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Abstract

The NMR microimaging is used for the first time as an in situ method to study two model three-phase
heterogeneous catalytic reactions with strong exothermicity. It is shown for the a-methylstyrene hydrogena-
tion that in the course of the reaction, two domains coexist inside the catalyst grain which differ in the liquid
phase content. The 2D maps of the liquid distribution in the course of this reaction are obtained. The reaction
of the hydrogen peroxide decomposition at moderate activity of the catalyst and the H,O, concentrations in
the range of (0.03—3) M is shown to occur only in a thin layer near the catalyst surface. The influence of the
medium inhomogeneity on the behavior of the Belousov — Zhabotinsky chemical oscillator reaction is investi-

gated as well.

INTRODUCTION

Heterogeneous catalytic processes occur in-
side the porous catalyst grains and are affected
strongly by the spatial distributions of rea-
gent, intermediate and product concentrations,
temperatures, etc., which are specific for each
catalyst and each reaction. The experimental
investigation of the spatial organisation and
progress of catalytic processes inside catalyst
grains seem to be accessible only by the appli-
cation of an in situ imaging methods.

Recently, a number of tomographic me-
thods has been suggested for a direct visualisa-
tion of chemical processes inside catalyst grains.
The 'H NMR imaging has been shown in the
last years as a powerful nondestructive me-
thod for the in situ studies of various physico-
chemical processes in porous medium, e. g. li-
quid sorption and desorption [1, 2]. A much
more challenging task is to apply the 'H NMR
imaging for studying in situ some chemical re-

actions, especially those inside porous catalyst
pellets.

In our study we have applied for the first
time the NMR microimaging for the in situ
investigation of three heterogeneous catalytic
reactions in order to visualise the progress of
these reactions inside the catalyst grains, in-
cluding the catalytic processes at elevated tem-
peratures. Besides, NMR flow imaging which
can yield liquid and gas flow velocities [3, 4]
was employed to demonstrate the possibility
to observe the convection of liquid outside the
catalyst grain induced by a catalytic reaction.

As the first objects of the investigation we
have selected several model heterogeneous cat-
alytic processes such as hydrogen peroxide de-
composition and a-methylstyrene hydrogena-
tion. These catalytic processes proceed inside
the catalyst grain in the three-phase regime.
The NMR imaging allows to visualise the con-
tent of the liquid phase and its distribution
within the grain and thus to get information
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on the catalyst state during the progress of
the catalytic reaction.

The investigation of the reactions mentioned
above is of both theoretical as well as practi-
cal interest. Indeed, many heterogeneous cata-
lytic reactions in industry, especially in petro-
chemical synthesis, occur in the reactors with
the fixed bed of catalyst and the co- or coun-
ter-current gas-liquid flow. Usually such reac-
tors work in the stationary regime, but under
certain conditions the occurrence of dange-
rous critical phenomena such as hot spot for-
mation, temperature and phase composition os-
cillations, exothermic reaction by-passing are
possible. All this can result in a rapid heating
of the catalyst grain because of the possibility
of porous structure drying and a subsequent
reaction acceleration due to transition of reac-
tion from a liquid phase to a gaseous phase.
Such processes are known to lead to the reac-
tor runaway [5]

Thus, it is highly desirable to investigate
experimentally the critical phenomena on a
porous catalyst grain under conditions of an
exothermic reaction which is accompanied by
evaporation in order to determine the safety
conditions of the reactor operation. In partic-
ular, it is important to investigate the distri-
bution of the liquid phase inside the porous
catalyst grain, the dynamics of the grain dry-
ing for an exothermic reaction and particle run-
away.

The state of the catalyst grain in the reac-
tors with the fixed catalyst bed and the co-
current gas-liquid downward flow is studied
using the exothermic a-methylstyrene hydro-
genation mentioned above as a representative
example. As a different example, we have in-
vestigated also the three-phase exothermic re-
action of hydrogen peroxide decomposition.
Also, we studied some peculiarities of the oc-
currence of the Belousov — Zhabotinsky (BZ)
reaction in an inhomogeneous medium.

EXPERIMENTAL

All 'H NMR microimaging experiments were
performed at 299 MHz on a Bruker DRX spec-
trometer equipped with a vertical bore super-
conducting magnet and an imaging add-on de-

vice capable of providing pulsed magnetic field
gradients of up to 100 Gs/cm.

Acquisition of the spatially resolved images
by the 'H NMR microimaging method is based
on the use of the pulsed magnetic field gradi-
ents [6—8]. Since the resonance frequency of
the NMR signal depends linearly on the strength
of the magnetic field applied to the sample,
the resonance frequency becomes the function
of the nuclear spin coordinate along the di-
rection of the gradient when the field gradi-
ent is turned on. This allows to determine the
distribution of the spin density (the quantity
of a substance) in the sample under study with
the spatial resolution of some hundreds or even
some tens of microns. The use of the selective
radio-frequency pulses with the magnetic field
gradients allows one to detect only the NMR
signal of those nuclear spins which are located
within a slice of a certain thickness and orien-
tation. This gives a possibility to obtain a two-
dimensional projection of the selected slice
which characterises the distribution of the sub-
stance in the slice plane. Sufficiently short nu-
clear spin relaxation times of solid materials
and low density of gas and vapour in the ex-
periments ensure that only the NMR signal of
the liquid phase is detected.

Catalytic decomposition of hydrogen peroxide

The NMR imaging experiments were car-
ried out on an individual Ag/y-Al,O; catalyst
grain. The impregnation with silver was per-
formed from a salt solution, after that the grain
was calcined at high temperature. The initial
y-Al,0; had 134 m?/g surface area and
0.31 cm?®/g pore volume. The experiments were
carried out at an atmospheric pressure and an
ambient temperature. The H,0, solution of 3 M
concentration was prepared from the 30 % H,O,
by its dilution with distilled water.

A catalytic cell which was placed in an NMR
probe is shown in Fig. 1. A cylindrical grain of
the catalyst (diameter 3.6 mm) was located in
the centre of a glass ampoule (inner diameter
9 mm). The grain was placed into the aqueous
solution of HyO,. The sample holders contained
several holes so that the dioxygen gas produced
in the reaction could escape from the reactive
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Fig. 1. A scheme of the imaging experiments on the hydrogen peroxide decomposition.
volume. We obtained two-dimensional projec- face and the evolution of the O, bubbles in

tions of the NMR signal intensity in the plane  the course of the hydrogen peroxide decom-
perpendicular to the axis of the grain (Fig. 2). position. The NMR signal of water outside the
This figure demonstrates the dynamics of the grain was initially partially suppressed by the
dioxygen bubble formation on the grain sur- fast repetition of the pulse sequence of the
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Fig. 2. Formation and evolution of the dioxygen bubbles in the course of the hydrogen peroxide decomposition over
Ag/y-Al,O;: two-dimensional projections. The detection time of each projection is 27 s. The time corresponding to
each two-dimensional projection is specified in the figure. 128x128 pixels correspond to (1.2x1.2) cm? The spatial
resolution is SR = (90%90) pm?
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experiment, and thus the area outside the grain
appears dark. The colour outside the grain is
seen to become lighter (i. e., the signal of wa-
ter protons outside the grain becomes strong-
er) during the first minutes of the experiments
due to shortening of the T; time of water
protons which results from the release of the
paramagnetic dioxygen molecules into water.

Note, that the dioxygen concentration ap-
pears to increase uniformly in the entire volu-
me of the liquid. It means that during the
time between the detection of the first and
the second 2D images (1 min) the dioxygen
molecules have enough time to travel from the
grain surface to the ampoule wall (the distance
is equal to 3.2 mm). The coefficient of the di-
oxygen diffusion calculated from these data
appears to be significantly greater than the
corresponding reference data [9].

Thus, we think that the evolved dioxygen
molecules are transferred by a convection flow
rather than due to diffusion. To verify this we
have carried out the experiment which con-
firms the existence of a convection flow of
the liquid along the catalyst grain because of
the vigorous bubble formation on the grain
surface (Fig. 3). In this Figure, the spatial map
of the flow velocities of water flowing along
the catalyst grain is depicted. One can see that
near the grain surface where the bubble for-
mation occurs, the liquid flow is upwards while
near the ampoule walls it moves in the oppo-
site direction. The velocity of the convective
liquid transfer is ca. 0.2—0.3 mm/s. Since the
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Fig. 3. A typical spatial map of the flow velocities of
water flowing along the cylindrical catalyst grain in the
course of the hydrogen peroxide decomposition.

height of the grain is 15 mm, during the time
between the detection of the first and the se-
cond 2D projections a uniform concentration
of dioxygen can be established in the entire
volume of the liquid.

We have carried out experiments intended
to establish the state of the grain in the course
of the hydrogen peroxide decomposition. For
these experiments, a composite catalyst grain
consisted of an activated part and a non-acti-
vated part was prepared. Such composite grain
is necessary to perform a meaningful compari-
son of the one-dimensional projections of the
liquid content in the activated and the non-
activated parts of the grain in the course of
hydrogen peroxide decomposition (Fig. 4). In the
NMR imaging experiments, by changing the
resonance frequency we could reposition the
selected slice so that the interleaved detection
of the separate projections of the slices in the
activated and non-activated parts of the grain
could be performed (see Fig. 4).

The composite catalyst grain was initially
filled with water and then placed into the 3 M
H,0O, solution. Since the T, relaxation time of
the H,0, aqueous solution is much shorter than
the T, relaxation time of pure water, the sig-
nal intensity in the non-activated part of the
grain decreases after immersing the grain into
the H,0O, solution due to the hydrogen perox-
ide diffusion into the grain (see Fig. 4, curve 1).
An estimation of the H,O, diffusion coefficient
from this curve gives 1.5 107 cm?/s that is
about two times lower than the self-diffusion
coefficient of the water molecules. It is known
that the diffusion coefficient in the porous me-
dium is lower than in the bulk liquid by a
factor which is equal to the ratio of the poros-
ity and tortuosity of the medium (a factor of
23 for y-Al,Os).

One can see that the intensity of the NMR
signal inside the activated part of the grain
practically does not change during the experi-
ment in contrast to the non-activated part of
the grain (see Fig. 4, curve 2). It means that
under the experimental conditions, hydrogen
peroxide does not diffuse into the catalyst grain
in the course of the reaction and that the de-
composition occurs only in a thin surface layer
of the grain.
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Fig. 4. The change of the NMR signal intensity in the center of the composite Ag/y-Al,O; catalyst grain in the
course of the 3 M H,0, decomposition: I — the non-activated part of the grain; 2 — the activated part of the grain.

Catalytic hydrogenation of a-methylstyrene

The most interesting results concern the
three-phase exothermic catalytic reaction of
the a-methylstyrene (AMS) hydrogenation. For
the first time we have carried out the experi-
ments under conditions when the operating
reactor was placed directly inside the NMR
imaging probe. Note that the experiments were
carried out for the first time at elevated tem-
peratures (the gas flow temperature was 68 °C
and the pellet temperature was 185 °C).

It is known [5] that a-methylstyrene hyd-
rogenation (boiling point 165 °C) to cumene
(boiling point 152 °C) inside a porous catalyst
grain can proceed in several stationary heat
regimes: (i) when the catalyst grain is situated
in the stream of dry hydrogen and the liquid
reagent is supplied simultaneously, the process
is characterized by a hysteresis of the grain
temperature. In this case, the grain tempera-
ture on the upper branch of the hysteresis
curve is higher than the temperature of the
flowing gas, while on the lower branch it is
lower than the temperature of the flowing gas;
(ii) when the catalyst grain is positioned in the
stream of hydrogen gas saturated with a-meth-
ylstyrene vapour, and simultaneously the lig-
uid reagent is supplied, the grain in the sta-
tionary regime is either practically dry and
strongly overheated or flooded with the liquid
phase. In the latter case, the grain temperature
is equal to the temperature of the flowing gas.

The earlier studies of these regimes were
carried out by monitoring the grain tempera-

ture with thermocouples [5]. For a chemical re-
action accompanied by the liquid phase evapo-
ration, such monitoring gives only the indirect
possibility to observe the distribution of the
liquid phase inside the porous structure. In our
work, the different regimes of the catalyst grain
operation mentioned above were investigated
to characterise experimentally the liquid phase
distribution inside the porous particle directly
in the course of the catalytic reaction.

The experiments were carried out on an
individual cylindrical catalyst grain of 15 %
mass Pt/y-Al,O; (diameter 4.7 mm and height
47 mm). The catalyst has the specific surface
area of 206 m?/g and the pore volume of
0.65 cm®/g. AMS and gaseous hydrogen were
used without a preliminary purification.

A scheme of the catalytic reactor which
was placed directly into the NMR probe is
shown in Fig. 5. The 2D projections of a 2 mm
thick axial slice of the grain saturated with
the liquid phase are obtained with the in-
plane spatial resolution of 230x140 pum? The
acquisition time of each image was 4 min 22 s.
The time corresponding to the middle of the
detection period of each image is indicated in
Fig. 6. A stream of hydrogen heated to 67—
69 °C and saturated with AMS was supplied
to the pellet at the flow rate of 18.5 cm?®/s. A
thermocouple was implanted into the pellet
through its left side and appears in the imag-
es as an area void of signal (see Fig. 6). One
can see that the pellet temperature raised 40 °C
above that of the gas due to the exothermic
nature of the reaction. The grain tempera-
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Fig. 5. A scheme of NMR imaging of the AMS hydro-
genation. The location of the central slice within the
grain in which the distribution of the liquid phase in
the course of the experiment was detected is shown.

ture is also shown in Fig. 6. The first image in
Fig. 6 shows the existence of the liquid phase
within the pellet even though no liquid is sup-
plied to the pellet at this stage, possibly due to
the adsorption/condensation of AMS and
cumene within the pores. Then, before the de-
tection of the second image was stated, a sup-
ply of liquid AMS to the top of the pellet via
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a capillary was turned on (the flow of liquid
AMS was 043 107° g/s). This led to the in-
crease of the liquid content in the pellet (see
Fig. 6, image 2). The brighter shade of the
image corresponds to the stronger NMR signal
intensity and therefore to a higher liquid con-
centration, while the darker shade of the im-
age corresponds to the weaker signal intensity
and to the smaller liquid content. In the upper
part of the grain to which liquid AMS is per-
manently supplied, the NMR signal intensity
is much stronger than in the lower part of the
grain. This corresponds to the higher liquid phase
content in the upper part of the grain. The
NMR signal intensity is lower in the periphery
of the grain as a result of the evaporation
process that occurs in this part of the grain.
The evaporation front of the liquid is located
inside the catalyst grain and the vapor pro-
duced reacts on the non-wetted part of the
porous structure. This leads to a temperature
increase (from 141 °C at 11 min of the exper-
iment to 167 °C at 20 min of the experiment).
The increase of the liquid AMS supply up to
0.57 1073 g/s was made during the detection
of the 4th image. As a result, the evaporation
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Fig. 6. The spatial distribution of the liquid phase inside the Pt/y-Al,O; catalyst pellet in the course of the AMS
hydrogenation under conditions of the simultaneous supply on the dry heated grain of the liquid AMS and
hydrogen saturated with AMS vapour. See text for the details.
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front moves deeper into the grain and the grain
temperature decreases to 113 °C (image 6). In
this regime the catalyst grain is almost comp-
letely filled with the liquid phase. A narrow
front of evaporation and the vapor-phase re-
action is located near the lower end of the
grain. The front of the liquid phase propaga-
tion inside the grain is uneven. It is bound with
the intensive evaporation process and hydro-
genation process. The front of the liquid phase
propagation deep into the grain in the experi-
ment without the reaction (without hydrogen
supply) is even.

When the liquid AMS supply was increased
to 0.71 10® g/s the grain became completely
filled with the liquid (image 7). The grain tem-
perature decreased rapidly to 64 °C which is
lower than the gas flow temperature (image 8).
It is related with the absence of the reaction
in the gas-vapor phase and endothermic evap-
oration of the liquid phase from the catalyst
grain surface. On the lower end of the pellet a
drop of the liquid is formed.

The other regimes of the reaction proceed-
ing on the individual catalyst grain were also
investigated: (i) We have obtained several ima-
ges illustrating the dynamics of the liquid phase
distribution inside the catalyst grain when dry
hydrogen flow is used with the simultaneous
supply of liquid AMS; (ii) The distribution of
the liquid phase inside the catalyst grain in the
course of the AMS hydrogenation under con-
ditions of the decreasing of the liquid AMS
supply to the grain initially fully saturated with
liquid AMS was studied.

Thus, the in situ NMR imaging demonstrates
that impregnation of the porous catalyst with
a liquid reagent under conditions of the simul-
taneous endothermic reagent evaporation and
its exothermic hydrogenation can lead to the
formation, inside the catalyst grain, of the
two domains with the strongly differing liquid
phase content: the upper part of the grain
completely filled with the liquid phase and the
lower part of the grain which is almost dry
and filled with the gas-vapor phase where the
vapor-phase hydrogenation occurs. The evapo-
ration process occurs at the boundary between
these two domains inside the grain. The loca-
tion of the boundary depends on the liquid
flow rate, thermal conductivity of the grain,

and the ratio of the evaporation and hydro-
genation rates.

The Belousov—Zhabotinsky reaction
in homogeneous and heterogeneous media

There are only a few publications concern-
ing the use of the NMR imaging to study chemi-
cal reactions, mostly the polymerisation proc-
esses and the oscillating BZ reaction [10, 11].
The latter reaction is the oxidation of some
organic compounds by bromate-anions catalysed
by transition metals ions. This reaction is char-
acterised by the oscillations of the reactant con-
centrations and the generation of propagating
waves due to an inherent coupling of the mo-
lecular diffusion and the chemical reaction.

All reported NMR imaging investigations of
the BZ reaction were performed in homogene-
ous medium in the presence of agar-agar in
order to prevent the distortion of chemical
waves by convective flow of the liquid sol-
vent. We have studied the BZ reaction in a
homogeneous medium modified with starch. The
oscillations of the homogeneous catalyst (Mn?")
concentration were recorded as changes in the
water protons relaxation times because the oxi-
dised and reduced states of the manganese
cations have different influence on these times.

Figure 7 shows the propagation of the con-
centration waves in the homogeneous reaction
medium stabilised by starch. The figure shows
the one-dimensional projections of the signal
intensity on the vertical axis of a 4.7 mm glass
ampoule filled with the reaction medium. The
space resolution of the image patterns in these
projections was 320 pm. The acquisition time
of each projection was 3.2 s. The signal inten-
sity in each pixel of the image depends on the
concentrations of Mn?" and Mn?®' ions. It is
known that the Mn*" ions affect the T, relaxa-
tion time of water protons much stronger than
the Mn®" ions. Since we carried out the exper-
iment in such a way that the contrast of the
images was governed by the T, time, the bright-
er shade in the image corresponds to a higher
Mn?* concentration while the darker shade cor-
responds to the higher Mn®* concentration. It is
obvious that the waves are emitted periodical-
ly by at least several pacemakers. Each pace-
maker emits a spherical wave, and we see in
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Fig. 7. Displacement-time graphs in the starch solution of the following starting composition: [KBrO;] = 0.05 M,
[KBr] = 0.06 M, [MA] = 0.15 M, [MnSO,] = 0.0006 M, [H,SO,] = 0.2 M, [H;PO,] = 3.0 M, 0.7 % mass starch.

Fig. 7 two branches of the wave, that are the
projections of the upper and lower boundaries
of a spherical wave. The downward moving
front of the wave that was emitted by one of
the pacemakers collides and annihilates with
another upwards travelling wave emitted by
another pacemaker. The plane in which the
pacemaker is located as well as the plane in
which the wave trains collide and annihilate
moves down with time.

We studied also the behaviour of the propa-
gating waves inside model porous medium con-
sisted of small glass beads of 0.5 and 3 mm in
diameter and filled with an aqueous solution.
In such system, we also observed formation of
spherical propagating waves. The velocity of
the waves practically does not depend on the
size of the beads and remains practically con-
stant in comparison with the homogeneous re-
action medium stabilised by starch. Indeed the
velocity v of the wave front in a reaction dif-
fusion system is proportional to (kD)2 [11],
where k is the rate constant of the rate-deter-
mining step in an autocatalytic sequence and
D is the diffusion coefficient of the autocata-
lytic species. It is known that in heterogeneous
system D depends on the ratio of porosity and
tortuosity of the grains, this ratio being only
weakly dependent on the size of the beads.
Also, one can assume that D in heterogeneous
systems consisting of the beads is close to that
in the homogeneous medium stabilized by starch.
Thus, the replacement of the starch stabilized
homogeneous medium by the heterogeneous
system consisting of small beads influence the
behavior of the system only slightly.

CONCLUSION

The above results demonstrate the first ap-
plication of the 'H NMR imaging to the in
situ investigation of model heterogeneous cata-
lytic reactions. The NMR imaging investigation
was carried out for different systems and dem-
onstrates its productivity.
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