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Supported metal and metal oxide catalysts form an important
class of functional materials, owing to their role in oil refining,
the manufacturing of bulk and fine chemicals, and as
automotive catalysts.!! As the first step in the industrial
preparation of supported catalysts, regardless of the nature of
the active phase, a metal-precursor salt is usually applied to
the mm-sized support bodies by pore-volume impregnation
with a suitable precursor solution, after which drying,
calcination, and in some cases reduction or sulfidation, is
carried out to obtain the active catalyst. To maximize the
metal loading in the final catalyst, metal salts with a high
solubility, such as nitrates, are often used as the precursor in
industrial impregnation solutions.”! For example, the impreg-
nation solutions used in copper-based methanol-synthesis
catalysts, nickel-based hydrogenation catalysts, cobalt-based
Fischer-Tropsch catalysts, and iron-based ammonia synthesis
catalysts, contain paramagnetic Cu** (d’), Ni*" (d%), Co*" (d"),
and Fe** (d°) ions, respectively.!

The macro-distribution of the active phase in the catalyst
bodies is an important parameter. Although a homogeneous
distribution is often desired to maximize the dispersion, the
formation of egg-shell catalysts may be advantageous if the
aim is to limit the transport length of reactants and products.”!
Unfortunately, conventional methods to determine quantita-
tive metal-distribution profiles inside catalyst bodies are only
applicable to dried material and often only allow post-
synthesis evaluation of the material. Magnetic resonance
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imaging (MRI) offers the possibility to monitor the prepara-
tion of supported catalyst bodies in a non-invasive manner
and could therefore be a valuable addition to the catalyst
characterization toolbox.™

It has recently been shown that the distribution of
different components, such as phosphate, inside catalyst
bodies could be imaged using the MRI approach by probing
NMR-active nuclei (e.g. *'P).’) Herein, a novel approach is
taken in which quantitative distribution profiles of para-
magnetic metal-ion complexes inside catalyst bodies can be
indirectly deduced from 'H MRI images of the water protons.
In this way, the dynamics of the transport of the metal-
precursor inside a single support body can be monitored
online, allowing for a better control of the preparation
process.[*”]

After impregnation of porous support bodies, an aqueous
solution is generally taken up instantaneously by the support
through capillary action. Metal-ion complexes and other
ingredients in the impregnation solution are transported with
the flow of the solution towards the center of the support
bodies. However, components that adsorb onto the support
surface will be contained near the external surface.*1 A
concentration gradient is established over the catalyst bodies,
which can only be overcome by desorption of the compounds
from the support surface, and subsequent diffusion through
the pore system. Hence, it may take considerable time before
equilibration is complete and an ageing step is generally
applied after impregnation in industrial catalyst preparation.

Since imbibition of the impregnation solution by the
support is practically instantaneous, the concentration of
protons in the extrudates after impregnation may be consid-
ered homogeneous throughout the sample. It is now possible
to exploit the influence of different components in the
impregnation solution on the 'H NMR signal to derive their
distribution. In this study, the detrimental effect of the
presence of paramagnetic complexes on the strength of the
"H NMR signal of the water inside the pores of support bodies
was evaluated. This effect was subsequently used to deter-
mine the distribution of these paramagnetic nuclei inside
impregnated support bodies through '"H MRI measurements.
As a proof of principle, the transport of Co** complexes inside
Al O; extrudates after impregnation with Co(NO;), solutions
was monitored, however, the method is generally applicable
since the same approach has been successfully applied for
Cu*" and Ni*" ions.

Two-dimensional (2D) 'H MRI images were recorded on
extrudates after impregnation with solutions of different
Co?"-ion concentrations (Figure 1) as were one-dimensional
(1D) profiles of the '"H NMR signal intensity as a function of
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Figure 1. Right: 2D 'H MRI images of Al,O, extrudates 15 h after impregnation with
solutions of different cobalt-ion concentrations; blue: high 'TH NMR signal (a low Co*"
concentration) red: low "H NMR signal (a high Co*" concentration). Left: the 1D profiles of
the 'H NMR signal intensity (Iyug) as a function of the location inside the extrudates.

position inside the extrudates (Figure 1). To ensure that the
distribution of the metal-ion complexes was homogeneous in
these samples the material was allowed to age overnight after
impregnation. It can be seen that the average '"H NMR signal
intensity decreased with increasing Co*-ion concentration in
the impregnation solution (Figure 1). The 'H NMR signal is
most intense in the 1D profile of the water-filled extrudate.
The signal obtained from the inside of the extrudate varies as
a function of the location, which can be explained by
inhomogeneities in the extrudates. In certain areas, voids
may for instance be present, leading to a higher local
concentration of water. In the corresponding 2D images, a
high '"H NMR signal (a low Co®" concentration) is indicated
by a blue color and a low signal (a high Co®" concentration) by
a red color. When the 2D '"H MRI image is compared to the
actual dimensions of the extrudate, the sample appears
smaller than in reality, as a result of suppression of the
signal towards the outer surface of the extrudate. The
positions of the edges of the extrudate and the boundaries
of the area for which a reasonably constant 'H NMR signal is
observed are indicated in the 1D profiles in Figure 1.
Compared to the protons of H,O molecules in solution, the
relaxation times of water protons inside the AlL,O; pore
system are shorter owing to the loss in mobility and the
presence of paramagnetic impurities in the support. As a
result of these short relaxation times, a high repetition time
can be used in the MRI measurements to minimize the time
required for the acquisition of one image. However, water
protons in the periphery of the extrudates may be less
influenced by the Al,O; and their relaxation could be slower.
Owing to the fast repetition time, the signal from protons with
long relaxation times could be suppressed.

The average '"H NMR signal intensity for positions inside
the impregnated extrudates was calculated for the solutions
with different Co**-ion concentrations. The resulting values

Angew. Chem. Int. Ed. 2007, 46, 72247227

0 M Co*

0.2 M Co*

0.4 M Co*

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

for the signal intensity as a function of the
Co’™-ion concentration are shown in
Figure 2. The experimental error induced
by the measurement procedure and inho-
mogeneities in the pore structure within a
single extrudate could be evaluated by
determining the standard deviation of the
measured values for the 'H NMR signal
intensity along the diameter of an extru-
date. The 95% probability interval is
represented by the error bars in Figure 2.
The data points could be fitted with a third-
order polynomial, as indicated in the graph,
yielding an empiric correlation, which
makes it possible to quantify the amount
of Co®" ion at a specific position in the
extrudate as a function of time. Since
parameters, such as the chemical nature
and the texture of the support (e.g. pore
volume and average pore diameter), influ-
ence the 'HNMR signal intensity, this
correlation has no further physical mean-
ing.'” A similar calibration procedure is
therefore required for quantitative meas-
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Figure 2. Correlation between the Co**-ion concentration in the
impregnation solution and the average 'H NMR signal intensity
obtained from impregnated extrudates. The error bars indicate the
average values for the 'TH NMR signal intensity in the 1D profiles plus
and minus two times the standard deviation. The fit curve corresponds
to the equation given.

urements on the transport of paramagnetic metal ions in
different supports. The '"H NMR signal is almost completely
suppressed after impregnation with a 0.50M Co(NO;),
solution; this concentration thus defines the detection limit
of this method for [Co(H,0)¢]*" complexes.

The transport of [Co(H,0)s*" was monitored after
impregnation of the extrudates with a 0.20m Co®"-ion
solution. The 2D 'H MRI images recorded at different
times after impregnation are shown in Figure 3. The transport
of Co*" complexes can be observed as the area with high
NMR signal intensity near the center of the extrudates (where
no Co*" cations are present) decreases as a function of time
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Figure 3. Right: 2D 'H MRI images of an Al O, extrudate at several times after
impregnation with a 0.20m Co(NO;), solution; colors as in Figure 1. Left:
Quantitative Co®*-ion distribution plots, derived from the 2D images (see text

for details).

after impregnation. Using the calibration curve presented in
Figure 2, the 1D "H NMR signal intensity profiles could be
transformed into quantitative distribution profiles, which are
presented on the left in the same figure.

From these Co”"-ion profiles, a two-step transport of
[Co(H,O)]*" can clearly be observed. Immediately after
impregnation, Co®" complexes are only present in a ring
approximately 0.70-mm thick near the external surface of the
extrudates. The [Co(H,O),]*" complexes are transported into
the AL, O; pore system by the convective flow of solution.
Adsorption of these complexes on the Al,O; surface occurs as
one or more H,O ligands are exchanged by support oxygen
atoms.'"'?! Since no excess solution was applied to the
extrudates, the total amount of cobalt inside a single
extrudate remains constant after impregnation. Directly
after impregnation, all Co*™-ion complexes are in the outer
shell of the extrudates. As a result, their concentration inside
the pores is higher than 0.20Mm at these positions. When
equilibration proceeds, [Co(H,0)]*" complexes diffuse from
the external areas towards the center of the extrudates. A
protruding cobalt-front is observed, while the concentration
of cobalt near the edges of the extrudates decreases over time.
Eventually, after 4 h, a homogeneous distribution of Co*"-ion
complexes is observed.

The MRI technique presented herein offers great poten-
tial for researchers in both academia and industry who aim at
a more controlled preparation of supported metal (oxide)
catalyst bodies since it is generally applicable to study the
preparation of a wide range of catalytic systems containing
paramagnetic metal ions. From a practical point of view, the
technique allows the moment at which drying should be
started to obtain a certain type of metal-ion distribution to be
determined with great accuracy. In addition, the measure-
ments provide invaluable input for models describing the
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distribution of metal-ion complexes inside catalyst
bodies as a function of different parameters in the
preparation process. Through the MRI method, the
adsorption and diffusion behavior of industrially
relevant metal-ion complexes in a specific support
material can be assessed in a single experiment.
However, in the imaging mode the total 'H NMR
intensity is used for signal detection, chemical
information that can normally be obtained from
NMR spectroscopy is lost, thus the use of molecular
spectroscopy in a spatially resolved manner can
provide valuable complementary information, since,
in this way, the nature of the metal-ion complexes
can be probed as well.*%1 Based on this combina-
tion of techniques, a detailed molecular picture of
the physicochemical processes taking place during
the preparation of catalyst bodies can be drawn.

Experimental Section

Materials: Cylindrical y-Al,O; extrudates with a diameter
of 3.85 mm and an average length of 12 mm were used. The
pore volume of this material is 0.39 mLg ™' and its surface
area is 140 m*g~!. Aqueous solutions of Co(NO;),-6 H,0
(Acros Organics, p.a.) were used for impregnation.

Sample preparation: Pore-volume impregnation was
carried out on single extrudates. Care was taken that the extrudates
were completely wetted with the solution. To prevent the formation
of air bubbles in the extrudates, the impregnation solution was
applied from one side first.

MRI measurements: A Bruker Avance DRX 300 MHz wide-bore
spectrometer with imaging accessories was used for the MRI
measurements. 2D images were recorded using a two-pulse spin-
echo sequence. In the 'H MRI measurements, slice selection was
applied to record the signal from 2-mm thick slices of the extrudates.
Frequency encoding was applied in the x direction yielding a spatial
resolution of 139 um for '"H MRI measurements. The application of
phase encoding gradients in the y direction resulted in a spatial
resolution of 231 pym in this direction in the 'H MRI images. The
acquisition time of a single image was 4 min.
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