

�ij�jr
(V)
j

,  i = 1. . .ns (2) .

Here G  = �evz describes the gas load, which remains constant

along the catalyst bed due to mass conservation. It is  a product of

the fluid density �, the porosity of the catalyst bed ·,  and the lon-

gitudinal fluid velocity vz . Ëi refers to  the mass fraction, Mi to  the

molar weight, �i to the effectiveness factor and �i to  the stoichio-

metric coefficient of the respective component i. nr is  the number of

species of the reaction system. The effectiveness factor �i,  account-

ing for mass transport limitations within the porous catalyst, is

considered to be unity because of the thin catalyst layers on the sup-

ports (approximately 6 �m and 20 �m for honeycomb and sponge,

respectively, cf. Appendix A  in Supplementary data) and the low

temperatures (see estimation of the Thiele modulus in Appendix

A in  Supplementary data). The balance equations were subject to

Dirichlet boundary conditions:

G (z  = 0) = G0 (3) and

Ëi (z =  0) = Ëi,0 (4)

where 0 indicates inlet conditions.

The density is  calculated from the ideal gas law:

� =
pM

RuT
. (5)

Here, Ru is  to the universal gas constant and T  the temperature

of the system.

An  explicit expression for the reaction rate rj
(V)was derived from

kinetic data from the literature. For the occurring reaction condi-

tions the expression for the reaction rate was assumed to  follow a

power rate law:

r(Site)
= Aexp

{

−
Ea

RuT

}

(

pm
H2

pn
C2H4

)

(6) ,

where r(Site) is  the reaction rate per active surface site of the catalyst,

A is the pre-exponential factor, and Ea is  the activation energy of

the catalyst. Since the partial pressure of ethylene, pC2H4,  was much

higher than 7 kPa during all experiments, the reaction order of  ethy-

lene m was set to  zero [25].  The expression for the rate equation (Eq.

(6)) was then fitted to kinetic data published in [19], wherein the

reaction order or the partial pressure of hydrogen, pH2,  was  found

to be 1.18 ± 0.2 and Ea = (37 ±  0.63) kJ/mol (cf. Fig. S1). These values

are in good agreement with other data from literature [25].

The pre-exponential factor A could not be derived from the

kinetic data due to uncertainties regarding the quantity of  active

sites of the catalysts investigated in [19]. Hence, A was  adapted

to  the MRSI results shown in  Section 3.2. Note that, due to the

adaption, the pre-exponential factor A might not only account for

collision frequency and the probability of matching orientation of

the reactant molecules, but could in  principle also account for mass

transport within the washcoat. Nevertheless, the estimation of the

effectiveness factor �i (cf.  Appendix A in Supplementary data) indi-

cates that this macro kinetic effect is negligible.

Assuming that  the amount of catalyst, mPt,  is  homogeneously

distributed on the catalyst surface, the active site related reaction

rate, Eq. (6), was used to calculate the volumetric reaction rate by



relating the amount of catalyst to the total volume of the catalyst

bed Vtot,  and the molar weight MPt:

r(V)
= rSite mPt

VtotMPt
(7)

The  system of differential equations of the 1D  model was solved

numerically using well established integration libraries [26,27].

The pre-exponential factor A was determined by minimizing the

difference between the experimental and model results in a  root-

mean-square sense [28].

3.  Results and discussion

Due  to the axial resolution of the 3D MRSI method 22 slices

could be utilized to track the reaction progress along the catalyst

bed. Eight typical normalized magnitude spectra measured on the

sponge and the honeycomb are shown in  Fig. 3a and b, respec-

tively. The spectra originate from the same voxel position along

the longitudinal axis of the reactor.

Both sets of spectra profiles follow the same pattern: In the first

spectra no or just insignificant amounts of ethane were detected.

The ethane signal then increases along the first half of the reactor

length and subsequently remains stable at the last three to four

spectra. To demonstrate the performance of the applied fit routine

(cf. Section 2.3), the second and last spectrum of the diagrams are

shown with superimposed MPM-fitted magnitude spectra.

In  accordance with former NMR  studies [17] on ethylene hydro-

genation a significant shift of the positions of the spectral peaks

could not be observed with one exception: The ethylene peak of

the first spectra of Fig. 3a  and b is  shifted by  up to  2 ppm compared

to the other ethylene peaks. This might result from B0 changes, due

to the transition between pure gas and catalytic monolith, which

should be located there. The elevated SNR of the first spectra com-

pared to the following spectra supports this explanation because

of the higher signal from voxels with free gas compared to voxels

containing also solid material.

The  comparably small peak width of all observed spectra

implies that the NMR  signal primarily arises from the ethylene and

ethane molecules of the gas phase and not  from surface-adsorbed

molecules. For comparison, spectra of an adsorbed and free gas

ethylene/ethane mixture are  shown in  Fig. S2. This assumption is

supported by  the comparably high SNR variation in  Fig. 3a  (sponge)

compared to Fig. 3b (honeycomb): The material of the honeycomb

is significantly more permeable to  gas than the struts of the Al2O3

sponge (cf. Fig.  4a and Fig. 5a). Thus in spectra, which are measured

in voxels with a high amount of solid material, like  sponge struts,

the amount of  detectable gas is lower, hence the SNR decreases,

and this may  reduce both precision and accuracy of spectrum anal-

ysis (cf. second and fourth spectrum in Fig. 3a). However, this

effect of SNR decrease allows for deducing macroscopic morpho-

logical properties of gas impermeable catalyst support structures

(cf. Fig.  4b).

3.1.  Spatially resolved gas concentration analysis

The results of the spatially resolved gas MRSI analysis demon-

strate that the NMR  patterns match the porous structures of the

investigated catalytic supports. Due to  its macroscopic dimensions,

the analysis of the sponge packing enables to detect the position

and shape of  the macro pores and structure depending reaction

zones, whereas the analysis of the honeycomb (600 cpsi) allows

for conclusions concerning the overall reaction process and the

distribution of  the catalytic coating.

Fig. 4a shows a photographic image of the cross section of the

sponge packing. The cross section was located at the interface

between the  second and the third sponge segment of the catalytic

sponge  packing (z = 32 mm, cf. Fig. 1a). A corresponding NMR  image

is shown in Fig. 4b. This image of ethylene was measured by  MRSI

during a  constant flow of a  non-reactive mixture of  ethylene and

argon. For the sake of comparability with Fig. 4a, the gray scale of

Image 4b was inverted, i.e., black represents high signal intensity

and white low signal intensity. The comparison of Fig. 4a and b

demonstrates that the macroscopic morphology of the sponge can

be determined by MRSI at flow conditions. Significant pore struc-

tures, which are  shown in  Fig. 4a, are also clearly recognizable in

Fig. 4b. The glass casing of the catalyst bed is also delineated in

Fig. 4b, marked by a  bright ring, which surrounds the sponge cross

section. The gray ring shaped area which surrounds the glass cas-

ing, results from ethylene molecules that permeate the gap filled

by the sealing cord between glass casing and reactor wall (cf.  Fig. 2).

Fig. 4c and d  show the resulting ethane concentration maps

of the low and high flow rate experiments, respectively (cf.

Table 1). The concentration maps were calculated based on the

ethane/ethylene ratio determined from the 3D  MRSI data as well as

the inlet and outlet conditions. The procedure is  described in detail

in [17]. The concentration pattern corresponds to  the position of

the pores. Thus the reaction product is mainly detectable in  areas

with a high share of pore volume.

In comparison with Fig. 4c the concentration distribution within

the pores of Fig. 4d appears to  be  more heterogeneous. This can be

explained by the different reaction conditions (cf. Table 1): Due to

the increase of flow velocity in the high flow rate experiment, the

residence time is decreased and the process shown in Fig. 4d has

not reached its maximum conversion at that position (cf.  Fig. 6).

Hence the gas molecules inside the sponge packing are not evenly

distributed within all pores of the sponge, and areas with higher

and lower reactivity are still distinguishable.

In order to compare the results of the sponge packing with the

honeycomb experiments, Fig. 5a shows a  photographic image of the

honeycomb cross section and Fig. 5b shows an NMR image of ethy-

lene measured during a constant flow of a non-reactive mixture

of ethylene and argon. Fig. 5c and d depict ethane concentration

maps of the low (Fig. 5c) and high flow rate experiments (Fig. 5d)

at z = 32 mm, respectively. Note that in Fig. 5b, the grayscale was

not inverted, i.e., white corresponds to high signal intensity.

In  contrast to  Fig. 4a and b, the macroscopic structures of  the

honeycomb are  not visible in the MR  image shown in Fig. 5b. The

signal intensity is  homogenously distributed within the cross sec-

tion of the honeycomb. The reasons for this are twofold: On  the

one hand the cordierite honeycomb is  permeable to gas, thus gas

molecules inside the ceramic structures of the honeycomb produce

an NMR  signal and the signal intensity is not significantly lowered

there. On the other hand the cells of the honeycomb are too small

to be sufficiently resolved using the present MRSI voxel size. Future

MRSI studies with improved spatial resolution will require stronger

phase encoding gradients, which may  cause technical problems

due to the limited maximum gradient strength and signal distor-

tions by gradient induced eddy currents. The alternative use of  a

longer phase encoding period will increase the delay between RF

excitation and signal detection, thus leading to SNR losses, partic-

ularly for rapidly decaying time  domain signals which correspond

to broad resonance lines. Higher spatial resolution, i.e., a reduced

voxel size, will also decrease the inherent SNR, which could be com-

pensated for by a  longer total measurement time (averaging) and/or

improved RF coil design.

In  accordance with the NMR  image of Fig. 5b, the concentra-

tion distribution of ethane shown in  Fig. 5c and d appears nearly

homogenous. Just a  slight decrease of ethane concentration toward

the centre of the honeycomb is  noticeable. This might be an indica-

tion of a lower amount of catalytic material in the central areas

compared to  the outer areas of the coated monolith, due to an

inhomogeneous wetting of the monolith during the coating pro-



Fig. 4.  (a) Photographic image of the cross section of the catalytic sponge packing at z = 32  mm. (b) NMR  ethylene image (with inverted greyscale) of the cross section of the

catalytic sponge packing at z =  32  mm measured by  3D MRSI during a constant flow of a  non-reactive mixture of ethylene and argon. (c) Volumetric ethane concentration

map of the  low flow rate experiment of the catalytic sponge packing at z = 32 mm (d) Volumetric ethane concentration map of the high flow rate experiment of the catalytic

sponge packing at z  =  32  mm. All concentrations are given in vol%.(For interpretation of the references to colour in this figure legend, the reader is  referred to the web version

of  this article.)

Fig. 5.  (a) Photographic image of the cross section of the  honeycomb catalyst (b) NMR ethylene image of the cross section of the honeycomb catalyst at  z = 32 mm measured by

3D  MRSI during a constant flow of a non-reactive mixture of ethylene and argon. (c) Volumetric ethane concentration map  of the low flow  rate experiment of the honeycomb

catalyst at z  =  32 mm (d) Volumetric ethane concentration map of the high flow rate experiment of the  honeycomb catalyst at z = 32 mm. All  concentrations are given in

vol%.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6.  (a) Ethane/ethylene ratio profiles of the experiments of this study. The standard deviation was calculated on  the basis of the three individual measurements. The

outliers of the honeycomb profiles are caused by measurement artifacts as described in the text. (b) Ethane/ethylene ratio profile of the low flow rate experiment catalyzed

by the  honeycomb with superimposed model of the reaction process.

cedure. Furthermore, no ethane appears to  occur in a small area

in the centre of  the cross section. The apparent lack of ethane is

caused by a failure of the fit algorithm, which occurs because arti-

fact signals superimpose the ethylene and ethane signals in the

respective areas. The artifact signals may  originate from local con-

tamination of the honeycomb. This would also explain the more

frequent occurrence of that error in Fig. 5d, since the influence of

local contamination is  exacerbated by  a  low SNR.

3.2. MRSI  measurement and simulation of the reaction progress

To  further investigate the reaction progress along the longi-

tudinal axis  of the reactor, the SNR of the MRSI data sets was

increased by repeating every experiment three times and adding

the time domain signals before performing the fitting procedure. To

determine the mean ethane/ethylene ratio of each slice, the ampli-

tudes of each signal were added, and then the ethane/ethylene

ratio was calculated from the combined amplitude values. These

ethane/ethylene ratios were plotted over the longitudinal position

of  the slices (cf. Fig. 6a). The applied averaging process has the

advantage, that porosity depending SNR variations do not influence

the outcome.

The profiles of the low flow rate experiment of both investi-

gated catalyst beds show a  characteristic degressive pattern: After

a strong ethane concentration gradient at the beginning of the cat-

alyst beds, the profile flattens and levels at maximum conversion at

two-thirds of the length of the catalyst bed and then remains sta-

ble until the end of the catalyst bed. The outlier at z j 6  mm of the

honeycomb profile are caused by disturbing artifact signals. The

localized artifact signals in this slice, which was  also observed in

the high flow rate experiment of the honeycomb, appeared at the

same frequency range as the ethane signal. Both signals added up

and caused a  reproducible overestimation of the ethane/ethylene

ratio in that slice. Note that the ethane/ethylene ratio measured by

MRSI at the end of the catalyst bed is in a very good agreement with

the ethane/ethylene ratio calculated from the pMS  measurements.

Furthermore, the profiles measured at low flow rate are nearly

identical for both catalyst supports, which indicates that the differ-



ent support structures do  not influence the process performance

significantly. Further it leads to the assumption that differing con-

vectional transport has an insignificant impact on the reaction

progress of both reaction systems. The temperature differences

between the inlet and the outlet of both catalyst beds support this

assumption: The difference for both experiments is about 10 K. The

observed temperature difference between the inlet and outlet tem-

perature of the sponge packing and the honeycomb can also be due

to a slightly different position of the ethylene glycol capsules: The

gap between the uncoated cordierite segments and the coated hon-

eycomb was ca. 1–2 mm wider compared to the experimental set

up of the  sponge packing.

The  profiles of the high flow rate experiments differ more con-

siderably: Compared to the profile of the honeycomb support the

profile of the sponge packing is less degressive, the maximum con-

version is reached only at the end of the catalyst bed. In addition, the

outlet temperatures of both experiments differ by more than 10 K,

while  the inlet temperatures are nearly identical. It is worth to point

out that in both experiments the final conversions determined by

either MRSI or pMS  measurements are  in  good agreement.

The differences compared to the low flow rate experiments

are unlikely the result of different mass transport limitations

(cf. Appendix A in Supplementary data), but rather indicate an

enhanced influence of convection. Under consideration of the iso-

baric reaction conditions and the same flow rate in both setups, the

gas load within both catalyst beds should be constant. The sponge

packing, however, has a  higher amount of struts per volume ele-

ment compared to  the honeycomb. This would lead to an increased

gas flow velocity within the sponge packing and thus to a  decrease

of contact time of the gas molecules, which could cause the flatting

of the ethane/ethylene ratio profile. In  addition, the increased flow

velocity would move the reaction zone somewhat further to the

outlet.

To prove the physical plausibility of the 3D  MRSI measurements,

the model introduced in  Section 2.4 was used to  simulate the ethy-

lene hydrogenation process and the results were compared with

the findings of the MRSI measurements. A  well known problem of

validating simulation approaches with experimental data is accu-

rate knowledge of the boundary conditions of a process. Therefore,

the low flow rate experiment of the honeycomb was chosen to

validate the simulation approach. The temperature boundary con-

ditions were  assumed to be nearly isothermal, because on the one

hand the temperature difference between the inlet and the outlet is

comparably low. On the other hand the concentration gradients are

quite low across the cross section of the catalyst bed (cf.  Fig. 5c, Fig.

S3). However, the occurring concentration gradients appear to be

more  localized. In addition, the NMR  signal intensity profiles indi-

cate that there are only minor temperature differences between the

central and boundary areas of the catalyst bed (cf. Fig. S4). Accord-

ingly, the applied 1D simulation approach should be adequate to

provide reasonable results.

The model used for simulation (cf. Eq.  (1)–(7)) was not com-

pletely deterministic and required a  fitting of the pre-exponential

factor (set to 1.7794 10−22 mol s−1 Pa−1.18) to  the experimental data

(cf. Fig. 6b). The simulation shows the same degressive pattern as

the MRSI derived ethane/ethylene ratio profiles. Model and exper-

imental data diverge slightly at the end of the catalyst bed. The

deviation between model and experimental data is below 10% and

can at least partly be explained by slightly different flow condi-

tions between model and experiment: While in the model all of

the reactant gases flow through the catalyst bed and nearly all of

the hydrogen is  converted, in  the experiment a  small share of the

reactant gases permeates through the sealing cord (cf. Fig. 2) and

is not available for the catalytic reaction. This small amount of not

converted hydrogen was also detected by the pMS  at the outlet

(cf. Table 1) and lead to somewhat reduced ethane/ethylene ratios

compared  to the model. In addition, in the simulation the reac-

tion process is  assumed to  be completely isothermal, while in the

experiments some temperature gradients along the catalyst bed are

very likely to occur. These diverging boundary conditions are also

a  source for discrepancies between model and experimental data.

However, despite the deviations between model and exper-

imental data at the end of the catalyst bed and the necessary

adjustment of the kinetic model, the simulation underlines phys-

ical plausibility of the experimental data and forms the basis for

future investigations.

In  the high flow rate experiments, no reliable assumptions

for boundary conditions could be made due to considerable

temperature differences between the inlet and the outlet. The

determination of the boundary conditions of these experi-

ments is still an open question and will be subject of  future

studies.

Regarding the applicability of 3D MRSI for characterizing cat-

alyzed gas reactions in larger model reactors, a number of  aspects

have to be considered. The gas molecules should give rise to NMR

signals at different chemical shifts to enable signal separation.

To achieve a sufficient SNR, a  compromise is required between

the spatial resolution, the measurement time and the gas con-

centration. Furthermore, optimized NMR  pulse sequences (with

ultrashort echo time) and NMR  hardware components (e.g., high

static magnetic field, strong and rapidly switchable magnetic field

gradients, efficient RF coils) are required. In general, data qual-

ity will also depend on the properties of the applied catalyst

supports and the detected gases (relaxation times), and will be

reduced with increasing temperature and flow velocity. The con-

struction of NMR  compatible reactors is  another critical issue,

particularly for studies at high temperature and high pressure.

Because of the large number of factors, a  detailed analysis of the

applicability of MRSI is required for each specific model reac-

tor.

4. Conclusion

An optimized 3D MRSI method has been successfully developed

to non-invasively map the concentration distribution inside differ-

ent monolithic catalysts using the ethylene hydrogenation under

different reaction conditions as an example. The measured concen-

trations at the outlet are in remarkably good agreement (deviations

below 5%) with simultaneously performed mass-spectrometric

measurements. Furthermore, the qualitative development of  the

reaction progress was confirmed by comparing the measured con-

centration profiles with a  1D model of the reactor, which was

based on kinetic data from the literature. Minor deviations between

model and experimental data could be  explained by differing flow

and boundary conditions between experiment and simulation.

However,  more efforts should be made to  employ the 3D MRSI

method not only for measuring spatially resolved gas concentra-

tions but also to determine temperature fields to describe the

reaction process more comprehensively [14], and thus validate

simulation approaches for various reaction conditions.

In  conclusion, the presented study demonstrates the feasibility

of measuring spatially resolved concentration maps of  a gas phase

process non-invasively within different opaque and mechanically

inaccessible monolithic catalyst supports. Thus, information from

3D MRSI can provide the basis to develop and validate more com-

plex modeling approaches, which will allow a deeper insight into

the  interactions between catalyst, catalyst support and gas phase,

thus helping to identify potentials for enhancements of  process

performances.
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