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NMR spectroscopy is widely used in catalytic
research [1, 2]. However, the useful information pro-
vided by this method is averaged throughout the sam-
ple. This prevents the researcher from observing any
structural inhomogeneity or local features of the pro-
cesses occurring in the sample. The creation and devel-
opment of the magnetic resonance imaging (MRI)
method have eliminated these limitations and have
enabled the researcher to examine objects and pro-
cesses at a spatial resolution of tens or hundreds of
microns [3]. Other advantages of this method are that it
is nondestructive, requires no probe or sensor to be
introduced into the sample, and is chemically specific.
The most important advantage of MRI is that it pro-
vides a wide variety of information, both qualitative
and quantitative, about objects and processes [4–6]. In
particular, MRI is used in the spatial mapping of diffu-
sion coefficients, flow velocity, chemical composition,
pore size, temperature, etc. Therefore, MRI is not a sin-
gle tool, but a universal toolkit applicable to a wide
variety of macroscopically inhomogeneous objects and
dynamic processes. This makes MRI very promising
for chemical engineering and catalysis. As a conse-
quence, there has been keen interest in these applica-
tions in recent years [7]. However, they have not
become quite common as yet and not all of them have
received proper attention.

Various porous materials are frequently used as het-
erogeneous catalysts and supports. MRI can be used to
detect structural inhomogeneities in porous pellets [8].
For this purpose, the pellets are usually saturated with
a proton-containing liquid (water, cyclohexane, etc.) to
obtain a suitable NMR signal. The resulting images
reflect the macroscopic structural features of the pel-
lets, such as cavities and layered structure. Supports are

often shaped by wet extrusion. Here, MRI can be used
to study extrusion itself [9], to visualize the extrudate
morphology [10], and to monitor the moisture content
of the pellets during their slow drying in a humid atmo-
sphere [11].

In spite of its comparatively low (micron-scale)
resolving power, MRI is applicable to the determina-
tion of the size and size distribution of mesopores and
macropores. A variety of MRI techniques have been
devised for this purpose. In particular, relaxation poro-
simetry is based on the sensitivity of the nuclear spin
relaxation time of the liquid filling a pore to the size of
this pore. This sensitivity is due to the fact that the
nucleus of a molecule interacting with a solid surface
relaxes at a higher rate. This allows the pore surface-to-
volume ratio (

 

S

 

/

 

V

 

) to be determined. In the limit of
small displacements, the diffusion coefficient of mole-
cules in a pore is a linear function of 

 

S

 

/

 

V

 

. Therefore,
measuring the diffusion coefficients of liquids and
gases in porous materials by pulsed field gradient NMR
can also be used in pore sizing. Finally, an NMR cry-
oporosimetry technique [12] has been devised, which is
based on the fact that, according to the Gibbs–Thomp-
son equation, the freezing point of a liquid in a pore
decreases as the size of the pore decreases. The frozen
liquid does not contribute to the NMR signal. There-
fore, by measuring the integrated intensity of the NMR
signal while raising (or lowering) the temperature, it is
possible to determine the integral pore-size distribu-
tion.

Increasing attention is being attracted by gas-phase
MRI [13, 14]. Gas adsorption on porous materials
allows the problem of the low sensitivity of gas-phase
NMR to be solved in part. Furthermore, from NMR
measurements taken at different pressures, it is possible
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to derive gas adsorption isotherms, as was demon-
strated by the example of fluorine-containing gases
[15]. The sensitivity of gas-phase MRI as applied to
inert gases (

 

129

 

Xe

 

 and 

 

3

 

He) can be enhanced by 4 orders
of magnitude or more by laser-induced gas polariza-
tion. This technique helps eliminate some other limita-
tions inherent in gas-phase MRI. For example, it
enables one to conduct NMR experiments in very weak
magnetic fields and to obtain images from objects in
metallic containers [16]. Furthermore, the chemical
shift of 

 

129

 

Xe is very sensitive to the chemical environ-
ment of the nucleus, and, therefore, 

 

129

 

Xe is an extraor-
dinarily promising molecular probe for characteriza-
tion of porous materials and for investigation of pro-
cesses therein [17, 18]. Now we are looking into the
possibility of applying multinuclear MRI to the study
of the preparation of supported catalysts by impregna-
tion [19]. As an example, we chose the preparation of
the phosphate-promoted hydrodesulfurization catalyst

 

(Co)MoS

 

2

 

/Al

 

2

 

O

 

3

 

. Initially, we studied phosphate trans-
port in an alumina pellet placed in an aqueous 

 

H

 

3

 

PO

 

4

 

solution. By 

 

31

 

P NMR imaging, we visualized the
dynamics of the transport of dissolved phosphate into
the pellet bulk (Fig. 1) and demonstrated that the phos-
phate ion interacts strongly with the alumina surface.
Furthermore, after the pellet was dried, 

 

31

 

P NMR imag-
ing enabled us to elucidate the spatial distribution of
adsorbed phosphate in the pellet and thus establish a
correlation between the phosphate concentration in the
solution and the distribution of adsorbed phosphate.
The cobalt ion is paramagnetic, and its presence in the
solution markedly shortens the relaxation times of the
nuclear spins of water. This allowed us to observe
cobalt transport in the incipient-wetness impregnation
of the pellet with an aqueous cobalt nitrate solution. On
addition of citric acid to the solution, it is possible to
observe the competing sorption of two compounds.
This process results in citric acid displacing cobalt from
the outer regions into the pellet bulk. It is noteworthy
that impregnating the pellet with an ammonium hepta-
molybdate solution leads to a longer water relaxation
time and it is, therefore, possible to observe molybde-
num transport during the impregnation procedure. A
similar effect takes place during the impregnation of

alumina with 

 

PtC

 

 and 

 

PdC

 

 [20], and, again, it is
possible to monitor the transport dynamics of these spe-
cies during the impregnation process. We have recently
demonstrated that it is possible to directly visualize
platinum by recording the 

 

195

 

Pt

 

 NMR signal [19].
In a number of studies, MRI was used to investigate

the deactivation of catalyst pellets caused by coking
and the regeneration of deactivated catalysts [21–23].
Solid-phase MRI techniques derive images of coke dis-
tribution in a pellet from the NMR signals of the pro-
tons of the coke itself [22]. More common MRI tech-
niques are based on the saturation of the coked catalyst
pellet with a liquid or on gas adsorption [21, 23]. In par-
ticular, it was demonstrated that coke is nonuniformly
distributed in pellets and that the extent of deactivation
of a pellet depends on the position of this pellet in the
reactor.

MRI is also used in the study of granular catalyst
beds. The granular bed to be examined is usually satu-
rated with a liquid. Since a liquid in the intergranular
space and the same liquid in granule pores have essen-
tially different relaxation times, they can be distin-
guished by MRI. This allows a 3D image of the granu-
lar bed to be obtained and specific structural features of
the bed to be revealed. In particular, familiar radial
oscillations of bed voidage near the reactor walls were
observed [24, 25]. It has recently been demonstrated
that solid-phase multinuclear MRI can be carried out
with standard liquid-phase equipment [26, 27]. Using
NMR signals from a number of quadrupolar nuclei, we
obtained 2D and 3D images of cordierite (

 

27

 

Al

 

), alu-
mina (

 

27

 

Al

 

), vanadium oxide (

 

51

 

V

 

), ammonium hepta-
molybdate (

 

95

 

Mo), glass (

 

11

 

B, 

 

23

 

Na, 

 

27

 

Al, 

 

29

 

Si

 

), etc. By
way of example, we present, in Fig. 2, an image of a
fragment of an alumina honeycomb monolith support
whose channels are filled with vanadium oxide powder.
In this case, recording the 

 

27

 

Al

 

 signal affords an image
of the monolith walls and recording the 

 

51

 

V

 

 signal gives
an image of the vanadium oxide powder. The direct
imaging of solids extended the scope of MRI to the
structural and other properties of solid materials.

One of the most fruitful applications of MRI is
investigation of mass transport in various systems [3]
ranging from pipe flow to filtration in porous materials.
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Fig. 1.

 

 Dynamics of phosphate transport in a 

 

γ

 

-Al

 

2

 

O

 

3

 

 pellet placed in aqueous 

 

H

 

3

 

PO

 

4

 

. The images were obtained by 

 

31

 

P NMR 65,
117, 194, 324, 370, and 1100 min after the beginning of the process. The 

 

H

 

3

 

PO

 

4

 

 concentration in the solution is 0.76 mol/l; pellet
diameter, 3.2 mm; spatial resolution, 

 

172 

 

×

 

 371

 

 

 

µ

 

m; imaging time, 8 min 38 s per image.
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An obvious advantage of MRI is that a single experi-
ment can provide information concerning both the
structure and the transport processes. This allows a cor-
relation to be established between the channel or pore
structure and transport parameters. For example, the
liquid flow velocity field in a granular bed or a fibrous-
bed reactor reflects both the bed packing parameters
and the flow regime. This makes it possible to deter-
mine the magnitude and direction of the velocity vector
for each element of the image [28]. There have been
studies of multiphase liquid–gas flows with dynamic
visualization of the gas and the liquid in granular beds
and honeycomb monolith supports [25, 29]. It was
demonstrated that velocity fields can also be deter-
mined for laminar and turbulent gas flows [30, 31].

In the study of filtration, it is not always possible to
achieve a spatial resolution sufficient for obtaining reli-
able velocity field data. In this case, the pulsed field
gradient NMR technique can be employed, which is
conventionally used in the study of diffusion processes.
For filtration, this technique provides molecular veloc-
ity distribution data (more rigorously, the displacement
distribution function for a given time interval) [3].
From these data, one can derive the mean filtration rate,
the axial and radial dispersion coefficients, and other
filtration parameters. This method is applicable to the
filtration and other kinds of transport of not only liq-
uids, but also gases and granular solids [32–34], as well
as to transport processes in fluidized and bubbling beds
[35, 36].

Furthermore, we used the MRI technique in the
study of other kinds of matter transport. For example,
liquid transport in the drying of wet porous materials,
water vapor sorption by selective sorbents of the salt-
in-porous-matrix type [37], and the capillary imbibition
of moisture were investigated by successive multiple
imaging of the distribution of the liquid phase in the
porous matrix.

The most interesting application of MRI is probably
investigation of catalytic processes in situ. In this case,
MRI provides information about the states of the cata-

lyst and the reactor and about the processes occurring
there just during the catalytic reaction. The interplay
between the chemical reaction, heat and mass transfer,
and phase transitions often causes radical changes in
the situation. Therefore, data characterizing the liquid
phase distribution, the flow velocity, the mass transfer
rate, and other process parameters in the absence of a
chemical reaction often do not provide a complete
understanding of the processes occurring in the reactor
during a chemical reaction. The MRI technique can
greatly help to remedy this situation. In particular, this
is true for investigation of liquid phase distribution in
multiphase (gas–liquid–solid) reactors, including the
reactor as a whole and individual catalyst pellets. In
order to illustrate the potential of MRI in this area, we
will consider the heterogeneous hydrogenation of
unsaturated hydrocarbons (

 

α

 

-methylstyrene (AMS),

 

n

 

-heptene-1, and 

 

n

 

-octene-1) at elevated temperatures
on 

 

Pt/Al

 

2

 

O

 

3

 

 and 

 

Pd/Al

 

2

 

O

 

3

 

 catalysts. These reactions are
often used as model processes and are at the same time
of practical significance. To investigate these reactions,
we designed a reactor that is compatible with an NMR
microimaging instrument and allows the reaction zone
temperature to be raised to 

 

100°ë

 

 without any risk that
the expensive NMR equipment may be damaged [7,
38–40]. In the course of the hydrogenation reaction, for
the catalyst bed 1 cm in diameter and 3–4 cm in height,
the temperature sometimes rose to 

 

250°ë

 

. Initially, we
obtained images of the distribution of the liquid phase
in a single catalyst pellet used to carry out the reaction
for various operating regimes of the reactor [39]. In
subsequent experiments, we shortened the imaging
time from 4.5 to 0.5 min and then to 2–3 s per 2D
image. This enabled us to apply, for the first time, the
MRI technique to the visualization of dynamic pro-
cesses in an operating catalytic reactor. For AMS
hydrogenation on a single cylindrical catalyst pellet, we
discovered regimes in which the liquid front recipro-
cated along or across the pellet axis under fixed external
conditions [40, 41]. These reciprocations, accompanied
by pellet temperature oscillations, are evidence that
there is a complicated, nonlinear-law interplay between
the chemical reaction and mass transfer. The most sig-
nificant features of this behavior were later reproduced
by simulation taking into account mass transfer, phase
transitions, and the chemical reaction [42].

We carried out a similar experiment for a fixed-bed
catalytic reactor, varying the diameter of the catalyst
pellets. The liquid reactant was fed through a capillary
onto the top of the bed at various rates. The distribution
of the liquid in the catalyst bed was imaged during the
reaction. These experiments demonstrated that, even in
a regularly packed catalyst bed, the liquid phase distri-
bution may be extremely nonuniform. Furthermore, if
the feeding of the liquid reactant into the reactor is
stopped and then resumed, the steady-state distribution
of the liquid will be changed [43]. For a pellet diameter
of 4–5 mm and a reactor diameter of ~10 mm, the
images clearly demonstrated the existence of partially
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Fig. 2.

 

 2D images of a fragment of a honeycomb 

 

γ

 

-Al

 

2

 

O

 

3

 

monolith whose channels are filled with 

 

V

 

2

 

O

 

5

 

 powder; (a)

 

27

 

Al

 

 and (b) 

 

51

 

V

 

 NMR data. The diagonal dimension of the
cross section of the fragment is 6 mm. The spatial resolution
is 

 

288 

 

×

 

 288 

 

µ

 

m. The imaging time is (a) 17 min and (b) 9 h.
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wetted and entirely dry pellets in the operating reactor
and indicated the ignition of individual pellets and of
the entire bed. Figure 3 shows images obtained for a
bed consisting of 15 spherical pellets arranged in five
three-pellet horizontal layers. One inert pellet (support
containing no catalyst) was placed on the top of the bed
and served as a liquid reactant distributor. The images
presented in Fig. 3 indicate the ignition of single pellets
in the top layer and in the lowest two layers. Because
this MRI experiment visualized only the liquid phase,
the dry pellets and the dry parts of pellets are missing
from the images. One pellet in the fourth layer is par-
tially filled with the liquid taken up from its neighbors.
Experiments demonstrated that this situation can per-
sist for a long time and be accompanied by reciproca-
tions of the liquid front in the pellet, as in the above-
described case of a single pellet. This is evidence of
interplay between mass transfer, heat transfer, phase
transitions, and the chemical reaction. Obviously, this
interplay can be observed only in situ, i.e., in an operat-
ing reactor. When there is no reaction, capillary action
causes a rapid redistribution of the liquid in the pellet to
establish a uniform liquid distribution. The pellets par-
tially filled with liquid, which are observed by MRI,
must be the most active in the hydrogenation of the sub-
strate. They contain considerable amounts of the rap-
idly evaporating reactant and have large dry surface
areas, on which reactant vapor is rapidly hydrogenated.
It follows from the above data that the phase equilib-
rium can be disturbed locally during an exothermic

reaction to provide conditions favoring the develop-
ment of critical phenomena in the operating reactor.

Since NMR is a powerful spectroscopic method,
combining NMR and MRI can afford spatially resolved
conversion data for an operating reactor. This technique
was applied to the hydrogenation of AMS [7, 40] and
octene [44] and to an esterification reaction [45, 46]. At
present, increasing attention is being attracted by the
application of MRI to film bioreactors [47].
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