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Abstract: The physicochemical process-
es that occur during the preparation of
CoMo-Al,O; hydrodesulfurization cat-
alyst bodies have been investigated. To
this end, the distribution of Mo and Co
complexes, after impregnation of y-
AL)O; pellets with different CoMoP
solutions (i.e., solutions containing Co,

in the impregnation solution with the
AlLO; surface. It is shown that, after
impregnation with a solution contain-
ing H,PMo,;Co0,,>", the reaction of
phosphate with the Al,O; leads to the
disintegration of this complex. The
consecutive independent transport of
Co** complexes (fast) and Mo®" com-

plexes (slow) through the pores of the
Al,O; is envisaged. By the addition of
extra phosphate and citrate to the im-
pregnation solution, the formation of
the desired heteropolyanion can be
achieved inside the pellets. Ultimately,
the H,PMo,;CoO,,’~ distribution could
be controlled by varying the aging time

Mo, and phosphate), was monitored by
Raman and UV-visible-NIR microspec-
troscopy. From the speciation of the
different complexes over the catalyst
bodies, insight was obtained into the
interaction of the different components

plexes -

Introduction

Heterogeneous catalysts are of paramount importance for
our present day society, as they are being used in crucial in-
dustrial processes, such as oil refining, chemical manufac-
ture, and environmental applications.'”) Among these solid
catalysts, supported catalysts form an important subclass.
The structure of these systems is highly complex with, for in-
stance, nanometer-scale metal clusters deposited into the
10-100 nm pores of millimeter-scale support bodies. For op-
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applied after impregnation. The power
of a combination of spatially resolved
spectroscopic techniques to monitor
the preparation of supported catalyst
bodies is illustrated.

com-

supported

timum activity of the final catalyst, control on all these dif-
ferent length scales is required.”" It is therefore surprising
that in industrial catalyst preparation at first sight straight-
forward techniques are being used. Pore-volume impregna-
tion, in which the active phase is applied to pre-shaped
porous support bodies by addition of a metal-salt solution, is
generally the method of choice.™ Typically, in catalyst
preparation studies, parameters in the preparation cycle,
such as the composition of the impregnation solution and
the drying conditions, are varied, after which the effect of
these alterations on the final state of the catalyst and the ef-
ficiency of the catalyst is monitored. However, in many
cases, a thorough understanding of the physicochemical
processes that occur during the preparation of supported
catalysts is lacking. It is of great importance to obtain these
insights, as one clearly strives towards a more controlled
way of catalyst preparation.*”) In this context, several stud-
ies have been dedicated to the physicochemical processes
during the preparation of supported catalyst bodies.*?!
However, in all these cases, characterization was carried out
after the preparation procedure. Recently, in our group, mi-
crospectroscopic techniques were developed that allow one
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to monitor the nature and distribution of metal precursors
inside supported catalyst bodies during their prepara-
tion.'* The method used for studying the equilibration
process after impregnation of support bodies with Raman
microscopy and spatially resolved UV-visible-NIR spectros-
copy, is depicted in Figure 1.
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Figure 1. Layout of spatially resolved Raman and UV-visible-NIR meas-
urements on catalyst bodies.

In hydrotreating, (Co)MoS,/Al,O; catalysts are often used
that are applied in the form of millimeter-size catalyst
bodies. They are generally prepared by impregnation of v-
Al,O; extrudates with a solution containing Mo and Co
complexes, followed by aging, drying, and sulfidation. In
these catalysts, Co atoms are located at the edges of the
MoS, slabs and are thought to constitute the active sites in
these promoted catalysts.'>7) To enable this promoting
function of Co, it is of crucial importance that Co and Mo
are in close contact after sulfidation. Therefore, a homoge-
neous distribution of Mo and Co over the catalyst bodies is
a prerequisite for maximal activity. Furthermore, the nature
of the Mo and Co complexes after drying strongly influences
the activity of the final catalyst. It is known, for instance,
that the formation of crystalline Co phases, such as CoAL,O,
and CoMoO,, prevents the promoting effect of Co in the
final catalyst. The addition of complexing agents, on the
other hand, is reported to retard the sulfidation of Co, lead-
ing to a more active CoMoS phase in the final catalyst.*2]
In this context, the use of heteropolyanions containing both
Mo and Co, such as H,PMo,;;CoO,;’~ or Co(OH):MoO5*~
as precursors for hydrodesulfurization catalysts, has been
studied in recent years.” ™ Increased activity was indeed
reported for the catalysts prepared using this approach.
However, the stability of these compounds during the prepa-
ration was found to be a problem, especially for the former
complex. Phosphate-containing Keggin-type complexes are
reported to decompose upon adsorption onto the Al,O; sur-
face.?! The characteristic Raman and UV-visible-NIR
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spectra of this complex in solution make it a suitable candi-
date to illustrate the power of combined spectroscopic tech-
niques in catalyst preparation studies. In CoMo/Al,O; cata-
lyst bodies, Raman microscopy and spatially resolved UV-
visible-NIR spectroscopy can be combined to monitor both
the distribution and the nature of Mo complexes, through
their characteristic Mo—O stretch vibrations, and Co com-
plexes, by the position of the Co’* d-d transitions. Both
techniques are thus valuable tools in studying the prepara-
tion of CoMo/Al,O; catalyst bodies (Figure 1). In this study,
we illustrate how the disintegration and formation of a
Keggin-type H,PMo,;CoO,,"~ heteropolyanion inside the
pores of Al,O; pellets can be monitored by using the afore-
mentioned techniques. Subsequently, the insights that were
obtained in this way were used to control the distribution of
this complex after impregnation.

Results and Discussion

Raman and UV-visible-NIR on CoMoP solutions: To evalu-
ate the influence of the phosphate concentration on the for-
mation of H,PMo,;Co0O,,>, calculations were carried out to
determine the constitution of a CoMoP solution as a func-
tion of the phosphate concentration by using values for the
formation and stability constants of the different complexes
taken from literature.’>"! In Figure 2, the concentration of
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Figure 2. Composition of a 1.0M Mo, 0.5 Co solution as a function of in-
creasing phosphate concentration as calculated from literature data.

the predominant Mo complexes in a 1.0Mm Mo/0.5m Co solu-
tion is presented when the phosphate concentration is
varied between 0 and 0.5m. These calculations indicate the
presence of isopolyanions in the acidic CoMo solution
before addition of any phosphate. At low phosphate concen-
trations, practically all phosphate that is added to the solu-
tion is used in the formation of the Keggin-type complex, as
the equilibrium in Equation (1) shifts to the right. A maxi-
mum in the H,PMo,;CoO,,’~ concentration is reached at a
phosphate concentration of 0.12m, when close to 90 % of all
Mo present in solution is contained in this complex. When
the phosphate concentration is increased above this value,
disintegration of H,PMo,;;CoO,;’ is expected, due to the
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formation of H,P,Mo0s0,*, as the equilibrium in Equa-
tion (2) is shifted to the right.

11 H,Mo0,0,,* 9~ + 7H,PO,®~ 4 7 [Co(H,0),*" =

1
7H,PMo,;Co0,,°~ + 54H,0 @

5H,PMo,,Co0,,* + 17H,PO,*~ + 15H,0 =

11 H,P,M050,;" + 5 [Co(H,0)¢|*" @

Calculations on the speciation of MoP solutions indicate
that H,P,Mo050,,“~ is the thermodynamically favored spe-
cies for all Mo/P ratios. However, the presence of Co’*
allows for the formation of H,PMo;;CoQ,,’ ", which appears
to be a highly stable complex, although the formation of this
heteropolyanion in CoMoP solutions will only take place at
specific Mo/P concentration ratios.

Raman and UV-visible-NIR spectroscopy measurements
were carried out on CoMoP reference solutions to obtain
reference spectra of the different complexes and evaluate
the power of both techniques in analyzing these systems.
The Raman and UV-visible-NIR spectra of these solutions
are presented in Figure 3. Raman spectra are presented in
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Figure 3. UV-visible-NIR and Raman spectra of 1.0M Mo, 0.5m Co refer-
ence solutions in which the phosphate concentration is varied between 0
and 0.50 M.

the 700-1100 cm™" range, in which Mo—O stretch vibrations
are typically observed. Information that is contained in
other parts of the spectra will be discussed in the text only.
The Raman spectrum of the solution without phosphate
shows peaks at 943, 900, and 356 cm™!, which indicate that
H,Mo,0,,%~ is the predominant complex in this solu-
tion.”® However, different isopolyanions are probably pres-
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ent, as the feature that is observed between 800 and
1000 cm ™' is rather broad. In the UV-visible-NIR spectra, a
band with its maximum at 18600 cm ™' is observed; the typi-
cal position for the *“T;,—*T,, (P) d—d transition of octahe-
drally coordinated Co** in [Co(H,0)6]**.”! Besides this
band, an O —Mo°* charge-transfer band is observed in the
UV region, with its onset at 23000 cm™".

In the Raman spectra of the solutions with a phosphate
concentration between 0 and 0.15m phosphate, peaks at 971
(with a shoulder at 954), 886, and 228 cm™' appear, which
become more intense as the phosphate concentration in-
creases. Simultaneously, two bands at 17800 and 22000 cm™!
appear in the UV-visible-NIR spectra, and the onset of the
O—Mo®* charge-transfer band shifts into the visible region.
These features confirm the formation of the heteropolyan-
ion, indicated by the calculations.”?”) The coordination of
Co’" in this complex is probably pseudo-octahedral, as the
orientation of Co’* towards five of the coordinating oxygen
atoms is fixed by the structure of the Keggin ion. However,
the distance of the water molecule completing the sixfold
coordination towards the outside of the complex is variable.
This distortion from perfect octahedral coordination may be
an explanation for the relatively high extinction coefficient
observed for the band at 17800 cm . The formation of large
Mo—O clusters results in the observed red-shift in the onset
of the O —Mo®* charge-transfer band.*")

A maximum in the intensity of the 17800 cm™' band in
the UV-visible-NIR spectra and the 971 cm™' band in the
Raman spectra is observed when a phosphate concentration
of approximately 0.15m is reached. A decrease of the
H,PMo,,Co0,,> features in the Raman and UV-visible-
NIR spectra is observed at higher phosphate concentrations.
At a phosphate concentration of 0.5M, the UV-visible-NIR
spectra shows that all the Co is contained in [Co(H,O)]**
and the disintegration of the heteropolyanion is complete.
The corresponding Raman spectrum shows peaks at 942,
893, 395, and 370cm™!, which are characteristic for
H,P,Mo0;0,,¢ 9~ at low pH.["

It is shown that the formation and disintegration of
H,PMo,,Co0,;’~ in solution can be monitored by both
Raman and UV-visible-NIR spectroscopy. The intensity of
the band at 17800 cm™" in the UV-visible-NIR spectra of the
reference solutions is a measure for the H,PMo,;CoQ,,’"
concentration. Due to the overlap of this band with the [Co-
(H,0)sJ*" band at 18600 cm ™' and the relatively high extinc-
tion coefficient of this transition, determination of the inten-
sity of the transition was carried out at 16000 cm™', at the
down slope of the peak. In Figure 4, the absorption at this
position in the spectrum is presented for the CoMoP refer-
ence solutions with different phosphate concentrations. Un-
fortunately, as the extinction coefficient for this complex is
not known, it was not possible to determine the
H,PMo,;Co0,,>~ concentration in these solutions quantita-
tively.

The presence of NO;  as an internal standard allows for
the quantitative analysis of the Raman spectra. Analysis was
carried out in the range of 750-1150 cm™" on spectra after
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Figure 4. Speciation of Mo complexes (0 HMo0,0,,%", =
H,PMo,,Co0,;’", ¢ H,P,M050,,") in CoMoP reference solutions as a
function of the phosphate concentration, as derived from quantitative
analysis of Raman spectra. The values for the absorption at 16000 cm ™'
in the corresponding UV-visible-NIR spectra (4) are included for com-
parison.

background correction and scaling to the NO;” peak at
1048 cm™'. From the calculations based on literature data, it
was already clear that H Mo,0,,*~, H,PMo,,CoO,,’", and
H,P,M0s0,;" in their different protonation states are the
main complexes present in the CoMoP reference solutions.
However, the similarity in the Raman spectra of these com-
plexes makes it difficult to obtain understandable results
from a principal component analysis of these spectra with-
out any additional input. For this reason, pure component
spectra of HMo0,0,,™~, P,M0s0,%", HP,Mo0:s0,;"~, and
H,P,Mo050,;*" were derived and used as input for a multi-
variate curve resolution (MCR) of the CoMoP solution
spectra. In this way, a reference spectrum for
H,PMo,,Co0,,>" in solution was obtained, as well as values
for the concentration of all Mo complexes in the CoMoP
solutions. The spectrum of the reference solution without
any phosphate was used as input for a pure component spec-
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trum of H,Mo,0,, " in solution. Pure component spectra
for the H,P,M050,;~~ complexes were obtained by multi-
variate curve resolution of a series of spectra taken from
1.0m Mo/1.0m phosphate solutions with varying pH. The po-
sitions of the main Mo—O stretch vibrations in the pure
component spectra are listed in Table 1 and are in good
agreement with values presented in literature for these com-

Table 1. Positions for the Mo—O stretch vibrations of the different Mo
complexes used as principal components in the multivariate curve resolu-
tion of the CoMoP reference solutions Raman spectra.

Position of the Mo—O stretch vibrations

H,Mo,0,,6- 944 (s) 898 (m)

P,Mo0,0,°" 956 (w) 926 (s) 870 (m)

HP,Mo0,0,:° 936 (s) 882 (m)

H,P,M0:0,,* 944 (s) 894 (m)

H,PMo,,CoO,;’~ 1008 (w) 971 (s) 954 (sh) 886 (m) 816 (m)

plexes.'*?42] The resulting concentration plot of a CoMoP
solution, as a function of its phosphate concentration, is
given in Figure4. The agreement between the
H,PMo,;Co0,,>~ concentration obtained by analysis of the
Raman and the UV-visible-NIR spectra is remarkable. By
comparison with Figure 2, it can be concluded that the main
trends are also in good agreement with the calculations. The
amount of H,PMo,;CoO,,°~ formed in the reference solu-
tions is lower than expected from the calculations. However,
the calculations are based on formation and stability con-
stants derived from dilute solutions. Details of the data anal-
ysis methods applied and the pure component spectra used
for the multivariate curve fitting procedures are included in
the Supporting Information.

Disintegration of H,PMo,;C00,° inside AL, O; pellets: In
Figure 5, Raman spectra of the cross-section of y-Al,O; pel-
lets are presented, recorded 15, 60, and 180 min after im-
pregnation with a 1M Mo H,PMo,;CoO,’>" solution. The
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Figure 5. Raman spectra recorded at different positions inside the Al,O; support bodies, 15, 60, and 180 min after impregnation with a 1.0M solution
H,PMo;,Co0O,,’". The distance from the core of the pellets is indicated on the left, whereby 0 mm indicates the center of the pellet and 1.4 mm a position

near the exterior surface.
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measurements were performed at different positions along
the axis of the bisected pellets. The presence of
H,PMo,,Co0,;’" inside the Al,O; pores, identifiable by the
characteristic Raman peak at 971 cm™!, is observed 15 min
after impregnation only in the outer shell of the pellets (i.e.,
1.4mm from the core of the pellet). More towards the
center of the ALO; bodiess, Mo is present as a
H,Mo,0,,%~ complex, as can be concluded from the posi-
tion of the main Mo—O stretch vibration at 947 cm ', Near
the core, the absence of any Mo—O vibration peaks indi-
cates that no Mo®*-complexes are present. After 60 min,
practically all the Mo is present as H Mo,0,,"~. However,
a clear Mo concentration gradient is still present over the
pellets, as there is an increase in the relative intensity of the
peaks resulting from the Mo—O stretch vibrations in the
spectra recorded towards the outside of the pellets. Eventu-
ally, after 180min, a homogeneous distribution of
H,Mo,0,,~ is observed throughout the support bodies;
the relative intensity of the 947 cm™! peak, relative to that
of the NO;™ internal standard, is identical for all positions
inside the Al,O; bodies.

These observations are in agreement with the UV-visible-
NIR measurements recorded at the same points in time and
at the same positions inside the pellets, as presented in
Figure 6. In the spectra recorded near the edge of the bisect-
ed pellet, 15 min after impregnation, a clear shoulder is ob-

15 min
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] @
4 |2
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\37600
0.6 \\
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04 Jn \\\»“
A
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charge-transfer band is observed for all positions along the
cross-section. A homogeneous distribution of [Co(H,O)]**
is already obtained after 60 min, as the intensity of the Co**
d-d transition, with its maximum at 19300 cm™, is the same
for all positions along the cross-section.

Upon impregnation of porous support bodies with an
aqueous solution, an instantaneous distribution of the liquid
phase will occur as a result of the capillary forces that are
created by the pore system of the support. However, a
strong interaction between the compounds dissolved in the
impregnation solution and the support will result in a slower
transport of these components.''"¥1 After impregnation with
a solution containing Co, Mo, phosphate, and nitrate, a dif-
ferent interaction of these components with the Al,O; sur-
face is observed. The interaction between the weakly coordi-
nating NO;™ ion and the support is negligible. This anion is
transported with the flow of the solution through the AlL,O;
pores, and within five minutes after impregnation, NO;™ is
detected in the Raman measurements for all positions inside
the pellet. For this reason, a homogeneous distribution of
this ion can be assumed at all times and this ion can be used
as an internal standard in the Raman measurements.!!
After impregnation with the acidic solutions used in this
study, the Al,O; surface is positively charged, due to the
protonation of the basic hydroxyl groups. Hence, Coulomb
interaction between the surface and the positively charged
Co complexes is limited, and a
fast transport of Co** results in
a homogeneous distribution of
this complex throughout the
support bodies within several
minutes. In contrast, electro-
static interaction between the
negatively charged Mo com-
plexes and the protonated

180 min

‘:Q‘R”%S‘\ Al,O; hydroxyl groups can be
\:\;j',;’;\\:im 1.4 mm expected. Furthermore, absorp-
NN .

N o tion of Mo complexes onto the

/N 0.7 mm p

N Al O; surface may take place.
St 0 mm

T T 1 T T 1 T T 1
40000 30000 20000 10000 40000 30000 20000 10000 40000 30000 20000 10000

Wavenumber / cm-! Wavenumber / cm-!

Figure 6. UV-visible-NIR spectra recorded at different positions inside the Al,O; support bodies, 15, 60, and
180 min after impregnation with a 1.0m solution of H,PMo,,CoO,;’". The distance from the core of the pellets

is indicated on the right.

served at 17600 cm ™' and the onset of the O —Mo°* charge-
transfer band is shifted into the visible region. This confirms
the presence of H,PMo,;CoO,,"" in the outer shell of the
support bodies at this point in time. Towards the core of the
pellets, however, all Co seems to be present as [Co(H,0)¢]**
and the O —Mo®" charge-transfer band is absent, validating
the Mo concentration gradient observed in the Raman
measurements. Eventually, after 180 min, Mo complexes are
present throughout the support bodies, as an O—Mo®*

4596 ——

Wavenumber / cm-!
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Both phenomena result in a
much slower distribution of Mo.
As was already observed in a
previous study,™™ it may take
up to 180 min before a homoge-
neous distribution of Mo is ob-
tained.

Phosphate is known to react
with Al,O; in acidic environ-
ments to form an AIPO, phase [Eq. (3)].%%? In this way,
phosphate is withdrawn from the solution inside the Al,O;
pores. Hence, a decreasing phosphate concentration can be
expected towards the center of the pellet. The disintegration
of H,PMo,;Co0O,,>~ during impregnation of a 1M solution of
this complex can thus be explained. As the impregnation so-
lution penetrates the pellets, reaction of phosphate with the
Al,O; results in a lower phosphate concentration in the so-
lution inside the pores of the support. The equilibrium in

www.chemeurj.org Chem. Eur. J. 2005, 11, 4591 —4601
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Equation (1) shifts to the left and H,Mo,0,,4~ and [Co-
(H,0)4]*" are being formed, which follow their way towards
the core of the pellets, each at their own rate.

Al,OH + HPO,* + H" = AILLHPO,” + H,O

FULL PAPER
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ent complexes inside the Al,O; pellets at 60 min after im-
pregnation with the H,PMo,,CoO,,’~ solution is presented
in a schematic manner.

’ ! ALO, pellet
H.PMo,.Co0, % 5
2 04,00, :g :a [CD{on}EJ?
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Impregnation \ edge care

solution

Figure 7. A schematic presentation of the distribution of Mo and Co
complexes over an AlL,O; pellet, 60 min after impregnation with a solu-
tion of H,PMo;;Co0,,>".

Formation of H,PMo,;Co0,,’ inside Al,O; pellets: From
calculations, it can be concluded that in solutions containing
Co, Mo, citric acid (CA), and phosphate, with phosphate
concentrations of 0.3M, 0.5M, and 0.7wM, referred to as
CoMoCAP(0.3), CoMoCAP(0.5), and CoMoCAP(0.7), re-
spectively, all citrate (and consequently 40% of all Mo) is
bound in a Mo,(Hcitrate),0;,*" complex.”?! The remaining
0.6M of Mo®* is contained in H,P,M050,,*™. The Raman
spectra of the different CoMoCAP(x) solutions are indeed
identical and component analysis shows that they can be re-
constructed by the sum of the spectra of Mo,
(Hcitrate),0,,*” and H,P,M050,;* in solution. At the low
pH of these solutions, complexation of Co®* by citrate does
not take place and all Co is present in [Co(H,O),]**. Hence,
the only difference in the composition of these solutions is
the amount of free phosphate present.

In Figure 8, Raman spectra for different positions inside
Al,O; are presented, 15 min, 240 min, and 24 h after impreg-
nation with the CoMoCAP(0.3) solution. After 15 min, a
clear Mo gradient is present over the ALO; pellets, as the
intensity of the Mo—O stretch vibration peaks decreases to-
wards the center of the pellet. At this point in time, the
presence of a shoulder at 971 cm ™! hints at the formation of
H,PMo,,Co0,,°" in a ring at 0.70-1.17 mm from the center
of the extrudates. No Mo complexes are present near the
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Figure 8. Raman spectra recorded at different positions inside the Al,O;
support bodies, 15 min, 240 min and 24 h after impregnation with
CoMoCAP(0.3) solution. The distance from the core of the pellets is in-
dicated on the left.

core of the pellets at this point in time and it takes several
hours before a homogeneous Mo distribution is obtained.
After 240 min, H,PMo,;CoQ,,’~ is observed for all positions
inside the Al,O; pellet. Judging from the constant intensity
of the peak at 971 cm™, the distribution of this complex
throughout the pellets is rather homogeneous. Besides the
heteropolyanion, H,P,M0s0,,*™~ seems to be formed at
the outside of the pellet, while the much sharper peak at
944 cm™' observed near the core of the pellet is probably
due to the formation of Mo,(Hcitrate),0,;*". When aging
times longer than 8 h are applied, the intensity of the peak
at 971 cm™' decreases again and the formation of AI(OH),-
MosO,¢’~ is observed, judging from the emergence of peaks
at 947, 901, 570, and 356 cm ¥ After 24 h, formation of
this complex is observed at random positions inside the pel-
lets after 24 h, and the intensity of the characteristic Raman
bands differs strongly throughout the sample. This points to
the formation of AI(OH){MosO,s>~ crystals inside the Al,O;
pellets. At positions at which no Al(OH)¢Mo,O,¢>~ is ob-
served, broad features at 930-950 cm™! indicate the forma-
tion of either H,P,M0s0,® ™~ or HMo0,0, . Only
small quantities of H,PMo,;;CoO,,’~ remain at this point in
time.

The corresponding UV-visible-NIR spectra are presented
in Figure 9. After 15 min, the Co** d-d transition is ob-
served at all positions, while the O—Mo®" charge-transfer
band is only observed near the edge of the pellets. The pres-
ence of H,PMo,;CoO,,’ at this point in time is only ob-
served for positions 0.93-1.17 mm from the center of the
pellet. The spectra recorded after 240 min are practically
identical for all positions. The formation of H,PMo,;CoQO,,’~
is observed throughout the support bodies, indicated by the
red-shift of both the onset of the O—Mo®* charge-transfer
band and the band due to the Co’* d-d transition at
17600 cm . Eventually the disintegration of the heteropo-
lyanion is again observed and [Co(H,O)** is the only Co
complex present throughout the pellet after 24 h.
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Figure 9. UV-visible-NIR spectra recorded at different positions inside the Al,O; support bodies, 15 min,

240 min and 24 h after impregnation with CoMoCAP(0.3) solution. The distance from the core of the pellets is the

indicated on the right.

The formation of H,PMo,;CoQO,,’" inside the pellets in
the first hours after impregnation with the CoMoCAP(0.3)
solution can be explained by using the concepts that were
explained in the previous paragraph. The phosphate concen-
tration inside the AlL,O; pores decreases due to a reaction
with the support [Eq. (3)]. Furthermore, the interaction be-
tween the phosphate and the support induces an extremely
slow transport of phosphate towards the center of the pel-
lets. The occurrence of these concentration gradients results
in a different speciation of Mo and Co complexes for differ-
ent positions inside the support bodies, as changes in the
local concentration influence the equilibria in Equations (1)
and (2). Apparently, four hours after impregnation, these
processes result in a Mo/P ratio that allows for the forma-
tion of the heteropolyanion at all positions inside the pellets.
Near the outer surface the phosphate concentration is
higher than near the core and, as a result, the remaining Mo
near the outside of the pellets is contained in
H, P,Mo050,,®~, while more towards the interior, Mo,-
(Hcitrate),0y,* is formed.

The formation of AI(OH):MosO,s*" is reported for the
impregnation of AlLO; with (NH,)¢Mo,0,,4H,0 (AHM)
solutions, when long aging times are applied.*** This An-
derson-type heteropolyanion is formed by ligand-promoted
dissolution of AI’* ions in a reaction represented in Equa-
tion (4).

6 H,Mo0,0,,°" + 7 AP +24H,0 = 7 AI(OH)sMoO5*~
(4)

Due to its low solubility, precipitation of this complex
takes place. The A" ions are constantly generated by dis-
solution of the Al,O; support, as impregnation was carried
out with an acidic solution. This results in a chain reaction
in which, in time, increasing amounts of Al(OH)MosO,¢>",
and eventually crystals are formed.* This unwanted process
may be prevented by the addition of complexing agents to
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formation of
H,P,Mo050,,%" at the expense
of H,PMo,;Co0,,>", according
to Equation (2).

When impregnation was carried out with a 1.0m Mo, 0.5m
Co, 0.3m P solution without citrate, the formation of
H,PMo,,Co0,,>~ was not observed. This beneficial effect of
citrate is not yet fully understood. It is known that citrate
forms extremely stable complexes with Mo at low pH.'® In
this way, the presence of citrate prevents the absorption of
Mo onto the AL,Oj; surface after impregnation. Consequent-
ly, a high concentration of Mo inside the pores is main-
tained, enough Mo is present for the formation of the heter-
opolyanion, and the P/Mo ratio is kept sufficiently low. Fur-
thermore, the presence of citrate prevents the formation of
Al(OH)Mo4O,s>~ and the resulting disintegration of
H,PMo,;CoO,,>" as described in the previous paragraph.'’!
Finally, impregnation of Al,O; pellets with an acidic solution
will result in an increase in the pH of the solution, due to
the buffering effect of the support. The addition of citrate
could counteract this effect, making sure that the pH of the
solution inside the Al,O; pores remains sufficiently low for
the formation of H,PMo,;CoO,,"". However, the validity of
these assumptions is difficult to prove with the current tech-
niques. In Figure 10, a simplified representation is given for
the speciation of the different complexes, 60 minutes after

AlLO; pellet

,.8 .:5 ’ICO{HEO)‘F]EI
H,P.Mo 0,54 o l

E E .H:PMUHCUDN*" ’

Impregnation \ edge core
solution

¢

Figure 10. A schematic presentation of the distribution of Mo and Co
complexes over an AlLO; pellet, 60 min after impregnation with a
CoMoCAP(0.3) solution.
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impregnation with the CoMoCAP(0.3) solution used in this
study.

Monitoring the distribution of H,PMo,,Co0,’ inside
AlLO; pellets: By using the NO;™ peak as an internal stan-
dard, the local concentration of H,PMo,;CoO,,*" inside of
the Al,O; pores was determined for the different positions
inside the pellets. In principle, this could be done in much
the same way as was done for the CoMoP solutions. Howev-
er, the presence of adsorbed Mo complexes, HM0,0,,67",
Mo,(Hcitrate),0,,*", and H,P,M05;0, " in different pro-
tonation states all give rise to Mo—O stretch vibrations at a
slightly different frequency between 930 and 945 cm™'. Fur-
thermore, the quality of the data obtained by measurements
on the impregnated Al,O; pellets is of inferior quality rela-
tive to measurements on solutions. Therefore, a different ap-
proach was taken to obtain semiquantitative distribution
profiles of the heteropolyanion across the pellets. The pure
component spectrum of H,PMo,;CoQO,,>" in solution, as de-
rived from analysis of the CoMoP reference solutions, was
used in a fit of the spectra recorded on the bisected pellets.
Further information on the quantitative analysis of the
Raman spectra can be found in the Supporting Information.
Distribution profiles of H,PMo;;CoO,,>" inside the ALO,
pellets, at 4 and 24 h after impregnation with solutions of
CoMoCAP(0.3), CoMoCAP(0.5), and CoMoCAP(0.7) are
presented in Figure 11. From these profiles it is evident that
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ciently low to allow for the formation of H,PMo;;CoO,’",
while the high P/Mo ratio near the exterior of the bodies re-
sults in the formation of H,P,M05;0,¢ . A slight concen-
tration gradient is observed after impregnation with the
CoMoCAP(0.5) solution and this can be regarded as an in-
termediate case.

After 24h, no gradient is observed in the
H,PMo,;Co0Q,y’~ distribution for any of the samples. A con-
siderable amount of H,PMo,;CoO,,’  is present in the
CoMoCAP(0.5) sample. In the pellets impregnated with the
CoMoCAP(0.3) solution, the formation of Al(OH)e-
MogO,>~ takes place, as was discussed above.
H,P,M0;0,,~ is predominantly present in the sample im-
pregnated with the CoMoCAP(0.7) solution, as the P/Mo
ratio is too high for all positions when a homogeneous dis-
tribution of phosphate is obtained. In brief, the observed
H,PMo,,Co0,,’~ distribution profiles can be explained by
the occurrence of phosphate concentration gradients after
impregnation with an acidic CoMoCAP solution. By con-
trolling these phosphate gradients, the distribution of the
heteropolyanion can be tuned. It is anticipated that a similar
approach can be used for the deposition of a whole range of
phosphate-containing Keggin ions onto Al,O; bodies.

Spatially resolved spectroscopic techniques in the prepara-
tion of supported catalyst bodies: This study is, to the best
of our knowledge, the first example of how the application

of complementary, spatially re-

) b) ) solved, spectroscopic  tech-
a C . .
06 _ 06 . 06 - niques can be of great value in
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Figure 11. Distribution profiles of H,PMo,;CoO,,’"inside the pores of the Al,O; pellets 4 h (&) and 24 h ()
after impregnation with a) CoMoCAP(0.3), b) CoMoCAP(0.5), and ¢) CoMoCAP(0.7) solutions.

the formation of H,PMo,,CoO,,>" is observed at different
positions in the pellets when the different CoMoCAP solu-
tions were used for impregnation. For instance, 4 h after im-
pregnation with a CoMoCAP(0.3) solution, a reasonably ho-
mogeneous distribution of the desired complex is achieved,
as was discussed in the previous section. For all positions,
the concentration of Mo contained in the heteropolyanion is
approximately 0.55M. In contrast, at the same point in time
after impregnation with a CoMoCAP(0.7) solution,
H,PMo,;Co0,,’~ formation only takes place near the core
of the pellets. In the remaining part of the sample, Mo is
present as H,P,M0;0, . This is due to the phosphate
concentration gradient, which is still present at this point in
time. The P/Mo ratio near the core of the pellets is suffi-
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position in pellet / mm nies dealing with catalyst prepa-
ration, a lot of know-how is
present on this subject. Howev-
er, in studies that are reported
in the literature into the prepa-
ration of supported catalyst bodies, not much attention has
been paid to the effect of concentration profiles that occur
after the impregnation of support bodies. Generally, if one
strives to prepare a catalyst with a certain transition-metal
complex present on the support, impregnation is simply car-
ried out with a solution containing this specific complex.
Why this approach is not always successful was illustrated
by the disintegration of the H,PMo,;CoQO,,*~ complex after
impregnation with a solution of H,PMo;;CoO,,*".

In this study, it was also shown that one can take advant-
age of the concentration profiles that are established over
support bodies after impregnation to form the desired com-
plex inside the pores of the support at specific positions
inside catalyst bodies. In this way, systems with different cat-
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alytic functions within a single catalyst body could be creat-
ed with relatively simple means. In the field of hydrotreating
catalysis in particular, extrudates with spatially controlled
hydrodesulfurization and hydrodemetallization functions
could be envisaged. This study can therefore be seen as a
step towards a more rational approach in the preparation of
supported catalyst bodies. In this respect, the application of
spectroscopic techniques, which allow one to monitor these
systems throughout their preparation is highly valuable.
With the information obtained in this way, the preparation
procedure, in which the composition of the impregnation so-
lution and aging time are important factors, can be opti-
mized in a much more rational way. It is clear that drying
and calcination of these systems may have a severe influ-
ence on the nature and distribution of the metal complexes
inside the Al O; pellets, as well. Both techniques used in
this study can also be applied on dried and calcined samples.
Indeed, studies are ongoing in our group to probe the physi-
cochemical processes during drying and calcination of
CoMoP/Al,Oj; systems by using a similar approach.”® As a
large variety of metal complexes show d—d or charge-trans-
fer transitions, the presented UV-visible-NIR microspectros-
copy method is generally applicable to study their speciation
inside the pores of oxidic support bodies. Spatially resolved
Raman spectroscopy can be applied to study the preparation
of metal oxide catalyst bodies, since the MO, vibrations in
these compounds generally give rise to strong signals in
Raman spectroscopy.

Conclusion

The power of combining Raman microscopy and UV-visi-
ble-NIR microspectroscopy to obtain insight into the physi-
cochemical processes that occur during the preparation of
supported catalysts was illustrated by monitoring the disinte-
gration and formation of H,PMo,;;CoO,> inside AlLO;
bodies. The distribution of Mo and Co complexes inside the
pores of Al,O; pellets was studied after impregnation with
solutions of CoMoP of different constitution, by using the
aforementioned techniques. First, from combined Raman
and UV-visible-NIR measurements on solutions of CoMoP,
the optimal conditions for H,PMo,;CoO,,"~ formation (P/
Mo ratio 0.15, pH 4) were determined. At the same time,
the Raman spectrum for the heteropolyanion in solution
was derived by multivariate curve resolution (MCR), which
was used in a later stage to determine the concentration of
this complex inside the pores of Al,O;. It was shown that
after impregnation with a solution of H,PMo,;;CoO,°", dis-
integration of this complex takes place due to a reaction of
phosphate with the Al,O; surface As a result of this reac-
tion, H,Mo0,0,,~ and [Co(H,0O)s** are formed. As the
interaction of Co complexes with the Al,O; surface is weak,
transport of [Co(H,0)¢]*" is fast, and a homogeneous distri-
bution of this complex is achieved almost instantaneously.
Transport of negatively charged Mo complexes is slow after
impregnation with an acidic solution, and aging times of sev-
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eral hours are required to obtain full equilibration of the
system.

In an alternative approach, the formation of
H,PMo,,Co0,,° inside the AlO; pellets was achieved by
the addition of citrate and extra phosphate to the impregna-
tion solution. The reaction of free phosphate with the sup-
port results in a lower phosphate concentration inside the
pores, creating the right conditions for H,PMo;;CoO,,>" to
be formed. The strong interaction between phosphate and
Al,Oj leads to strong concentration gradients of this compo-
nent over the support bodies in the first hours after impreg-
nation. These gradients may be used to prepare catalyst
bodies with different H,PMo,;CoO,,°~ distributions. In our
view, this study clearly illustrates how the possibility of mon-
itoring the distribution of metal complexes in support
bodies throughout the preparation process can greatly
enable the preparation of industrial supported catalysts in a
controlled manner.

Experimental Section

Pore volume impregnation was carried out on cylindrical y-Al,O; pellets
(Engelhard). These were calcined at 600°C for 6 h and stored at 120°C
before impregnation. The pore volume of this support material was
1.1 mLg", and its surface area 200 m’g~'. The pellets were 3 mm in both
length and diameter. All impregnation solutions contained 1.0M Mo and
0.5m Co, yielding a 15wt% MoO; and a 7.6 wt% CoO loading in the
final catalyst. During impregnation, care was taken that the solution was
distributed homogeneously over all Al,O; bodies and the pellets were
kept in a closed vessel after impregnation. At several points in time a
pellet was collected from the impregnation vessel and a cross-section was
made perpendicular to the axis of the cylinder, using a razorblade.

Raman spectra were recorded on these bisected pellets by using a Kaiser
RXN spectrometer equipped with a 785 nm diode laser in combination
with a Hololab 5000 Raman microscope. A 10x lens was used for beam
focusing and collection of scattered radiation, resulting in a spot size on
the sample of approximately 50 um. The laser power on the sample was
100 mW. For a typical measurement, 5 spectra were accumulated with a
3's exposure time. Background correction was carried out by subtraction
of a reference spectrum recorded on wet AlL,O; and the spectra were
scaled to the NO;~ peak at 1048 cm ™, which can be used as an internal
standard. UV-visible-NIR spectra were recorded in much the same way
using a specially designed set-up for spatially resolved UV-visible-NIR
measurements. In this set-up, a measurement spot on the sample of ap-
proximately 100 pm is created by using optical fibers. Scans were made
across the cross-section of bisected pellets with the use of a remote-con-
trolled x-y-z stage. During UV-visible-NIR measurements, the sample
was placed in a humidity controlled measuring cell to prevent dehydra-
tion. Specifications of this apparatus have been reported elsewhere.!"!

The speciation of Co and Mo complexes in CoMoP solutions was studied.
A solution was prepared from MoOj; (Acros, p.a.) and Co(NO;),-6H,0
(Acros, p.a.), containing 1.0M Mo, and 0.5M Co, which was titrated with a
solution containing 1.0M Mo, 0.5M Co and 1.0m phosphate (85% H;PO,
(Merck, p.a.)). In this way, a series of reference solutions with a phos-
phate concentration between 0 and 0.5m was prepared. The composition
of these solutions was calculated with the help of a computer program,
which contains equilibrium and formation constants for the different
complexes.*! UV-visible-NIR spectra of these solutions were recorded
by using a Varian Cary 50 UV-visible spectrophotometer equipped with
optical fibers and a Hellma immersion probe for measurements in solu-
tion. The path length of the light through the solution was 2 mm. Raman
spectra were recorded simultaneously by using a Kaiser RXN spectrome-
ter equipped with a 532 nm diode laser. Raman measurements were also
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carried out, in the same way, on a series of 1.0M Mo, 1.0mM phosphate sol-
utions, in the pH range of 1.40-8.90, to obtain reference spectra of
H,P,Mo0;0,,“™~ in its different protonation states. Details on the proce-
dures followed for the analysis of the Raman spectra can be found in the
Supporting Information.

For impregnation, a solution which predominantly contains
H,PMo,,Co0,;’~ was prepared. To this end, the appropriate amount of
CoCO; (Acros, p.a.) was added to a boiling suspension of MoO; in 0.3m
HNO;. After stirring for 120 min, the resulting red solution was allowed
to cool down to room temperature and 85 wt% H;PO, solution was
added to obtain a phosphate concentration of 0.1 M. Solutions containing
1.0M Mo, 0.5M Co, and 0.2m citric acid with different PO,’~ concentra-
tions were prepared by dissolving appropriate amounts of
(NH,)sM0;0,,,4H,0 (Acros, p.a.), Co(NO;),-6 H,O, crystalline citric acid
(OPG Pharma, p.a.), and an 85 wt% H;PO, aqueous solution. Solutions
were prepared with phosphate concentrations of 0.3m, 0.5M, and 0.7M,
referred to as CoMoCAP(0.3), CoMoCAP(0.5), and CoMoCAP(0.7), re-
spectively. Impregnation was carried out with these solutions as well. The
chemical composition and final pH of the different solutions used for im-
pregnation are presented in Table 2.

Table 2. Chemical composition (concentration) and pH of the impregna-
tion solutions used in this study.

Mo [m] Co [M] P [M] Citrate [M] pH

H,PMo;;Co0,*~  1.00 0.50 010 - 24

CoMoCAP(0.3)  1.00 0.50 030 020 12

CoMoCAP(0.5)  1.00 0.50 050 020 11

CoMoCAP(0.7)  1.00 0.50 070 020 1.0
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