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Abstract

Raman microspectroscopy was used to study the preparation of industrial MoS2/Al2O3 extrudates. Using this technique, the influence of the
impregnation solution composition on the nature and macrodistribution of Mo complexes inside these catalyst bodies was evaluated during their
preparation process (impregnation, drying, and calcination). It was found that poor dispersion of the MoOx phase in the calcined samples can
be brought about by the formation of bulk (NH4)3[Al(OH)6Mo6O18] during impregnation or redistribution of Mo complexes during drying.
The formation of crystalline MoO3 and Al2(MoO4)3 in the oxidic precursors leads to a poorly dispersed MoS2 phase in the final catalyst and
significantly lower hydrodesulfurization activity. The spatially resolved information that can be obtained, and its inherent sensitivity for the
detection of crystalline phases make Raman microspectroscopy a powerful characterization technique for studying the preparation of industrial
supported metal oxide catalysts.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

To obtain transportation fuels, crude oil fractions are ex-
posed to several hydrotreating steps to remove S-, N-, and
metal-containing compounds in refineries [1]. Due to increas-
ingly strict regulations, research has been dedicated to the
preparation of more active catalytic systems for this process.
Despite the development of alternatives, such as noble-metal
catalysts [2], unsupported bulk MoS2 catalysts [3,4] and sup-
ported metal–phosphide systems [5,6], supported (Co/Ni)MoS2

catalysts are still predominantly used in most refineries, and
their preparation remains an important industrial process.
Throughout the years, numerous studies have been carried out
to determine the influence of different preparation parameters
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on the structure and activity of these important catalysts [7–13].
However, the translation from recipes for the laboratory-scale
preparation of the optimal supported catalyst to industrial-scale
catalyst preparation is less well documented in the open litera-
ture. Specific problems can arise when the support is changed
from powders to extrudates [14–16], whereas temperature and
concentration profiles across catalyst beds often make large-
scale preparation difficult to control.

For decades, Raman spectroscopy has been an important
technique for characterizing supported oxide catalysts [17–19].
More recently, Raman microscopy has also found its way into
heterogeneous catalysis research. The spatial resolution ob-
tained in this way has, for instance, been exploited to follow the
spreading of MoO3 on an Al2O3 surface [20,21], monitor re-
gions of different crystallinity in MoVW mixed-oxide catalysts
[22], and study the reaction of molecules on catalytic surfaces
[23] or even individual metal particles [24]. In recent years, Ra-
man microspectroscopy [25] and other spatially resolved spec-
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troscopic techniques, such as UV–vis microspectroscopy [26]
and magnetic resonance imaging [27], have been applied to
monitor the phenomena occurring during the preparation of
mm-scale supported catalyst bodies. The application of these
tools provides new opportunities to study the physicochemical
processes occurring during the preparation of supported cata-
lyst bodies and allow for better control of the dispersion and
distribution of the active phase.

A previous study showed how Raman microspectroscopy
can be applied to study the impregnation of Mo6+ solutions
onto 3-mm Al2O3 pellets [25]. A strong interaction between
Mo complexes and the Al2O3 support was found to lead to the
formation of a [Al(OH)6Mo6O18] precipitate or the occurrence
of Mo concentration gradients inside the impregnated pellets.
In the current study, the technique is applied to monitor the
nature and macrodistribution of the MoOx phase in 1.5-mm
Mo/Al2O3 extrudates during preparation. In this way, the im-
plications of the processes described above on the nature and
activity of the final MoS2 phase can be evaluated. At the same
time, the applicability of Raman microspectroscopy in studying
the preparation of smaller catalyst extrudates can be put to the
test.

A series of catalysts was prepared using (NH4)6Mo7O24-
(AHM) as the Mo precursor salt. The influence of pH of the
impregnation solution and the addition of citric acid as a com-
plexing agent on Mo speciation in the extrudates after impreg-
nation, drying, and calcination was evaluated. The formation
of crystalline phases can result from either the formation of
bulk (NH4)3[Al(OH)6Mo6O18] during impregnation or redistri-
bution of the Mo phase during drying. Both phenomena can be
prevented by the addition of citric acid to the impregnation so-
lution. Subsequently, the activity of the different samples in the
hydrotreatment of a light gas–oil (LGO) feed was tested. A cor-
relation is found between the dispersion of the MoOx phase in
the calcined catalysts, the dispersion of the MoS2 phase under
reaction conditions, and the hydrodesulfurization (HDS) activ-
ity of the different catalyst samples.

2. Experimental

Pore volume impregnation was carried out on 20-g batches
of cylindrical γ -Al2O3 extrudates (1.5 mm diameter and 10–
15 mm long). A 5% excess of solution was used in all cases to
ensure complete wetting of all extrudates. The pore volume of
this support was 0.86 ml/g, and its surface area was 245 m2/g.
After impregnation, the wet samples were left for 1 h in a closed
container before drying, which was done by passing hot air
over the catalyst bodies. Drying was considered complete when
the temperature of the catalyst bed reached a temperature of
120 ◦C. During aging and drying, the extrudates were kept in
constant motion by rotation of the impregnation vessel. The
dried extrudates were heated to 500 ◦C at a rate of 5 ◦C/min
and calcined at this temperature for 1 h in stagnant air.

Two series of Mo/Al2O3 catalysts were prepared using Mo
solutions with concentrations of 1.3 M and 1.8 M Mo, yielding
theoretical MoO3 loadings in the calcined catalyst of 14.5 wt%
and 19.0 wt%, respectively. Within each series, impregnation
Table 1
Preparation parameters and MoO3 loading of the different samples used in this
study

Sample code Mo conc.
(M)

Citrate conc.
(M)

pH Ageing
time (h)

MoO3 loading
(wt%)

1.3Mo-pH 6 1.3 0 6 1 13.5
1.3Mo-pH 9 1.3 0 9 1 14.5
1.3Mo–citrate-l 1.3 1.3 0.5 1 14.5
1.3Mo–citrate-s 1.3 1.3 0.5 − 14.6
1.8Mo-pH 6 1.8 0 6 1 18.7
1.8Mo-pH 9 1.8 0 9 1 19.1
1.8Mo–citrate-l 1.8 1.8 0.5 1 19.0
1.8Mo–citrate-s 1.8 1.8 0.5 − 19.1

was carried out with three AHM (Acros, p.a.) solutions of vary-
ing compositions. Besides AHM solutions at their natural pH
of 6, basic AHM-solutions (pH 9) were prepared by adding 25
aqueous wt% NH4OH solution (Baker, p.a.). A solution con-
taining Mo–citrate complexes was prepared by adding citric
acid (Merck, p.a.) in a Mo:citric acid ratio of 1:1. The effect
of aging was studied in the case of the Mo–citrate solutions,
where the aging step was omitted in an additional experiment
and drying began immediately after impregnation. The codes
for the different catalysts and procedures used for their prepa-
ration are summarized in Table 1.

For Raman microspectroscopy measurements, Mo/Al2O3
extrudates were bisected and spectra recorded on the result-
ing cross-section, with no additional treatment. The roughness
of the thus-created surface means that the total intensity of the
inelastically scattered light varies when measurements are car-
ried out at different positions on the sample. For presentation
purposes, all spectra are therefore scaled to the fluorescence
background. A Kaiser RXN spectrometer equipped with a 785-
nm diode laser was used in combination with a Hololab 5000
Raman microscope. A 10× objective was used for beam fo-
cusing and collection of scattered radiation, resulting in a spot
size on the sample of approximately 50 µm. The Raman laser
power on the sample was approximately 10 mW. Care was
taken to prevent beam damage by comparing the spectra thus
obtained to spectra obtained with lower laser power. X-ray flu-
orescence (XRF) and X-ray diffraction (XRD) analyses were
performed on crushed extrudates after calcination. XRD mea-
surements were carried out on a Bruker-AXS D8 Advance
powder X-ray diffractometer, equipped with automatic diver-
gence slit and a Våntec-1 detector. The radiation source was
cobalt Kα1,2 (λ = 1.79026 Å, 30 kV, and 45 mA). To determine
the distribution of Mo over the calcined extrudates, a scanning
electron microscopy (SEM) study was preformed in combina-
tion with energy-dispersive analysis of X-rays (EDX). Samples
were embedded in Castoglas and polished on SiC paper with
2-propanol. Samples were then carbon-coated, and line scans
were recorded across the cross-section of bisected extrudates
with a step size of 10 µm at a 20-kV acceleration voltage.

To determine the Mo loading at which the dispersion limit
is reached and bulk MoO3 begins to form on the surface of the
particular γ -Al2O3 used in this study, a series of Mo/Al2O3
samples with different Mo loadings was prepared. Toward this
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Table 2
Properties of the light gas oil used in the hydrotreatment tests

Sulfur (wt%) 1.2
Nitrogen (ppm wt) 102

Mono aromatics (wt%) 16.5
Di aromatics (wt%) 11.0
Di + aromatics (wt%) 0.8
Total aromatics (wt%) 28.3

Distillation (◦C)

Initial boiling point 178.4

10 vol% 224.0
30 vol% 261.4
50 vol% 283.8
70 vol% 309.3
90 vol% 347.8

Final boiling point 372.0

end, impregnation was carried out on a 150–500 µm sieve frac-
tion of crushed extrudates, using AHM and equimolar Mo (ex
AHM):citric acid solutions with Mo concentrations of 1.2, 1.4,
1.6, 1.8, and 2.0 M. These samples were dried at 120 ◦C and
calcined at 500 ◦C for 6 h. Raman spectra were recorded on the
calcined samples.

The catalytic activity of the different extrudates was evalu-
ated in the hydrotreatment of a light gas–oil fraction. Charac-
teristics of the feedstock are given in Table 2. A 5.9-g sam-
ple of each catalyst was loaded into a multitubular setup in
which 10 catalyst samples can be tested simultaneously. Reac-
tion was carried out at a weight hourly space velocity (WHSV)
of 1.7 gfeed g−1

cat h−1, a H2/oil ratio of 200 Nl (H2)/lfeed, and
a total pressure of 60 bar. The sulfur content of the oil was
determined after reaction at 345, 360, and 375 ◦C using XRF
for samples containing >0.06 wt% S and UV-detection for
samples containing <0.06 wt% S. The relative error in these
measurements is <2%. Sulfidation of the catalysts was carried
out at 345 ◦C by adding dimethyldisulfide (DMDS) to the oil
stream. After reaction, the catalyst samples were unloaded and
stored in oil to prevent reoxidation.

For TEM analysis on the MoS2/Al2O3 extrudates, whole ex-
trudates were rinsed with toluene to remove the oil and vacuum-
impregnated with the standard mixture Ultra-Low Viscosity
Kit, hard version (Polaron Instruments). The mixture was trans-
ferred into a polyethylene capsule (BEEM) and mixed with
fresh embedding medium. The epoxy embedding medium was
hardened for at least 48 h under N2 (0.2 MPa, 338 K). Sec-
tions of about 60 nm thickness were prepared using a Leica
Reichert Ultracut-S ultramicrotome. Shortly after preparation,
the sections were investigated with a JEOL JEM-2010F-HR
TEM, with a 200-keV electron beam (Field Emission Gun,
FEG). SEM analyses were performed on bisected embedded
MoS2/Al2O3 extrudates with a Leo Gemini 1550 SEM (Field
Emission Gun), equipped with an Oxford INCA EDX system.
EDX analysis was performed at 15 keV. To check for any pos-
sible reoxidation, Raman microspectroscopy was carried out on
these samples as well.
Fig. 1. Raman spectra recorded on calcined Mo/Al2O3 powder samples pre-
pared from AHM-pH 6 (left) and AHM–citrate (right) solutions of different
concentration.

3. Results and discussion

3.1. Mo/Al2O3 powder catalysts

Mo/Al2O3 and other supported metal-oxide catalysts are of-
ten referred to as monolayer systems, due to the tendency of the
active phase to spread over the support at elevated temperatures
[28]. In this way, an overlayer containing an amorphous MoOx

phase is formed on the support surface, and the surface free en-
ergy of the system is minimized. Thermodynamics dictate that
bulk MoO3 is only formed when the Al2O3 surface is com-
pletely covered. The Raman spectra of powdered Mo/Al2O3
samples prepared from AHM-pH 6 and AHM–citrate solutions
of different concentration are shown in Fig. 1. For the AHM-
pH 6 samples, an amorphous MoOx phase can be seen in the
samples prepared from 1.2–1.8 M Mo solutions, correspond-
ing to 12–19 wt% MoO3 in the final catalyst. A broad band at
∼980 cm−1 is observed in the Raman spectra recorded on these
samples. The sample prepared from a 2.0 M Mo AHM-pH 6 so-
lution (21 wt% MoO3) clearly contained bulk MoO3; intense
bands at 995, 819, 667, 378, 337, 290, and 242 cm−1 were
present in the spectrum [19]. Apparently, saturation coverage
was reached at a MoO3 loading of 19–21 wt%, corresponding
to a theoretical surface coverage of 4.0–4.4 Mo atoms nm−2, in
good agreement with values reported in the literature [18,19].
Note that for preparation of the Mo/Al2O3 extrudates, 1.3 and
1.8 M Mo solutions were used, resulting in an overall MoO3
loading below the dispersion limit. In other words, the total
Al2O3 surface present in the extrudates should be sufficient to
accommodate all Mo in an amorphous MoOx phase. In con-
trast to the AHM-pH 6 samples, no bulk MoO3 was detected in
any of the AHM–citrate samples, even when a 2.0 M Mo so-
lution was used. The formation of an amorphous MoOx phase
was found in the sample prepared from a 1.6 M Mo solution,
judging from the position of the band maximum at 970 cm−1.
At higher Mo loadings, a band at 1006 cm−1 was observed that
is generally assigned to Al2(MoO4)3 [29]. But the low intensity
and broadness of this band suggest that this is not a crystalline
phase.



J.A. Bergwerff et al. / Journal of Catalysis 243 (2006) 292–302 295
Fig. 2. Raman spectra recorded on bisected extrudates, 1 h after impregnation with 1.8 M AHM-pH 6, AHM-pH 9, and AHM–citrate solutions and 5 min after
impregnation with a 1.8 M AHM–citrate solution. The distance of the measurement spot from the core of the extrudates is indicated on the right.
3.2. Impregnation of Al2O3 extrudates

The speciation of Mo6+-complexes in AHM solutions at
moderate pH is well established and can be easily monitored
using Raman spectroscopy [19,30]. At the natural pH of AHM
solutions (pH 5–6), Mo7O6−

24 is the predominant species, and
the corresponding Raman spectrum exhibits bands at 940, 901,
and 360 cm−1 [19,30]. At higher pH, MoO2−

4 is formed, as
reaction (1) proceeds to the right. MoO2−

4 is the only com-
plex present in the AHM-pH 9 solutions used in this study. Its
Raman spectrum shows characteristic peaks at 895, 840, and
320 cm−1 [19,30]:

Mo7O6−
24 + 4H2O ↔ 7MoO2−

4 + 8H+. (1)

Raman spectra recorded on the bisected extrudates after im-
pregnation with the different AHM solutions are presented in
Fig. 2. After impregnation with the AHM-pH 6 solution, peaks
at 895 and 940 cm−1 are observed for all positions inside the
extrudates, which are superimposed on the fluorescence back-
ground, probably caused by impurities in the Al2O3 support.
They demonstrate the presence of both MoO2−

4 and Mo7O6−
24

anions inside the Al2O3 pores. The formation of MoO2−
4 shows

that the pH of the solution inside the Al2O3 was increased com-
pared with the impregnation solution. This is caused by the
protonation of basic hydroxyl groups on the Al2O3 surface.
In the spectrum recorded on the outer surface, intense peaks
at 947, 899, 572, 355, and 218 cm−1 indicate the presence of
Al(OH)6Mo6O3−

18 anions [31,32]. The observation of a white
precipitate and the absence of a fluorescence background in the
Raman spectrum indicate that an Al(OH)6Mo6O3−

18 compound
is covering the Al2O3 on the outside of the extrudates. The ob-
servation of bands at 895 and 316 cm−1 in spectra recorded
throughout the wet extrudates shows that impregnation with
the AHM-pH 9 solution leads to a homogeneous distribution
of MoO2−

4 in the extrudates.
A whole range of different Mo–citrate complexes can be

present in AHM–citric acid solutions. Stable complexes are
documented in which the Mo:citrate ratio (2:1, 1:1, and 1:2),
the number of Mo atoms (1, 2, and 4), and the protonation
state varies with pH and concentration [33,34]. Formation con-
stants, as reported in literature for these different complexes,
have been determined using dilute solutions [34]. From cal-
culations using these formation constants, Mo4(citrate)2O4−

11
can be expected to be the predominant complex present in
the AHM–citrate solutions used in this study [34]. It must be
noted, however, that using these values to determine the con-
stitution of the highly concentrated solutions is not without
risk. The Raman spectrum of the impregnation solution shows
bands at 942, 897, and 860 cm−1. In the case of the AHM–
citrate samples, measurements were also carried out directly
after impregnation. In this way, the distribution of Mo com-
plexes before the start of the drying process can be obtained
for all Mo/Al2O3 samples described in this study. In all cases,
peaks are observed exclusively at 942, 897, and 860 cm−1, in-
dicating that the Mo4(citrate)2O4−

11 complex remained intact
inside the Al2O3 pores after impregnation. Moreover the distri-
bution of Mo complexes 5 min after impregnation seems to be
homogeneous, judging from the constant intensity of the MoO2t
vibrations compared with the Al2O3 fluorescence background.
In a previous study, the transport of this complex through the
Al2O3 pore system was found to be slow, and a homogeneous
distribution of Mo4(citrate)2O4−

11 was found only 3 h after im-
pregnation of 3-mm Al2O3 pellets with a 1 M Mo AHM–citrate
solution [25]. This was attributed to the strong Coulomb inter-
action between the negatively charged Mo complexes and the
Al2O3 surface, which is protonated due to the low pH of the
impregnation solution. In this case, however, the concentration
of the impregnation solution was higher, and the diameter of the
extrudates was half that of the pellets used before. Both changes
will favor a uniform distribution of Mo complexes. Apparently,
this resulted in a homogeneous distribution of the Mo–citrate
complexes within 5 min after impregnation despite the interac-
tion between Mo4(citrate)2O4−

11 and the Al2O3 surface.

3.3. Drying and calcination of Mo/Al2O3 extrudates

Formation of a layer of white powder on the external sur-
face was observed by visual inspection of dried and calcined
extrudates prepared from AHM-pH 6 solutions, regardless of
Mo loading. In approximately 50% of all calcined AHM-pH 6
extrudates, areas of different color were also observed on the
inside of these extrudates. Both phenomena are clearly visi-
ble in the SEM image in Fig. 3, which shows cross-sections
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Fig. 3. SEM-images of bisected 19 wt% Mo/Al2O3 extrudates, prepared from AHM-pH 6, AHM-pH 9, and AHM–citrate solutions after calcination. The corre-
sponding Mo-concentration profiles, derived from EDX measurements are also shown.
Fig. 4. Raman spectra recorded at different positions on bisected 19 wt%
MoO3/Al2O3 extrudates prepared from an AHM-pH 6 solution after drying
(left) and calcination (right). Spectra are recorded on (a) external surface, (b) in-
ternal bulk of the extrudates, (c) inhomogeneities in the extrudates. Measure-
ment positions are similar to the points labeled as a–c indicated in the SEM
image in Fig. 3.

of calcined extrudates, prepared from different 1.8 M Mo so-
lutions. A crust of white material and a ring of lighter color
can be seen in the AHM-pH 6 sample, whereas the other extru-
dates are much more homogeneous. The corresponding EDX-
linescans are also included in this figure. It can be seen that
the Mo loading is much higher at the external surface and at
the divergent spots on the inside of the AHM-pH 6 extrudate
than in the rest of the sample. Raman spectra were recorded on
similar positions in both dried and calcined catalyst bodies (la-
beled a, b, and c in the SEM image), as shown in Fig. 4. The
crust on the outside of the dried catalyst bodies (a) consisted of
(NH4)3[Al(OH)6Mo6O18], as indicated by the intense bands at
947, 899, 563, and 355 cm−1 [31,35]. This material was also
present in areas with high Mo concentration on the inside of
the extrudates (c), whereas Mo7O6−

24 complexes were present
mainly in the bulk of the sample (b), as indicated by the posi-
tion of the main MoO2t vibration at 940 cm−1 [19].

The (NH4)3[Al(OH)6Mo6O18] phase formed during impreg-
nation was clearly retained after drying. It formed due to the
so-called “ligand-promoted dissolution” of the Al2O3 support
[32], resulting from the complexation of Al3+ ions by oxo-
molybdate complexes under acidic conditions, as described in
the following reaction:

6Mo7O6−
24 + 7Al3+ + 24H2O → 7Al(OH)6Mo6O3−

18 + 6H+.
(2)

The high Mo concentration present on the outside of the ex-
trudates after impregnation allows for a chain reaction to oc-
cur. Al3+ ions are generated by dissolution of the support
and consumed in the formation of Al(OH)6Mo6O3−

18 . The
low solubility of this compound leads to the precipitation of
(NH4)3[Al(OH)6Mo6O18]. The Al3+ concentration in solution
is thus kept low, and increasing amounts of Al2O3 are dissolved
as a layer of (NH4)3[Al(OH)6Mo6O18] is formed [32]. Inside
the pores of the Al2O3, toward the inside of the extrudates, the
pH of the solution increased due to the buffering action of the
support, and MoO2−

4 instead of Al(OH)6Mo6O3−
18 complexes

were formed. Apparently, in certain domains inside the ex-
trudates, circumstances after impregnation are similar to those
found on the exterior of the extrudates, and formation of the het-
eropolyanions occurs. These domains could consist of cracks in
the extrudates or areas of low-density Al2O3 created during the
extrusion process. At these positions, the amount of Mo7O6−

24
anions per unit Al2O3 surface area is high, and the buffering ef-
fect of the support is not sufficient to prevent the formation of
bulk (NH4)3[Al(OH)6Mo6O18].
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Fig. 5. XRD patterns recorded on crushed 19 wt% MoO3/Al2O3 extrudates
after calcination, prepared from different AHM solutions. Reflections corre-
sponding to the presence of crystalline γ -Al2O3 (!) (ICDD 48-0367), MoO3
(�) (ICDD 5-508), and Al2(MoO4)3 (+) (ICDD 23-764) are indicated.

In general, the nature of Mo complexes present in dried
Mo/Al2O3 catalysts under ambient conditions is a function of
the Mo loading and the nature of the support [36]. The same
complexes can be formed on the hydrated Al2O3 surface and
in solution. Just as the pH of a solution determines the speci-
ation of Mo complexes in a solution, the point of zero charge
(PZC) of the hydrated surface layer determines which Mo com-
plexes are present. The value of the PZC of the total surface is
a result of the individual PZC values of bulk Al2O3 (∼9) and
the AHM (∼6) deposited on the surface [37]. Hence the PZC
of a Mo/Al2O3 system will decrease with increasing Mo load-
ing. Consequently, at the high Mo loadings used in this study,
the PZC of the system will be close to 6, and Mo7O6−

24 entities
are present predominantly in the bulk of the dried material. Fur-
thermore, drying results in a concentration of Mo complexes on
the surface, also favoring Mo7O6−

24 formation.
As shown in Table 1, XRF measurements showed that the

total MoO3 loading in the calcined catalysts was largely unaf-
fected by the preparation method. After calcination, sharp peaks
at 995, 819, 667, 378, 337, 290, and 242 cm−1 occur in the
Raman spectra recorded on calcined AHM-pH 6 samples for
positions showing the presence of (NH4)3[Al(OH)6Mo6O18]
after drying. On calcination, the (NH4)3[Al(OH)6Mo6O18] ag-
glomerates were converted into bulk MoO3 in accordance with
the literature [35]. The formation of bulk MoO3 is also ob-
served in the XRD pattern recorded on crushed 19 wt% MoO3

AHM-pH 6 extrudates, shown in Fig. 5. In this pattern, all main
diffraction lines of orthorhombic MoO3 [2θ = 14.9◦ (6.99 Å),
27.2◦ (3.80 Å), 30.0◦ (3.45 Å), 31.8◦ (3.27 Å), 39.4◦ (2.65 Å),
58.0◦ (1.85 Å), and 62.2◦ (1.73 Å)] are observed along with
the broad peaks originating from the γ -Al2O3 support [38].
In other areas, an amorphous MoOx phase was detected and a
broad band observed in the Raman spectra. As discussed earlier,
at elevated temperature, bulk MoO3 can be expected to spread
over the Al2O3 support to form an amorphous MoOx over-
layer. Although the total Al2O3 surface area in the extrudates
was sufficient to accommodate all Mo present in the system in
an amorphous overlayer, the creation of areas with a high Mo
concentration led to formation of bulk MoO3. Apparently, in
mm-scale catalyst bodies, transport distances are too large for
complete spreading of the MoO3 over the support during cal-
cination for 1 h, a calcination period typical for the industrial
preparation of (Ni/Co)Mo/Al2O3 catalysts. Using a quantitative
Raman spectroscopy method on crushed extrudates, the total
amount of crystalline MoO3 formed in the extrudates is esti-
mated as 3(±1)% of the total weight for both the 14 wt% and
the 19 wt% MoO3 samples. Details of the procedure used to
obtain these values are given in Supplementary material.

On visual inspection, the calcined extrudates prepared from
AHM-pH 9 solutions appear rather homogeneous. This can also
be seen in the SEM image in Fig. 3. Nonetheless, an eggshell
distribution of Mo can be seen in the corresponding EDX line
scan. The Raman spectra recorded on these dried extrudates
(shown in Fig. 6) indicate the presence of Mo7O6−

24 complexes
throughout the extrudates, judging from the maximum in the
spectra at 940 cm−1 for all positions inside the sample. Drying
of the extrudates led to evaporation of excess ammonia from
the solution and a decrease in the pH of the solution inside the
pores of the Al2O3. Consequently, after drying, the composi-
tion on the interior of the extrudates was similar to that of the
AHM-pH 6 sample, and Mo7O6−

24 formed, as was already dis-
cussed above. The eggshell distribution of Mo seen in the EDX
line scan can also be inferred from the Raman measurements,
as the intensity of the Mo–O stretch vibrations increases toward
the outside of the extrudates after scaling to the Al2O3 fluo-
rescence background. After calcination, an amorphous MoOx

phase was present throughout the 14 wt% MoO3 extrudates pre-
pared from the AHM-pH 9 solution. A broad band can be seen
at 960–980 cm−1 for all positions. The same phase also was
present near the core of the extrudates with the high Mo load-
ing. However, in the 19-wt% MoO3 sample, crystalline phases
can be detected near the outer surface of the extrudates. A sharp
peak at 1006 cm−1 reveals the presence of bulk Al2(MoO4)3 in
the outer 50 µm of the sample; bulk MoO3 (995 and 819 cm−1)
was present at the exterior surface. The presence of crystalline
Al2(MoO4)3 also can be seen in an XRD pattern recorded on
the corresponding crushed extrudates, with small peaks present
at 2θ values of 25.8◦ (4.01 Å), 27.3◦ (3.78 Å), 30.4◦ (3.41 Å),
and 35.8◦ (2.91 Å). An attempt to quantify the amount of crys-
talline material in this sample failed, as described in Supple-
mentary material.

After impregnation with the AHM-pH 9 solution, the inter-
action between MoO2−

4 anions and the Al2O3 surface can be
expected to be relatively weak. Because the pH of the impreg-
nation solution is similar to the PZC of the support material, the
Al2O3 surface will be neutrally charged, and the Coulomb in-
teraction with the MoO2−

4 anions will be negligible. It is well
known that the drying procedure can drastically influence the
distribution of metal ion complexes in supported catalyst bod-
ies, especially when a poor interaction exists between the metal
ion precursor complexes and the support oxide after impregna-
tion [14,15]. Thus, an eggshell distribution of Mo complexes is
found in the AHM-pH 9 extrudates after drying. This particu-
lar distribution is often observed when catalyst bodies are dried
at low rates. In this case, evaporation of water occurs at the pe-
riphery of the extrudates, and liquid is drawn from the center of
the bodies toward the external surface. This transport can pro-
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Fig. 6. Raman spectra recorded on bisected extrudates after drying (left) and calcination (right) of extrudates impregnated with 1.8 M and 1.3 M AHM-pH 9
solutions. The distance of the measurement spot from the core of the extrudates is indicated to the right of the spectra.
ceed via connected liquid elements, as well as through a film
of liquid covering the walls of emptied pores. Dissolved metal
ion precursor complexes travel with this flow of the liquid and
when precipitation takes place, the liquid phase is primarily lo-
cated in the outer layer of the catalyst bodies. When drying is
complete, an eggshell distribution of the metal-ion salts remains
[39]. A regime of slow drying can be expected to be operative
when (relatively) large batches of impregnated support bodies
are dried, as is the case in this study.

For the 19-wt% MoO3 samples, due to the eggshell distri-
bution, the Mo loading near the external surface of the ex-
trudates exceeded the value required for the dispersion limit
coverage. Hence, formation of crystalline Mo phases occurred
after calcination. At low loadings, an eggshell distribution of
Mo would be expected to be present as well. However, in this
case, the macrodistribution of Mo is less crucial, because a
slight eggshell distribution does not necessarily lead to load-
ings exceeding the dispersion limit coverage near the outside of
the extrudates. An amorphous MoOx phase is formed through-
out the extrudates.

The Raman spectra recorded on the 19-wt% MoO3 AHM–
citrate samples after drying and calcination are presented in
Fig. 7. For the dried sample, the peak positions of the main
Mo–O vibrations are similar to those in the spectra recorded on
the wet material. The Mo4(citrate)2O4−

11 complex is preserved
on the Al2O3 surface after drying. A slight Mo-concentration
gradient is present, judging from the increased intensity of the
Mo–O stretch vibration relative to the Al2O3 fluorescence back-
ground toward the outside of the extrudates. The Mo profile
obtained from the EDX line scan (Fig. 3) supports this observa-
tion. The gradient is less pronounced compared with samples
prepared from the AHM-pH 9 solution, because the interac-
tion between the Mo4(citrate)2O4−

11 complexes and the Al2O3
surface after impregnation is stronger. There was no difference
in the spectra of the AHM–citrate-l and AHM–citrate-s sam-
ples; these samples already exhibited the same distribution of
Mo4(citrate)2O4− before the drying process. After calcination,
11
Fig. 7. Raman spectra recorded on bisected 19 wt% MoO3/Al2O3 extrudates
prepared from an AHM–citrate solution after drying (left) and calcination
(right). The distance of the measurement spot from the core of the extrudates is
indicated to the right of the spectra.

merely amorphous MoOx phases were present in the catalysts,
regardless of the MoO3 loading. Relatively broad bands can
be seen observed in the Raman spectra, and only reflections
due to the γ -Al2O3 support are present in the XRD pattern
recorded on the crushed extrudates (Fig. 5) [38]. The posi-
tion of the Raman band shifted to higher frequency as the Mo
loading increased toward the outside of the pellet. Near the
external surface in the 19-wt% MoO3 sample, the maximum
of the band occurs at 1006 cm−1. This band’s position cor-
responds to the formation of an Al2(MoO4)3 phase, whereas
its broadness suggests the presence of an amorphous phase.
Due to the eggshell distribution, the local Mo concentration
near the external surface will exceed the value corresponding
to the dispersion limit coverage derived from the measurements
on AHM-impregnated powdered Al2O3. Nevertheless, as in the
case of the powdered samples prepared from AHM–citrate so-
lutions, no crystalline phases are observed. Apparently, more
Mo can be accommodated in an amorphous Al2(MoO4)3 phase
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Fig. 8. TEM images recorded on embedded MoS2/Al2O3 extrudate slices, prepared from different 19 wt% MoO3 samples. Low-magnification images (a–c) were
recorded near the external surface of the extrudates. The position where the high-magnification images (d–f) were recorded are indicated in images a–c.
on the Al2O3 surface when the preparation is started from an
AHM–citrate solution.

3.4. Characterization of MoS2/Al2O3 extrudates

Raman spectra recorded on the embedded extrudates after
reaction merely showed bands at 226, 384, and 406 cm−1, cor-
responding to the presence of MoS2 for all positions in all
samples under investigation [40]. The absence of any Mo–O
stretch vibration bands in the 900–1000 cm−1 region indicates
that sulfidation was complete and that reoxidation of the sam-
ple had not occurred to any significant extent during handling
of the sulfidic catalysts. The Mo distributions obtained from
SEM–EDX measurements on the MoS2/Al2O3 extrudates were
similar to the profiles recorded on the corresponding oxidic
samples. In other words, sulfidation and reaction conditions had
no noticeable influence on the macroscopic distribution of Mo
in the extrudates.

TEM images recorded on different 19-wt% MoO3 extrudate
slices after reaction are shown in Fig. 8. The most striking dif-
ferences in the three samples were found near the outside of the
extrudates, as can be seen by comparing images a, b, and c. For
the AHM-pH 6 sample, a ∼2-µm-thick layer of dense material
can be seen on the external surface of the catalyst extrudates.
The high-magnification micrograph recorded on this layer (im-
age d) clearly shows that these particles contain MoS2, because
slabs are readily visible. In the AHM-pH 9 sample, areas of
higher density (typically 200 nm) are observed in a 50-µm-thick
ring on the outside of the extrudates. These areas are indicated
by the arrows in image b. Images at higher magnification (im-
age e) show that they consist of agglomerates of MoS2 slabs.
For the AHM–citrate sample, none of these features was ob-
served, and the sample appeared to be homogeneous at low
magnification. Well-distributed MoS2 slabs were observed at
higher magnification, as is illustrated in image f. Only a few
double slabs and no multistacked slabs are found, indicating
that the MoS2 phase is in close contact with the support. Near
the core of the extrudates, all samples show a well-dispersed
MoS2 phase, although with lower density due to the lower Mo
concentration at these positions.

3.5. Activity of MoS2/Al2O3 extrudates in LGO
hydrotreatment

The HDS activities of the different MoS2/Al2O3 extrudate
samples are obtained from the conversion of sulfur-containing
compounds. Values for the HDS weight activities (kWHSV) for
the different catalysts at different reaction temperatures are pre-
sented in the Arrhenius plot in Fig. 9. The relative HDS activ-
ities of the different samples at 360 ◦C, derived from the lines,
are presented in Fig. 10. The HDS conversion was between 0.7
for the least active catalyst at 345 ◦C and 0.975 for the most ac-
tive catalyst at 375 ◦C. Reaction rate coefficients (kWHSV) were
determined from the weight hourly space velocity (WHSV)
and the total concentration of S-containing compounds in the
feed before (Cfeed) and after reaction (Cproduct), assuming a
first-order reaction, using Eq. (3). Based on the relative error
in the determination of the sulfur content (<2%), the relative
error in the reaction rate constants was <1%. The LGO-feed
had numerous different S-containing compounds, ranging from
reactive thiophene derivates to substituted dibenzothiophenes,
which are notoriously difficult to decompose [41]. Hence, the
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Fig. 9. Arrhenius plot (lnkWHSV/T −1) of the HDS reaction constants for the
different catalysts.

Fig. 10. Bar diagram showing the normalized HDS activities of the different
catalysts, derived from the reaction rate constants (kWHSV) at 360 ◦C.

constitution of the library of S-containing compounds and their
average reactivity can change with conversion. However, the
total S concentration is inevitably used for determining HDS
activity.

Theoretically, this results in a decreasing apparent rate con-
stant with increasing conversion and a decreasing observed re-
action order from 2 to 1 [42]. Indeed, in the literature, a HDS
reaction order between 1 and 2 was found when hydrotreatment
was carried out on industrial feeds using (Ni/Co)Mo/Al2O3 cat-
alysts [43–45]. For the specific catalysts, feeds, and conversion
ranges used in this study, a reaction order of 1 was found to
give the best correlation between ln(kWHSV) and T −1. A similar
slope was found in the Arrhenius plots for the different cata-
lysts. Apparently, the activity of the different catalysts is merely
a function of the number of active sites. The average activation
energy derived from the slopes of the lines in the Arrhenius plot
was 87 kJ mol−1:

(3)kWHSV = WHSV ln

(
Cfeed

Cfeed − Cproduct

)
.

Samples prepared from AHM–citrate solutions showed the
highest activity in all cases. The absence of any crystalline
oxidic material after calcination and the presence of a well-
dispersed MoS2 phase throughout the extrudates explain these
catalysts’ superior performance. However, the activity was not
completely proportional to the MoO3 loading. Apparently, the
higher MoO3 loading caused a slightly lower dispersion of the
MoS2 phase. The low activity of the AHM-pH 6 samples can
be explained by the formation of considerable amounts of bulk
MoO3 in specific areas of the extrudates, as observed on Ra-
man microspectroscopy and XRD measurements. From TEM
images, it is clear that on sulfidation, this phase was trans-
formed into large MoS2 clusters, expected to be mainly inactive
in catalysis. The amount of crystalline MoO3 formed in the
AHM-pH 6 samples (3 ± 1 wt%) can be estimated as 21% for
the 14-wt% MoO3 sample and 15% for the 19-wt% MoO3 sam-
ple. The AHM-pH 6 samples were 19% less active than the
AHM–citrate samples of the same Mo loading. Considering the
identical activation energy found for all catalysts, a semiquan-
titative correlation seemed to exist between the percentage of
effective MoS2 phase and the HDS activity.

At the low Mo loading, the catalyst prepared from an AHM-
pH 9 showed a HDS activity comparable to that of the AHM–
citrate sample. No crystalline phases were observed in the ox-
idic precursor for this sample. At the high Mo loading, however,
the activity of the AHM-pH 9 sample was noticeably (9%)
lower than that of the AHM–citrate catalyst. In this case, the
formation of bulk MoO3 and Al2(MoO4)3 was observed in the
outer shell of the oxidic extrudates, and MoS2 clusters were
visible in the TEM images recorded on the sulfidic material.
Apparently, the poor dispersion of the MoS2 phase rendered
these clusters inactive in the HDS reaction.

3.6. Raman microspectroscopy in industrial catalyst
preparation

It was found in this study that the speciation of Mo com-
plexes in Mo/Al2O3 extrudates can be monitored using Raman
microspectroscopy at all stages of catalyst genesis. Particu-
larly in impregnated and dried samples, the sharp peaks due
to the presence of individual hydrated Mo6+-complexes pro-
vide detailed information about the nature of the Mo phase on
the Al2O3 surface. The physicochemical processes occurring
during the impregnation and drying step thus can be moni-
tored in great detail. Transport rates of different Mo complexes
through the Al2O3 pore system and their reaction with the
Al2O3 surface can be envisaged [25,46,47]. The spatially re-
solved information obtained using Raman microspectroscopy
sheds light on detrimental processes occurring during cata-
lyst preparation. In this specific study, the formation of MoO3
in calcined Mo/Al2O3 extrudates prepared from AHM-pH 6
solutions could be linked directly to the formation of bulk
(NH4)3[Al(OH)6Mo6O18] during impregnation.

Numerous studies reported in the open literature have been
dedicated to the preparation of Mo/Al2O3 catalyst bodies [48–
55]. In most cases, the Al2O3 bodies were subjected to an
excess of Mo solution, and the Mo complexes were applied
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to the support by equilibrium adsorption processes [48–50].
These methods allow for controlled preparation in which the
concentration of Mo complexes in solution never exceeds satu-
ration values. Various Mo distribution profiles can be obtained,
and the transport of Mo complexes through the Al2O3 bodies
can even be modeled quantitatively in some cases [48]. How-
ever, the dry impregnation of support bodies, as practiced in
industry, is a different process scarcely dealt with in academic
studies. After incipient-wetness impregnation, the solution is
forced into the pores by the capillary forces, and a highly in-
creased concentration of metal complexes can exist near the
external surface of the support bodies. The formation of the
(NH4)3[Al(OH)6Mo6O18] precipitate is probably the result of
these extreme conditions and thus likely was not observed in
the studies mentioned above.

Using a staining method, a sharp Mo eggshell distribution
was visually observed in Al2O3 pellets after dry impregna-
tion with an AHM solution by Srinivasan et al. [55]. This may
have been due to the formation of a (NH4)3[Al(OH)6Mo6O18]
phase during impregnation, although characterization was not
sufficient to support this assumption. A series of publications
by Okamoto and co-workers dealt with the influence of a
large number of preparation parameters, on the properties of
Mo/Al2O3 extrudates [51–54]. A number of samples in this
study were prepared by pore-volume impregnation with AHM
solution of pH 5. In some of these samples, crystalline MoO3
was observed by XRD and Raman spectroscopy performed on
crushed extrudates, in agreement with the present study. How-
ever, electron probe microanalysis showed no clear accumula-
tion of Mo on the external surface in these samples.

From the observation of bulk phases exclusively near the ex-
terior of extrudates prepared from the highly concentrated basic
AHM solution, it was concluded that their formation was the
result of an eggshell distribution of Mo over the extrudates.
Unfortunately, in the studies mentioned above, characteriza-
tion was done only on dried material, making it difficult to
discriminate between processes taking place during impreg-
nation and those occurring during drying. The application of
Raman microspectroscopy during the entire preparation process
of Mo/Al2O3 extrudates allows us to monitor not only the dis-
tribution, but also the nature of Mo complexes in the extrudates
and to envisage the processes that occur. Spectroscopy studies
on crushed extrudates fail to provide this kind of information.
In this way, many pitfalls related to the preparation of supported
metal(oxide) catalyst bodies can be avoided.

After calcination, the amorphous nature of the supported
MoOx phase means that broad bands are generally present in
the corresponding Raman spectra. In contrast, the presence of
bulk material can be readily detected, because the formation
of these phases yields intense and sharp peaks. This inherent
sensitivity is clearly illustrated by comparing the Raman spec-
tra recorded on calcined 19 wt% MoO3 AHM-pH 9 extrudates
(Fig. 6) with the XRD pattern recorded on the same sample
(Fig. 5). Particularly when the respective accumulation times
for the Raman (2 min) and XRD (14 h) measurements are taken
into account, the difference in sensitivity between these tech-
niques is striking. Because the formation of crystalline mater-
ial generally should be avoided in supported catalysts, Raman
(micro)spectroscopy could be an interesting technique for the
development of a quality control expert system for industrial
catalyst preparation processes. Although quantitative Raman
spectroscopy is difficult for these inherently inhomogeneous
samples, the amount of crystalline MoO3 can be estimated, us-
ing physical mixtures as references.

4. Conclusion

Several physicochemical processes operating at different
stages of the preparation process can result in poor dispersion of
the Mo oxide phase in oxidic Mo/Al2O3 extrudates. Formation
of a layer of (NH4)3[Al(OH)6Mo6O18] on the outer surface of
the extrudates during impregnation with acidic AHM solutions
occurs due to ligand-promoted dissolution of the support ox-
ide. This leads to the formation of bulk MoO3 after calcination.
When impregnation is carried out with basic AHM solutions, a
redistribution of Mo complexes during drying can lead to an
eggshell distribution of Mo complexes inside the extrudates.
As a result, at high Mo loadings, the Mo concentration on the
outside of the extrudates exceeds the dispersion limit of the
support, and MoO3 and Al2(MoO4)3 crystals are formed dur-
ing calcination. Both phenomena are restricted to preparation
of catalyst bodies and would have been overlooked in cata-
lyst preparation studies on powdered samples. The formation
of crystalline oxidic phases after calcination leads to a poorly
dispersed MoS2 phase in the active catalysts. A correlation is
found between the hydrotreating activity and the dispersion of
the Mo phase. Samples prepared from AHM–citrate solutions
show good Mo dispersion throughout the preparation process
and increased HDS activity relative to the samples.
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