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INTRODUCTION

An essential feature of many heterogeneous cata-
lytic reactions is the involvement of nonlinear and auto-
catalytic stages. Therefore, the complex kinetic behav-
ior of such reactions may involve reaction rate oscilla-
tions, chemical (concentration) waves at the catalyst
surface, and periodic variations in the reactant and
intermediate concentrations or in the temperature of the
catalyst grain [1–5]. Until now, the propagation of the
concentration waves for heterogeneous systems has
only been studied at single crystalline surfaces. Con-
ventional 

 

in situ

 

 methods can barely be used to investi-
gate such phenomena in the catalyst bed, because these
beds are three-dimensional and optically nontranspar-
ent. Taking this into account, NMR imaging seems to
be rather promising in the study of spatially organized
chemical processes in bulk beds.

In this work, we used NMR imaging to study the
self-oscillating reaction in a fixed granular bed imitat-
ing the catalyst loading. We chose the liquid-phase
rather than the heterogeneous Belousov–Zhabotinsky
(BZ) reaction, for which the dynamics of wave front
propagation was investigated in homogeneous media
by NMR microimaging (MRM) [6, 7]. The advantage
of MRM is that it allows one to perform 

 

in situ

 

 studies
of chemical wave propagation in the course of the auto-
catalytic reaction, because this method does not affect
the course of the reaction. Earlier [8–12], we employed
NMR imaging to examine various physicochemical
processes occurring in porous grains and beds consist-
ing of porous grains [8–12]. In this work, we used it
again to investigate the occurrence of autocatalytic
chemical reactions in the granular bed.

EXPERIMENTAL

Experiments were carried out using a DRX 300
Avance NMR spectrometer (Bruker). The setup con-
tained a superconducting magnet with a vertical bore to
put the sample in and an imaging accessory capable of
delivering gradient magnetic field pulses up to
100 G/cm. In the experiments, the 

 

1

 

H NMR signal of
liquid water was registered at a frequency of
299.13 MHz.

The initial concentrations of reactants in the reac-
tion solution during the BZ reaction were as follows:

 

H

 

2

 

SO

 

4

 

, 0.2 M; KBr, 0.06 M; 

 

H

 

3

 

PO

 

4

 

, 2.8 M; malonic
acid, 0.15 M; and 

 

NaBrO

 

3

 

, 0.05 M. 

 

MnSO

 

4

 

 (0.0006 M)
was used as a homogenous catalyst for the BZ reaction.
In the experiments performed in the homogenous
medium, the solution was stabilized by starch (0.7 wt %).
A bed of glass beads with diameters of 0.5 and 3.2 mm
and quartz sand with a particle size of 0.1 mm were
used as a model porous matrix. In some experiments,
the bromate concentration was varied from 0.04 to
0.10 M. All experiments were conducted at room tem-
perature. Quartz sand or glass beads with a diameter of
0.5 mm were loaded into a glass ampule with a diame-
ter of 5 mm, whereas beads with a diameter of 3.2 mm
were put into an ampule with a diameter of 10 mm.

NMR imaging uses gradient magnetic field pulses,
thus allowing one to obtain spatial information on the
state of the object studied [13–16]. When a linear gra-
dient of the magnetic field is applied in addition to a
constant magnetic field, the resonance frequency
becomes a function of the nuclear spin coordinate along
the gradient, and the distribution of nuclear spins (the
substance amount) in the sample along the chosen
direction can be determined.

The perpendicular application of two or three mag-
netic field gradients makes it possible to obtain two- or
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H NMR technique was used to study the propagation of chemical waves during the liq-
uid-phase Belousov–Zhabotinsky (BZ) reaction in a model fixed bed of grains consisting of chemically inert
glass beads or quartz sand. The propagation of autocatalytic chemical waves in this bed is determined by the
size of pores between the grains. The rate of wave front propagation is independent of the size of the grains
involved in this bed but is much lower than that in the bulk of the homogenous aqueous phase. This may be
attributed to the difference in the effective diffusion coefficients in the homogeneous liquid phase and in the bed.

 

VI RUSSIAN CONFERENCE
ON CATALYTIC REACTION MECHANISMS

(Moscow, October 1–5, 2002)



 

402

 

KINETICS AND CATALYSIS

 

      

 

Vol. 44

 

      

 

No. 3

 

      

 

2003

 

KOPTYUG 

 

et al

 

.

 

three-dimensional images of the sample with a spatial
resolution of hundreds and thousands of microns.

RESULTS AND DISCUSSION

The BZ reaction comprises the oxidation of certain
organic compounds (malonic and citric acids) by the
bromate anion catalyzed by certain transition metal

ions (Ce(III), Mn(II), and 

 

Fe(phen )

 

. The superposi-
tion of diffusion processes and nonlinear steps of this
chemical reaction may lead to oscillations of the reac-
tant and intermediate concentrations, as well as the for-
mation of complex spatial–temporal wave structures at
certain reactant concentrations. The commonly
accepted mechanism of the BZ reaction is presented in
the table. The overall oxidation of an organic substrate
can be subdivided into three components: processes 

 

A

 

,

 

B

 

, and 

 

C

 

. The autocatalytic step of this scheme consists
of reactions (V) and (VI) of process 

 

B

 

, involving

 

HBrO

 

2

 

, which acts as an autocatalyst. It is important for
NMR imaging that the oxidation state of the catalyst
ion changes periodically in this process (see table),
because the reduced (

 

Mn

 

2+

 

) and oxidized (

 

Mn

 

3+

 

) ions
have different effects on the relaxation time of the pro-
tons of a solvent (water) when the manganese cations
are used as a catalyst.

NMR imaging has been used to study the BZ reac-
tion in homogenous media [6, 7], but it has not been
used to study the effect of a heterogeneous medium on
the system’s behavior.

)3
2+

 

It is known that the spatial–wave structures formed
in the BZ reaction are destroyed by the convective liq-
uid flows. To prevent this destruction, one should either
increase the viscosity of the reaction medium (for
example, by introducing starch) or conduct the process
in a heterogeneous matrix.

Preliminary experiments were performed in a
homogeneous system. During the experiment, one-
dimensional projections of the NMR signal intensity on
the axis of the vertical ampule filled with the homoge-
neous reaction solution stabilized by starch were grad-
ually registered every 3.2 s (Fig. 1). In the experiment,
a change in the intensity of the NMR signal caused by
the periodic variation in the oxidation state of the man-
ganese ions in the course of the autocatalytic reaction
(see table) was recorded. The paramagnetic cation 

 

Mn

 

2+

 

shortens the relaxation time of water protons to a
greater extent than the paramagnetic 

 

Mn

 

3+

 

 cation does,
thus allowing one to obtain a 

 

T

 

1

 

-contrast image by
NMR imaging. The light gray color in Fig. 1 corre-
sponds to the region of the more intensive NMR signal
and, consequently, to the region of the less intensive
NMR signal and, hence, to the region with the high

 

Mn

 

3+

 

 concentration. The black color at the edges of the
figure indicates the absence of the NMR signal in this
region of the image (due to a decrease in the magnetic
field intensity near the edges of a radio-frequency coil).

Figure 1 shows a synchronous change in the state of
the reaction solution at the beginning of the process in
the entire sample tube. Then the change in the oxidation
state of the manganese cation caused by the chemical
transformation starts to occur earlier in some parts of

 

Conventional Field–Koros–Noyes mechanism for the BZ reaction for malonic acid oxidation [17]
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 and M
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 are the catalyst cations in different oxidation states; 

 

f

 

 is the adjustable stoichiometic parameter.
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the ampule, and the diffusion of reactants from these
regions to the adjacent ones results in the propagation
of the spherical concentration wave. The region behind
the wave front remains in an unexcited state until diffu-
sion allows the reactant concentration to attain values
that are sufficient to repeat the autocatalytic reaction.
Figure 1 presents the projection of each spherical wave,
that is, two autocatalytic fronts propagating upwards
and downwards from the point of wave generation.

Figure 2a shows how the BZ reaction occurs in a
model grain layer consisting of chemically inert glass
beads with a diameter of 0.5 mm. We obtained the con-
secutive two-dimensional projections of the NMR sig-
nal intensity onto the plane of the vertical axis of the
ampule for the ampule filled with the reaction mixture
and glass beads to the same level. In this experiment,
the spherical wave source is located in the visible part
of the ampule. This allowed us to directly observe how
the wave propagated in the bed and how the spherical
wave became planar when reaching the ampule wall.
Figure 2a suggests that the spherical wave is generated
with a certain frequency in the same point of the sys-
tem. In our experiments, the rate of chemical wave
propagation in the bed consisting of 0.5-mm beads was

 

1.5 

 

±

 

 0.2

 

 mm/min. The rate of wave propagation prac-
tically remains unchanged during the 90 min of the
experiment, and the period of oscillations (i.e., the time
between the instants of spherical wave generation)
changes only slightly (Fig. 3a). Nevertheless, the oscil-
lation period increases in the course of the experiment,
apparently due to bromate consumption during the
reaction.

Figure 4 shows a typical change in the intensity of
the NMR signal during the reaction at an arbitrarily
chosen location within the bed. This function is oscil-
lating. The maxima correspond to the times when the
manganese cation acting as the reaction catalyst is
present mostly in the reduced 

 

Mn

 

2+

 

 state and the posi-

tions of minima correspond to the times when most of
the catalyst is present in the oxidized state 

 

Mn

 

3+

 

.

Figure 2b presents the consecutive two-dimensional
images of the ampule with the reaction solution, which
is also filled with 0.5-mm glass beads and with the
homogeneous liquid layer covering the bed (i.e., when
the level of the reaction solution is above the bed). In
this experiment, the propagation of two wave fronts is
observed: one is formed and propagates inside the bed
and the other is formed in the solution and passes
through the interface between the homogeneous phase
and the bed, where it annihilates with the wave front
propagating in the bed. In this case, wave propagation
slows down by a factor of 2.7 when passing from the
homogenous to the heterogeneous medium (the rate of
wave propagation in the homogeneous aqueous
medium is 

 

4.4 ± 0.3

 

 mm/min). Due to the effect of con-
vective liquid flows, blurring of the wave front is
observed when it propagates near the ampule walls
where the bed porosity is higher than in the vest of the
bed.

One possible reason for the rate change observed
when the wave front enters the porous medium is the
difference between the reactant concentrations in the
granular bed (e.g., as a result of adsorption) and their
bulk concentrations. Another reason is a decrease in the
effective diffusion coefficient, which in the interstitial

space of a porous medium is equal to 

 

D

 

 ≈ D0  (D0 is

the molecular diffusivity, ε is the bed porosity, and τ is
the tortuosity of thew porous space) [18]. Taking this
into account, we conducted similar experiments with
beds consisting of larger glass beads (3.2 mm). The rate
of wave propagation in such beds remains practically
unchanged and is equal to 1.8 ± 0.4 mm/min despite a
nearly 40-fold change in the surface area. Therefore,
the main reason behind rate variations observed when
the wave enters the bed seems to be a change in the
effective diffusion coefficient.

ε
τ
--

0 10 20 30 40

3.
8 

cm

Time, min

NMR signal
intensity

z

Fig. 1. Consecutive one-dimensional projections of the NMR signal intensity of the homogeneous reaction solution stabilized by
starch in the ampule containing [NaBrO3]0 = 0.05 M. The spatial resolution is 320 µm and the detection time of each projection is
3.2 s.
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Fig. 2. Consecutive two-dimensional projections of the NMR-signal intensity in the vertical ampule with a diameter of 5 mm filled
with 0.5-mm glass beads and the reaction solution with [NaBrO3]0 = (a, b) 0.05 and (c) 0.10 M in the plane of the vertical axis of
the ampule. The level of the reaction solution in the ampule is (b) above or (a, c) equal to that of the bed. The spatial resolution is
(320 × 230) µm2, the detection time of each two-dimensional projection is 14.3 s, and the total time of the experiment is 122 min.
The number of each image is given in the figure. To improve the contrast, each previous image was subtracted from the next one.
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The fact that the chemical wave velocity remains
unchanged on varying the size of the bed beads can eas-
ily be explained as follows. According to [19] the rate
of the wave front in the reaction–diffusion system is

v  ~ , where D is the diffusion coefficient of the
autocatalyst and k is the effective rate constant for the
rate-limiting step of the overall process. For the bed

consisting of spherical beads, the  ratio is practically

independent of the size of the bed particles. Therefore,
variations in the size of the porous matrix particles
should not change the wave rate.

A twofold increase in the initial concentration of
the bromate anions had a more pronounced effect than
variations in the size of spherical particles in the bed.
This caused a nearly twofold increase in the propaga-
tion velocity of the observed waves (the wave rate was
2.9 ± 0.5 mm/min at the initial NaBrO3 concentration
of 0.10 M). At the same time, the number of spherical
wave sources increased drastically (Fig. 2c) and the
period of oscillations decreased compared to the exper-
iment with a lower bromate ion concentration (Fig. 3b).
Figure 2c shows that the system initially behaved cha-
otically and then started to generate spherical waves
after self-organization.

Dk

ε
τ
--

No wave effects were identified in the system with
the cited reactant concentrations when a bed consisting
of quartz sand (particle size, 0.1 mm) was used as a
model porous medium. The absence of the wave activ-
ity of the system in this case can most likely be attrib-
uted to the existence of the critical radius of the wave
front below which wave propagation is impossible. It is
known that the rates of propagation of the spherical and
planar waves are related by the equation csph = cpl + kD,
where k is the front curvature (|k| = 1/r, r is the spherical
wave radius). Taking into account that k < 0 for the con-
vex waves, the wave radius should be larger than the
critical one to ensure successful wave generation rcr =

 [20]. For the velocities of propagation of planar

waves typical of our systems equal to ~1.5 mm/min and
the effective diffusion coefficient of small ions in the
water phase of ~2 × 10–5 cm2/s, the critical radius is of
the order of 0.1 mm, thus precluding the observation of
wave propagation in the bed consisting of quartz sand
with nonspherical 0.1-mm particles. The pore sizes in
the sand bed are smaller than their critical values for the
given reaction conditions; therefore, when propagating
in the system of connected pores, the chemical waves
collapse when passing from the pores of smaller diam-
eter to those of larger diameter.
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Taking into account that the wave velocity increases
with the bromate concentration, we tried to artificially
enlarge the critical radius in the bed consisting of
0.5-mm glass beads by decreasing the bromate concen-
tration. According to theoretical models, we should
have observed the transformation of the wave regime
into the one without waves (as in the case of sand).
Indeed, the waves in the bed consisting of 0.5-mm glass
beads disappeared even after an insignificant drop in
the bromate anion concentration from 0.05 to 0.04 M
because the critical radius became comparable with the
pore size and the waves collapsed.

CONCLUSION

In this work, we used the autocatalytic Belousov–
Zhabotinsky model reaction to demonstrate that NMR
imaging can be used to detect and study the propagation
of chemical waves in a model grain layer imitating the
bed of catalyst grains. The transition from a homoge-
neous reaction medium to a heterogeneous one favors a
decrease in the effect of the convective fluid flows on
wave front propagation and allows the direct in situ
observation of spherical and planar waves propagating
in the bed. Moreover, the theoretically predicted retar-
dation of chemical wave propagation compared to the
homogenous phase is observed because the transition to
the grain layer causes a decrease in the effective diffu-
sion coefficient of the autocatalyst compared to the
homogeneous liquid phase. The wave activity in the
bed is observed only when the size of the pores between
the bed grains is larger than a certain critical size deter-
mined by the rate of the propagation of the planar
chemical wave, which is in qualitative agreement with
the well-known theoretical models.
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