Investigating the coupling between transport and reaction
within a catalyst pellet using operando magnetic resonance
spectroscopic imaging

Scott V. Elgersma®?, Jordan A. Ward-Williams?, Qingyuan Zheng?, Andrew J.
Sederman?, Michael D. Mantle?, Constant M. Guédon®, Lynn F. Gladden?®”

a. Magnetic Resonance Research Centre, Department of Chemical Engineering & Biotechnology, University
of Cambridge, Philippa Fawcett Drive, Cambridge CB3 0AS, United Kingdom
b. Shell Global Solutions International B.V., Grasweg 31, Amsterdam 1031 HW, The Netherlands

*Corresponding author email: Ifgl@cam.ac.uk

! Present Address: Shell International Petroleum Company, Shell Centre, York Road, London SE1 7NA, United
Kingdom


mailto:lfg1@cam.ac.uk

Abstract

In heterogeneous catalysis, the distribution of reactant and product species within a catalyst
pellet are of central importance to the catalyst performance, and ultimately to the overall
conversion and selectivity achieved in commercial-scale reactors. Despite this importance,
fundamental understanding of pellet scale behaviour at operando conditions is limited due to
the coupled, multi-scale nature of the underlying transport processes, and the limited
techniques capable of mapping the intra-pellet composition at industrially relevant length
scales. Here, we demonstrate the coupling between transport and reaction at the pellet scale
by using operando magnetic resonance spectroscopic imaging (MRSI) to map the liquid
composition within Pd/y-Al>Os catalyst pellets at an isotropic in-plane spatial resolution of
86 um during a styrene hydrogenation reaction. The results reveal that asymmetric liquid
wetting at the pellet surface, typical of that occurring in trickle-bed reactors, causes
significant composition heterogeneity across a catalyst pellet. Due to the wetting
inhomogeneity, commonly used 1D reaction-diffusion models are inadequate for describing
the observed composition heterogeneity across the pellet. The results reported here provide
unique experimental insight into the coupling between transport and reaction at the pellet

scale within an operating reactor.
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1 Introduction

The distribution of reactant and product species within a catalyst pellet are of central
importance to the catalyst performance, and ultimately to the overall conversion and
selectivity achieved in commercial-scale reactors, since the local molecular concentration
experienced by catalytic active sites will dictate the local reaction kinetics. Further, the intra-
pellet composition will influence the diffusion and adsorption processes occurring within the
pellet. To effectively utilize the catalyst pore space, it is desired that the reactant can readily
access the entire intra-pellet space, and that products, once formed, rapidly diffuse out of the
pellet. The degree to which a pellet is effectively utilized depends on the pellet size, pellet
shape, the diffusivity of the reactant and products, and the mass transfer conditions at the
pellet surface. Clearly, these are pellet-scale properties. Thus, to understand and subsequently
optimize catalyst pellets, measurements of composition at the pellet-scale are required.
However, due to limitations of standard catalysis techniques and spectroscopies, most
operando measurements of composition to date have been made at length-scales far smaller
than the pellet scale (e.g. measurements using catalyst crystals or powders) [1,2].

Magnetic resonance technigues are uniquely capable of quantitatively measuring the
concentration of species within catalyst pellets at industrially-relevant length scales [3-5].
Such measurements of the intra-pellet concentration have given new insights into the
behaviour within industrially-relevant catalysts in operating packed- and trickle-bed reactors
[6-11]. However, to date, most magnetic resonance measurements of intra-pellet composition
have been made at a spatial resolution too low to permit the investigation of the concentration
profile within individual pellets. To truly understand and optimize the performance of
catalyst pellets, operando measurements of the concentration profile within industrially

relevant catalyst pellets are needed.

The objective of this work is to develop and apply a magnetic resonance method to achieve
the operando measurement of intra-pellet composition at the pellet scale. An introduction to
the current understanding of concentration profiles within catalyst pellets is given, and the
experimental measurement of intra-pellet concentration is subsequently reviewed. In this
work, styrene hydrogenation over a Pd/Al,Oz3 catalyst is studied using magnetic resonance
spectroscopic imaging (MRSI). In particular, the case of asymmetric wetting of the pellet
surface is considered, typical of the situation found in trickle-bed reactors. Slice-selective

spectroscopic MRI is implemented with compressed sensing to enable the acquisition of
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quantitative two-dimensional (2D) maps of the concentration profile within operating catalyst
pellets at an in-plane resolution of 86 um. The resulting images reveal that partial wetting of
the catalyst pellet significantly influences the intra-pellet composition profile. Due to the
highly asymmetric wetting and mass transport boundary conditions at the pellet surface,
commonly applied one-dimensional (1D) models are found to be inadequate to describe the
composition profile at the pellet-scale. The measurements reported in this work give the first
direct experimental insight into the effect of partial wetting on the concentration profile
within an operating catalyst pellet. Further, the operando method developed can be used to
investigate the complex coupling between the pellet-scale wetting, transport, and reaction
within an operating reactor with the goal of ultimately optimizing the wetting and mass

transport properties of industrially-relevant catalyst pellets.

1.1 Concentration profile within a catalyst pellet

The concentration profile within a catalyst pellet is described by the steady-state reaction-
diffusion equation, with appropriate boundary conditions at the pellet surface to describe the
external mass transport. For an isothermal, irreversible first-order reaction A — B, the steady-

state reaction-diffusion equation is written [12,13]:

DV2Cy = kC,, 1)

where V? is the Laplace operator, D is the intra-pellet diffusivity of A, C, is the concentration
of A, and k is the kinetic rate constant for the first order reaction. In dimensionless form,

Equation (1) is written:

VZCA:CDZCA, (2)

where c, is the dimensionless concentration of A normalized by the average concentration at
the pellet surface (cy = Ca/Cas) and @ is the Thiele modulus defined as ® = rp\/k/_D and 7,
is the pellet radius. Note that here it is assumed that the diffusivity, D, is independent of
composition. Analytical solutions to Equation (2) exist only for simple geometries and
boundary conditions. For the case of a spherical pellet with uniform surface concentration,
ca(r/m, = 1) = 1, and finite concentration at the pellet centre, c,(r/r, = 0) = constant, the

analytical solution to Equation (2) is written as [13]:
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For the case where only species A and B are in solution, if C, is written in units of mole

Ca r) = CA,s

fraction, then the concentration of product is simply given as Cg = 1 — C,. The concentration
of product and reactant computed from Equation (3) for two different values of the Thiele
modulus is shown in Figure 1. Clearly, the concentration of reactant, C,, decreases
monotonically towards the centre of the pellet and the concentration of product, Cg, increases
monotonically from the pellet surface to centre. This occurs because of the balance between
the rate of diffusion and reaction at steady state (Equation (1)), and the uniformity of the
boundary conditions imposed. Further, the ratio of the rate of reaction to diffusion, as
quantified by the Thiele modulus, ®, markedly influences the distribution of product and

reactant throughout the pellet.
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Figure 1. Concentration profile for a first order isothermal reaction in a spherical catalyst pellet with uniform
boundary conditions, computed using Equation (3) for two values of the Thiele modulus, & using an arbiraty
value of the surface concentration C, = 0.5. Solid lines represent the concentration of reactant, C,, whilst dashed
lines represent the concentration of product, C. The surface and centre of the pellet are identified as r /7, = 1 and
/1, = 0, respectively.

In trickle beds, non-uniform (partial) wetting is well-known to occur, whereby the catalyst
pellet is only partially covered with liquid [14,15]. As a result, the mass transport at the pellet
surface is highly non-uniform, and uniform boundary conditions cannot be used to describe
the mass transport. Therefore, to model the intra-pellet concentration profile, Equation (2)
must be numerically solved, considering the partial wetting of the catalyst pellet. Tang et al.
[16] recently studied the effect of partial wetting on the concentration profile within catalyst

pellets by numerically solving Equation (2) for physically realistic wetting geometries using



the finite element method (FEM). The results reported by Tang et al. clearly demonstrated
that asymmetric partial wetting of a catalyst pellet resulted in highly asymmetric intra-pellet
concentration profiles for mass transport limited conditions; both liquid-species limiting and

gas-species limiting conditions were considered.

To date, asymmetry in concentration within a pellet in a trickle bed has not been directly
observed experimentally, in large part due to the lack of techniques capable of measuring
concentration within heterogeneous catalysts. The variation of concentration within a pellet
will obviously influence the rate of reaction within the pellet. In reactor modelling, this is
accounted for through the effectiveness factor, which describes the average intra-pellet rate of
reaction relative to the reaction rate at the pellet surface [13]. Significant efforts have been
made to develop general correlations for the effectiveness factor of partially wetted catalysts
[16-19]. However, these models remain unvalidated by experimental measurements, and
their validity for describing the reaction-diffusion dynamics in real pellets remains unknown.
Hence, directly measuring the concentration profile within an operating pellet at high
resolution is of great interest to further understand the complex reaction-diffusion phenomena

occurring within working catalyst pellets.

1.2 Operando measurements of intra-pellet concentration in packed bed

reactors

Experimental spatially-resolved measurements of the composition within catalyst pellets with
which reaction-diffusion models can be validated and calibrated are extremely scarce in the
literature. Whilst operando methods used in the catalysis community [1,20] have become
greatly sophisticated for investigation at the nano- and micro-scale, measurements of
composition at industrially relevant length-scales such as the pellet-scale are in their infancy.
Indeed, considering the ubiquity of heterogeneous catalysts in industry, there are remarkably
few spatially-resolved measurements of intra-pellet composition reported in the literature.
Chmelik et al. [21] used infrared microimaging to acquire 2D images of the intra-pellet
composition during benzene hydrogenation to cyclohexane over a Pt catalyst dispersed in a
nanoporous glass pellet, achieving an in-plane spatial resolution of 3 um X 3 um; the imaging
slice thickness or penetration depth of the infrared in this study was not given. Despite the
impressive resolution achieved in this study [21], the spatially-resolved measurements were
only reported to be semi-quantitative, and the infrared method cannot be used on optically-

opaque supports that are frequently used in commercial processes. Sosna et al. [22] designed



a novel capillary sampling method whereby a channel is drilled within a catalyst pellet and a
microcapillary is inserted within the channel, thus enabling the composition to be sampled
from various points within the pellet during operation, achieving a spatial resolution of ~100
um. Great care was taken to ensure the design of the channel and micro-capillary did not
appreciable alter the flow in the reactor or the reaction-diffusion processes occurring within
the pellet. The results demonstrated the complex interaction between reaction and diffusion
within a pellet, with phenomena such as multiple steady states and kinetic oscillations being
observed. However, it would be difficult to obtain information in more than one dimension
using this capillary method, and further in a trickle bed the capillary would likely interfere

with the pellet wetting.

Due to its inherently quantitative nature, and its applicability to optically opaque systems,
magnetic resonance methods are perhaps uniquely capable of making operando
measurements of intra-pellet composition at commercially-relevant length scales. The use of
MRI for studying catalysts and catalytic processes has been reviewed by Gladden and co-
workers [3,23,24], and a recent review from Pesch et al. [5] discusses the use of operando
MRI for studying multiphase catalytic reactors. Several studies have used 1D magnetic
resonance spectroscopic imaging (MRSI, also known as chemical shift imaging (CSI) to
study the chemical conversion along the length of catalytic reactors for various reactions,
including an esterification reaction over an ion exchange resin [25,26], and the hydrogenation
of 1-octene [9,10], hydrogenation of 1,3-butadiene [27] and oligomerization of ethene [11]
over supported metal catalysts. Many of these studies were able to obtain the intra- and inter-
pellet composition by using relaxation or diffusion weighting during the acquisition of
spectra, or by conducting partial least squares regression on the acquired spectra. Whilst such
1D information can be used to understand the behaviour of reactors at operando conditions
and validate reactor models, the 1D measurements are insufficient for studying the reaction
and transport at the pellet-scale. MRSI has previously been used to acquire 2D and 3D
images of the chemical composition during an esterification reaction in a bed of ion exchange
resin pellets at a resolution ~ 600-700 um [23,26]. These studies observed remarkable
heterogeneity in the composition within the reactor, and gave insight into the true rate
limiting processes impacting reactor performance. However, the resolution still did not
permit the investigation of the reactor at the pellet-scale as the pellets used were
approximately the same size as the image resolution. Recently, Ulpts et al.[6,7,28] have used
MRSI to obtain 2D and 3D chemical composition maps for the hydrogenation of ethene to



ethane over random and structured catalyst packings at a resolution of ~1 — 1.5 mm. These
measurements of chemical composition were combined with NMR thermometry
measurements, and subsequently compared to a 1D reactor model, showing good agreement
between model and experiment. The formation and transport of species within an individual
pellet at a resolution ~200 um [29] and at the reactor-scale at a resolution ~1 mm [30] has
been studied using MRI without spectroscopic resolution for gas-phase hydrogenation
reactions, revealing heterogeneity in the accumulation of products within the intra-pellet
space. Kuppers et al. [31] used 1D-MRSI and 2D MRI (without spectroscopic resolution) at a
resolution of ~80 um to study the reaction-diffusion behaviour of an esterification reaction
within a single hydrogel pellet. The reaction-diffusion behaviour was found to be
significantly asymmetric across the pellet, which was attributed to structural heterogeneity
within the pellet. Recently, Burueva et al. [32] mapped the relative concentration of propane
and propene within a Pt/Al>Os pellet during the hydrogenation of propene at a resolution of ~
200 um; the observed conversion was observed to be 100%, showing little heterogeneity.
Finally, Zheng et al. [4] used 2D diffusion MRI to map the carbon number distribution during
Fischer-Tropsch reaction over a Ru/Ti»Oz catalyst at an in-plane spatial resolution of 200-300
um. Significant composition heterogeneity was observed at both the pellet- and bed-scale,
attributed to local mass transfer limitations in the bed due to the accumulation of heavy liquid

products during the Fischer-Tropsch reaction.

From the above reviewed studies, it is clear that magnetic resonance offers a unique
capability for measuring intra-pellet concentration at operando conditions in catalytic
reactors. However, most measurements have been made at low resolution and few studies
have utilized the capability of MRI to make measurements at the pellet-scale. Such
measurements promise to give insight into the coupling between transport and reaction within
a catalyst pellet at relevant operating and wetting conditions, and offer avenues towards
optimizing the design of catalyst and reactor technologies. In this work, the chemical
composition of intra-pellet liquid is mapped within a 3.2 mm diameter Pd/Al>O3 catalyst
using 2D MRSI at an in-plane isotropic spatial resolution of 86 um during the hydrogenation
of styrene to ethylbenzene. The results demonstrate that inhomogeneous wetting causes

significant composition heterogeneity at the pellet-scale.



2 Materials and methods

2.1 Materials and reaction

The reaction studied in this work was the hydrogenation of styrene to ethylbenzene over a
Pd/Al>Os catalyst. This reaction was selected for several reasons. First, styrene and
ethylbenzene can be easily distinguished through their respective NMR spectra [33]. As
shown in Section 3.1, the aliphatic hydrogens can easily be distinguished from the aromatic
and olefinic hydrogens in the NMR spectra, even within a catalyst pellet where the NMR
lineshape is significantly broadened, thus allowing the concentration of styrene and
ethylbenzene to be obtained from the spectra. Second, due to the fast kinetics, this reaction is
known to be limited by the rate of hydrogen mass transport, even at ambient conditions [34—
36]. Studying a mass transfer limited reaction, as opposed to a reaction limited by the
intrinsic reaction kinetics, allows for the coupling between diffusion, wetting and reaction to
be investigated; importantly, the mass-transfer limited regime is applicable in many
commercial trickle-bed processes [37]. Finally, this hydrogenation reaction serves as a model
system for more complex hydrotreating and selective hydrogenation reactions that are
encountered in the petrochemical and fine chemicals industries. However, in the context of
the present work it is not the nature of this specific reaction that is of interest, but rather the

ability to probe the reaction-diffusion behaviour at the pellet-scale within a working catalyst.

Styrene (>99% purity, Fisher Scientific) stabilized with 10 — 15 ppm 4-tert-butylcatechol (to
prevent spontaneous polymerization of styrene) and hydrogen gas (99.99% purity, BOC)
were used as feedstock for the reaction. Porous 1/8" (3.2 mm) diameter cylindrical alumina
pellets (Alfa Aesar) with pore volume of 0.57 — 0.67 mL g™* and specific surface area of 200
m? g as measured by the supplier were used as the catalyst support. The alumina pellets
were prepared using an incipient wetness impregnation with a Pd(NHz)4(OH)2 solution to
give a uniform metal loading of 0.5 wt%. After impregnation the catalysts were dried
overnight at 120 °C and calcined for 2 h at 300 °C. Visual inspection of the catalysts showed
an approximately uniform metal distribution throughout the pellet (Supplementary

Information). Before loading the reactor, the pellets were dried for 16 h at 200 °C.



2.2 Reactor and experimental setup

The reactor and experimental setup used to conduct operando magnetic resonance
measurements is shown in Figure 2. Viton™ fluoropolymer (Chemours) tubing of 5 mm
inner diameter (ID) was used to facilitate the reaction, thus giving a tube-to-pellet diameter
ratio of N = 1.6 for the reactor. Such a low aspect ratio makes this reactor a single-pellet-
string-reactor (SPSR) [38]. Whilst beds of larger N are used in commercial trickle bed
processes, SPSRs are useful for lab- and pilot-scale studies as the pellet-scale transport
phenomena are similar to that in large reactors. Glass ballotini (diameter 3 mm) were loaded
into the Viton™ tubing to a height of 30 mm, following which 4 Pd/Al,Oz pellets were
randomly loaded into the tube. Another 30 mm layer of glass ballotini was placed on top of
the catalyst pellets. The packing was supported by 5 mm of glass wool packed into the
bottom of the tube. Following packing, the reactor was passed through the bore of the NMR
spectrometer. Fluorinated ethylene propylene (FEP) tubing was used to facilitate the flow of
reagents to and from the reactor. Hydrogen gas was introduced to the reactor at ~1.1 bar
using a regulator valve and the flow rate was set manually using a variable area flow meter
equipped with a needle valve. Liquid styrene flow was supplied using a HPLC pump (Agilent
1100 series). Liquid and gas feed were mixed in a T-joint and fed co-currently to the top of
the reactor tubing. The amount of liquid in the bed was verified to be steady using a simple
pulse-acquire NMR method, thereby confirming that the liquid flow was steady and not
pulsing. Liquid product was allowed to accumulate in a 1 L glass Schott bottle fitted with a
rubber septum with a vent line to allow H> to vent to atmosphere. Liquid product samples
were periodically collected into an NMR tube for off-line analysis by opening the needle

valve (9) in Figure 2.
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Figure 2. Schematic of reactor and experimental setup used to conduct operando magnetic resonance
measurements. (a) Experimental setup: (1) Hz gas supply, (2) liquid styrene supply, (3) regulator valve, (4)
HPLC pump, (5) variable area flow meter with needle flow control valve, (6) three way T-joint, (7) 7.0 T
superconducting magnet, (8) 5 mm ID Viton tubing used as reactor, (9) ball valve, (10) 1 L glass bottle with
rubber septum for accumulation of liquid product and venting of Ha, (11) 250 mL glass Schott bottle for
periodic liquid product collection. (b) Detailed schematic of reactor: grey cylinders represent catalyst pellets
while blue spheres represent glass ballotini. The red dashed box represents the active region of the NMR probe.

2.3 Reactor operation

The reactor was packed and loaded into the NMR spectrometer as described in Section 2.2.
The palladium catalyst was reduced by flowing hydrogen through the bed at a flow rate of 12
NL ht at ~1.1 bar for 2.5 h. Following reduction of the catalyst, the bed was purged with
nitrogen gas for 1 h (note that the N2 line is not shown in Figure 2, but ran parallel to the H>
feed line). The bed was then flooded with pure styrene by connecting the reactor outlet to the
pump and pumping styrene upwards into the bed. The pellets were allowed to saturate with
styrene for 12 h, following which a reference image of the bed structure was taken (using 3D
RARE imaging, as described in Section 2.4). The bed was then drained under gravity for 30
min. Liquid styrene and gaseous nitrogen flow were then introduced to the bed at a flow rate
of 0.02 mL min and 1.0 NL h'%, respectively. The reaction was then started by turning off
the N2 gas flow and switching to H gas feed at a flow rate of 3.0 NL h* whilst maintaining
the styrene flow rate at 0.02 mL min, thus corresponding to a molar feed ratio of ~ 10:1

Hz:styrene. The reaction was monitored by acquiring spatially-unresolved NMR spectra, and
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also by collecting liquid product samples from the reactor. Once the reaction reached steady-
state, 2D MRSI and 3D RARE imaging experiments (described in Section 2.4) were
conducted to acquire images of the composition, and liquid distribution within the bed,
respectively. During reactor operation, the reactor conversion was monitored as a function of
time-on-stream (TOS) by periodically sampling the reactor effluent and (using valve (9) in
Figure 2) and analysed offline using a benchtop NMR spectrometer (as described in Section
2.4). All experiments were conducted at approximately ambient pressure, and an external
temperature of 20 °C.

All operando experiments reported in the main text were conducted using the above-
mentioned conditions, notably a liquid styrene flow rate of L = 0.02 mL min‘t. Additionally,
a preliminary investigation of the effect of liquid flow rate was conducted and is reported in
the Supplementary Information. These experiments were performed following completion of
experiments at the above-mentioned conditions. The liquid flow rate was then increased to

L = 0.2 mL min%, and the same magnetic resonance experiments as used at the L = 0.02 mL

mint condition were performed.

2.4 Magnetic resonance experiments

All NMR experiments were conducted using a vertical-bore 7.0 T superconducting magnet
controlled by a Bruker BioSpin Avance 111 HD spectrometer. A 10 mm radiofrequency (r.f.)
saddle coil tuned to a *H resonant frequency of 299.84 MHz was used for signal excitation
and acquisition with a typical 90° hard pulse duration of 9.5 us. A tri-axial gradient set
(Bruker Micro5) with a maximum gradient strength of 2.9 T m™* was used to achieve spatial
resolution in three orthogonal directions. All chemical shift values are given with reference to
the *H resonance of teramethylsilane (TMS).

Slice-selective MRSI [39] with spatial resolution in 2D was conducted using the pulse
sequence shown in Figure 3. A 256 us sinc-shaped soft 90° r.f. pulse (FWHM bandwidth of 8
kHz) was used for slice-selective signal excitation. The sinc shape was chosen to ensure
uniform excitation of signal across the NMR spectra. To achieve slice-selective excitation, a
gradient in the z-direction (axial) was applied during the excitation pulse, with the gradient
magnitude calibrated to give a slice thickness of 2 mm. In contrast to 180° slice-selective
pulses, 90° slice selection is not self-refocusing. To refocus the signal following slice
selection, the slice gradient was applied with an equal magnitude in the opposite direction for

a period of 300 ps (this duration was calibrated to give the maximum signal intensity upon

11



refocusing). A 19 us rectangular hard 180° r.f. pulse was used for spin-echo refocusing. The
resulting echo time was 650 pus. 2D spatial resolution was achieved using a phase-encode
gradient pulse of 300 us, stepped independently in the x and y directions. Images were
acquired on a 64 (x) x 64 (y) raster with a FOV of 5.5 mm (x) x 5.5 mm (y), giving an in-
plane isotropic resolution of 86 um. For each excitation, signal was acquired by sampling 3k
complex points using a spectral width of 10 kHz. Signal was averaged over 4 scans, and the
repetition time was 2 s, giving a total acquisition time of 9 h for a fully sampled image. To
accelerate image acquisition, compressed sensing was implemented at a sampling rate of
30%, thereby reducing the acquisition time to 3 h for compressed sensing acquisitions. The
fidelity of the compressed sensing results is presented and discussed in the Supplementary

Information.
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Figure 3. Pulse sequence used for 2D slice-selective MRSI.

To image the bed structure and the inter-pellet liquid distribution, 3D rapid acquisition with
relaxation enhancement (RARE) imaging [40] was used. Hard rectangular 90° excitation and
180° refocusing pulses of duration 9.5 us and 19 ps, respectively, were used. A RARE factor
(number of lines of k-space acquired per excitation) of 64 was used with an inter-echo
spacing of 1.4 ms. Images were acquired on a 64 (x) x 64 (y) x 256 (z) raster with a field-of-
view (FOV) of 5.5 mm (x) x 5.5 mm (y) x 22 mm (z), giving an isotropic resolution of 86
um. A repetition time of 7 s was used and 16 scans were collected for signal averaging,

giving a total acquisition time of 2 h for a 3D image of 'H spin density in the bed.

To measure the intra- and inter-pellet relaxation (both T; and T,) and diffusion properties for
both styrene and ethylbenzene, standard Carr-Purcell-Meiboom-Gill (CPMG) [41,42],
inversion recovery, and alternating pulsed gradient stimulated echo (APGSTE) [43] pulse
sequences, were used. For the T, measurements using CPMG, the echo time was 1 ms, the
number of echoes was varied from 4 to 4096 in 8 uneven steps, the repetition time was 15 s,

and 4 scans were conducted. For the T; measurements using inversion recovery, the variable
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T; encoding delay was varied from 10 ms to 10 s in 12 unevenly spaced steps. Four scans
were conducted with a repetition time of 15 s. For the diffusion measurements using
APGSTE, a diffusion time of 4 = 30 ms was used and gradient pulses of 0.5 ms duration
were used to encode for diffusion, with a gradient stabilization delay of 0.3 ms. The gradient
amplitude was varied from 0 to 1.5 T m™ in 12 equally spaced steps. A repetition time of 15 s
was used and 8 scans were collected.

To measure the reactor conversion, liquid product samples were collected periodically and
analysed offline using a benchtop NMR spectrometer (Oxford Instruments Pulsar) equipped
with a 1.4 T permanent magnet (*H resonant frequency of 60 MHz). Liquid product was
collected in a4 mm NMR tube and spectra were acquired using a simple pulse-acquire
sequence. A hard rectangular 90° pulse of duration 11.4 us was used for signal excitation, and
8k complex points in the free induction decay were acquired at a spectral width of 50 kHz.
The signal was averaged over 4 scans and a repetition time of 20 s was used to ensure

complete signal recovery of all species within the reaction mixture.

2.5 Data processing and compressed sensing

Compressed sensing (CS) was implemented to accelerate data acquisition for the 2D MRSI
experiments. Only 30% of k-space was sampled, using a sampling scheme that was generated
using the method of Karlsons et al. [44]. Note that the spectral domain was fully sampled.
The images were then reconstructed by solving an appropriately formulated inverse problem
[45] using the object oriented mathematics for inverse problems toolbox developed by
Benning [46] using total variation (TV) regularization with a regularization parameter of ¢ =
0.01 and 3 Bregman iterations, both of which were selected heuristically. Prior to
reconstruction, a sine apodization function was applied in both directions of k-space. Note
that since both the spectral and k-space dimensions are acquired in Fourier space, the full 3D
dataset was reconstructed and inverted jointly, in a manner similar to that employed by

de Kort et al. [47] for reconstructing maps of the displacement propagator. Following
reconstruction, the resulting spectra from each voxel were automatically 0™ and 1% order
phase corrected by minimizing the sum of squares of the real portion of the tails of the
spectra (where no signal is expected). After phase correction, the spectra from each voxel
were automatically baseline corrected by fitting a 2" degree polynomial to both tails of the

spectra. The resulting 2D MRSI dataset, consisting of two spatial dimensions and one
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spectral dimension, could then be used to obtain a composition map, as presented in Section
3.1

The data acquired from 3D RARE imaging experiments were processed by Fourier
transforming the data in all three dimensions. The resulting 3D image of *H spin density were
then segmented using Otsu’s method [48]. The RARE acquisition was sufficiently T,
weighted such that minimal signal was observed from intra-pellet fluid. Thus, the segmented
images gave a map of the inter-pellet liquid within the reactor. The 3D image acquired for the
fully-flooded bed was used to generate a map of the catalyst pellets within the bed, and the
3D images acquired at operando reaction conditions were used to map the inter-pellet liquid

within the bed during the reaction.

2.6 Reference sample used to evaluate quantitative nature of MRSI

measurements

To evaluate the quantitative nature of the CS MRSI implemented here, a reference sample of
known composition was used to test the MRSI sequence and evaluate the resulting measured
composition. A 4 mm NMR tube containing ethylbenzene was placed inside a 10 mm NMR
tube containing styrene. Both tubes also contained the catalyst pellets used during the
hydrogenation reaction. 2D MRSI experiments were conducted with full sampling of k-
space, and the resulting data were numerically undersampled to evaluate the effect of CS on
the measurement of composition, as described in the Supplementary Information. All
imaging parameters were identical to those given in Section 2.4, except the FOV which was

enlarged to 10 mm x 10 mm.

The results of the testing on this reference sample are presented in Section 3.1, and a further
analysis of the effect of CS is reported in the Supplementary Information. In summary, the
CS MRSI technique implemented in this work yields measurements of the intra-pellet
concentration with a root mean squared error (RMSE) of = 0.041 (mole fraction). Therefore,
the intra-pellet composition measurements reported in this work can be interpreted

quantitatively with a high degree of accuracy.
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3 Results and discussion

3.1 Quantitative imaging of composition at the pellet-scale: evaluation using a

reference sample of known composition

The MRSI results for the reference sample consisting of a tube of ethylbenzene within a tube
of styrene (described in Section 2.6) are shown in Figure 4. From the image of signal
intensity shown in Figure 4a, each tube is clearly seen, and the catalyst pellet within each
tube can be seen from the circular region of decreased signal intensity. The voxels denoted p1
and p2 contain inter-pellet styrene and ethylbenzene, respectively, and the spectra from these
voxels are shown in Figure 4c and d, respectively. These are consistent with the known NMR
spectra for both species [33]. For the styrene, the peak at ~7.7 ppm corresponds to aromatic
hydrogen, whilst the peaks at ~6.7, 5.7, and 5.2 ppm correspond to olefinic hydrogens. For
the ethylbenzene, the peak at ~7 ppm similarly corresponds to aromatic hydrogens, while the
peaks at ~1 ppm and ~3 ppm both correspond to aliphatic hydrogens. The voxels denoted p3
and p4 contain intra-pellet styrene and ethylbenzene, respectively, with the respective spectra
shown in Figure 4e and f. Significant line-broadening is observed for the intra-pellet spectra,
due to magnetic susceptibility differences within the pellet causing internal magnetic field
gradients. However, the distinctive shift of the aliphatic peaks of the NMR spectra (1 — 3
ppm) compared to the olefinic and aromatic peaks (5 — 7 ppm) allows for the quantification
of composition from the NMR spectra. Considering that there are 5 aliphatic hydrogens per
molecule of ethylbenzene, the magnitude of the aliphatic peaks in the NMR spectra, I, is

written as:

Ial = SAanB , (4)

where n is the number of molecules within the voxel and A is the response factor of the
spectrometer (an empirical proportionality term describing the signal contribution per spin).
Similarly, because there are 5 aromatic hydrogens in both ethylbenzene and styrene and
further 3 olefinic hydrogens in styrene, the magnitude of the combined aromatic and olefinic

peaks in the NMR spectra, I, o}, IS Written as:

Iar,ol = SlanB + 82.71(1 - xEB) . (5)

By combining Equations (4) and (5), the fraction of signal from the aliphatic peaks, £, is

written:
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Iy _ 5xgg

= = : 6
fal Ial + Iar,ol 8 + 2XEB ( )
By rearranging Equation (6), the mole fraction of ethylbenzene, xgg, IS written as:
_ 8fal

Thus, for a binary mixture of ethylbenzene and styrene, the composition can be quantified
directly from the fraction of the spectral intensity in the aliphatic region (located at 1 — 3
ppm). The composition map for the reference sample, calculated from the spectra in each
voxel from the 2D MRSI data using Equation (7), is shown in Figure 4b. A chemical shift of
~4.5 ppm was used as the cut-off to demarcate the aliphatic region from the olefinic and
aromatic region of the spectra. The composition map in Figure 4b clearly shows the true
composition of the reference sample, with a root mean square error (RMSE) of 4.1% (mol
fraction), and demonstrates that the 2D slice-selective MRSI sequence can be used to map the
composition of the reference sample both within and outside the catalyst pellet. For binary
mixtures of ethylbenzene and styrene, it is important to consider the potential for relaxation
and diffusion weighting of the spectra which could make the results non-quantitative. The
relaxation and diffusion properties of styrene and ethylbenzene, measured as described in
Section 2.4, are reported in the Supplementary Information. The intra-pellet relaxation and
diffusion are similar for both styrene and ethylbenzene, and thus quantitative measurement of
intra-pellet composition for binary mixtures will not be hindered by either relaxation or
diffusion weighting. However, for the bulk (inter-pellet) fluid, the relaxation and diffusion
properties differ between ethylbenzene and styrene. Given the short echo time used in the
pulse sequence, the differences in T, will not result in any relaxation weighting of the spectra.
However, the differences in T; may lead to significant relaxation weighting considering the
repetition time used is only 2 s. To achieve quantitative measurements of inter-pellet
composition, in future implementations of this work, the repetition time may be increased to
remove T; weighting (at the expense of longer data acquisition times), or a correction scheme
for T; weighting may be applied. Due to the differences in inter-pellet T;, and the short
repetition time used in this work, the inter-pellet composition measured during the reaction
can only be interpreted qualitatively. However, the intra-pellet measurement of composition

can be interpreted quantitatively.
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Figure 4. (a) Fully sampled 2D MRSI image of reference sample consisting of 4 mm tube of ethylbenzene
within a 10 mm tube of styrene, both tubes containing catalyst pellets. *H signal density image obtained by
summing entire spectra in each voxel; (b) composition map showing mole fraction of ethylbenzene, xgg,
obtained from the 2D MRSI dataset using Equation (7). Images shown have a FOV of 10 mm (x) x 10 mm (y)
and an in-plane spatial resolution of 156 pum; (c) *H NMR spectra from voxel denoted p1 containing inter-pellet
styrene; (d) *H NMR spectra from voxel denoted p2 containing inter-pellet ethylbenzene; (e) *H NMR spectra
from voxel denoted p3 containing intra-pellet styrene; (f) 'H NMR spectra from voxel denoted p4 containing
intra-pellet ethylbenzene. In (c-f), blue shading represents the aromatic and olefinic peaks, while the yellow
shading represents aliphatic peaks. Note that the four high signal intensity regions near the tube edge in (a) are
caused by inhomogeneity in the B, (r.f.) field produced near the edges of the saddle coil.

3.2 Operando imaging of composition at the pellet-scale

The bed structure, and inter-pellet fluid in the reactor during operation at steady state
operation is shown in Figure 5a. Note that successive repeat 3D images of the inter-pellet
liquid revealed the liquid structure to be stable, with very minimal change observed for
images taken 10 h apart (not shown). From Figure 53, it is seen that the catalyst pellets are

aligned nearly vertically in an ordered fashion. This is due to the low tube-to-pellet-diameter
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ratio, N = 1.6, for this single pellet string reactor. The inter-pellet liquid in the bed is seen to
partially wet the surface of the catalyst pellet, which is well known for both single pellet
string reactors [49] and commercial-scale trickle bed reactors [15]. The clear wetting
inhomogeneity at the pellet-scale presents an excellent opportunity in this study for
evaluating how wetting inhomogeneity at the pellet-scale impacts composition and reaction

heterogeneity at the pellet-scale.

Figure 5b-c shows a *H NMR intensity image for pellet 4, along with a concentration map of
ethylbenzene for the same location in the bed, acquired using slice-selective 2D MRSI. The
concentration map was calculated from the spectra measured within each voxel from the 2D
MRSI data using Equation (7). Clearly, from the intensity image in Figure 5b, the catalyst
pellet is partially covered in liquid, with the remainder of the pellet directly exposed to
hydrogen gas. This results in significant composition heterogeneity across the pellet, as seen
in Figure 5c. The side of the pellet that is directly exposed to hydrogen has substantially
higher ethylbenzene concentration, xgg ~ 0.2, compared to the side of the pellet that is
liquid-wet where xgg ~ 0.05. As previously mentioned, due to the differences in T; for inter-
pellet styrene and ethylbenzene, the inter-pellet composition values cannot be interpreted
quantitatively. However, the intra-pellet composition values can be interpreted quantitatively
given that the relaxation and diffusion properties for intra-pellet styrene and ethylbenzene are

nearly equal (Supplementary Information).
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Figure 5. Reactor structure, liquid distribution, and resulting composition map. (a) Reactor structure and inter-
pellet liquid as measured using 3D RARE MRI. Gray shading represents catalyst pellets and blue shading
represents liquid flowing over the catalyst. Image was rendered using Avizo-Amira (Thermo-Fisher Scientific).
The image of inter-pellet liquid was acquired at TOS = 30 h, whilst the location of the catalyst pellets was
determined from the image acquired from the fully flooded bed, as described in Section 2.5. (b) 2D slice of 3D
'H signal intensity image acquired using RARE MRI at TOS = 30 h. (c) Image of ethylbenzene concentration,
Xgg, at TOS = 38 h as calculated from 2D MRSI acquisition using Equation (7). Images shown have a FOV of
5.5 mm (x) x 5.5 mm (y) and an isotropic in-plane spatial resolution of 86 um. The slice thickness is 2 mm for
the composition map shown in (c), while the image shown in (b) has a resolution of 86 um in the direction into
the page.

A more detailed investigation into the composition map shown in Figure 5 is given in Figure
6. The same composition map as that shown in Figure 5c is shown in Figure 6a but the voxels
containing inter-pellet liquid have been shaded grey in order to clearly outline the pellet, and
the location of the liquid wetting at the pellet surface. Further, the spectra from selected
voxels across the pellet are shown in Figure 6b-d. Voxel p1, located in the centre of the
pellet, contains a low concentration of ethylbenzene, xgg = 0.07, reflected by the
corresponding spectra in Figure 6b which contains only very small aliphatic peaks. Moving
outward towards the pellet surface exposed to gas, the concentration of ethylbenzene
increases, as reflected by the spectra in voxels p2 and p3 which have increasingly larger

aliphatic peaks as seen in Figure 6c,d.

The composition maps and spectra in Figure 5 and Figure 6 give clear evidence of the
coupling between transport and reaction on the pellet-scale. In this gas-limited reaction, the
reaction readily proceeds on the side of the pellet directly exposed to hydrogen. However, on
the gas exposed side the ethylbenzene produced can only be removed by evaporation, which
due to the low vapor pressure is very limited. As a result, to leave the pellet the ethylbenzene

accumulates on the gas-exposed side and diffuses towards the liquid-wet side, causing a
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concentration gradient across the entire pellet. This interpretation corresponds well with the

simulations conducted by Tang et al. [16] for a gas-limited reaction.
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Figure 6. MRSI results for catalyst pellet 4. (a) image of ethylbenzene concentration, xgg, at TOS =38 h as
calculated from 2D MRSI acquisition using Equation (7). The image has a FOV of 5.5 mm (x) X 5.5 mm (y)
and an in-plane spatial resolution of 86 um. Gray shading represents voxels containing inter-pellet liquid. (b)
spectra from voxel p1; (c) spectra from voxel p2; (d) spectra from voxel p3. In the spectra shown in (b)-(d), blue
shading represents the aromatic and olefinic peaks, while the yellow shading represents aliphatic peaks.

To further investigate the pellet-scale composition, composition maps obtained for pellets 2
and 4 at different TOS are shown in Figure 7. Further, composition maps obtained for pellet 2
and 4 at an increased liquid flow rate (L = 0.2 mL min™) are reported in the Supplementary
Information. In all cases, irrespective of the pellet, TOS, or flow rate, the composition maps
show a clear coupling with the pellet wetting. As previously described, the ethylbenzene
concentration is highest at the gas-exposed side of the pellet, and decreases across the pellet
to the liquid-wet side. The close similarity of the images acquired for pellet 4 at TOS =38 h
and TOS = 47 h confirms that the concentration gradient across the pellet is not merely a
transient effect. The location of the pellet wetting for pellet 2 and 4 is significantly different,
and the resulting concentration map shifts accordingly, as shown in Figure 7. Overall, all of

the pellet composition maps acquired in this work agree with the previously discussed
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interpretation, whereby the reaction proceeds readily at the gas-exposed surface,
ethylbenzene accumulates and subsequently diffuses towards the inter-pellet liquid where it
can be transported out of the reactor. These images of composition at the pellet-scale differ
strongly with simple 1D reaction-diffusion models that predict the composition of product to
decrease monotonically from the pellet centre to the surface. The reality for a partially-wetted

pellet appears to be much more complex, as shown in Figure 7.
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Figure 7. Pellet-scale images of ethylbenzene concentration, xgg, during reactor operation. (a) pellet 2, acquired
at TOS = 35 h; (b) pellet 4, acquired at TOS = 38 h; (c) pellet 4, acquired at TOS = 47 h. Images shown have a
slice thickness of 2 mm, a FOV of 5.5 mm (x) X 5.5 mm (y) and an in-plane spatial resolution of 86 pm. Gray
shading represents voxels containing inter-pellet liquid.

3.3 Radial profile of ethylbenzene concentration

The centreline concentration profile, along with the average radial concentration profile, for
pellet 4 is shown in Figure 8. Figure 8b shows the concentration profile across the centreline
(from the gas-exposed side to the liquid-wet side), as taken from the region indicated by the
red line in Figure 8a. As shown in the composition profile, Figure 8b, the ethylbenzene
concentration decreases significantly from the gas-exposed side to the liquid-wet side of the
pellet. The centreline composition profile across the pellet (Figure 8b) closely resembles the
concentration profiles from the numerical simulations of Tang et al. [16] which show the

concentration of limiting reactant across partially wetted pellets.

The average radial profile, shown in Figure 8c, was calculated by azimuthally averaging the
composition data shown in Figure 8a, thus giving the average composition as a function of
distance from the pellet centre, r. The radial profile in Figure 8c shows the average
ethylbenzene concentration increasing moving outwards from the pellet centre, followed by a

small decrease near the pellet surface. The shaded region in Figure 8c, representing the
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standard deviation of composition at a given radial position, shows that the heterogeneity in
composition across the pellet increases towards the pellet surface, which is also visually
reflected in Figure 8a. This heterogeneity in composition, as seen in the composition maps,
cannot be adequately captured in 1D models which simply use a mean radial concentration
profile. Clearly, the azimuthal averaging process to obtain an average radial profile results in

a loss of information on the pellet-scale heterogeneity caused by asymmetric partial wetting.

The centreline and radial concentration profiles shown in Figure 8b-c, stand in stark contrast
to the predictions for simple 1D radial reaction-diffusion models (Figure 1). The extensively
utilized 1D reaction-diffusion model predicts the product concentration to decrease
monotonically from the pellet centre to surface, whereas some of the operando measured
profiles show an increase from the pellet centre. Further, it is interesting that the radial
profiles for both pellets are observed to change significantly with liquid flow rate
(Supplementary Information). This changing shape of the concentration profile implies that
the apparent catalyst effectiveness factor changes with liquid flow rate, a result which cannot
be predicted from simple 1D models. The operando composition images, and the radial
profiles, provide direct experimental evidence of the coupling between wetting, transport, and
reaction at the pellet-scale. Because of this coupling, and the wetting inhomogeneity observed
at the pellet-scale, simple 1D models are inadequate to accurately describe the reaction-
diffusion process occurring within the pellets. Simulations of reaction-diffusion within
partially wetted pellets conducted by Bazer-Bachi et al. [17] demonstrated that 1D models are
insufficient to model catalyst pellets when the mass and heat transport boundary conditions
were highly asymmetric. This is an important finding as it suggests that more refined pellet-
scale models are needed to describe reaction and transport at the pellet-scale in trickle beds
compared to the 1D models that are commonly used. Mills and Dudukovic [12] developed a
dual-series solution to compute the effectiveness factor of partially wetted pellets for
precisely defined wetting geometries. In the limit of high Thiele modulus, the effectiveness
factor of a partially wetted pellet was shown to be closely approximated by the effectiveness
factor of a fully wetted pellet multiplied by the wetting fraction. However, as discussed by
Mills and Dudukovic [12], use of this approximation outside the asymptotic range leads to
significant underestimation of the true effectiveness factor. The single pellet simulations
conducted by Tang et al. [16] showed that for a gas-limited reaction, the effectiveness factor
could be modified for trickle beds by the modification proposed by Ramachandran and Smith
[19] where the effectiveness factor for a partially-wetted pellet is taken as the weighted
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average of the Thiele modulus contributions for a dry pellet and a fully wetted pellet.
However, this modification assumes that wetted and dry areas of the pellet do not interact
significantly, and Tang et al. [16] only tested this modification method for relatively high
rates of external mass transfer. For general cases when the wetting is highly asymmetric and
significant external transport limitations exist, it is possible that these simplified modification
methods break down. In addition to mass transport heterogeneities, in the case of highly
exothermic reactions, partial wetting may lead to significant heterogeneities in heat transfer,
and the formation of local hot spots within a pellet.

The MRSI measurements reported here demonstrate that the pellet-scale composition profiles
cannot be predicted by 1D (radially symmetric) models when the pellet wetting, and thus
mass transport at the surface, is highly asymmetric. A similar conclusion was drawn by

Bazer-Bachi et al. [17] from the results of numerical simulations of composition at the single

pellet scale.
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Figure 8. Ethylbenzene concentration profile, xgg, across catalyst pellet 4 acquired at TOS = 38 h. (a)
Ethylbenzene concentration map (identical to that reported in Figure 6). Note that the absolute uncertainty of the
measurement of composition in each voxel is taken as +4.1% (mol frac.), as determined from the testing on the
reference sample. (b) Centreline concentration profile across the catalyst pellet, from the region denoted by the
solid red line in (a) going from the gas exposed side to the liquid-wet side. Concentration is plotted as a function
of normalized distance along the y-axis from the centre of the pellet, y/7,. (c) Radial profile of ethylbenzene
concentration as a function of distance from pellet centre. The plotted line and symbols represent the mean

concentration profile, while the shaded region represents one standard deviation of all concentration values at a
given radial position within the pellet.

4 Conclusions

In this work, magnetic resonance methods were implemented to achieve the operando
measurement of composition at the pellet-scale during the catalytic hydrogenation of styrene

over a Pd/Al>,O3 catalyst. A slice-selective 2D magnetic resonance spectroscopic imaging
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pulse sequence was used to make spatially resolved spectroscopic measurements. Due to the
distinct location of the aliphatic hydrogens in the NMR spectra, the concentration of
ethylbenzene is quantified from the NMR spectra in each voxel, thus obtaining an image of
liquid composition within the catalyst pellet. The 2D composition mapping was tested on a

reference sample of known composition, achieving a root mean square error of 4.1%.

The pellet-scale intra-pellet composition maps acquired at an in-plane resolution of 86 pm
during operando styrene hydrogenation reveal the direct coupling between wetting, mass
transport, and reaction. The concentration of ethylbenzene within the pellet was found to be
closely coupled to the wetting of the pellet surface, whereby the concentration decreased
across the pellet from the gas-exposed surface to the liquid-wet surface, regardless of the
pellet, liquid flow rate, or time-on-stream. The resulting radial profile of average
concentration was found to be inconsistent with the prediction of simple 1D reaction-
diffusion models, in agreement with simulations reported in literature. The results reported
here provide unique experimental insight into the complexity of reaction-diffusion
phenomena at the pellet-scale within an operating reactor. The magnetic resonance methods
implemented here, and the resulting insight provided, have the potential to aid in the further
optimization of the wetting and transport properties of commercial catalyst pellets. In
particular, this approach enables us to gain insight to heterogeneities in pellet-scale mass
transport and reaction for heterogeneously catalysed reactions; these data will aid the
development and validation of improved reaction-diffusion modelling techniques for the case
of partial catalyst wetting. A natural extension of this work is to explore how these
heterogeneities in mass transfer couple with heterogeneities in heat transfer within the
catalyst pellets and catalyst bed.
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