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During the occurrence of the catalytic process inside the catalyst grain the different distributions 
of the reagent, product and intermediate concentrations as well as the distribution of temperature 
which influence the rate of the heterogeneous reaction exist. The heterogeneous catalytic 
reaction is accompanied by transport of reagents to the grain surface, by diffusion of reagents 
into the catalyst grain, by diffusion of products to the surface of the grain and by removal of 
products from the catalyst surface. Study of the catalytic process complicated by mass transport 
of reagents and products directly in situ is possible to perform only by the imaging method 
because of their non-destructive nature. The NMR imaging method [1, 2] seems to be especially 
promising for studying such processes because it provides to get simultaneously the spatial 
information about the state of the catalyst grain in the course of the catalytic process as well as 
the spectroscopic information concerning the distribution of different chemical species inside the 
porous matrix basing on the differences in their chemical shifts in the NMR spectra.  
 
We used 1H NMR imaging to study the state of the catalyst grain and the catalyst bed under 
conditions of the co-current gas-liquid flow in the course of the occurrence of multiphase 
catalytic reaction of α-methylstyrene (AMS) hydrogenation which is characterized by strong 
heat removal [3]. The different modes of the catalyst grain and the catalyst bed operation under 
varied reagent supplies were studied. For the first time in the history of NMR imaging the 
operating reactor with catalyst was placed directly inside the NMR imaging probe. Note that the 
experiments were performed at high temperatures of the hydrogen flow (67-79ºC) and catalyst 
grain (up to 185ºC). The temperature of the catalyst bed increased up to 280ºC because of the 
exothermic nature of the reaction.  
 
The NMR imaging experiments showed that the occurrence of the exothermic catalytic reaction 
accompanied by phase transition inside the catalyst grain as well as in the catalyst bed can lead 
to the formation of strong gradients of the liquid phase inside the catalyst pellet or bed. The 
domains filled with hydrogen and AMS vapour are responsible for the occurrence of the catalytic 
reaction. The domains completely filled with liquid phase are responsible for the heat transfer. 
The intensive evaporation process occurs on the border between these domains. For the stable 
catalyst operation an optimal ratio of the wetted and dry porous structure inside the catalyst grain 
which depends on the rates of the reagent supply is needed.  
 
The distribution of reagent and product along the catalyst bed was also studied [4]. For this 
purpose we have applied the NMR spectroscopy with spatial resolution. We have carried out a 
three-dimensional experiment with two spatial and one spectral coordinates. Such experiment 
allows one to get a two-dimensional map of the liquid phase distribution inside the reactor with 
the catalyst in a slice of 2 mm thickness. At the same time in this experiment 1H NMR spectrum 
in each pixel of the obtained image is detected. A two-dimensional image obtained from the tree-
dimensional data set is shown in fig. 1b. In this image the vertical axis is a spatial coordinate, a 
horizontal axes is a spectral coordinate. The integral projection of the NMR signal intensity in 



the volume element of the bed presented in the fig. 1a on the vertical axes of this parallelepiped 
shows the liquid phase distribution along this axis (fig. 1c). Any horizontal cross-section of two-
dimensional image shown in fig. 1b is a 1H NMR spectrum of liquid phase in the corresponding 
pixel inside this parallelepiped. The spectra of reagent and product differ by the presence of 
signals of the protons near the double bound in AMS and of a proton of the CH-group in cumene 
as well as by the relative position of the external lines. From the spectra of liquid phase 
presented in fig. d-f it follows that at the inlet of the granular bed to which liquid reagent was 
permanently supplied the bed was filled predominantly with reagent (the spectrum in the fig. 1d 
undoubtedly corresponds to the AMS spectrum); in the middle of the bed a mixture of AMS and 
cumene in the comparable quantities was present (see fig. 1e); at the outlet of the bed we 
observed 1H NMR spectrum only of a product (fig. 1f). Though in fig. 1 only three spectra are 
presented, the data obtained in this experiment contain the spectra for each pixel in the slice of   
2 mm thickness in which the NMR signal intensity of liquid phase was detected. We observed 
the tendency of the increase of the product/reagent ratio from top to bottom of the catalyst bed 
but conversion is also a function of a horizontal coordinate.  
 
A fine example of a strong interaction between mass transport and chemical reaction is an 
oscillatory Belousov-Zhabotinsky reaction which is characterized by the oscillations of the 
reagent, product and intermediate concentration and the formation under certain conditions of the 
wave structures. The propagation of the wave front in the model reactor with packed bed and the 
influence of the flow of the reactive medium through this bed on the behaviour of the wave 
structures were studied by the NMR imaging method.  
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d-f) 1H NMR spectra of liquid phase for different position along the vertical axes of the parallelepiped obtained by
horizontal cross-section of the image shown in fig. b. Position of these cross-section is shown in fig. b, c by horizontal
lines. Each spectrum corresponds to the volume element of (0.66×1.3×2) mm3.  
A liquid AMS supply was (9.9-10.2)⋅10-3 g/s; a rate of hydrogen supply was 10.5 см3/с; a temperature of hydrogen was
79 °С. The total experimental time was 22 min 32 s.  

Fig. 1. NMR spectroscopy with
spatial resolution according to
AMS hydrogenation in the
catalyst bed consisting of
spherical 1% Pd/γ-Al2O3 particles
of 1 mm in diameter.  
a) Schematic sketch of the slice 
inside the reactor in which the 
NMR signal intensity during the 
experiment is detected.  
b) A two-dimensional image in
the coordinates position –
spectrum for the parallelepiped
shown in fig. a.  
c) A liquid phase distribution
along the vertical axes of the
parallelepiped obtained by 
integral projecting of fig. b on the 
vertical (coordinate) axes.  


