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ABSTRACT

Magnetic Resonance Imaging (MRI) has been recently applied to decipher the complex flow of dry granular
materials, which play an important role in a variety of chemical engineering applications. In these materials,
the short apparent transverse relaxation time of the constituent grains, T, leads to rapid signal decay and
hence limits the choice of suitable pulse sequences. While oil-rich agricultural seeds and oil-filled core-shell
particles containing substantial amounts of liquids have been used to generate MRI signals, these particles
still suffer from T values much shorter than the transverse relaxation time 7, of the contained liquid. This
work investigates the effect of magnetic susceptibility on T, through numerical simulations and experiments.
Numerical results demonstrate that matching the magnetic susceptibility of the particles, y,, to that of the
air between them, y,,, reduces dipolar magnetic field inhomogeneities, theoretically enabling 7; = T,. We
also found that common imperfections in core—shell particles — such as asphericity, non-concentricity of core
and shell, and uneven shell thickness — cause significant field inhomogeneities. These inhomogeneities can
only be mitigated if both the core and shell materials have a magnetic susceptibility matching that of air.
Based on these findings, we designed and manufactured core-shell particles with doped cyclooctane (CO)
encapsulated in doped gelatin with y.,,, ® Xy ~ Xu- These particles exhibited a 7 of 3.85ms, more than
twice that of previously available materials, thus improving the signal-to-noise ratio and enhancing pulse
sequence flexibility. This advancement opens up new possibilities for applications in engineering and the study
of granular physics.

1. Introduction

making it challenging to obtain MRI signals using conventional MRI
hardware. To address this, techniques such as ultrashort echo-time

MRI has long been an essential tool in clinical and biomedical appli-
cations. More recently, the utilization of MRI in chemical engineering
applications has increased, since it allows for a non-intrusive observa-
tion of system parameters in complex three-dimensional reactors. These
parameters include the spatial distribution of phases, flow patterns [1-
3], temperature distributions [4-6] and chemical reactions [7]. While
MRI is best suited to image liquids due to their favorable MR signal
properties, recent advancements have expanded its application to more
challenging systems, such as gases and even solids [8].

Solids generally have a low hydrogen content and experience rapid
signal decay, which translates into a short apparent transversal relax-
ation time TZ*. In these materials, T2* is often below one millisecond,
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imaging (UTE imaging) [9] and zero-echo time imaging (ZTE imag-
ing) [10] have extended applicability of MRI to solids [11]. Such meth-
ods often require long acquisition times, rendering them unsuitable for
capturing transient flow phenomena such as particulate flow.

An alternative approach involves using solid materials that contain
liquids, such as agricultural seeds (e.g. poppy and mustard seeds),
which hold up to 40 vol.-% oil content [12]. The oil within these seeds
is distributed in bodies of several micronmeters in diameter, resulting in
longitudinal relaxation times (7)) and transversal relaxation times (75)
similar to that of the pure oils extracted from the seeds [13], with
apparent transversal relaxation time T of ~1.5 ms [8]. Using such
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agricultural seeds, researchers have been able to probe the internal
dynamics of granular systems, such as the spatial distribution of the
solids as well as their time-averaged velocity, using time-efficient pulse
sequences. These methods have been applied to fluidized beds [14,15],
hopper flow [16], and particle convection in vibrated hoppers [17].
Additionally, core-shell capsules filled with liquids, such as vitamin E
encapsulated in gelatin [18,19] have also been employed for similar
purposes. More recently, Penn et al. [20] showed that using middle
chain triglyceride (MCT) oil encapsulated in agar, the signal intensity,
and the apparent transversal relaxation time of capsules is sufficient
to enable time-efficient single-shot, echo-planar imaging readouts [21].
The methodology employs partial Fourier sampling [22], and parallel
imaging [23] using radiofrequency receiver arrays that are conformal
to the geometry of the studied system. The use of such time-efficient
pulse sequences increased imaging speed considerably, allowing the
direct observation of transient granular phenomena, including bubbling
fluidization in fluidized beds [24] and dynamics of spouts in spouted
beds [25,26].

Nonetheless, the values of TZ* of these oil capsules, and even more
so of agricultural seeds, is still more than one order of magnitude
shorter than the theoretical maximum. This maximum corresponds to
the intrinsic transversal relaxation time T, of the liquid within the
pores of the particles or capsules. These short T values restrict the
readout duration, limiting the k-space area that can be sampled within
a single excitation shot, and ultimately constrain the achievable spatial
resolution.

The root cause for these short T, values in particle packings is
the inhomogeneity of the static magnetic field 4B,, which arises from
a mismatch in magnetic susceptibility (y) between the diamagnetic
particles and the slightly paramagnetic air between them. In the case of
a single spherical capsule containing a single liquid core and a shell of
uniform thickness, the magnetic field inside the core is homogeneous,
independent of its magnetic susceptibility. Since the apparent transver-
sal relaxation time (77) is directly related to differences in the magnetic

2
field, it can be described by the simplified equation [27]:

1 1 Y

where y is the gyromagnetic ratio of the nucleus being measured and
AB, is the magnetic field inhomogeneity. To reduce the inhomogeneity,
the susceptibility of the material has to be matched as suggested by
many examples in the literature [28-31]. Matching susceptibility of
the particles to the surrounding air can reduce magnetic field inhomo-
geneity, allowing the apparent relaxation 7. to approach the intrinsic
T, of the particles. This approach is particularly relevant in fluidized
beds, in which ensemble effects can lead to local variations in magnetic
susceptibility. Furthermore, the spectral properties of oil with multiple
peaks in its NMR spectrum can cause undesired image artifacts such as
ghosting or blurring.

In this work, dry core-shell capsules were developed which exhibit
a significantly increased 7, and show a single peak in their NMR
spectrum. By modifying the magnetic susceptibility of these capsules
to match the surrounding air, the dipolar fields created around each
particle were reduced, resulting in improved T values. Both the shell
and the core were doped with rare earth compounds, to shift the mag-
netic susceptibility of the capsules towards the paramagnetic regime of
the surrounding air.

2. Methods
2.1. Core-shell particles

The precursor solution of the shell was prepared by dissolving
300g/1 gelatin powder (Imagel BP, Gelita® Ag, Germany) in pure
water which was doped with 3.15wt.% of gadolinium-butrol (Gadovist
1.0mmol/m injection solution, Bayer). After heating the solution un-
der stirring to 90 °C, the solution was degassed. Next, the solution
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Fig. 1. Manufacture of MR signal source particles with tailored magnetic
susceptibility. (a) Manufacturing of granular signal sources via a seamless
encapsulation technique on a BUCHI encapsulator B-390. (b) Schematic of the
core—shell structure and (c) photograph of the particles.

was cooled down to the encapsulation temperature of 50 °C. The
encapsulator (BUCHI B-390, Switzerland) was equipped with a pair of
concentric nozzles with a core nozzle diameter d . = 0.45mm and
a shell nozzle diameter dgy; = 0.9mm. The cyclooctane (CO) core
liquid was doped with 1.967 wt.% of tris(6,6,7,7,8,8,8-heptafluoro-2,2-
dimethyl-3,5-octanedionato)dysprosium(III) (98+ % abcr GmbH, CAS
18323-98-3). Cyclooctane was chosen as a core material due to its
similarity to commonly used oil, but single peak spectrum. This avoids
chemical shift related artifacts in images. The flow rate of the shell
precursor liquid was set to ¥V = 600ml/h using the built-in gas
pressure-driven flow regulator, the flow rate of the core liquid was
set to V = 400ml/h using a syringe pump (Perfusor fm, B. Braun
SE, Germany). The nozzle assembly was vertically vibrated using the
built-in piezo shaker in order to break the liquid stream into droplets.
The vibration frequency of the nozzle was set to 160Hz at the start
of each encapsulation batch and gradually lowered to 130 Hz in order
to obtain a stable capsule stream throughout the batch. Capsules were
collected in a magnetically stirred petroleum bath placed under the
encapsulator (Fig. 1a). The petroleum bath was cooled to 1 °C using
a jacketed beaker and a recirculating chiller in order to solidify the
gelatine shell. After the encapsulation step, excess petroleum in the
cooling bath was removed and the capsules were chemically cross-
linked with glutaraldehyde. In order to dissolve the 50% aqueous
solution of glutaraldehyde (CAS 111-30-8, Alfa Aesar) into petroleum,
the glataraldehyde solution was mixed and shaken in equal proportions
with toluene. Subsequently, the toluene enriched with glutaraldehyde
was added to the petroleum bath containing the particles. Here, 15ml
of toluene was used for each 20ml of cyclooctane and stirred at room
temperature for 24h. After crosslinking the shells, the particles were
dried in a self-built rotary dryer, exposing them to a stream of dry air
while rotating them. Subsequently, the particles were immersed into
an ethanol bath 96 vol% to clean their surface from residual petroleum
and to remove empty particles that float at the top of the bath due to
their high buoyancy. The remaining particles were sieved to remove
debris and particle clumps. The particle size distribution was measured
optically with a camera and then evaluated by a script. The diameter
was 1.27 + 0.04 mm (Figure S1, Figure S2).

2.2. NMR experiments

All magnetic resonance experiments in this work were conducted
on a 3T clinical MRI system (3T Achieva, Philips Healthcare, The
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Netherlands). Magnetic susceptibility was measured using an MRI-
based susceptometry device with a spherical volume of liquid placed
around a sample vial containing the particles. The phase shift of an MRI
image is measured and compared to the shift produced by an empty
vial and one filled with pure water. Since the susceptibilty of air and
water are known, the phase shift of the sample can be interpolated
between these two values. More details on this susceptometry method
are described in [31,32]. Free induction decays were measured in order
to determine the 7',* of the particles. Fitting was performed assuming a
monoexponential decay. The standard deviations of the T',* values were
calculated based on multiple measurements (three for seeds and oil-
filled agar particles, six for doped cyclooctane particles). An additional
uncertainty was added for the T',* values of poppy seeds, mustard seeds
and oil-filled agar particles, due to the fact that there was a slight
uncertainty in the acquisition time of <1%. For gradient echo based
images, the samples were placed in four cylinders next to each other.
A gradient echo sequence with a variable echo time, a repetition time of
50 ms, a slice thickness of 10 mm and a resolution of 0.625 x 0.625 mm?
was employed.

2.3. Numerical simulations

Simulations were performed with COMSOL Multiphysics 6 (Comsol
Multiphysics, Sweden) using the magnetic fields, no currents module.
The magnetic susceptibility of the gas (y,,,) was set to 0.34 ppm, which
corresponds to the magnetic susceptibility of air at ambient condi-
tions [33]. The magnetic susceptibilities of the particle cores (y,,..) and
shells (o) Were varied while the external magnetic field was kept
constant. The particles used in the simulations of the bed had a diam-
eter of 1.27 mm and a shell thickness of 0.1 mm, matching the value
of the particles engineered in this work. The three-dimensional particle
packings were computationally created with Blender (Stichting Blender
Foundation, The Netherlands) using the pbg-script [34,35]. A container
diameter of 2.5 cm and a total number of particles of 100 was chosen.
After generating the packing, all particles were resized to 98% of their
original size while maintaining their spatial position in order to avoid
problems with overlapping or too close meshes within COMSOL. The
core and shell materials were assigned as empty materials with only the
corresponding relative magnetic permeability 4, = 1+ y, set. The static
magnetic field produced by the external magnetic field interacting with
the particles was numerically simulated. The magnetic field was calcu-
lated everywhere. For the analysis, only the field inside the particles
was analyzed, since only this signal contributes to the measured signal
and 7. A sufficiently big air sphere (15 mm for the bed) including a
5 mm infinite element domain on the outside was employed to ensure
a proper simulation environment. A magnetic scalar potential of zero
was applied to the edges of the air sphere improve numerical stability
in the simulations. The background magnetic field was set to 3T/, and
relative permeabilities were used from the susceptibility of the material
measured by susceptometry. Zero magnetic scalar potential (V;, = 0)
was applied to the sphere around the packing (Comsol “Zero Magnetic
Scalar Potential”). Magnetic insulation (n - B = 0) was applied to the
infinite element domain around the sphere of air (Comsol “Magnetic
Insulation”) with flux conservation across all geometries.

3. Results
3.1. Numerical simulations

Numerical simulations were conducted to estimate the magnetic
field inhomogeneity around single core-shell particles and packings of
core-shell particles in a constant and homogeneous magnetic field (B).
According to classic, electromagnetism theory [36], the static magnetic
field inside a sphere of constant magnetic susceptibility y; exposed to
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a uniform external magnetic field B, is constant and can be expressed
by the following equation:

2
Binsige = Bo + 3 1oM, (2)
with the magnetization of the sphere being
3 H— Ho )
M= (L), @)
Ho (M +2u9) °

and p = pyu, being the total magnetic permeability, u, = (1 + ;(r) the
magnetic permeability of the material with a magnetic susceptibility
Zr» and g the vacuum permeability.

Moreover, the external field resembles that of a dipole. The ana-
lytical solution for the field inside the sphere holds also if the sphere
is confined by a shell of uniform thickness, even if the magnetic
susceptibility of the shell material yg differs from the susceptibility of
the core material yc.

The magnetic susceptibility (yp) of such a core-shell particle can
be described by the following volume-weighted sum of its constituent
susceptibilities:

Vs

C
— + 4
ZCVC Vs )(sV Vs (€]

xp

where V. and V5 are the respective volumes of the constituent mate-
rials. In order to achieve susceptibility matching between the particles
and the air the following condition needs to be fulfilled

!
Ap = XAir- (5)

There are three possibilities to fulfill Eq. (5): (A) only the core
material is doped while the susceptibility of the shell is left unaltered
(Fig. 2, top right), (B) only the shell material is doped while the
susceptibility of the core is left unaltered (Fig. 2, bottom left), or (C)
both the core and the shell material are doped (Fig. 2, bottom right).

In case (A) the magnetic susceptibility of the core needs to be
adjusted to match the following condition:

Xc= YetVs <1 X % > (6)
c= Air =Xy L )
Ve r Ve + Vg

In case (B) the magnetic susceptibility of the shell needs to be
adjusted to match the following condition:
Xs = VC;SVS ()(Air - Ic%) @

In case (C) both the core and the shell materials are doped such
that Eq. (5) is fulfilled. While it is possible to fulfill this condition with
many combinations of y. and yg (represented by the yellow diagonal
line in Fig. 3c), there are important practical advantages of matching
both the core and the shell material to the susceptibility of air, which
mathematically corresponds to the following condition:

Xs = XCc = Xp = XAir- (8

If Eq. (8) is fulfilled, the susceptibility match becomes robust against
common manufacturing imperfections such as asphericity of the core
and/or shell, and acentricity of particles and variations in the shell
thickness that are difficult to avoid. This makes it easier to manufacture
particles of homogeneous magnetic susceptibility matching that of air.

Numerical simulations of an undoped single particle
(Ycore = —837ppm, yghen = —5.09ppm) surrounded by air (y,;, =
0.34ppm) in the main magnetic field show the analytically predicted
dipolar shape (Fig. 2). The local field around the particle is lower along
the main field direction and higher perpendicular to it. Matching the
particle susceptibility to that of the surrounding medium (i.e. air), by
doping (A) only the particle shell (ycqe = —8.37 ppm, yghen = 13.3 ppm),
(B) doping only the core (ycore = 3.99 ppm, yghen = —5.09 ppm), or (C)
doping both core and shell (y¢,. = 0.34 ppm, ygp. = 0.34 ppm) to fulfill
Eq. (4), results in no visible field patterns caused by the particle.

Effects of the susceptibility manifest strongly in ensembles of par-
ticles, such as in packed or fluidized beds. While a single particle



S. Benders et al.

Core undoped Core doped

@ O

TBO TBO

O | @

Shell undoped

Shell doped

B./Bo [ppm]

Fig. 2. Simulated magnetic field outside a core-shell particle for different
doping scenarios if surrounded by air and exposed to a homogeneous static
magnetic field B, = 3T. Only the field outside the particle is shown. Inside
the core the magnetic field is perfectly homogeneous as predicted by Maxwell’s
equations.

shows a clearly defined magnetic field pattern around the particle, an
ensemble of particles creates a locally varying static magnetic field
(Fig. 3a) within neighboring particles, which shortens T appreciably.
This occurs because the magnetic fields produced by the individual
particles influence the field within neighboring particles. By simulating
the fields in a particle packing and analyzing the distribution of the
magnetic field within the visible core material, an estimate for 7.* in
the inhomogeneity dominated regime can be obtained (Fig. 3c).

Matching the susceptibility of particles to the susceptibility of the
air surrounding the particles reduces the inhomogeneities of the static
magnetic field, which can be observed by a reduced width of the
AB, /B, distribution shown in Fig. 3b, where the unmatched case is
shown in gray and the matched case in red. In the matched case, the
inhomogeneities of the static magnetic field become so low, that the
second term on the right hand side of Eq. (1), becomes negligible and
hence the theoretical limit 7' = T, can be achieved. Considering a
T, of 30ms, a T;-value of 1.9ms for the unmatched case is estimated
by Eg. (1). On the contrary, T, can reach the theoretical maximum
of 30ms (i.e. T; = T,) with perfect doping. This shows the potential
of increasing signal lifetime by matching the particle susceptibility.
Achieving susceptibility matching for spherical particles involves ad-
justing the susceptibility of the core and/or the shell. In Fig. 3c, a
clear line of optimal matching can be identified, which corresponds
to the matching calculated from the material volume fractions (Eq.
(4)). The graph in Fig. 3c suggests the possibility of only matching
one component, which would simplify manufacturing significantly. In
experimental reality, manufacturing imperfections, such as off-centered
cores, imperfect shapes or variations in shell thickness, make this
approach less favorable. Some of these shapes are depicted in Fig. 4
with more cases in Figure S3 and Figure S4.

3.2. Experimental results

NMR free induction decays demonstrate the effect of particle sus-
ceptibility matching over conventional agricultural seeds and oil-filled
agar particles (Table 1, Fig. 5). Oil-filled agar particles (1.62 +0.23 ms),
mustard seeds (1.37 +0.18 ms) and poppy seeds (1.35+0.21 ms) ex-
hibit short signal lifetimes. Doping core—shell particles experimentally
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Fig. 3. (a) Magnetic field variations in an ensemble of particles. A central
slice of the bed is shown, and therefore different particle cross-sections
are observed. To increase clarity, the particle shells are not shown. Left:
Unmatched particles with approximated susceptibilities for the core and shell
(Ycore = —8.37ppm, ygpen = —5.09 ppm). Right: Matched particles with the
susceptibility of air. The offset of the field with respect to the mean value
over this slice (4B.) is shown. (b) Histogram of the field deviation from the
average field normalized by B, in a 3D bed. The FHWM of the unmatched
particles is 1.01 ppm. (c) Numerical prediction of T, employing an estimate of
T, of 30 ms for a bed of particles of different susceptibility values. The diagonal
of best homogeneity corresponds to Eq. (4).

leads to a T of 3.85+0.23ms. Since Dysprosium can also alter the T,
of the bulk solvent, it sets a limit to the effectiveness of this method.
The maximum achievable value of T is therefore lower than for pure
solvent. Studies on other complexes in water indicate a strong depen-
dence on field and chelates [39-41]. From the strongest relaxation
agent described by Aime et al. a relaxation time of the order of 40 ms
can be expected for water. While the complex used in this work is
slightly different and the solvent is cyclooctane, the relevant times
are similar and therefore this effect does not dominate. Future work
can be done to optimize the chelation to reduce such effects further
and to improve the encapsulation technique to reduce manufacturing
imperfections. Furthermore, 7. is limited by the homogeneity of the
magnet and therefore cannot reach the theoretical limit of 7, in large-
bore scanners. Nevertheless, the two-fold increase in 7 through doping
significantly extends signal lifetime or increases signal intensity when
using an identical echo time, respectively. For example, considering
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Table 1
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Mean NMR properties of the different particles used for MRI experiments. T," was measured using

a free induction decay (Fig. 5).

Typical diameters [mm] Shape T [ms]
Poppy seeds 1 [37] Kidney shaped 1.35 + 0.21
Mustard seeds 1.5 (brown) [38] - 3 (yellow) Spherical to ellipsoidal 1.37 + 0.23
Oil-filled agar particles 1 and 3 [24] Spherical 1.62 + 0.18
Doped CO-particles 1.27 Spherical 3.84 + 0.23
Core off-center Shell thicker Elliptic to a higher number of readout points or increased velocity encoding

ol

1Bo
BU BO Bo
BU BO Bo
Air
-1 —0.5 0 0.5 1
B./By [ppm]

Fig. 4. Common manufacturing imperfections and their effect on magnetic
field homogeneity for different materials doping conditions. The most common
manufacturing imperfections are off-centered cores (4z=0.025 mm), altered
shell-thickness (0.15 mm) and oval shape (¢ = 1.25). The field around the
particles influences other particles in their vicinity and therefore will increase
inhomogeneity.

a) b)
1y
ﬁ ~Mustard seeds
08 Poppy seeds
F 06 o Oil-filled agar
. -\
=04
o ~
S s e 02
0 - 3
Poppy Mustard Oil-filled Doped CO 0 5 10 15
t [ms]

Fig. 5. (a) Image of the four particle types explored here. (b) Free induction
decay for the different particle types evaluated in this paper. All data were
interpolated.

oil-filled agar particles and doped core-shell particles with an imaging
sequence with an echo time of 5ms, the signal would be 4.68 times
larger. The extended signal lifetime would also enable the use of longer
echo times. This effect can be observed clearly when using gradient
echoes with different echo times (Fig. 6). While the signal decays
rapidly for oil-filled agar, mustard or poppy seed with close to no
signal remaining at 7 ms echo time, the signal of the doped particles is
still visible. These advantages will yield higher resolution images due

resolution due to longer bipolar pulses. The long-term stability of these
particles remains a subject of investigation as there is the possibility of
leaching of dopants from the core material. This could lead to imperfect
matching.

4. Conclusions

This work highlights the importance of matching the magnetic sus-
ceptibility of particles in MR imaging of granular materials in order to
maximize signal quality and lifetime of ensembles of granular particles.
Magnetic field simulations have shown that particle shape plays a
significant role for matching. While for perfectly spherical particles, it
is sufficient to either match the core or shell, for other shapes, the both
core and shell have to be matched with shifting agents to obtain optimal
T;. In a first attempt, doped cyclooctane particles outperformed con-
ventional particles in signal lifetime. These particles are challenging to
manufacture in large quantities and doping with shifting agents is not
trivial. One reason for choosing cyclooctane was its single-peak spectra
avoiding chemical shift artifacts and its similarity to oil. A future focus
will be the exploration of materials which are easier to manufacture and
dope. Furthermore, there is a strong dependence of the field patterns on
the shape of the particles. Therefore, manufacturing techniques should
aim for particles of a high sphericity.
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Fig. 6. Gradient echo images with different echo times for all particles. The particles were placed in four vials next to each other and the gradient echo sequences
were performed with varying echo times.
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