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Many technological applications use composite materials com- to directly monitor the distribution of various nuclei inside a single
prising an active component dispersed in a porous matrix. In catalyst body throughout the preparation process without interfering
particular, supported catalysts are often prepared by impregnationwith the processes that are studied.
of a porous support using a solution of an appropriate precursor, All imaging experiments were performed on a Bruker Avance
with subsequent drying and further processing to convert the DRX 300 MHz spectrometer equipped with imaging accessories.
precursor into the desired active phasks the efficiency of the Impregnation was carried out on cylindricalAl,O3 pellets, 3.2
final catalytic system depends on both the nature and distribution mm in diameter and 12 mm long. The pore volume of the material
of the active phase, control of the preparation process is essential. was 0.43 mL/g, while its surface area was 18%gntypical values
The final distribution of the active component over the porous for industrial y-Al,05. Two-dimensional imaging was performed
support is governed by a combination of physical and chemical ysing a two-pulse spirecho sequence in the plane transverse to
processedFor instance, the strength of interaction of the precursor the sample axis without slice selection.
with the support is a critical parameter. For components that strongly  ag a proof of principle, the impregnation of an 8k pellet with
adsorb on the surface, a uniform distribution in the entire support 5 9 76 M aqueous solution ofsAO; was followed usingH and
can be very difficult to achieve during impregnation, while outward s1p \R]. Phosphate is present in the impregnation solutions used
migration of the liquid phase can lead t(_) a substant_ial redistribution ¢4 the preparation of different catalytic systems, such as supported
of weakly adsorbed components during the drying stageae vanadium phosphate catalysts applied in selective oxidation reac-
required final (_Jllstnbutlon is not always the uniform one (e.g., €99- tions® and phosphate-promoted (Ni/Co)Moi@k catalysts used
shell, egg-white, and egg-yolk) and depends on the particular o, yqrotreating process@Especially when acidic solutions are

application of the material. In situ characterization is essential to used, it is difficult to obtain a homogeneous distribution of phos-
control the precursor transport within the support during catalyst phate, due to its strong interaction with the,@¢ surface.

prt:plara;tlgnd_Althotu?rT tk:jlifcan ?e ?chlevefdttr)]y _analy5|s gtf bisected In Figure 1,'H and3'P images detected just after the immersion
ca ak)j/s ]? |?s a 'te tlh erent stages of their preparatione of a dry pellet into the impregnation solution are presented. The
would preter to monitor these Processes in a noninvasive manner., image (Figure 1a) demonstrates that capillary action leads to
The spectroscopic modality of nuclear magnetic resonance . . .
o ) . LS . very fast permeation of water into the pellet, and tHesignal of
(NMR) is widely employed in catalytic applications and yields . L . :
) . o the same intensity is detected in the entire pellet after 250 s. The
information about molecular scale composition, structure, and | . : - .
. ) . .~ bright outer ring corresponds to liquid outside the pellet. e
processes, albeit averaged over the entire sample. Its imaging. . . .
. . . . . image (Figure 1b) detected just after th¢ image demonstrates
modality (MRI) can provide essentially the same information, but .
that transport of the phosphate falls far behind. The fact that the

with the spatial resolution on the order of tens or hundreds of . . .
microns>8 The technique is noninvasive, nondestructive, and chem- phosphate is not transported together with water into the empty

ically specific. Therefore, MRI can be appropriate for the charac- peIIeF unequivocally dem_onstrates its stro_ng interaction with the
terization of a wide variety of materials and dynamic processes alumina surface. Adsorption of phosphate is reported to take place

which exhibit heterogeneity on a macroscale as often encountered®n Pasic hydroxyl groups and coordinatively unsaturatéd Aites

in chemical engineering and heterogeneous catalysis. However 0N the AbOs surface? _

applications of MRI in heterogeneous catalysis reported to date are " @ subsequent experiment, a singié\l .0 pellet, saturated
scarce, and many important areas of such applications remain hardiyVith water, was placed in a cylindrical NMR sample tube (4.2 mm
addressed. An MRI-based approach was used previously to visualize-d-) containing the BPO, solution. Figure 2 shows the resulting
the redistribution dynamics of Pt during the impregnation of alumina Seguence of images detected using*#eNMR signal. The signal
pellets with BPtCk aqueous solutiohThis is usually the firststep ~ Of the liquid phase outside the pellet was substantially reduced
in the preparation of Pt/AD; catalysts applied in hydrogenation because of the fast repetition rate of the imaging pulse sequence to
reactions: The presence of the Pt complexes changes the relaxationoptimize sensitivity for the intra-pellet volume. The sequence of
time of the protons of a liquid inside a porous matrix. By obtaining images detected clearly reveals the dynamics,&f @3>~ pene-

H images using a relaxation contrast, the distribution of Pt inside tration into the pellet. It also illustrates that a single pellet can be
the ALOj; pellet can be derived in an indirect way. The possibility used to monitor the complete impregnation process, as bisecting
to detect the NMR signal of other nuclei with nonzero spin allows 0f the pellet before analysis is not necessary. A uniform distribution
one to perform a direct in situ visualization of supported catalyst of the phosphate in the entire pellet is only achieved after about 14
preparation. The MRI approach presented in this paper allows oneh of impregnation, far beyond aging times typically applied in
industrial catalyst preparation.

Ig‘é‘fggﬁggr}ﬁ'sg&'t“eog{%)gé%2ter- It should be noted that images in Figure 2 reflect the concentra-
8 Utrecht University. tion of phosphate in the liquid phase only, while the signal of the
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Figure 1. H (a) and3'P (b) images detected 250 s after immersion of a
dry Al,O3 pellet in an aqueous solution ofsPOs. Bright outer ring in (a)
corresponds to liquid outside the pellet.

1)4 min §)65min__ 1D)9Lmin _ 14)117min_ 20) 168 min_ 23) 194 min H,PtCk solutions generally results in the formation of egg-shell
. E H - catalysts'? In this case, however, this effect was less pronounced
V O because of the high precursor concentration used to improve the

S/N ratio. Optimization of acquisition parameters and utilization

29) 246 min

Figure 4. 19Ptimages detected during impregnation of fhal,03 pellet
with an aqueous solution of RtCk 14 min (a) and 70 min (b) after pellet
immersion. 199t images were detected with 3238 698 um? spatial
resolution and 28 min acquisition time per image.

38) 324 min_ 41) 350 min_ 44) 376 min  47) 401 min_ 128) 1101 min of higher magnetic fields should allow one to successfully image
o n 19t and other metal ions (e.gV5+, 53Cr*t, 9Mofh). For
o v precursors with paramagnetic metal atoms, direct imaging is not
feasible. In such cases, however, an indirect approach, based on

Figure 2. Dynamics of the impregnation of theAl,Os pellet with Hs- the influence of paramagnetic species on tHeNMR signal of
PQy solution. 3P images were detected with 132 371 um? spatial the solvent, can be used. The inhomogeneous distribution of
resolution and 8 min 38 s acquisition time per image. Selected images areparamagnetic cations inside a pellet saturated with water can be
shown. monitored, as was demonstrated previously for Cuy@l ,03.13

The multinuclear MRI technique outlined above allows one to
monitor the transport of different components of the impregnation
solution, as the distribution of the solvent, the metal precursor, and
possible additives can all be monitored. Therefore, we believe that
the MRI-based strategies, in combination with NMR signal detec-
tion of other magnetic nuclei, can be extremely useful for

Figure 3. Two-dimensionaf!P images showing phosphate distribution in  noninvasive visualization of the preparation of catalysts and other
dried Al,Os pellets. Images were detected after impregnation for 18.5 h (a) supported materials.

and 95 min (b). The images were acquired with 24247 um? spatial .
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