
DOI: 10.1002/chem.200700990

Monitoring Transport Phenomena of Paramagnetic Metal-Ion Complexes
Inside Catalyst Bodies with Magnetic Resonance Imaging

Jaap A. Bergwerff,[a] Anna A. Lysova,[b, c] Leticia Espinosa-Alonso,[a]

Igor V. Koptyug,[b] and Bert M. Weckhuysen*[a]

Introduction

The preparation of supported catalysts is an important in-
dustrial process, since these materials are used in crucial
chemical processes such as hydrogenation reactions, Fisch-
er–Tropsch synthesis, and hydrotreatment processes. The
vast scale on which they are employed means that their
preparation must be achieved by simple means.[1] In general,
porous support bodies are impregnated with a solution con-

taining metal-ion complexes, after which drying is carried
out to deposit the precursor salts of the active phase on the
support. Variations in the procedures used for impregnation
and drying can have severe consequences for the activity of
the final catalyst. The dispersion of the active phase and its
macrodistribution inside the catalyst bodies are important
parameters in this respect.[2–3] A number of studies in this
field have led to a basic understanding of the physicochemi-
cal processes that take place during the preparation of sup-
ported catalyst bodies.[4–8] Models have even been derived
that allow one to describe the effect of parameters such as
the drying rate and the metal ion/support interaction on the
macrodistribution of the metal-ion precursor in the dried
catalyst bodies.[4,6,7]

Industrial impregnation solutions usually consist of a
number of components, each with its own interaction with
the support surface. Besides metal precursor salts, organic
complexing agents such as citric acid and nitrilotriacetic acid
are often added to impregnation solutions.[9–11] Different
metal chelate complexes can thus be formed in the impreg-
nation solution depending on pH and concentration. More-
over, it has been shown that pH gradients can occur inside
catalyst bodies after impregnation, which can be expected to
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Abstract: An indirect magnetic reso-
nance imaging (MRI) method has been
developed to determine in a noninva-
sive manner the distribution of para-
magnetic Co2+ complexes inside Co/
Al2O3 catalyst extrudates after impreg-
nation with Co2+/citrate solutions of
different pH and citrate concentrations.
UV/Vis/NIR microspectroscopic meas-
urements were carried out simultane-
ously to obtain complementary infor-
mation on the nature of the Co2+ com-
plexes. In this way, it could be con-
firmed that the actual distribution of
Co2+ inside the extrudates could be de-

rived from the MRI images. By com-
bining these space- and time-resolved
techniques, information was obtained
on both the strength and the mode of
interaction between [Co ACHTUNGTRENNUNG(H2O)6]

2+ and
different Co2+ citrate complexes with
the Al2O3 support. Complexation of
Co2+ by citrate was found to lead to a
stronger interaction of Co with the sup-
port surface and formation of an egg-

shell distribution of Co2+ complexes
after impregnation. By addition of free
citrate and by changing the pH of the
impregnation solution, it was possible
to obtain the rather uncommon egg-
yolk and egg-white distributions of
Co2+ inside the extrudates after im-
pregnation. In other words, by carefully
altering the chemical composition and
pH of the impregnation solution, the
macrodistribution of Co2+ complexes
inside catalyst extrudates could be fine-
tuned from eggshell over egg white and
egg yolk to uniform.

Keywords: cobalt · magnetic reso-
nance imaging · supported catalysts ·
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influence the interaction be-
tween metal-ion complexes
and the support surface.[12] Fi-
nally, the different structures
of the individual support mate-
rials lead to different transport
rate of compounds through the
support bodies. With the aid of
the existing models, it is there-
fore impossible to make relia-
ble predictions of the macro-
distribution of all different
components inside industrial
catalyst bodies. Methods that
allow one to monitor the prep-
aration process on-line can
therefore be of great help for more controlled preparation
of supported catalysts.

The analysis of bisected catalyst bodies with spatially re-
solved spectroscopic techniques makes it possible to deter-
mine the distribution of the different components of the im-
pregnation solution inside these samples during the prepara-
tion process.[12–16] The possibility to monitor the transport of
different components inside catalyst bodies in a noninvasive
manner was previously illustrated in a study in which the
distribution of phosphate and Pt complexes was determined
in a direct manner with a multinuclear (e.g., 31P and 195Pt)
MRI technique.[17] Recently, we briefly reported how the
distribution of paramagnetic [Co ACHTUNGTRENNUNG(H2O)6]

2+ complexes after
impregnation of support bodies can be monitored quantita-
tively in a noninvasive manner via their destructive effect
on the 1H NMR signal of the water solvent in MRI measure-
ments.[18] Here we present a full account and show that this
novel MRI method in the field of heterogeneous catalysis is
generally applicable to monitoring the macrodistribution of
different types of Co2+ complexes inside Co/Al2O3 catalyst
bodies. By adding citric acid to the impregnation solution
and varying its pH, the macrodistribution of the Co2+ com-
plexes in the impregnated extrudates could be varied from
eggshell, through egg white and egg yolk, to uniform.

Experimental Section

Pore-volume impregnation of cylindrical g-Al2O3 extrudates with
3.85 mm diameter was carried out with 0.20m Co2+ solutions. The BET
surface area of the support was 149 m2g�1 and its pore volume was
0.39 mLg�1. The mean pore diameter determined by N2 physisorption
was 8 nm, and no macropores were present in the extrudates. X-ray fluo-
rescence (XRF) analysis showed that S (0.45 wt% SO3), Si (0.23 wt%
SiO2), Ca (0.05 wt% CaO), and Fe (0.04 wt% Fe2O3) were present as the
main impurities. The point of zero charge (PZC) of this material was 7.8,
as determined by potentiometric mass titrations.[19] In the impregnation
solutions, which were prepared from CoACHTUNGTRENNUNG(NO3)2·6H2O (Acros, p.a.), citric
acid (Acros, p.a.), and NaOH (Merck, p.a.), the citrate concentration and
the pH were varied. The designations of the different solutions used in
this study, as well as their pH and composition, are listed in Table 1.

Two-dimensional (2D) 1H MRI images were recorded on the impregnat-
ed extrudates during the ageing process. Dehydration of the wet extru-

dates was prevented by inclusion of a wet tissue in the NMR tube. The
MRI measurements were performed on a Bruker Avance DRX 300
wide-bore spectrometer with imaging accessories at 300.13 MHz (1H).
For detection of the signal, a two-pulse spin-echo sequence was used.
Slice selection was used to record the signal from a 2 mm thick slice of
the extrudates. Frequency encoding was applied in the x direction with a
spatial resolution of 139 mm. The application of phase-encoding gradients
in the y direction resulted in a spatial resolution of 231 mm in this direc-
tion. The time required for the acquisition of a single 2D image was 4–
5 min.

For UV/Vis/NIR microspectroscopic measurements, different Al2O3 ex-
trudates of the same batch were impregnated with the solutions listed in
Table 1. The extrudates were bisected at different points in time after im-
pregnation, and UV/Vis/NIR spectra were recorded on the bisected ex-
trudates in the UV/Vis/NIR microspectroscopy setup described in previ-
ous work.[12] Pore-volume impregnation was also carried out on crushed
Al2O3 extrudates with the same impregnation solutions. UV/Vis/NIR
spectra were recorded on these samples in diffuse-reflectance mode on a
Cary 500 spectrophotometer equipped with an integrating sphere and a
white Halon standard as reference. The pH of the wet powders was de-
termined with the aid of a spear-tip electrode.[19]

To help interpret the results, a simplified model was used to derive an es-
timation of the macrodistribution of different compounds inside the ex-
trudates. In this model, the impregnation of a slab-shaped support body
was mimicked by calculations. The distribution of components in the im-
pregnation solution with different adsorption equilibrium constants Kads

and concentrations cimp was estimated after impregnation for different
positions inside the virtual support body. The slab was divided into differ-
ent sections, each having the same (pore) volume and containing the
same number of adsorption sites nads. The transport of different compo-
nents through the support was simulated by assuming stepwise penetra-
tion of the impregnation solution into the slab. In the first step, the
Al2O3 surface in the first section was contacted with the impregnation so-
lution. The adsorption of the different components on the Al2O3 surface
in this section was determined under the assumption of Langmuir adsorp-
tion and a constant concentration of components (equal to cimp). Subse-
quently, the unadsorbed fraction of the different components was allowed
to travel to the second section, while the first section was again exposed
to the impregnation solution. The total concentration of a certain compo-
nent in the first section was then equal to the amount adsorbed in the
first step plus the concentration in the impregnation solution. The ad-
sorption of the components in the different sections was again deter-
mined for the new situation in which the total concentration of the com-
ponents has changed. Typically, the distribution of the components after
seven adsorption and transport steps was determined. By varying the Kads

and cimp values for the different components, the distribution of Co2+

complexes and citrate inside extrudates could be simulated to mimic the
situation in the extrudates under study.

Table 1. Composition and pH of Co/citrate impregnation solutions used in this study, as well as speciation of
Co2+ complexes (as determined by UV/Vis/NIR spectroscopy) and concentration of free citrate in these solu-
tions.

Solution Composition Speciation
ACHTUNGTRENNUNG[Co2+]
[m]

[CA]
[m]

pH Co2+ complexes citrHx
(4�x)�

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH1 0.20 0.20 1.5 0.20m [CoACHTUNGTRENNUNG(H2O)6]
2+ 0.20m citrH4

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1 0.20 0.40 1.2 0.20m [CoACHTUNGTRENNUNG(H2O)6]
2+ 0.40m citrH4

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH1 0.20 1.00 1.0 0.20m [CoACHTUNGTRENNUNG(H2O)6]
2+ 1.00m citrH4

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5 0.20 0.20 5.0 0.20m [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]
� –

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH5 0.20 0.40 5.0 0.14m [CoACHTUNGTRENNUNG(citrH)2]
4�

0.06m [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]
�

0.06m citrH3�

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 0.20 1.00 5.0 0.20m [CoACHTUNGTRENNUNG(citrH)2]
4� 0.60m citrH3�

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH9 0.20 0.20 10.0 0.20m [CoACHTUNGTRENNUNG(citr)ACHTUNGTRENNUNG(H2O)3]
2� –

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-pH9 0.20 0.30 9.5 0.20m [CoACHTUNGTRENNUNG(citr)ACHTUNGTRENNUNG(H2O)3]
2� 0.10m citrH3�

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH9 0.20 0.40 9.0 0.20m [CoACHTUNGTRENNUNG(citr)ACHTUNGTRENNUNG(H2O)3]
2� 0.20m citrH3�
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Results and Discussion

Speciation of Co2+ citrate
complexes in aqueous solution :
Since the interaction between
the different components in
the impregnation solution and
the support surface is an im-
portant parameter, insight into
the constitution of the impreg-
nation solution is essential for
controlled preparation of sup-
ported catalysts.[8] Up to now,
the formation of Co2+ citrate
complexes in aqueous solution
has mainly been addressed
from a biochemical point of
view.[20,21] Formation constants
for Co2+ citrate complexes
were derived by potentiomet-
ric titrations for solutions with
a low concentration of citrate
(0.002–0.004m).[20] Crystal
structures of various Co2+ cit-
rate complexes were deter-
mined and used to propose structures of these complexes in
solution. However, the use of formation constants derived
from measurements on dilute solutions to predict the com-
position of more concentrated solutions is not without risk.
Therefore, potentiometric titrations and UV/Vis/NIR spec-
troscopy were applied to validate the speciation of Co2+ cit-
rate complexes in aqueous solution. Details of this study are
given in the Supporting Information. The main results are
summarized in Figure 1. Under the acidic conditions prevail-
ing in solutions prepared from citric acid and CoACHTUNGTRENNUNG(NO3)2 as
the only ingredients, protonation of the citrate carboxylate
groups is nearly complete, no complexation takes place be-
tween Co2+ and citrate, and [Co ACHTUNGTRENNUNG(H2O)6]

2+ complexes are
mainly present. At a pH of approximately 5–6, the carboxyl-
ate groups of citrate are completely deprotonated and Co2+

citrate complexes can be formed with a Co:citrate ratio of
1:1 ([Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

�) and 1:2 ([Co ACHTUNGTRENNUNG(citrH)2]
4�), depending

on the amount of citrate available. Formation of these com-
plexes from [CoACHTUNGTRENNUNG(H2O)6]

2+ and citric acid is described by
Equations (1) and (2). Coordination of Co2+ probably takes
place through two carboxylate groups and the hydroxyl
group, as shown in Figure 1. Formation of 1:1 Co2+ citrate
complexes was observed in Co2+/citrate solutions of pH
higher than 8, regardless of the amount of citrate available
for complexation.

½CoðH2OÞ6�2þ þH4citrÐ ½CoðHcitrÞðH2OÞ3�� þ 3H2Oþ 3Hþ

ð1Þ

½CoðH2OÞ6�2þ þ 2H4citrÐ ½CoðHcitrÞ2�4� þ 6H2Oþ 6Hþ

ð2Þ

Probably, [Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]
2� complexes are formed in

which coordination takes place through two carboxylate
groups and a deprotonated hydroxyl group. The formation
of this complex from [Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� is shown in Equa-
tion (3). For the different Co2+ complexes that can be pres-
ent in aqueous solution, the positions of their characteristic
UV/Vis/NIR bands are listed in Table 2.

½CoðHcitrÞðH2OÞ3�� Ð ½CoðcitrÞðH2OÞ3�2� þHþ ð3Þ

Reference spectra of the different Co2+ complexes were
used to fit the UV/Vis/NIR spectra recorded on 0.20m Co
solutions of different pH and citrate concentration. In this
way, the speciation of these complexes in 1:1, 1:2, and 1:5
Co2+ :citrate solutions was determined as a function of pH.
The resulting speciation plots are shown in Figure 1. From
these plots, the nature and concentration of the different
components in the impregnation solutions used in this study
could be derived. Cobalt:citrate solutions at pH 1 (CoCA-
pH1) were found to contain [Co ACHTUNGTRENNUNG(H2O)6]

2+ and a varying

Figure 1. Speciation of [Co ACHTUNGTRENNUNG(H2O)6]
2+ (*), [Co ACHTUNGTRENNUNG(citrHn) ACHTUNGTRENNUNG(H2O)3]

(2�n)� (n=1, 2) (~), [CoACHTUNGTRENNUNG(citrH)2]
4�(L), and [Co-

ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]
2� (&) complexes in 0.20m Co solutions with different citrate concentrations (bottom) and the mo-

lecular structure of the Co2+ citrate complexes (top).

Table 2. Positions and extinction coefficients of the most intense UV/Vis/
NIR absorption bands for relevant Co2+ complexes in aqueous solution.

Complex UV/Vis/NIR bands
[nm]

Extinction
coefficient [m�1 cm�1]

[Co ACHTUNGTRENNUNG(H2O)6]
2+ 511 4.4

[Co ACHTUNGTRENNUNG(citrH2) ACHTUNGTRENNUNG(H2O)3] 513 9.2
[Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

�

[Co ACHTUNGTRENNUNG(citrH)2]
4� 509 13.4

[Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]
2� 534 14.1

727 2.2
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amount of citrH4. It proved to be impossible to distinguish
between [CoACHTUNGTRENNUNG(citrH2) ACHTUNGTRENNUNG(H2O)3] and [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� com-
plexes by UV/Vis/NIR spectroscopy, since the only differ-
ence between these complexes is the protonation state of
the free carboxylate group. Since deprotonation of the car-
boxylate groups is complete at this pH, the Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-
pH5 solution almost exclusively contained [Co ACHTUNGTRENNUNG(citrH)-
ACHTUNGTRENNUNG(H2O)3]

� . Approximately 70% of all Co in the CoACHTUNGTRENNUNG(0.2)CA-
ACHTUNGTRENNUNG(0.4)-pH5 solution is present as [Co ACHTUNGTRENNUNG(citrH)2]

4�, while it was
assumed that the CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 solution merely con-
tained this complex and free citrate. In the CoCA-pH9 solu-
tions, [Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� was exclusively present. Besides
this complex, the CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.3)-pH9 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-
pH9 solutions contained varying amounts of free citrate.
The estimated concentrations of free citrate and Co2+ com-
plexes in the impregnation solutions are included in Table 1.

Impregnation with CoCA-pH1 solutions : When a support
material is exposed to an aqueous solution, protonation and
deprotonation of the surface hydroxyl groups can lead to a
shift in the pH of this solution. Especially when impregna-
tion is carried out without excess solution, this buffering
effect can be substantial. To determine the effect of the sup-
port on the pH of the solution inside the Al2O3 pores, pH
measurements were carried out on crushed Al2O3 extrudates
after impregnation with different solutions. The thus-ob-
tained pH values are listed in Table 3. When impregnation

was carried out with CoCA-pH1 solutions, protonation of
the Al2O3 surface led to an increase in pH to a value of 2.5–
3.3. Due to this buffering effect of the support, the pH in-
creases to a value at which Al2O3 is stable against dissolu-
tion. The UV/Vis/NIR spectra recorded on crushed extru-
dates after impregnation with CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4) solutions of
different pH are shown in Figure 2. In this figure, the spec-
trum of Al2O3 powder impregnated with a 0.2m Co ACHTUNGTRENNUNG(NO3)2
solution is included for comparison. In this spectrum, the
maximum of the Co2+ d–d band is located at 525 nm. The
observed red shift compared to the spectrum of [Co-
ACHTUNGTRENNUNG(H2O)6]

2+ in solution (maximum at 511 nm) can be ex-
plained by the exchange of water ligands for support hy-
droxyl groups and the formation of inner-sphere complexes
between [Co ACHTUNGTRENNUNG(H2O)6]

2+ and the Al2O3 surface.
[22–25] The spec-

trum recorded on Al2O3 impregnated with the CoACHTUNGTRENNUNG(0.2)CA-
ACHTUNGTRENNUNG(0.4)-pH1 solution shows a d–d band with lower intensity
and a maximum at 515 nm. This spectrum resembles that of
[Co ACHTUNGTRENNUNG(H2O)6]

2+ in solution, which points to limited chemical

interaction between these complexes and the support after
impregnation. In aqueous solutions, an increase in pH to a
value of 2.5–3.3 was found to lead to deprotonation of citric
acid and formation of Co2+ citrate complexes (Figure 1).
Complexation by citrate leads to an increase in the extinc-
tion coefficient of the Co2+ d–d transition band (Table 2).
Judging from the low intensity of the absorption band in the
spectrum recorded on Al2O3 impregnated with the Co-
ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1 solution, it seems that, despite the in-
crease in pH, hardly any Co2+ citrate complexes were
formed inside the Al2O3 matrix.

An indirect MRI method was used to determine the dis-
tribution of paramagnetic complexes in catalyst bodies. It
was shown before that after impregnation the extrudates are
instantaneously filled with the impregnation solution, and a
homogeneous distribution of water, and therefore protons,
is present throughout the support bodies.[17] At the same
time, transport of components in the impregnation solution
that can be adsorbed on the support surface is hampered,
and these compounds remain near the outer surface of the
support bodies. The presence of paramagnetic complexes
leads to a decrease in the relaxation times of water protons.
Since signal detection is achieved with a spin-echo pulse se-
quence, a short relaxation time results in a decrease in the
1H NMR signal. The accumulation of paramagnetic compo-
nents in certain areas of the extrudates can therefore be in-
ferred from a low local 1H NMR signal.

Two-dimensional 1H MRI images recorded on extrudates
at several points in time after impregnation with CoCA-pH1
solutions of different citrate concentrations are presented in
Figure 3a. In these images, the 1H NMR signal intensity is
indicated by different colors, where red indicates low signal
intensity and blue high signal intensity. Hence, in general,
areas in the catalyst bodies with a high concentration of
Co2+ complexes are shown in red. One-dimensional profiles
of the 1H NMR signal intensity as a function of the position
inside the extrudates after impregnation with 0.20m Co-
ACHTUNGTRENNUNG(NO3)2 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1 solutions are depicted in

Table 3. pH of the impregnation solution before and after impregnation
of crushed Al2O3 extrudates.

Solution pH before pH after

Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH1 1.5 3.3
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1 1.2 2.5
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5 5.0 7.1
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH5 5.0 7.0
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH9 10.0 8.0
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH9 9.5 8.8

Figure 2. UV/Vis/NIR spectra of crushed Al2O3 extrudates after impreg-
nation with (from top to bottom) 0.2m Co ACHTUNGTRENNUNG(NO3)2, Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1,
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH5, and CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH9 solutions.
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Figure 3b. In these profiles, the y axis shows the 1H NMR
signal intensity in reversed order, to mimic the distribution
of Co2+ complexes. In this figure, images and profiles of an
Al2O3 extrudate after impregnation with a Co ACHTUNGTRENNUNG(NO3)2 solu-
tion are included for comparison. Transport of Co2+ com-
plexes from the edge towards the center of the extrudates
was clearly observed as a shrinking core of high 1H NMR
signal intensity. The addition of citric acid had two effects.
First, as compared to the CoACHTUNGTRENNUNG(NO3)2 solution, the presence of
[Co ACHTUNGTRENNUNG(H2O)6]

2+ at the center of the extrudate was observed at
a shorter time after impregnation. Apparently, addition of
citric acid led to an increase in the transport rate of Co2+

complexes inside the Al2O3 extrudates. Second, the forma-
tion of a ring with higher NMR signal intensity was ob-
served near the protruding Co front. This is most clearly ob-
served in the 1D profiles obtained from the extrudate im-
pregnated with the CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1 solution. Ninety
minutes after impregnation with all CoCA-pH1 solutions,
images were obtained in which the 1H NMR signal intensity
is higher near the external surface of the extrudates, which

would imply an egg-yolk distri-
bution of Co2+ complexes
inside the extrudates. This im-
plies that Co2+ interacts in the
same way at the edges and the
center.

To verify that this type of
distribution was actually estab-
lished, extrudates were bisect-
ed 2 h after impregnation with
the different CoCA-pH1 solu-
tions for visual inspection. In
all cases, Co2+ complexes were
present throughout the extru-
dates, since the entire cross
section had a pink color. Be-
sides, an outer ring of a lighter
color was indeed observed.
The inner diameter of this ring
decreased with increasing cit-
rate concentration in the im-
pregnation solution, in line
with the 1H MRI measure-
ments. For a photograph of a
bisected extrudate 2 h after im-
pregnation with the Co-
ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH 1 solution,
see Figure S8 in the Supporting
Information.

To explain the faster trans-
port of [Co ACHTUNGTRENNUNG(H2O)6]

2+ and the
formation of an egg-yolk distri-
bution of Co2+ complexes, the
interaction of citrate and [Co-
ACHTUNGTRENNUNG(H2O)6]

2+ , the two components
in the impregnation solutions,
with the protonated Al2O3 sur-

face must be evaluated. At low pH, citrate is known to react
strongly with Al2O3 surfaces.

[26] Adsorption of citrate proba-
bly takes place on Al3+ surface sites after release of the hy-
droxyl group from the Al2O3 surface. Since H2O is a better
leaving group than OH�, adsorption predominantly takes
place on protonated hydroxyl groups. The reaction of citrate
with Al2O3 surface hydroxyl groups is described in Equa-
tion (4). Exchange of one or more water ligands of the [Co-
ACHTUNGTRENNUNG(H2O)6]

2+ complex for support oxygen atoms can lead to
chemical adsorption of [Co ACHTUNGTRENNUNG(H2O)6]

2+ onto the Al2O3 surface
[Eq. (5)].[22]

citrH3� þAlSOH2
þ KadsðcitrH3�Þ
������!AlS�Hcitr2� þH2O ð4Þ

½CoðH2OÞ6�2þ þ xAlSOH
Kadsð½CoðH2OÞ6 �2þÞ
���������! ���������

½ðAlSOÞxCoðH2OÞð6�xÞ�ð2�xÞþ þ xHþ
ð5Þ

The observed faster transport of Co2+ complexes on addi-
tion of citric acid may partially result from weaker interac-

Figure 3. a) 2D 1H MRI images recorded on Al2O3 extrudates after impregnation with (from top to bottom)
0.2m CoACHTUNGTRENNUNG(NO3)2, Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH1, Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1, and CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH1 solutions. b) 1D profiles
of the 1H NMR signal intensity as a function of position inside Al2O3 extrudates after impregnation with 0.2m

Co ACHTUNGTRENNUNG(NO3)2 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH1 solutions.
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tion between [Co ACHTUNGTRENNUNG(H2O)6]
2+

and the Al2O3 surface. The low
pH of the impregnation solu-
tion means that the equilibri-
um in Equation (5) is shifted
to the left and formation of
inner-sphere Co surface com-
plexes is suppressed. This is in
line with the UV/Vis/NIR
measurements, which also
pointed to limited interaction
between [Co ACHTUNGTRENNUNG(H2O)6]

2+ com-
plexes and the Al2O3 surface
after impregnation with the
CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH1 solution
(Figure 2). The formation of a
ring of high Co concentration
and the establishment of an
egg-yolk distribution can be
explained by assuming that the
adsorption of [Co ACHTUNGTRENNUNG(H2O)6]

2+

complexes is hampered by the
presence of adsorbed citrate
on the Al2O3 surface. Adsorp-
tion of both citrate and [Co-
ACHTUNGTRENNUNG(H2O)6]

2+ takes place on sur-
face hydroxyl groups as de-
scribed in Equations (4) and (5). However, the surface of g-
Al2O3 is known to contain a number of different hydroxyl
groups. Their acid/base properties are determined by the co-
ordination of the surface oxygen atoms. From Equations (4)
and (5), it is obvious that basic hydroxyl groups are more re-
active towards the adsorption of citrate, while acidic hydrox-
yl groups are most likely involved in the formation of inner-
sphere Co2+ surface complexes. Nevertheless, adsorption of
citrate apparently hinders adsorption of [Co ACHTUNGTRENNUNG(H2O)6]

2+ on
neighboring adsorption sites. Since at low pH KadsACHTUNGTRENNUNG(citrH

3�)
is larger than Kads([Co ACHTUNGTRENNUNG(H2O)6]

2+), adsorbed citrate is proba-
bly located in a ring near the external surface of the extru-
date just after impregnation. Towards the center of the ex-
trudate, the citrate concentration decreases, more surface
sites are available for the adsorption of [Co ACHTUNGTRENNUNG(H2O)6]

2+ , and
the surface density of Co surface complexes can be higher.
A similar mechanism was previously proposed to explain
egg-yolk Pt distributions in the preparation of Pt/Al2O3 pel-
lets.[27] The processes taking place inside an Al2O3 extrudate
after impregnation with CoCA-pH1 solutions are schemati-
cally depicted in Figure 4a. A simplified model, explained in
the Experimental Section, was used to estimate the distribu-
tion of citrate and [CoACHTUNGTRENNUNG(H2O)6]

2+ inside Al2O3 extrudates
after impregnation. In this model, adsorption of both citrate
and Co2+ complexes is assumed to take place on a single
type of surface site, which is a gross simplification, as dis-
cussed above. Nevertheless, the competitive adsorption
model allows one to describe the distribution of citrate and
Co complexes inside impregnated extrudates in a qualitative
manner. The situation approximately 35 min after impregna-

tion with the different CoCA-pH1 solutions is depicted in
Figure 4b.

Impregnation with CoCA-pH5 solutions : Impregnation of
crushed extrudates with CoCA-pH5 solutions led to an in-
crease in pH of the impregnation solution inside the pores
to 7.0. The UV/Vis/NIR spectrum recorded on Al2O3

powder impregnated with a CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH5 solution
shows a d–d band with a maximum at 525 nm (Figure 2).
Despite the pH increase, formation of [CoACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2�,
the stable complex in aqueous solution at pH 7.0, was not
observed inside the Al2O3 pores, since no absorption band
was observed at 730 nm in the UV/Vis/NIR spectrum.

Figure 5a shows 2D 1H MRI images obtained from extru-
dates after impregnation with the CoCA-pH5 solutions of
different Co:citrate ratios. The 1D 1H NMR signal-intensity
profiles obtained from extrudates after impregnation with
CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.2)-pH5 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 solutions are
presented in Figure 5b. Since the Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5 solu-
tion merely contains [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� (Figure 1), the
measurements on extrudates impregnated with this solution
can be used to determine the interaction between this com-
plex and the Al2O3 surface. Impregnation with a Co ACHTUNGTRENNUNG(0.2)CA-
ACHTUNGTRENNUNG(0.2)-pH5 solution resulted in formation of a sharp ring of
low 1H NMR signal intensity near the external surface of
the extrudates immediately after impregnation. Only slight
broadening of this ring was observed after ageing for 15 h.
A photograph of an extrudate that was bisected at this time
after impregnation (Figure 6) shows that the observed
1H NMR signal intensity profile indeed corresponds to a

Figure 4. Schematic representation of the processes taking place inside an Al2O3 extrudate after impregnation
with CoCA-pH1 solutions (a) and estimated distribution of [CoACHTUNGTRENNUNG(H2O)6]

2+ (solid lines) and citrate (dotted
lines) inside Al2O3 extrudates 35 min after impregnation (b).
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sharp eggshell distribution of Co2+ complexes. UV/Vis/NIR
spectra recorded on this bisected extrudate are also included

in Figure 6. An absorption
band due to Co2+ d–d transi-
tions is only observed in the
spectrum recorded near the ex-
ternal surface of the extrudate.
Even at 48 h after impregna-
tion, the 2D MRI image re-
veals an eggshell distribution
of Co2+ complexes inside the
extrudate (not shown).

From the slow transport of
[Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� , it can be
seen that a strong interaction
exists between this complex
and the support surface. Ad-
sorption of [Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

�

complexes onto the Al2O3 sur-
face may take place in differ-
ent ways. First, impregnation
with the slightly acidic solution
may lead to protonation of the
hydroxyl groups and creation
of a positively charged surface.
The increase in pH that was
observed upon impregnation of
the Al2O3 powder is probably
a result of this surface protona-
tion. An electrostatic interac-
tion could exist between the
surface and negatively charged
[Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� , as was
evidenced previously for
[HxPtCl6]

(2�x)� and a protonat-
ed Al2O3 surface.[28–29] Howev-
er, considering its low negative
charge, the observed interac-
tion between [Co ACHTUNGTRENNUNG(citrH)-
ACHTUNGTRENNUNG(H2O)3]

� and the support
seems too strong to be explained by purely electrostatic in-
teractions. Exchange of water ligands for support hydroxyl
groups can lead to formation of inner-sphere surface com-
plexes, as expressed in Equation (6). From this equation, it
is clear that adsorption of [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� on the Al2O3

surface leads to liberation of protons. Nevertheless, a net
pH increase is observed after impregnation with the Co-
ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5 solution. Apparently, protonation of basic
Al2O3 hydroxyl groups has a dominant effect on the pH of
the solution inside the Al2O3 pores. The UV/Vis/NIR spec-
trum recorded near the external surface of the extrudate im-
pregnated with the CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5 solution (Figure 6)
shows an absorption band with maximum at 530 nm. The
spectrum of [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� in aqueous solution shows a
band at 513 nm. This shift is a further argument for chemical
interaction between [Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� and the support.
Apparently, the coordination of Co2+ by citrate makes the
remaining water ligands more easily exchangeable for hy-
droxyl groups.

Figure 5. a) 2D 1H MRI images recorded on Al2O3 extrudates after impregnation with (from top to bottom)
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5, Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH5, and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 solutions. b) 1D profiles of the 1H NMR
signal intensity as a function of position inside Al2O3 extrudates after impregnation with Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5
and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 solutions.

Figure 6. UV/Vis/NIR spectra recorded on an Al2O3 extrudate bisected
15 h after impregnation with a CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5 solution. The loca-
tions of the measurement spots are indicated in the photograph.
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½CoðcitrHÞðH2OÞ3�� þ xAlSOH
Kadsð½CoðcitrHÞðH2OÞ3 ��Þ
������������! ������������½ðAlSOÞxCoðcitrHÞðH2OÞð3�xÞ�ð1þxÞ� þ xHþ

ð6Þ

When the citrate concentration in the impregnation solu-
tion is increased, the transport of Co2+ complexes proceeds
at a higher rate. Furthermore, the formation of a ring of
higher 1H NMR signal intensity near the external surface of
the extrudate is observed. This phenomenon is most pro-
nounced in the 1D 1H NMR signal-intensity profile obtained
50 min after impregnation with the CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(1.0)-pH5 so-
lution (Figure 5b). When the Co2+ complexes have reached
the center of the extrudates, an egg-yolk distribution is
again obtained, judging form the higher 1H NMR signal in-
tensity observed for positions at the periphery of the extru-
date 15 h after impregnation with the CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5
solution.

In the CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH5 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 sol-
utions, most of the Co2+ is contained in [Co ACHTUNGTRENNUNG(citrH)2]

4�

(Figure 1). The UV/Vis/NIR spectrum of this complex in
aqueous solution shows a band with a maximum at 509 nm
(Table 2). The absorption band in the UV/Vis/NIR spectrum
of the crushed extrudates impregnated with Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-
pH5 (Figure 2) is located at 525 nm. Apparently, after im-
pregnation, disintegration of the [Co ACHTUNGTRENNUNG(citrH)2]

4� complex
takes place inside the Al2O3 pores. The adsorption of citrate
on the Al2O3 surface [Eq. (4)] probably leads to a lower cit-
rate concentration inside the Al2O3 pores and formation of
[Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� complexes adsorbed on alumina at the
expense of [Co ACHTUNGTRENNUNG(citrH)2]

4�, which has an absorption band at
525 nm (Figure 6). In the following discussion, it is assumed
that [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� and
free citrate are the only com-
ponents inside the Al2O3 pores
after impregnation with the
CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH5 and Co-
ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 solutions,
despite the presence of [Co-
ACHTUNGTRENNUNG(citrH)2]

4� in the impregnation
solution.

A strong interaction be-
tween citrate and an Al2O3 sur-
face was reported when im-
pregnation was carried out
with a citrate solution of pH 5.
At this pH, ample protonated
hydroxyl groups are available
for reaction with citrate. Fur-
thermore, the citrate carboxyl-
ate groups are deprotonated,
and this allows for strong coor-
dination of the Al3+ sites. As
was discussed for the CoCA-
pH1 solutions, the presence of
adsorbed citrate may hinder
adsorption of Co complexes

onto the Al2O3 surface for steric reasons. The differences in
adsorption strength between citrate (strong) and [Co ACHTUNGTRENNUNG(citrH)-
ACHTUNGTRENNUNG(H2O)3]

� (slightly weaker) may explain the faster transport
of the Co2+ complexes when impregnation was carried out
with Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH5 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(1.0)-pH5 solu-
tions. However, as compared to the [Co ACHTUNGTRENNUNG(H2O)6]

2+ in the
CoCA-pH1 solutions, in this case, a stronger interaction
exists between [Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� and the Al2O3 surface.
During the diffusion of [Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� towards the
center of the extrudate, adsorption of this complex takes
place as soon as adsorption sites are available. As a result,
during the ageing process, the formation of a sharp ring of
low 1H NMR signal intensity is observed at the position of
the advancing Co front. When this extrudate was allowed to
age for 15 h, an egg-yolk distribution of [Co ACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

�

resulted. At this point in time, an eggshell distribution of
Hcitrate3� is still present, but [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� complexes
have distributed themselves evenly over the remaining ad-
sorption sites. The processes described above are summar-
ized in Figure 7a. The estimated distributions of [Co ACHTUNGTRENNUNG(citrH)-
ACHTUNGTRENNUNG(H2O)3]

� and citrate inside Al2O3 extrudates 190 min after
impregnation with different CoCA-pH5 solutions are shown
in Figure 7b.

Impregnation with CoCA-pH9 solutions : A slight decrease
in pH to a value of 8.0–8.8 was observed after impregnation
with the CoCA-pH9 solutions. Since the pH of these solu-
tions is close to the PZC of the support, impregnation has
little effect on the pH of the solution inside the pores. The
UV/Vis/NIR spectrum of [CoACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2�, present in all
CoCA-pH9 solutions, shows two distinct bands at 534 and
727 nm (Table 2). These bands are also observed in the spec-

Figure 7. Schematic representation of the processes taking place inside an Al2O3 extrudate after impregnation
with a CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH5 solution (a) and estimated distribution of [CoACHTUNGTRENNUNG(citrH) ACHTUNGTRENNUNG(H2O)3]

� (solid lines) and cit-
rate (dotted lines) inside Al2O3 extrudates 190 min after impregnation with different CoCA-pH5 solutions (b).
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trum recorded on the Al2O3 powder impregnated with the
CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH9 solution, as shown in Figure 2. Appa-
rently, the structure of the Co2+ citrate complex remained
largely intact after impregnation. The 2D 1H MRI images
and the corresponding 1D profiles of the 1H NMR signal in-
tensity as a function of position inside the extrudates, re-
corded at different times after impregnation with Co-
ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH9, CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.3)-pH9, and Co ACHTUNGTRENNUNG(0.2)CA-
ACHTUNGTRENNUNG(0.4)-pH9 solutions, are presented in Figure 8a and b, re-
spectively.

The distribution of Co2+ complexes after impregnation
with the Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH9 solution provides information
on the interaction of [Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� with the Al2O3 sur-
face. Slow transport of Co2+ complexes was observed in this
case. Even 48 h after impregnation, no constant 1H NMR
signal was observed for all positions inside the extrudate,
and from the intensity of the signal near the core of the ex-
trudate it is clear that no paramagnetic complexes are pres-
ent at this position. The presence of an eggshell distribution
of Co2+ complexes is confirmed by the photograph of a bi-

sected extrudate, taken 120 min after impregnation with a
CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.2)-pH9 solution (Figure 9, top left). UV/Vis/
NIR microspectroscopy measurements (not shown) indicat-
ed that only [Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� complexes were present near
the external surface of this extrudate. Since the pH of the
impregnation solutions was close to the PZC of the support,
the Al2O3 surface was probably neutrally charged after im-
pregnation with the CoCA-pH9 solutions. Hence, the ob-
served strong interaction between [Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� and
the Al2O3 surface can only be explained by a ligand-ex-
change mechanism, as expressed in Equation (7). This com-
plex appears to be less strongly adsorbed than [Co ACHTUNGTRENNUNG(Hcitr)-
ACHTUNGTRENNUNG(H2O)3]

� after impregnation with the CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5
solution. In comparison to the impregnation of Al2O3 extru-
dates with the CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH5 solution, transport of
Co2+ complexes proceeded at a higher rate at pH 9.

½CoðcitrÞðH2OÞ3�2� þ xAlSOH
Kadsð½CoðcitrÞðH2OÞ3 ��Þ
�����������! �����������½ðAlSOÞxCoðcitrÞðH2OÞð3�xÞ�ð2þxÞ� þ xHþ

ð7Þ

Again, an increase in the cit-
rate concentration of the im-
pregnation solution leads to
faster transport of Co2+ com-
plexes. The size of the area
with a high 1H NMR signal in-
tensity near the core of the ex-
trudates (where no Co2+ com-
plexes are present) decreases
at a faster rate when impreg-
nation is carried out with Co-
ACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.3)-pH9 and Co-
ACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH9 solutions.
This trend is also illustrated in
Figure 9, where photographs
recorded on bisected extru-
dates 120 min after impregna-
tion are shown, together with
the corresponding 2D 1H MRI
images. The domains where no
Co2+ complexes were present
are labeled “a” in these
images. A ring with low
1H NMR intensity is observed
at the edges of the extrudate
impregnated with the Co-
ACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.2)-pH9 solution and
at positions near the advancing
Co front when impregnation is
carried out with the Co-
ACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.3)-pH9 and Co-
ACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH9 solutions.
These areas are indicated by
“b”. In the corresponding pho-
tographs, a ring with a darker
color is indeed observed at

Figure 8. a) 2D 1H MRI images recorded on Al2O3 extrudates after impregnation with (from top to bottom)
Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH9, CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-pH9 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH9 solutions. b) 1D profiles of the 1H NMR
signal intensity as a function of position inside Al2O3 extrudates after impregnation with Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH9
and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-pH9 solutions.
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these positions. Towards the edges of the extrudates, a ring
with a lighter color is seen, which is labeled “c”. In the cor-
responding 2D MRI images a stronger signal is found for
these positions. Fifteen hours after impregnation with a Co-
ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH9 solution, a constant signal is found
throughout the extrudate. The intensity of the 1H NMR
signal is only slightly lower than what was observed for an
extrudate filled with water. Apparently, the Co2+ cations
present in areas labeled “c” are effectively shielded from
the water protons, and their destructive effect on the
1H NMR signal is minimized.

To determine the nature of the Co2+ complexes present in
regions a–c inside the extrudates, UV/Vis/NIR spectra were
recorded on an extrudate bisected 120 min after impregna-
tion with a Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-pH9 solution. The thus-obtained
spectra are presented in Figure 10. The positions of the mea-
surement spots are indicated in the photograph. Bands are
observed at 537 and 720 nm in all spectra recorded at posi-

tions where Co2+ complexes
are present (positions 5–7).
Only [Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2�-type
complexes seem to be present
inside the wet extrudates. The
higher intensity of the d–d
bands in spectra at positions 5
and 6 shows that a slightly
higher concentration of these
complexes is present near the
Co front. At the same time,
the 1H NMR signal at these
positions is drastically de-
creased. Apparently, the de-
structive effect of [CoACHTUNGTRENNUNG(citr)-
ACHTUNGTRENNUNG(H2O)3]

2� on the 1H NMR
signal is strongly enhanced
above a certain concentration.
Possibly, [Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� in
solution has a much larger
effect on the 1H NMR signal
than adsorbed [CoACHTUNGTRENNUNG(citr)-

ACHTUNGTRENNUNG(H2O)3]
2�, since their paramagnetic Co2+ cations are more

exposed to the water molecules. The presence of a high con-
centration of unadsorbed complexes near the Co front could
explain the low 1H NMR signal intensity observed at these
positions.

The presence of additional citrate in the Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-
pH9 and CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH9 solutions leads to faster trans-
port of Co2+ complexes and formation of a ring with higher
Co concentration near the protruding Co front. When im-
pregnation was carried out with CoCA solutions of pH 1
and 5, the manifestation of these phenomena could be ex-
plained by assuming a mechanism in which adsorption of
citrate onto the Al2O3 surface decreases the number of ad-
sorption sites for Co2+ complexes. After adsorption of cit-
rate, neighboring surface sites are blocked through steric
hindrance. For this explanation to be valid, an eggshell dis-
tribution of citrate must be present, and Kads ACHTUNGTRENNUNG(citrH

3�) needs
to be larger than the adsorption equilibrium constants of the
Co2+ complexes, a reasonable assumption at low pH. How-
ever, at high pH, weak interaction between citrate and the
Al2O3 surface is reported in the literature. In a separate set
of MRI experiments on 13C-labeled citrate impregnation
chemistry (not shown for brevity), a homogeneous distribu-
tion of citrate was observed almost immediately after im-
pregnation of Al2O3 extrudates with a 0.40m trisodium cit-
rate solution of pH 9. This fast transport can be the result of
a decrease in the number of adsorption sites available for
adsorption of citrate, rather than a decrease in KadsACHTUNGTRENNUNG(citrH

3�).
In comparison, the CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-pH9 (0.1m citrH3�) and
CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH9 (0.2m citrH3�) solutions contain a
lower concentration of free citrate (Table 1). Hence, an in-
homogeneous distribution of citrate may still be present in
the first hours after impregnation with these solutions. Nev-
ertheless, occupation by citrate of a small percentage of the
hydroxyl groups in the external area of the extrudates still

Figure 9. Photographs (top) and 2D 1H MRI images (bottom) recorded on Al2O3 extrudates 120 min after im-
pregnation with (from left to right) Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.2)-pH9, CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-pH9 and Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH9 solu-
tions.

Figure 10. UV/Vis/NIR spectra recorded on an Al2O3 extrudate bisected
120 min after impregnation with a Co ACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.3)-pH9 solution. The lo-
cations of the measurement spots are indicated in the photograph.
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renders a large fraction of the
hydroxyl groups available for
adsorption of [Co ACHTUNGTRENNUNG(citr)-
ACHTUNGTRENNUNG(H2O)3]

2� and is unlikely to
affect the adsorption of these
complexes to any great extent.
The situation changes when it
is assumed that adsorption of
citrate hinders adsorption of
[Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� through
electrostatic repulsion between
adsorbed citrate and negative-
ly charged [CoACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2�.
The extended effect of electro-
static interactions could imply
that the adsorption of citrate
hinders the adsorption of Co2+

complexes on a large number
of surface sites.

The relevant processes that
occur inside an Al2O3 extru-
date after impregnation with a
CoACHTUNGTRENNUNG(0.2)CA ACHTUNGTRENNUNG(0.4)-pH9 solution
are illustrated schematically in
Figure 11a. When blocking of
[Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� adsorption
sites by citrate was assumed, the distribution of citrate and
[Co ACHTUNGTRENNUNG(citr) ACHTUNGTRENNUNG(H2O)3]

2� complexes inside extrudates after impreg-
nation with the different CoCA-pH9 solutions could be de-
rived by using the simple model to describe impregnation.
The resulting concentration profiles 120 min after impregna-
tion are presented in Figure 11b.

Conclusion

The combined application of magnetic resonance imaging
and UV/Vis/NIR microspectroscopy provided unique com-
plementary information on the chemical nature and space-
and time-resolved distribution
of Co2+ complexes inside
Al2O3 extrudates. In all cases,
the obtained Co2+ distribution
inside Al2O3 extrudates could
be derived from the 1H MRI
images, which further illus-
trates the potential of the MRI
technique in catalyst prepara-
tion studies. In this way, the
formation of eggshell, egg-
yolk, egg-white, and uniform
distributions of the Co2+ pre-
cursor complexes could be ele-
gantly observed. While UV/
Vis/NIR microspectroscopy
provides molecular informa-
tion on the Co2+ complexes

inside the Al2O3 matrix obtained after bisecting extrudates
at specific times during impregnation or drying, the macro-
distribution of Co2+ complexes inside the extrudates and the
dynamics of the impregnation process could be determined
by the MRI technique in a noninvasive manner.

In general, it was found that the addition of citrate to the
impregnation solutions had two effects. First, complexation
of citrate with Co2+ resulted in a considerable increase in
the interaction between the Co precursor and the support.
As a result, (sharp) eggshell Co distributions were estab-
lished after impregnation with solutions that merely con-
tained Co2+ citrate complexes. This is illustrated in the top
part of Table 4, which schematically shows the macrodistri-

Figure 11. Schematic representation of the processes taking place inside an Al2O3 extrudate after impregnation
with a CoACHTUNGTRENNUNG(0.2)CAACHTUNGTRENNUNG(0.4)-pH9 solution (a) and the estimated distribution of [CoACHTUNGTRENNUNG(citr)ACHTUNGTRENNUNG(H2O)3]

2� (solid lines) and
citrate (dotted lines) inside Al2O3 extrudates 120 min after impregnation with different CoCA-pH9 solutions
(b).

Table 4. Effect of the strength of the metal ion/support interaction and the presence of a competitive adsorb-
ent on the macrodistribution of the metal-ion precursor in impregnated extrudates.

Adsorption strength of metal-ion precursor
strong medium weak

absent

Competitive extreme eggshell eggshell uniform
adsorption
of citrate

present

egg white egg yolk
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bution of metal-ion complexes as a function of their adsorp-
tion strength. Second, competitive adsorption between Co2+

complexes and free citrate resulted in faster transport of
metal-ion complexes towards the center of the extrudates.
The stronger interaction between free citrate and the Al2O3

surface led to establishment of an eggshell distribution of
this component after impregnation. Near the exterior sur-
face of the extrudates, fewer sites were now available for ad-
sorption of Co2+ complexes, and the Co2+ complexes were
found to diffuse faster to the center of the extrudates. Egg-
white and egg-yolk distributions of Co were formed during
ageing. The effect of adding to the impregnation solution a
component that is adsorbed strongly on the Al2O3 surface
on the macrodistribution of metal-ion complexes inside ex-
trudates is schematically depicted in the bottom part of
Table 4. By varying pH and citrate concentration in the im-
pregnation solutions, the macrodistribution of Co2+ com-
plexes inside Al2O3 extrudates could be controlled.
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