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Spatially resolved Raman and UV-vis-NIR microspectroscopy have been used as tools to study the preparation
process of supported catalyst bodies. Detailed spectroscopic information on the local coordination geometry
of two different metallic species along with their macro-distribution over the catalyst body has been obtained,
enabling a good understanding of the physicochemical processes occurring during the drying process of
impregnated γ-Al2O3 bodies. The formation and decomposition of the Keggin-type complex HxPMo11CoO40(7-x)-,
which is considered to be a potential precursor for CoMoS2/γ-Al2O3 HDS catalysts, inside γ-Al2O3 bodies is
shown to be a function of the composition of the impregnation solutions, the aging time, and the drying
conditions applied. This knowledge has been successfully applied to prepare samples with a well-defined
distribution of the bimetallic complex, that is, either egg-shell, egg-yolk, or homogeneous distributions. The
Raman results are presented in a semiquantitative way by subtraction of a reference spectrum of a sample
containing a known amount of HxPMo11CoO40(7-x)- from the spectra recorded along the cross-section of the
catalyst bodies.

Introduction
Heterogeneous catalysis plays a dominant role in a vast
number of processes in modern society, for example, in the
refining of oil, the manufacturing of chemicals, and in environmental catalysis.1 Generally speaking, the preparation of a
solid catalyst involves the impregnation of a catalyst support
(which may be a powder or millimeter-sized shaped support
bodies) with a solution containing a precursor species of the
active component, followed by aging, drying, calcination, and,
in some cases, treatments such as reduction, oxidation, or
sulfidation. The activity of the resulting catalyst depends on
the speciation of the active component along with its dispersion
and macro-distribution throughout the support (body). For the
systematic development of catalysts, controlling the (physical)
chemistry from the nanometer level up to the millimeter level
is desirable during all steps of the preparation process.1b,2
Although the literature on catalyst preparation is extensive, many
of the phenomena occurring during impregnation, aging, drying,
and calcination still defy thorough understanding.3
An example of a heterogeneously catalyzed industrial process
is the hydrodesulfurization (HDS) of fuels, for which sulfided
cobalt/molybdenum, supported on γ-Al2O3, is generally employed. The catalytically active phase is believed to be a
“CoMoS” phase, where Co is located on the edges of MoS2
crystallites.4 The preparation process involves impregnation of
γ-Al2O3 support bodies with a Co- and Mo-containing aqueous
solution, followed by aging, drying, calcination, and sulfidation.
To obtain a good dispersion of both Co and Mo over the
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catalyst-support body after sulfidation, a homogeneous metal
distribution throughout the whole preparation procedure is
expected to be beneficial, although redistribution of the catalytically active species may occur upon calcination and sulfidation.
Unfortunately, characterization studies dealing with the analysis
of the metal speciation and distribution at the different stages
of the preparation process are scarce.5 Furthermore, samples in
powder form are most often analyzed in these studies, whereas
millimeter-sized support bodies are industrially much more
relevant.
Simple Co and Mo salts such as cobalt nitrate and ammonium
heptamolybdate (AHM, [NH4]6Mo7O24) are not the most suited
precursors for the preparation of CoMoS2/γ-Al2O3 catalysts, as
reaction of the Co and Mo with the Al2O3 support may occur
upon aging and drying, whereby CoAl2O4 (“surface spinel”)
species6 and Anderson-type [Al(OH)6Mo6O18]3- heteropolyanions,7 respectively, are formed. This may result in nonhomogeneous Co and Mo distributions over the support body and,
moreover, makes the Co unavailable for the sulfidation step.
Impregnation with solutions of Mo- and Co-containing complex
heteropolyanions (HPAs) has been proposed to improve the
dispersion of the precursor species and reduce the reactivity with
the support.8 In this respect, Anderson-type heteropolyoxomolybdates (for example [CoIII(OH)6Mo6O18]3- and phosphoruscontaining Keggin-type HPAs10 (see Figure 1) have been
reported. Co3/2PMo12O40, with Co2+ acting as the counterion
for the P- and Mo-containing Keggin HPA, has the disadvantage
that it decomposes upon impregnation due to the high pH that
often prevails within the pores of the Al2O3 support. This results
in surface polymolybdate species and HxPO4(3-x)-, which reacts
with the surface, yielding an AlPO4-type surface phase.11 The
stability of the Keggin-type HPA can be improved by using
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Figure 1. Schematic representation of a Keggin-type heteropolyanion
with the general formula [XY12O40]z-.

reduced HPA species, such as Co7/2PMo12O40,9c or by applying
organic solvents instead of water.12
We have chosen to use a precursor in which Mo and Co are
present within the same Keggin-unit: HxPMo11CoO40(7-x)(abbreviated as PMo11Co). Transition-metal-substituted HPAs
are known to form easily from “lacunary” heteropolyanions,
such as HxPMo11O39(7-x)-.13 In an earlier paper, we have
described the results of impregnation experiments involving
solutions of PMo11Co and γ-Al2O3 pellets, where Raman and
UV-vis-NIR (diffuse reflectance mode) microspectroscopy
were applied to monitor and understand the evolution process
of PMo11Co during impregnation.14 Impregnation with PMo11Co-containing solutions appeared to result in fast decomposition
of the HPA inside the γ-Al2O3 support.14 In the search for
precursor solutions that yield PMo11Co inside the support upon
impregnation (and aging), solutions containing [NH4]6Mo7O24,
Co(NO3)2‚6H2O, citric acid, and varying amounts of H3PO4
were applied. It turned out that the PMo11Co complex may be
formed inside the pores of the support upon aging, where the
formation depends on the initial H3PO4 concentration in the
impregnation solution and on the aging time.14
In this paper, we present the results of a spectroscopic study
on the drying process of impregnated γ-Al2O3 pellets. The
conditions under which PMo11Co can be observed inside the
pellets after drying as well as the influence of the drying
conditions on the distribution of this complex are dealt with.
We show that by understanding the physical chemistry of the
preparation process the final distribution of the catalyst precursor
PMo11Co can be influenced in such a way that either a
homogeneous, an egg-yolk or an egg-shell distribution can be
obtained after drying. Spatially resolved UV-vis-NIR (diffuse
reflectance mode)15 and Raman16 microspectroscopy are applied
as the analytical tools that provide the information on both the
Co and Mo distribution over the catalyst bodies and on their
local coordination geometry. Furthermore, the Raman data have
been used to present the data in a semiquantitative way by means
of spectral subtraction using a reference spectrum with known
PMo11Co concentration.
Experimental Section
In all experiments, cylindrical γ-Al2O3 pellets (Engelhard, 3
mm in both length and diameter) have been applied. These were
calcined at 600 °C for 6 h and stored at 120 °C prior to
impregnation. The pore volume of this support material was
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1.0 mL/g, and its surface area was 200 m2/g. Pore-volume
impregnation was performed, the volume of the impregnation
solution being equal to the pore volume of the γ-Al2O3 sample
plus 10%. Impregnation solutions were prepared by adding a
solution of citric acid (OPG Pharma, p.a.) and H3PO4 (85 wt %
solution, Merck, p.a.) to a [NH4]6Mo7O24 (Acros, p.a.) solution.
Finally, solid Co(NO3)2‚6H2O (Acros, p.a.) was added. Citric
acid16,17 and H3PO45b,16 are commonly used additives in
impregnation solutions for CoMo/γ-Al2O3 catalysts due to their
complexing ability toward Mo which is thought to enhance the
dispersion of the metallic catalyst precursor species over the
Al2O3 support. All solutions contained 1.0 M Mo, 0.5 M Co,
0.2 M citric acid, and H3PO4 in varying concentrations; they
are abbreviated as CoMoCAP(x), with x being the H3PO4 molar
concentration. Impregnated pellets were aged for either 4 or 24
h and subsequently dried in static air in a preheated oven at
120 °C (12 h) (fast drying) or by slowly heating the samples (1
°C/min) up to 120 °C and keeping them for 12 h at that
temperature (slow drying). After cooling to room temperature,
the pellets were analyzed by recording spatially resolved Raman
and UV-vis-NIR spectra in a line through the middle of the
cross-section of pellets that were bisected in the middle,
perpendicular to their axis.
Raman spectra were recorded on these bisected pellets using
a Kaiser RXN spectrometer equipped with a 785-nm diode laser
in combination with a Hololab 5000 Raman microscope. A 10×
objective was used for beam focusing and collection of scattered
radiation, resulting in a spot size on the sample of approximately
50 µm. The laser output power was 70 mW. For a typical
measurement, 5 spectra were accumulated with a 15-s exposure
time. UV-vis-NIR spectra were recorded in much the same
way using a specially designed setup for spatially resolved UVvis-NIR measurements.15 The spatial resolution of these
measurements was around 100 µm, and 10-15 spectra were
recorded along each cross-section.
Semiquantitative results were obtained by subtraction of the
Raman spectrum of a PMo11Co-containing reference sample
from spectra containing multiple components. A reference
spectrum with a maximum amount of all Mo present in the
PMo11Co complex was obtained by a series of experiments with
crushed γ-Al2O3 pellets (150-500-µm sieve fraction). These
crushed pellets were impregnated with CoMoCAP(x) impregnation solutions, with x ranging from 0.3 to 2.0. After 4-h aging
and fast drying, Raman spectra were recorded, and the spectrum
of the sample with the largest PMo11Co content was chosen
for the quantification. This spectrum (of the sample impregnated
with the CoMoCAP(0.8) solution) appeared to be very similar
to that of a solution with 88% of all Mo present in PMo11Co,
which was obtained from a titration experiment with varying
H3PO4 concentrations.14 (See also Results and Discussion
section.) All spectra were subjected to baseline correction, and
the height of the NO3- peak was used for scaling of the spectra.
The NO3- peak has been proven to be suitable for scaling of
spectra recorded on wet samples,16 where it was found that a
homogeneous NO3- distribution was obtained after 10 min. The
NO3- distribution after drying of impregnated γ-Al2O3 pellets
is still homogeneous, as no radial concentration gradient was
observed after drying of γ-Al2O3 pellets that were impregnated
with a 1.0 M NH4NO3 solution. The error in the semiquantitative
results was estimated to be approximately 15%.
Attempts to use the UV-vis-NIR spectra for quantification
of PMo11Co failed due to interference of the Co2+ d-d band
of CoAl2O4 (surface spinel) at 15750 cm-1 with the Co2+ d-d
band of PMo11Co at 17800 cm-1. The lower-energy side of this
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Figure 2. (a) Raman and (b) UV-vis-NIR spectra of the CoMoP(0.12) solution, containing 88% PMo11Co. In (b), the spectra of diluted samples
are depicted for clarity reasons.

band has been used previously for the quantification of
impregnated wet samples,14 but interfering spinel formation was
not observed in that case.
SEM-EDX analysis was performed in the analytical laboratories of Albemarle Catalysts BV. Samples were embedded
in Castoglas and polished on SiC paper with 2-propanol.
Samples were then carbon-coated to improve conductivity and
line-scans were recorded across the cross-section of a bisected
pellet with a step size of 10 µm at a 20-kV acceleration voltage.
Results and Discussion
1. Drying Phenomena inside γ-Al2O3 Pellets after Impregnation with Co/Mo/P/Citric Acid Solutions. Chemistry
of Phosphomolybdocobaltate Solutions. Solutions containing
molybdate and phosphate are known to host a multitude of
phosphomolybdate species in acidic aqueous environment.11 In
the presence of cobalt the phosphomolybdocobaltate heteropolyanion HxPMo11CoO40(7-x)-, which is the complex of
interest in this study, is formed at certain P/Mo ratios (and pH
values), see eq 1.

11HxMo7O24(6-x)- + 7HxPO4(3-x)- + 7[Co(OH2)6]2+ a
7HxPMo11CoO40(7-x)- (1)
The different species present in the Co/Mo/P solutions as a
function of the H3PO4 concentration have been investigated in
a titration experiment where Raman and UV-vis spectroscopy
were used to identify the different species.14 These experimental
results show that PMo11Co is the predominant species in the
range of 0.08 < P/Mo < 0.20, which is in agreement with
calculations based on known equilibrium constants.14,18 The
optimum P/Mo ratio for PMo11Co was found to be 0.12, in
which case 88% of all Mo is present in the complex.14 Upon
decreasing the P/Mo ratio from 0.12 onward, increasing amounts
of HxMo7O24(6-x)- are observed; however, at higher P/Mo ratios,
HxP2Mo5O23(6-x)- (abbreviated as P2Mo5) becomes the predominant species. The Raman and UV-vis-NIR spectra of the
CoMoP(0.12) solution are depicted in Figure 2, parts a and b,
respectively. The PMo11Co complex is characterized by Raman
bands at 971 (with a shoulder at 954 cm-1), 886, and 228 cm-1

and by bands at 17600 (Co2+ d-d transition) and 22000 cm-1
(O f Mo6+ charge-transfer band) in the UV-vis-NIR spectrum.14,19 In all UV-vis-NIR spectra, an additional band at
19300 cm-1 due to the Co2+ hexaaqua complex [Co(OH2)6]2+
is visible as there is an excess Co2+ with respect to PMo11Co
in all cases.
Effect of Drying on PMo11Co Distribution inside γ-Al2O3
Pellets. After impregnation of γ-Al2O3 pellets with a CoMoCAP(0.7) solution and aging for 4 h, PMo11Co is observed
only near the center of the γ-Al2O3 pellets, as can be concluded
from both the Raman and the UV-vis-NIR spectra recorded
along the cross-section of a bisected pellet, see Figure 3, parts
a and c. The presence of PMo11Co in those positions is
evidenced by the Raman band at 971 cm-1 and the O f Mo6+
charge-transfer band at 22000 cm-1 in the UV-vis-NIR
spectra. After fast drying of this sample after 4-h aging, a
reversed PMo11Co gradient is observed, see Figure 3, parts b
and d, for the corresponding Raman and UV-vis-NIR spectra.
Both the Raman peak at 971 cm-1 and charge-transfer band at
22000 cm-1 in the UV-vis-NIR spectra indicate the presence
of PMo11Co only near the edge of the γ-Al2O3 particle after
drying. To understand the different PMo11Co distribution before
and after drying, we need to consider the migration rates of the
different components of which the PMo11Co complex is
constituted (eq 1): [Co(OH2)6]2+ migrates fast into the γ-Al2O3
pellets as this positively charged complex has no electrostatic
interaction with the surface hydroxyl groups of the support,
which are also positively charged at the low pH of the
impregnation solution. The transport of molybdate species, on
the other hand, is known to occur somewhat more slowly (1-3
h for a homogeneous Mo distribution over the Al2O3 support16)
due to Coulombic interactions with the support. Most importantly, the transport of phosphate is even slower, due to a strong
interaction with Al2O3:11

AlsOH + HPO42- + H+ a AlsHPO4- + H2O

(2)

First of all, the formation of this type of “surface aluminum
phosphate” occurs slowly, and thus the amount of free phosphate
that stays available for PMo11Co formation decreases slowly.
Second, the migration of the free phosphate occurs very slowly;
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Figure 3. Raman (a and b) and UV-vis-NIR (c and d) line scans across the surface of a bisected pellet showing the distribution profile of
PMo11Co in a wet CoMoCAP(0.7) sample after 4-h aging (a and c) and after fast drying of an aged (4-h) CoMoCAP(0.7) sample (b and d). The
Raman band indicative of PMo11Co at 971 cm-1 is indicated with a dashed line. UV-vis-NIR bands of PMo11Co at 17600 and 22000 cm-1 are
indicated.

at 4 h after impregnation, that is, at the moment that the samples
described here were subjected to drying, no homogeneous
phosphate distribution over the pellets has been established yet.14
At 24 h after impregnation, the phosphate distribution over the
catalyst support bodies has been found to be close to homogeneous,14 which implies that eq 2 is a reversible reaction. The
result of this phosphate-support interaction is that a gradient
in the free-phosphate concentration over the support bodies is
observed, and this is the key to understanding the PMo11Co
profiles over the support bodies.
As discussed in the previous section, PMo11Co will be the
predominant species in those places where the P/Mo ratio falls
in the 0.08-0.20 range. Due to the free-phosphate gradient after
4 h (and the homogeneous Mo distribution at this point in time),
a gradient in the P/Mo ratio will be present over the γ-Al2O3
pellets. The P/Mo ratio inside γ-Al2O3 pellets is defined as the
ratio between free phosphate and free Mo, that is, the ratio of

available P and Mo for PMo11Co formation (the fraction P that
is incorporated in the surface aluminum phosphate is not
available for PMo11Co formation). After drying of an aged (4h) sample, the P/Mo gradient may still exist; however, due to
extended reaction of phosphate with the surface according to
eq 2, less free phosphate is present and thus the P/Mo ratio is
expected to be lower than before drying throughout the whole
pellet. Consequently, the positions throughout the Al2O3 pellet
where the P/Mo ratio is in the optimal range for PMo11Co
formation may change upon drying. In Figure 4 the effect of
changes in the P/Mo ratio on the PMo11Co distribution are
illustrated, where the gray region corresponds to the P/Mo range
at which PMo11Co may be observed. The lines drawn in the
figure show how the P/Mo gradient over the pellet changes upon
drying: due to the lowering of the line upon drying (by sustained
reaction of phosphate with the Al2O3 surface), different parts
of the pellet have the appropriate P/Mo ratio to allow PMo11-
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Figure 4. The effect of changes in the P/Mo ratio on the PMo11Co
distribution along the cross-section of a bisected γ-Al2O3 pellet,
impregnated with a CoMoCAP(0.7) solution and aged for 4 h (a) before
drying and (b) after fast drying. The gray area in the graph illustrates
the P/Mo range where PMo11Co formation is possible. Note that the
P/Mo ratio refers to the free phosphate-to-Mo ratio.

Co formation. Before drying, the HxPO4(3-x)- concentration near
the edge is too high for PMo11Co to be stable, and P2Mo5 is
indeed the observed species.14 After drying, the P/Mo ratio near
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the edge of the sample is expected to be in the 0.08-0.20 range,
while the HxPO4(3-x)- concentration in the core of the pellets
has become too low to render PMo11Co stable. In those
positions, a broad band at 930-950 cm-1 (Figure 3b), due to
polymolybdate (MoxOyz-) species,7 is observed. Alternatively,
it might be suggested that an Anderson-type hexamolybdoaluminate Al(OH)6Mo6O183- (AlMo6) is present at positions with
a low P/Mo ratio. AlMo6 formation is known to occur upon
aging after impregnation of γ-Al2O3 with molybdate solutions
in the absence of phosphate, where γ-Al2O3 is partially dissolved
and Al3+ is incorporated into the heteropolymolybdate structure.5c
The Raman bands of AlMo6 are found at 943, 898, and 565
cm-1,5c but the absence of a band at 565 cm-1 (a band that is
not found in the spectrum of MoxOyz-) in Figure 3b excludes
the possibility of AlMo6 formation in this case.
The reaction of phosphate with the alumina surface may have
an effect on the pH of the impregnation solution (with initial
pH values in the range 1.0-1.2)14 inside the pellet after aging
and drying. Although the change in pH inside the pellet after
impregnation is not exactly known, it is unlikely that a large
pH increase occurs, since this would lead to depolymerization
of the polymolybdates to, for example, MoO42-, which displays
Raman bands at 896 and 836 cm-1.16 These bands have not
been observed in the Raman spectra recorded on wet pellets

Figure 5. SEM-EDX (a) P and (b) Mo distribution over γ-Al2O3 pellets, impregnated with CoMoCAP(0.7), aged for either 4 or 24 h, and dried
fast.

Figure 6. Raman (a) and UV-vis-NIR spectra (b) recorded at different positions inside γ-Al2O3 pellets, impregnated with a CoMoCAP(0.3)
solution, after 4-h aging and slow drying. The bottom spectrum of Figure 6b is the reference spectrum of CoAl2O4 spinel, with bands at 15750,
17250, and 19000 cm-1, indicated with arrows.
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Figure 7. Raman (a) and UV-vis-NIR spectra (b) recorded at different positions inside γ-Al2O3 pellets, impregnated with a CoMoCAP(0.3)
solution, after 4-h aging and fast drying.

after aging,14 nor on pellets measured after drying (Figure 3b).
Instead, a broad band in the 940-950 cm-1 region has been
observed, typical of (hetero)polymolybdate species which are
stable in acidic environment only.
The distribution of P and Mo over γ-Al2O3 bodies after drying
was measured with SEM-EDX as a local probing technique.
Freshly cut, dried γ-Al2O3 pellets, which had been impregnated
with a CoMoCAP(0.7) solution and aged for either 4 or 24 h,
were analyzed along their cross-sections and the overall Mo
and P distributions are presented in Figure 5. The data confirm
the assumptions that Mo is homogeneously distributed over the
pellet after 4 h, and that the P distribution is not yet at
equilibrium after such an aging time. Thus, the P/Mo profiles
over dried pellets, as presented in Figure 4, can be safely used
to explain the spectroscopic data.
Influence of Drying Rate on PMo11Co Distribution inside
γ-Al2O3 Pellets. The effect of the drying rate on the final PMo11Co distribution is illustrated for samples impregnated with a
CoMoCAP(0.3) solution that were dried after 4-h aging. Prior
to drying, a homogeneous distribution of PMo11Co over the wet
pellets is observed, with approximately 45% of all Mo present
in the complex.14 The Raman and UV-vis-NIR spectra of the
corresponding sample, recorded after 4-h aging and slow drying,
are presented in Figure 6. The band indicative of PMo11Co at
971 cm-1 has completely disappeared throughout the whole
pellet in favor of bands at 943, 898, and 565 cm-1, indicating
the presence of AlMo6.5c As AlMo6 formation occurs in the
absence of HxPO4(3-x)-, we conclude that PMo11Co decomposition results from the decreased HxPO4(3-x)- concentration upon
drying due to reaction with the support according to eqs 1 and
2, as described in the previous section. The Raman spectra
recorded after fast drying are significantly different from those
after slow drying, see Figure 7a. Near the edges of the crosssection, the 971 cm-1 band of PMo11Co is still visible. Second,
the bands due to AlMo6 at 943, 898, and 565 cm-1 are not
observed; instead a broad band at 945 cm-1 has emerged which
is probably due to adsorbed polymolybdate species.5c Apparently, AlMo6 formation occurs only at elevated temperatures
in combination with the presence of some residual water, that
is, upon slow drying.
The UV-vis-NIR spectra are in agreement with the Raman
spectra. The disproportionation of PMo11Co upon drying is

evident, especially so after slow drying, see Figures 6b and 7b.
At the exterior of the analyzed catalyst bodies, a small amount
of PMo11Co is still present, as can be concluded from the O f
Mo6+ charge-transfer band at 22000 cm-1 and the Co2+ d-d
transition band at 17600 cm-1. Inside the pellets, Co2+ is mainly
present as [Co(OH2)6]2+, which is identifiable by an absorption
at 19300 cm-1. The second conclusion that can be drawn from
the UV-vis-NIR spectra is that a CoAl2O4 spinel phase has
been formed after slow drying, as indicated by a band at 15750
cm-1, which is not visible in the spectra in Figure 7b. Evidence
for this assignment has been provided by a reference spectrum
of the CoAl2O4 phase, obtained after drying of an Al2O3 sample
that was impregnated with Co(NO3)2, see the bottom spectrum
in Figure 6b. The observed bands at 15750, 17250, and 19000
cm-1 are in agreement with observations by Papadopoulou et
al.5e
The second example that illustrates the effect of the drying
rate on the PMo11Co distribution is provided by a sample
impregnated with CoMoCAP(1.5) which was aged for 4 h. After
slow drying of this sample, a homogeneously distributed small
amount of PMo11Co is observed, as indicated by the Raman
band at 971 cm-1, see Figure 8a. After fast drying of the same
sample, a substantial amount of PMo11Co is found near the
center of the γ-Al2O3 pellets, see Figure 8b. The differences
caused by the different drying rate can be explained by assuming
that there is still a small amount of water present at the early
stages of the slow drying process. The combination of this
residual water with the slightly elevated temperature allows the
reaction of phosphate with the surface to continue (eq 2) and,
second, allows the phosphate migration to continue at the
beginning of the slow drying process. As a result, the concentration of free phosphate is expected to be slightly lower, and more
uniformly distributed, upon slow drying. The result is that upon
slow drying of a sample that was impregnated with CoMoCAP(0.3), the phosphate concentration throughout the whole sample
has become too low to allow PMo11Co formation. On the
contrary, upon fast drying the P/Mo ratio near the edge of the
sample may be just high enough to be in the region where
PMo11Co can still be formed. In Figure 9a, a visualization of
this effect is given for the CoMoCAP(0.3) case. In the case of
CoMoCAP(1.5), the phosphate concentration after 4-h aging
in the core of the pellet is still low enough to allow PMo11Co
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Figure 8. Raman spectra recorded at different positions inside γ-Al2O3 pellets, impregnated with a CoMoCAP(1.5) solution, after 4-h aging and
slow (a) or fast (b) drying.

Figure 9. Schematic representation of the effect of the drying rate on
the observed PMo11Co distribution. Samples were impregnated with
(a) CoMoCAP(0.3) or (b) CoMoCAP(1.5) solutions.

formation; after fast drying the P/Mo ratio is therefore still below
0.20 in these positions. After slow drying, however, a high
phosphate concentration has been established throughout the
whole pellet due to enhanced phosphate migration toward the
core, which is not compensated by a drop in free-phosphate
concentration due to extended reaction with the Al2O3 surface
(even in the core of the pellets the P/Mo ratio is higher than
0.20). After slow drying, P2Mo5 rather than PMo11Co is
observed throughout the whole pellet, see Figure 9b.
Influence of the Initial Phosphate Concentration on the
PMo11Co Distribution Profile. In the previous sections, both
an egg-shell and an egg-yolk distribution of PMo11Co over
γ-Al2O3 have been obtained, either by fast drying of a
CoMoCAP(0.7) or CoMoCAP(0.3) sample after 4-h aging (eggshell) or by fast drying of a CoMoCAP(1.5) after 4-h aging
(egg-yolk). To obtain a homogeneous distribution of PMo11Co
after drying, the P/Mo ratio needs to be in the 0.08-0.20 range
throughout the whole sample. Indeed, when applying a CoMoCAP(1.0) solution for the impregnation, aging the sample
for 4 h and drying the sample at a fast rate, a homogeneous
PMo11Co distribution over the pellets has been achieved, see
Figure 10 for the Raman spectra across a bisected pellet. These
results show that, by applying the right conditions during
impregnation and drying, the distribution of the catalyst precursor PMo11Co after drying can be successfully determined.
2. Quantitative Analysis of Raman Data. The spectroscopic
results presented here have been considered in a qualitative way
only so far. We have made an attempt to evaluate the data in a
more quantitative way. As the method of choice, a reference

Figure 10. A homogeneous PMo11Co distribution inside a γ-Al2O3
sample obtained after impregnation with a CoMoCAP(1.0) solution,
4-h aging, and fast drying.

spectrum recorded from a sample with a known PMo11Co
concentration has been applied. To obtain such a γ-Al2O3 sample
with a PMo11Co concentration as high as possible after drying,
a range of drying experiments on crushed γ-Al2O3 pellets have
been performed. Impregnations were carried out with crushed
γ-Al2O3 bodies (150-500-µm sieve fraction) and CoMoCAP(x) solutions with x ranging from 0.3 to 2.0 M. The Raman and
UV-vis-NIR spectra of these powders, recorded after aging
(4 h) and fast drying, are depicted in Figure 11, parts a and b,
respectively. The Raman spectra in Figure 11a show that the
PMo11Co complex is present in all samples; the optimum H3PO4 concentration for the formation of this complex upon aging
and drying appears to be around 0.8 M. This value for the
optimum (in terms of PMo11Co formation) H3PO4 concentration
suggests that the free-phosphate concentration in the system has
decreased in such a way that a P/Mo (where P is free phosphate)
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Figure 11. (a) Raman and (b) UV-vis-NIR spectra showing the presence of PMo11Co on crushed γ-Al2O3 pellets after impregnation, 4-h aging,
and fast drying, as a function of H3PO4 concentration x in the CoMoCAP(x) impregnation solution.

Figure 12. Comparison of the Raman spectra of CoMoCAP(0.12)
(solution) and CoMoCAP(0.8) (crushed sample).

ratio of around 0.12 is obtained after an aging time of 4 h and
the applied drying procedure, according to the same mechanism
of reaction of phosphate with the Al2O3 surface (eq 2) as
described earlier. In cases where the initial H3PO4 concentration
in the solution was lower than 0.8 M, a shoulder next to the
971-cm-1 peak at lower wavenumber is observed, characteristic
of polymolybdate species on alumina.7 These observations
support the idea that decomposition of PMo11Co on γ-Al2O3
occurs upon aging and drying when solutions with low initial
H3PO4 concentrations are applied. Samples prepared from
solutions with higher H3PO4 levels (CoMoCAP(x) solutions with
x > 0.8) show additional Raman bands due to phosphomolybdate species such as PMo9 or PMo11 at around 965 cm-1, and
PMo12 at 987 cm-1, according to Van Veen et al.11 In these
cases, Co is removed from the PMo11Co complex and is present
either as the hexaaqua complex [Co(OH2)6]2+, in a complex
with citrate, [Co(citrate)2], or it may react with the Al2O3 surface
to form CoAl2O4 surface spinel. Close inspection of the UVvis-NIR spectra of the dried impregnated powders of samples

Figure 13. Relative amount of Mo present in PMo11Co in the different
CoMoCAP(x) powder samples, based on the relative peak heights of
the Raman band at 971 cm-1. Spectra have been normalized to the
NO3- peak.

with x > 1.0 (Figure 11b) reveals the presence of a minor
shoulder at 15750 cm-1, indicative of some CoAl2O4.
As the Raman spectrum of the CoMoCAP(0.8) powder
sample, recorded after aging and drying, has the highest PMo11Co content, this spectrum was selected for the quantification.
In Figure 12, this spectrum is compared with the spectrum of a
CoMoP(0.12) solution, where small differences in the peak
positions are due to the fact that one spectrum was recorded
from a solution and the second from a solid sample. The high
similarity of these spectra prompted us to assume that in the
CoMoCAP(0.8) powder sample the same fraction of the Mo
(i.e., 88%) as in the CoMoP(0.12) solution sample is accommodated in PMo11Co, and this value of 88% Mo in PMo11Co
in the reference spectrum will thus be used. The relative amounts
of PMo11Co in the different powder samples are compared in
Figure 13.
The spectra recorded from bisected pellets have been baselinecorrected and subsequently scaled at the NO3- peak at 1048
cm-1. Semiquantitative values of the % Mo in PMo11Co at
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Figure 14. Relative amounts of Mo in PMo11Co after impregnation with CoMoCAP(x) solutions with x ) 0.3 (a), 0.7 (b), 1.0 (c), and 1.5 (d) after
4-h or 24-h aging and either slow or fast drying. The relative error in the data is estimated to be approximately 15%.

different positions in the samples are obtained by subtraction
of each spectrum with the 88% reference spectrum. The
accuracy of these values is limited, mainly because the amount
of PMo11Co present in the reference spectrum has been deduced
by comparing the spectrum of a sample in solution with a
spectrum of a solid sample. The overall error in the quantitative
data is estimated to be approximately 15%. The quantitative
data presented here are helpful in visualizing the results and
they allow us to highlight the observed trends in the results. As
such, semiquantitative data provide an aid in presenting these
data in a concise manner.
An overview of the semiquantitative Raman results of samples
analyzed after impregnation with CoMoCAP(x) solutions (x )
0.3, 0.7, 1.0, and 1.5), aging for 4 or 24 h, and either slow or
fast drying, is presented in Figure 14. The general trend in the
results is that a maximum in the PMo11Co content is observed
at x ) 1.0 (Figure 14c). The egg-shell distributions as discussed
earlier (CoMoCAP(0.3) and CoMoCAP(0.7), aged 4 h and dried
at a fast rate), and the discussed egg-yolk distribution of PMo11Co in the CoMoCAP(1.5) sample (4-h aging, fast drying) are
clearly visible in Figure 14, parts a, b, and d, respectively.
The information that can be obtained from the data as
presented in Figure 14 will be illustrated by two salient
examples. First, the simultaneous influence of both the aging
time and the drying rate on the PMo11Co distribution is
illustrated clearly in Figure 14d: only after fast drying of a 4-h
aged sample is a significant amount of PMo11Co observed in
the sample. Changes in either of the variables cause the PMo11Co content to drop below 20% throughout the whole sample.
The second example comprises a γ-Al2O3 sample, impregnated
with a CoMoCAP(0.3) solution (Figure 14a). The PMo11Co
content throughout the pellet after 24-h aging and drying is

higher than after 4-h aging and drying, irrespective of the applied
drying rate, see Figure 14a. This is not in agreement with the
rationalization provided to explain the results in the previous
sections. In those cases, a decreasing free-phosphate concentration (and thus P/Mo ratio) upon aging and drying has been the
explanation for changes in the observed PMo11Co profiles after
drying. However, in the case of experiments involving CoMoCAP(0.3) solutions, not only does the HxPO4(3-x)- concentration decrease due to reaction with the Al2O3 surface. At low
HxPO4(3-x)- levels, Mo is also known to react with the Al2O3
support, yielding the previously discussed Anderson-type AlMo6
complex, identified by a Raman band at 565 cm-1 (cf. Figure
6a). When the Mo depletion is more pronounced than the
decrease in the HxPO4(3-x)- concentration after 24-h instead of
4-h aging, a net increase in the P/Mo ratio may result that is
sufficient to allow the formation of (some) PMo11Co after 24 h
and drying.
Conclusions
The combination of two spatially resolved spectroscopic
techniques allows a good understanding of the physicochemical
processes occurring inside catalyst-support bodies during the
first stages of the preparation process. Studying the preparation
process of supported catalyst bodies reveals information that
cannot be obtained by studying powdered samples. The formation and decomposition of the PMo11Co complex, which is
anticipated to be an interesting precursor for CoMoS2/γ-Al2O3
catalysts, inside Al2O3 pellets has been related to variations in
the local P/Mo ratios (where P refers to the free-phosphate
concentration), the value of which should be in the 0.08-0.20
range for PMo11Co to be stable. These variations in the P/Mo
ratios are caused by differences in migration rate of P, Mo, and
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Co inside the support bodies. The slow migration rate of
phosphate is due to strong interactions with the Al2O3 surface
according to eq 2. This reaction with Al2O3 takes place from
the start of the impregnation and continues until the last traces
of water have been removed from the sample during the drying
process. The effect of the drying rate on the PMo11Co distribution after drying supports this idea, as traces of water are still
present during the first stage of the slow drying process. By
varying the composition of the impregnation solution, the aging
time, and the drying procedure, either a homogeneous, an eggshell, or an egg-yolk distribution of the PMo11Co complex may
be obtained after drying. Impregnation and drying experiments
involving powdered γ-Al2O3 support bodies proved to be useful
for obtaining a reference spectrum of PMo11Co on Al2O3, which
has been used for the quantification of the Raman results.
The Raman and UV-vis-NIR microspectroscopy techniques
described here are of great value in understanding the preparation process of heterogeneous catalysts. Raman microscopy can
be used to study catalytic systems that contain (transition) metal
species with Raman active M-O vibrations. UV-vis-NIR
microspectroscopy may prove useful in studying both chargetransfer bands and d-d transitions of (transition) metal species
inside catalyst supports. This better understanding of the catalyst
preparation process is expected to be beneficial for the development of catalysts with improved properties.
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