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In a recent paper (J. Catal. 158, 411, 1996) we demonstrated
that the intensity of a specific peak (pK ∼ 6) in proton affinity
distributions (PADs) measured for a series of Co-Mo/Al2O3 cata-
lysts could be correlated to the variation in HDS activity within
the series. PADs access information about species on the catalyst’s
surface from analyses of proton binding data collected using poten-
tiometric titration. If the species determined at the solid/aqueous
interface are present after catalyst activation and are active during
catalytic testing, then this methodology can provide a simple, sur-
face sensitive procedure for catalyst characterization which should
correlate with other characterization techniques. To test this hy-
pothesis we provide herein results from more conventional catalyst
characterization techniques in order to corroborate the PAD results.
The techniques of temperature-programmed reduction, X-ray pho-
toelectron spectroscopy, and laser Raman spectroscopy were used
to provide additional characterization of Co-Mo/Al2O3 catalysts in
their oxide state. PADs were obtained for this catalyst system in
their oxide and sulfided states. The HDS activity for each member
of this series was measured using hydrodesulfurization of thiophene
as a test reaction. The effect of cobalt loading, molybdenum con-
tent, presulfidation conditions, and pH during catalyst preparation
were the variables used. Based on the experimental data we propose
that the active site for HDS activity is a Co-Mo interaction species
consisting of molybdate octahedra and a dispersed Co which could
also be octahedrally coordinated. This species can be transformed
reversibly during the processes of sulfidation and reoxidation and
its formation is controlled by pH. c© 1996 Academic Press, Inc.

INTRODUCTION

Hydrotreating catalysts have played an important role in
producing clean fuels without heteroatoms and aromatic
compounds. Although Mo catalysts promoted by Co and/or
Ni are used worldwide, the nature of the active sites on the
catalysts has been under discussion for a long time (1–3).

Structures on the sulfided catalysts have been character-
ized by various techniques in order to establish a relation-
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ship between them and catalyst activity under working con-
ditions. A “Co-Mo-S” model was proposed by Topsøe and
coworkers (4, 5) on the basis of the data acquired by using
Mössbauer emission spectroscopy (MES). Using extended
X-ray absorption fine structure (EXAFS), Niemann et al.
(6) proposed the square-pyramidal model for Co-Mo-S
(Ni-Mo-S). Later, Louwers and Prins (7) provided addi-
tional EXAFS evidence for this model. The study of hy-
drodesulfurization of dibenzothiophene using radioisotope
35S tracer was conducted by Kabe and coworkers and their
results supported the existence of the “Ni-Mo-S” structure
(8). On the other hand, using MES, Crajé and coworkers
have proposed that Mo is not needed to form a Co-Mo-S
phase because dispersed Co on Mo shows a high HDS ac-
tivity, which resulted in their proposal that Co sulfide can
be highly dispersed on the Mo sulfide (9).

Characterization of the promoted hydrotreating catalyst
in the oxide state has not been conducted as extensively as
in the sulfided state. It is well known that cobalt can exist in
various forms in the oxide state on the HDS catalyst. These
include CoAl2O4, Co3O4, and octahedral Co which inter-
acts with Mo oxide (10). These species are transformed af-
ter presulfiding. For example, Co3O4 was transformed into
Co9S8 and the octahedral Co was transformed into Co in
the “Co-Mo-S” phase. The tetrahedral Co in CoAl2O4 did
not change after presulfiding (10). It was also found that
the reactivity was determined by the structures present be-
fore sulfiding. Concerning the interaction between Co and
Mo in the oxide state, some models have been proposed
such as “Mo4Co” (11) and “double layers” (12). Although
the characterization of the Co (or Ni)-Mo catalysts in the
oxide form using spectroscopic techniques such as IR spec-
tra of adsorbed NO (13), ion scattering spectroscopy (ISS)
(14, 15), EXAFS (16, 17), laser Raman spectroscopy (LRS)
(18, 19), and X-ray photoelectron spectroscopy (XPS) (19)
have been conducted, they provide only limited informa-
tion about the surface structure of the oxide.

We have conducted studies (20, 21) of single transitional
metal oxides (TMOs) supported on γ -Al2O3 with the ob-
jective of elucidating the structure of the TMO based on its
proton binding chemistry on the surface; structure/activity
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relationships were not investigated. The oxidic form present
after calcination undergoes complex protolytic equilibria
which are pH dependent. Using the experimental and
computational methods developed for determining pro-
ton affinity distributions (PADs), we recently extended
our studies to various oxide precursors of a series of
Co-Mo/Al2O3 HDS catalysts (22). We found that new fea-
tures occurred in the PADs and that their abundance was
a function of the order of impregnation of the support,
the promoter, and the weight loading. In all cases the ap-
pearance of a peak at pK ∼ 6 could be correlated with the
HDS activity, using thiophene as a reactant, of the sulfided
catalyst.

Many variables exist in the causal chain designated as
catalyst preparation. The effect of some of those were stud-
ied in our earlier publication (21, 22) and were correlated
with PAD data and HDS activity. The results demonstrated
the utility of this “absolute” surface sensitive technique to
provide reliable data for correlating activity with prepa-
ration prior to sulfidation of the catalyst. However, pH
has always been considered the master variable and its ef-
fects were not studied. One objective of this paper is to
extend the range of variables to pH, which might be im-
portant in forming a specific structure of the precursor on a
γ -alumina carrier that may be active in HDS catalysis and
assess the physical and catalytic properties of the materials
formed. Another objective is to demonstrate that PAD data
are consistent with data retrieved from more conventional
techniques thus enabling rapid and inexpensive character-
ization of catalysts prepared under different protocols.

EXPERIMENTAL

Catalyst Preparation

The supported catalysts used in this study were prepared
by incipient wetness of an Al2O3 extrudate (1/16 in. D)
with a BET surface area of 220 m2/g and pore volume of
0.66 cm3/g by using aqueous solutions of ammonium hypta-
molybdate ((NH4)6Mo7O24 · 4H2O (AHM), Aldrich Chem-
icals) and cobalt salts. The Co salts were either Co(NO3)2 ·
6H2O (Fluka) or Co(CH3COO)2 · 4H2O (Mellinckrodt).
When the pH of the Co solution was changed (pH =
2.0, 5.3, 7.3), the latter salt was used to prevent deposi-
tion/precipitation of Co hydroxide at high pH. The motiva-
tion for using the master variable (pH) was based on results
which demonstrated that TMOs supported on a carrier such
asγ -alumina can undergo structural changes under ambient
conditions which correlate with the corresponding struc-
tures formed by hydrolysis of the transition metal salt used
during catalyst preparation. (20, 23). Thus, by systematic
variation of the pH during catalyst preparation, it is poten-
tially possible to produce new structure(s) on the catalyst
subsequent to calcination. Successive impregnation (first

TABLE 1

Sample List

MoO3 CoO
Nomenclature wt% wt% Co salt

A 4.7 0 None
B 4.7 1.1 Nitrate
C 14.6 0 None
D 14.4 1.2 Nitrate
E 14.1 3.3 Nitrate
F 14.0 4.6 Nitrate
G 13.6 6.7 Nitrate

H 15.5 3.8 (pH 2.0) Acetate
I 15.5 3.8 (pH 5.3) Acetate
J 15.5 3.8 (pH 7.3) Acetate

Note. The numbers in parentheses are the pH of the cobalt
solution used for the impregnation.

Mo, second Co, C-M) were used to prepare Co-Mo/Al2O3

catalysts. Catalysts, which contained one of the two com-
ponents, were also prepared. The samples’ designation and
metal content are given in Table 1. Except where noted in
the text, all references to Co-Mo/Al2O3 catalysts will be
for the nominal Mo loading of ∼15 wt% in which the Co
precursor was the nitrate. All weight loadings are reported
on an oxide basis. After impregnation, the samples were
kept at room temperature overnight before drying at 393 K
for 12 h. Calcination was conducted in a muffle furnace by
ramping at the rate of 10 K/min to 823 K and holding for
4 h, following another hold at 473 K for 1 h. When succes-
sive impregnation was used the second impregnation was
conducted after calcination and this catalyst was calcined,
as described above, before testing.

Titration Procedure

The experimental procedure used for potentiometric
titration is described in detail elsewhere (20–22). A 665
Dosimat (Metrohm) microburette, a thermostated titration
vessel and a digital Fisher Accumet Model 50 pH meter
equipped with a combination glass electrode were used for
the measurement. All experiments were conducted under a
nitrogen atmosphere at constant temperature (298 K), and
constant ionic strength (0.01 N NaNO3). The solid samples
(0.5 g) were titrated after equilibration with the inert elec-
trolyte solution (initial volume, V0). The procedure con-
sisted of adding acid increments (Va) of titrant and/or base
increments (Vb) to the well-agitated suspension and col-
lecting the equilibrium pH data at regular time intervals.
The titrant used was either NaOH or HNO3 solution (vol-
ume, Vt) whose normality was 0.1. The proton consumption
function was calculated as

Hcons = V0(Ca −Cb)+0.1(Va −Vb)−(V0 +Vt){[H]f −[OH]f}
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from the analytical concentrations of acid (Ca) and/or base
(Cb) and from the actually measured concentrations of H+

or OH−. The proton consumption function was then nor-
malized with respect to the amount of the titrated sample.

When titration of the sulfided samples was conducted,
they were placed in the vessel which contained the 0.01 N
NaNO3 solution, and blanketed with a nitrogen atmosphere
in advance to prevent contact with air.

Method of Calculation of the Proton Affinity
Distribution (PAD)

The method for calculation of the affinity distribution
function was described in previous publications (20, 21, 24).
The same numerical procedures were used for all samples
titrated, including the Al2O3 support. A subtle, but impor-
tant, distinction requires a brief comment, a more expanded
discussion can be found in our analysis of the WO3/Al2O3

system (20). For Al2O3, the proton binding/release occurs
on surface hydroxyl groups in specific ranges of pH that can
be related to the crystallo-chemical coordination of OH to
aluminum ions in the lattice (21, 24); the local isotherm is
considered to be of Langmuir form. On the other hand, in
acid–base titration of polyprotic systems, the first derivative
of the overall binding curve shows the tendency of the sys-
tem, at equilibrium, to resist a pH change for an incremental
addition of constituent; this effect is known as the buffer-
ing intensity. The buffering power may be similarly defined
for hydrolizable systems (25). Each hydrolysis species con-
tributes to the buffer intensity and usually no steps occur in
the binding curve because successive acidity constants are
close to each other.

In general terms, a distribution function of proton lability
for a non-uniform oxide surface, f (pK), can be defined as
the mole fraction of surface sites with acidity constants in
the interval (pK, pK + d pK). For a system composed of sev-
eral groups of proton binding sites, the total concentration
of deprotonated sites is given by

2 =
∫ pK2

pK1

[
θ
(
[H], pK

)]
f (pK) d pK, (1)

where the bracketed term in the integral takes the form of
a Langmuir local isotherm with the corresponding proton
binding constant, K−1. It corresponds to proton transfer
processes between amphoteric surface hydroxyls, such as
those on γ -Al2O3, and the aqueous electrolyte solution;
they are usually described by simple local equlibria which
are structurally dependent:

≡M-OH+1/2
KM-OH⇐⇒ ≡M-O−1/2 + H+ (I)

When complex protolytic equilibria are involved, such as

≡MxHyOz(OH)t−
w + γ H2O

Qβ⇐⇒ α≡MO2−
4 + βH+ (II)

which for M = W or Mo depicts the octahedral-to-tetra-
hedral transformation of aggregates generated by these net-
work forming oxides, an apparent hydrolytic equilibrium
constant can still be defined in terms of the hydrolysis quo-
tient, Qβ, as Khydr = (Qβ)1/β.

All proton-transfer processes described above are pH de-
pendent. In accordance with the above description, it ap-
pears that potentiometric titration is a simple and versatile
experimental method which is well suited for evaluation of
surface structures on solid samples which undergo proton
transfer to or from the aqueous environment.

Quantitative evaluation of the component peaks in the
PAD function, f (pK), was done by decomposing them with
Gaussian functions. The area under the peaks, which repre-
sents the amount (mmol · g−1) of surface sites available for
proton binding/release processes within the corresponding
pH range, was evaluated using Peakfit software. The ac-
curacy of this approach is estimated to be ±5% based on
experimental data from homogeneous titration of model
compounds (24).

Thiophene Hydrodesulfurization

The hydrodesulfurization of thiophene was conducted
in a flow system using a microreactor operating at atmo-
spheric pressure. Sulfidation of the catalyst was conducted
in the same system. The particle size of the catalyst was
0.1–0.4 mm (40–80 mesh). Samples of 0.5 g, on the basis of
oxide, were sulfided in a flow of 30 cm3/min—10% H2S/H2

at several conditions (temperature and time). For catalytic
tests a gas mixture of 2.46% thiophene (Aldrich Chemical)
in H2 was fed into the U-shaped quartz reactor at the rate
of 40 cm3/min. The reaction temperature was raised from
573 K to 613 K stepwise and was held at 613 K for 1 h.
Thiophene was introduced using a bubbler system and
the mole percentage was kept constant in the feed. The
concentrations of thiophene in the reactant and the product
were analyzed by an on-line gas chromatograph. The thio-
phene conversion was calculated using these values. The
separation of thiophene from hydrocarbons and hydrogen
sulfide was conducted under ramping conditions by using a
packed column of 23% SP-1720 on 80/100 chromosorb PAW
(Supelco).

XPS

The XPS spectra were obtained using a PHI 5600ci
instrument. Monochromatized Al Kα (1486.6 eV) X rays
were used at a power of 400 W, and the vacuum inside
the analysis chamber was typically less than 5 × 10−9 Torr.
The pass energy of the analyzer was 58.7 eV. The powdered
samples were attached to Ag sample coupons using double-
sided sticky tape. A low-energy electron flood gun was used
for charge neutralization. Peak areas were measured using
an integral background.
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Raman Spectroscopy

Raman spectra of the calcined samples were recorded
under ambient conditions with a RFS100 FT-Raman spec-
trometer (Bruker). A Nd-YAG laser (1064 nm) was used
as the excitation source and the laser power was 20–30 mW.
The spectra were obtained after 300–500 scans at a resolu-
tion of 4 cm−1.

Temperature-Programmed Reduction

The TPR apparatus consisted of a quartz reactor and
a thermal conductivity detector. The reducing gas was a
mixture of H2 and Ar (8 vol% H2). Before each run, the
samples were preheated in 35 cm3/min flow of Ar at 423 K
for 1.5 h. Then they were cooled to 303 K and reduced
in 35 cm3/min flow of the gas mixture while ramping the
temperature from 323 K to 893 K at 10 K/min. The sample
amount was constant at 52 µmol of Mo oxide and was kept
constant for all runs.

RESULTS

Effect of Co Content

Although interpretation of XPS results to obtain infor-
mation about catalyst dispersion has uncertainties due to
the large escape depth of photoelectrons, Okamoto et al.
(26) have applied this method to measure the concentration
of Group VIII metals on the surface of hydrotreating cata-
lysts with some success (26). Qualitative information about
the relative dispersion of Co can be obtained by comparing
the Co2p/Al2p XPS intensity ratio. Figure 1 plots this ratio
as a function of the Co content for the samples. The Co-Mo
samples show a linear behavior with Co concentrations up
to ∼ 5%. A similar result was reported by Okamoto et al.
(26). However, the plot deviates from the linear relation-
ship when the Co content is 6.7 wt%. Dufresne et al. (19)
interpretted their Raman data for Ni-Mo/Al2O3 on the ba-
sis that aggregated NiMoO4 occurred at high Ni loading

FIG. 1. Co/Al (XPS) intensity as a function of CoO content. All sam-
ples prepared by successive impregnation of Co on the same Mo/Al2O3.

FIG. 2. Proton affinity distribution of Co-Mo/Al2O3 catalysts as a
function of Co content. All samples prepared by successive impregnation
of Co on the same Mo/Al2O3.

(∼ 7%) while Ni species were well dispersed at lower Ni
content samples. Using ISS, Kasztelan et al. (15) found sim-
ilar trends for Co-Mo/Al2O3 as we report in Fig. 1. We con-
clude that added Co is dispersed when its weight loading
is less than ∼ 5 wt% and it is aggregated on the surface
of the catalyst when its content exceeds this value. The
Co2p/Al2p intensity ratio of the Co/Al2O3 catalyst is much
less than that of the Co-Mo catalyst although the Co content
is similar. The Co 2p3/2 binding energy is constant at around
781.5 eV for all the Co-Mo catalysts.

Figure 2 shows the effect of added Co on the PAD of a
Mo/Al2O3 sample whose Mo content is ∼ 15 wt%. The peak
centered around pK 6 increases in area as the content of Co
increases up to 4.6 wt%. The data presented in this figure
reproduces our previous results (22). However, when the
content of Co is further increased up to 6.7 wt%, quantita-
tive analysis of peak area revealed it to be slightly smaller
than that of the catalyst whose Co content is 4.6 wt%.
The HDS activity of this series followed a similar trend.
Figure 3 shows the effect of the Co content on the peak
area and HDS activity. The peak area was calculated us-
ing the Peakfit R© program and normalized to the weight
of catalyst. The results shown in Fig. 3 cannot be viewed
as quantitative; they simply demonstrate a trend that the
number of sites which give rise to a feature at pK ∼ 6 in the
PADs of the catalysts studied correlate with the HDS ac-
tivity. Both measurements are a function of the Co content
of the catalysts.

Figure 4 presents the TPR patterns of Co-Mo catalysts
with ∼ 15 wt% Mo and varying amounts of Co organized
to emphasize the effect of the Co content. The general
shape and the maximum temperatures of the profiles are
not strongly dependent on the Co content up to 4.6 wt%.
However, there is a down-shift in the temperature of the
peak maximum which is most apparent for the 4.6 wt% Co
catalyst when compared to those with less Co. On the other
hand, the catalyst which contains 6.7 wt% Co has a lower
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FIG. 3. Amount of surface sites active for proton reaction around
pH 6 and thiophene HDS activity as a function of Co content. All sam-
ples prepared by successive impregnation (first Mo, second Co). Reaction
conditions: 613 K, 1 atm, 2.46% thiophene in H2, 0.2 g-cat.

temperature shoulder (around 653 K) when compared to
catalysts with lower Co loadings. This suggests that above
a certain weight loading of Co, when the support contains
∼ 15 wt% Mo, an amount of Co cannot be accommodated
intimately with Mo and thus undergoes a type of phase
separation. Analyses of the areas under the TPR curves
in the temperature range 623 K to 773 K showed the area
increased linearly with Co loading up to 4.6 wt%. A lin-
ear relation, in what might be considered a dilute limit, is
consistent with both PAD and XPS results. The linear in-
crease may be due to the reduction of a Co–Mo interaction
species (PAD results) or a hydrogen spillover effect due to
an increase in Co dispersion (XPS result).

Effect of pH of the Co Solution

In order to compare results for catalysts prepared using
different Co precursors, we should first demonstrate that
the precursor used during preparation did not significantly

FIG. 4. Temperature-programmed reduction of Co-Mo/Al2O3 and
Co/Al2O3 catalysts as a function of Co content. Co-Mo/Al2O3 samples
prepared by successive impregnation of Co on the same Mo/Al2O3 which
has 14.6 wt% Mo (oxide basis).

FIG. 5. Proton affinity distribution of Co-Mo/Al2O3 catalysts as a
function of pH of Co impregnation solution. All samples prepared by
successive impregnation. The content of Mo and Co is fixed at 15.5 wt%
and 3.8 wt% (oxide base), respectively.

influence catalytic activity. The Co-Mo catalyst containing
4.6 wt% Co and prepared at pH ∼ 5.2 using Co (NO3)2

as a precursor can be compared to that formed from
Co(CH3COO)2 with pH ∼ 5.3; both contain ∼ 15 wt% Mo.
For the former the thiophene conversion was ∼ 65% while
for the latter the conversion was also ∼ 65%. This finding
suggests that in our system, the activity is not strongly de-
pendent on the Co precursor.

Figure 5 shows the PADs of the Co-Mo catalysts which
were prepared from cobalt acetate solutions at different pH
values. The shapes of the PADs do not differ qualitatively;
however, the peak intensity around pK 6 does. The catalyst
prepared using the Co solution of pH 5.3 has a larger peak
area around pK 6 than the other catalysts.

In Fig. 6 we show the number of sites for proton binding
around pK 6 and the HDS activity as a function of the Co
solution pH. A maximum is found in both curves around
pH 5 and the result demonstrates there exists some corre-
lation between the preparation conditions, i.e., pH of im-
pregnating solution, the surface concentration of structures
that undergo a specific protolysis process (see scheme II),
and the HDS activity of the catalyst. We postpone further
comments until the Discussion.

Effect of Mo Content

Figure 7 shows the PADs of the Co-Mo catalysts which
contain the same amount of Co (1 wt%) and different
amounts of Mo. The low Mo content catalyst (∼ 5 wt%)
does not have a well-resolved peak around pK 6; the high
Mo content catalyst (∼ 15 wt%) shows an intense peak.
Moreover, the former catalyst has a lower thiophene con-
version rate (5 × 10−4 mmol · s−1 · (g-cat)−1) than the latter
(1.2 × 10−3 mmol · s−1 · (g-cat)−1) (22).

Figure 8 shows the Raman spectra of two Mo/Al2O3 cata-
lysts before Co impregnation. The spectra were recorded
after exposure of the calcined catalyst to the ambient.
Under these conditions Mo species are transformed to
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FIG. 6. Effect of pH of Co impregnation solution on thiophene HDS activity and amount of surface sites active for proton reaction around pH 6.
All samples prepared by successive impregnation. The content of Mo and Co is fixed at 15.5 wt% and 3.8 wt% (oxide base), respectively.

molybdate species (18). The catalyst containing ∼ 15 wt%
Mo has an intense peak at ∼ 950 cm−1, which was reported
to be a bridged or two-dimensional polymeric form of dis-
torted molybdate octahedra (27, 28). On the other hand, the
low Mo content catalyst only has a small, not well-defined,
peak in this region. In this case, apparently only a small
amount of octahedral molybdate exists on the surface of
the catalyst and tetrahedral molybdate dominates (29).

Presulfidation

The method of potentiometric titration was previously
used in the study of proton binding equilibria on metal sul-
fides (30, 31); it was shown that the approach used to inter-
pret the charge-pH behavior of hydrated oxides could be
extended to hydrated sulfided phases, too.

Figure 9 shows the effect of presulfiding condition on the
PAD of a Co-Mo/Al2O3 with 3.3 wt% Co and ∼ 15 wt%

FIG. 7. Proton affinity distribution of Co-Mo/Al2O3 catalysts as a
function of Mo content. Both samples prepared by successive impreg-
nation of the same amount of Co on the Mo/Al2O3 which has different Mo
content.

Mo. The peak around pK 6 decreases in area as the presul-
fiding condition becomes more severe. Clearly the proton
chemistry occurring in this complex protolytic equilibria is
affected by the presence of sulfur. Increasing the severity of
the sulfiding conditions could result in increasing the sulfur
content of the surface Co-Mo species which gives rise to the
feature at pK ∼ 6 found on the unsulfided starting material.
We attribute the decrease to the formation of a Co-Mo-S
compound whose hydrolysis would either be different from
the oxidic analog or non-existent in the pH window of in-
vestigation. When sulfidation is conducted at temperatures
over 623 K, the peak at ∼ pK 4 increases in area concomi-
tant with the decrease of the peak ∼ pK 6. The peak at
pK ∼ 4 corresponds to that which was found only on
γ -Al2O3 alone (22, 24). After reoxidation at 873 K for
4 h, following the presulfiding at 673 K for 2 h, the PAD
pattern of the unsulfided catalyst is completely reproduced.

FIG. 8. Raman spectra of Co-Mo/Al2O3 catalysts as a function of Mo
content. Both samples prepared by successive impregnation of the same
amount of Co on the Mo/Al2O3 which has different Mo content.
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FIG. 9. Proton affinity distribution as a function of presulfiding con-
ditions. Presulfiding was conducted in 30 ml/min flow of 10% H2S/90%
H2 gas.

This observation suggests that the species formed during
catalyst preparation and calcination can be transformed re-
versibly following the sulfidation/oxidation sequence.

DISCUSSION

The structure of a series of Co-Mo/Al2O3 catalysts in the
oxide state has been studied using EXAFS (16, 32). The re-
sults indicated that octahedral molybdate was distorted and
the distortion was decreased by the addition of Co to the
Mo/Al2O3 catalyst. Taking into account these facts, we pro-
pose that Co selectively interacts with octahedral molyb-
date on the surface and stabilizes the surface phase. In other
words, octahedral molybdate is needed to create the pre-
cursor of the HDS active site.

Collectively the results shown in Figs. 7 and 8 demon-
strate that the structure and concentration of the supported
Mo affects the creation of Co-Mo interaction species.
Raman data suggest that the octahedral molybdate species,
which is assigned to the peak around 950 cm−1, are found
in large amount on the ∼ 15 wt% Mo/Al2O3 catalyst. PAD
results suggest that creating the interaction species during
impregnation of Co is more effective at higher Mo loading
compared to lower loading where tetrahedral molybdate
species dominate (22).

Evidence has been presented here and in our earlier work
(22) that a new surface species can be identified using PADs
of Co-Mo/Al2O3 catalytic materials. The concentration of
this surface compound is controlled by several interrelated
factors which we also find determine the HDS activity of
the materials formed. For instance, as shown in Fig. 3 and
6, the variation of activity versus either the Co content or
the pH of the Co impregnation solution follows the same
trend as the number of proton binding sites with pK ∼ 6 ac-
cessed from PADs. Previous researchers have also reported
characterization data of HDS catalysts in the oxidic state
and have proposed the existence of a Co-Mo interaction
species (11, 12, 13, 15, 18, 26–28, 33–35). These earlier

reports have used various spectroscopic techniques and re-
sults have prompted suggestions of the structure of the ac-
tive phase(s) and precursor(s) to be proposed. Our exper-
imental approach is based on the proton chemistry that
occurs at the aqueous surface of various catalytic materials
as a response to a change in the solution pH. Literature in
this area supports the fact that transformation of species via
Scheme II finds a direct analogy to homogeneous transfor-
mation of unsupported TMOs (23, 25). The factors related
to this chemistry can be used to provide additional insight
into the structure(s) of the supported precursor(s) which
could produce the active component(s) after sulfidation.

The pH of the Co solution affects the activity and the
number of proposed active site precursors, as shown in
Fig. 6. It is well known that molybdate species are trans-
formed under homogeneous conditions according to pH
and concentration (25). At pH values above 7 or 8 the tetra-
hedral monomeric molybdate ion is present. As the pH is
lowered below ∼ 5.5, structures of the form Mo7O24

6− and
Mo8O26

4− are known. At lower values of pH, heptamers
with the general formula Mo7O24−z (OH)z

(6−z)− have been
proposed based on potentiometric titration data (25). These
structures are crystallographically less well-defined than
that of Mo7O24

6−. At very low pH values, the structures
aggregate.

Deo and Wachs reported that the structure of the sup-
ported TMO on the surface was affected by environmental
conditions (23). By analogy with our WO3/Al2O3 study (20),
the supported molybdate can be transformed into different
structures as the pH of the impregnation solution is changed
(see scheme II) and different species could be created on the
surface after drying and calcining. Figure 6 shows the maxi-
mum activity and the maximum number of the proposed ac-
tive site precursors were obtained with pH ∼5 during prepa-
ration. In this pH range a surface molybdate octahedral
structure can be formed by hydrolysis because the impreg-
nation solution containing Co was adjusted to that value.

The effects of Co content at a fixed Mo loading of
∼15 wt% on the activity and the number of the proposed
active site precursors are shown in Fig. 2. Both curves have
a maximum at a Co content of 4.6 wt%. A consistency exists
between the activity and the number of the sites determined
from PADs. We examine the trend in the Co dispersion by
XPS in a manner that parallels the above observations. Up
to a certain Co loading, the dispersion increases monotoni-
cally with an increase in total Co amount and at a Co loading
of 4.6 wt%, the dispersion saturates. The color of the cata-
lyst, whose Co content is 6.7 wt%, is black, although the
others are blue. This suggests the deposition of Co oxide
on the surface of this catalyst. An analogy exists for Ni-
Mo/Al2O3 catalysts. Payen et al. (36) reported LRS data at
fixed Mo loading (14 wt% Mo) as a function of Ni content;
NiO (3.6 wt%) was well dispersed but when the loading
was increased to 7.2 wt% aggregated species were formed
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on the surface. TPR data also support this suggestion. As
the total Co content increases up to 4.6 wt%, the area un-
der the TPR profiles increases linearly while the peak tem-
perature decreases slightly (∼ 40 K). Brito and Laine (37)
reported a similar decrease in their study of Ni-Mo/Al2O3

catalysts and concluded that up to a 5 wt% loading it facil-
itated the reduction of Mo. In our case the profile of TPR
curves changes and a new peak appears around 650 K when
the Co content is 6.7 wt%. We find (Fig. 4) the position of
this new peak is the same as that of a Co/Al2O3 catalyst.
In an ESR study Gour et al. (38) reported that Co on alu-
mina is easily reduced at 673 K. Chin and Hercules (39)
found that Co in Co-Mo/Al2O3 catalysts with high weight
loading of Co could be easily reduced and attributed this
to the presence of Co3O4 on the catalyst. Arnoldy et al., in
a series of TPR studies relevant to this work (40, 41) re-
ported that four different reduction regions can be present
on CoO/Al2O3, depending on its weight loading and calci-
nation temperature. With increasing Co content and after
calcination at a temperature near the one used here, two
phases of Co appear at temperatures less than 900 K. These
two, which occur in the range of 650–750 K, were attributed
to Co3O4 crystallites and Co3+ ions in surface positions or
in a crystalline Co3+-Al3+-oxide of proposed stoichiometry
Co3AlO6. Arnoldy et al. (42) also reported TPR results for
Co-Mo/Al2O3 catalysts and concluded that the reducibility
of Co ions is strongly influenced by the presence of Mo.
Collectively these facts suggest that the catalyst containing
6.7 wt% Co has an aggregated Co oxide phase.

We propose the following line of reasoning: Co selec-
tively interacts with a previously supported octahedral
molybdate phase (Raman data for ∼ 15 wt% Mo sample)
for loadings less than ∼ 5 wt% Co which represents a limit-
ing capacity of the Mo/Al2O3 for accepting a Co ion. Above
this loading of Co we assume that the “excess” Co is trans-
formed into an aggregated Co oxide and the oxide covers
the Co–Mo interaction species after calcination. The de-
crease in the number of the sites shown in Figs. 2 and 3 is,
therefore, proposed to be the result of the blockage of the
dispersed sites by the aggregated Co oxide.

The speculation that the active site precursor consists
of octahedral molybdate and dispersed Co can be re-
examined on the basis that the Co ion and molybdate ion
can form the heteropoly ion, [CoMo6O24]−10. A structure
containing MoO6 octahedra joined by shared edges has
been proposed by Anderson for heteropolyacids whereby
six MoO6 octahedra are arranged by corner sharing with
each of two neighboring octahedra such that a hexagonal
Mo6O24

6− annulus is built (43). The central cavity of the
structure is then the same size and shape of one of the
MoO6 octahedra and can accommodate another (hetero)
cation in the same sixfold coordination.

The occurrence of heteropolymolybdate species in the
oxidic form of the HDS catalyst was previously proposed

based on Raman spectroscopy data (44). A linear relation-
ship between the content of the heteropolyacid impreg-
nated on Al2O3 and HDS activity was also shown (33). It
was reported that heteropolymolybdates are stable in the
neutral pH range and they decompose in strongly acidic and
moderately basic solutions (45). In the pH range used for
preparation of our catalyst, the cobalt heteropolymolyb-
date species are stable. Our findings concerning the pH in-
fluence on the activity and PAD are therefore consistent
with the possible occurrence of stable cobalt heteropoly-
molybdates on the catalysts.

Wivel et al. reported a relationship between HDS activ-
ity and absolute amount of octahedral Co in Co-Mo/Al2O3

catalysts in the oxide state (10). They distinguished octahe-
dral Co in Co-Mo/Al2O3 from Co in Co3O4 and tetrahedral
Co in CoAl2O4 using Mössbauer emission spectroscopy. On
the basis of their data, the absolute amount of the octa-
hedral Co reached a maximum (27 mg/g-Al2O3) at 0.7 of
Co (total)/Mo atomic ratio and the HDS activity also had
a maximum. The Co (octa)/Mo atomic ratio can be cal-
culated by using these results and we obtain a value of
0.47. This value is consistent with a Co/Mo value of 0.5 ob-
tained, assuming that the active phase precursor is a bidi-
mensional layer (see below) of polycondensed units with
the Anderson structure. In the isolated Anderson unit of
[CoMo6O24]10−, the Co/Mo atomic ratio is 1/6. However,
when a very large number of such structures are condensed
by sharing edges and corners, the resulting polymeric layer
is made of [Mo-Co-Mo] units which are repeated regularly.
The corresponding Co/Mo atomic ratio ( 1

2 ) becomes closer
to the 0.47 value obtained from Wivel’s data. This finding is
consistent with our proposal that the HDS active site pre-
cursor consists of Co in the octahedral state and molybdate
octahedra arranged in a two-dimensional surface structure
in a manner similar to that originally proposed by Anderson
for a heteropolyacid composed of Co and Mo.

To be accepted, the above proposal requires additional
information related to the conformation of Mo species
on the surface when its weight loading is ∼ 15% and be-
fore Co is added. For MoO3/Al2O3 catalysts in the con-
centration range corresponding to a Mo monolayer on
alumina (approximately (40–60) × 1013 Mo cm−2), molyb-
denum species are well dispersed on the surface (34). For
the ∼ 15 wt% catalyst, the calculated surface concentra-
tion of Mo is 33 × 1013 cm−2. At this loading level the ini-
tial impregnation of molybdenum on alumina is expected
to generate a monolayer of dispersed molybdate species
which we propose generate the anchoring sites for cobalt in
a subsequent impregnation. This proposal is strengthened
by the observation that from the point of view of electrostat-
ics the Co2+ species in the impregnating solution will have
a high affinity for a counter ion with a high charge (e.g.,
Mo7O24

6−) bound to the surface. Spanos and Lycourghio-
tis (46) have also reported that a mutual promotion exists
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in the adsorption of Mo(VI) and Co2+ species on alumina
in the pH range 4.1–6.1 which was attributed to the strong
lateral interactions exerted between the deposited Mo(VI)
and Co2 + species. Our previous results (22) showed that the
Co-Mo catalysts prepared by impregnating Mo first and Co
second contain the highest amount of Co-Mo interaction
species (as evidenced by PADs) and are the most active
in HDS when compared with Mo-Co samples, obtained by
successive impregnation in the reverse order (22). For the
latter samples, impregnation of Co on bare alumina would
lead to aggregated Co species which are not likely to effi-
ciently form dispersed Co-Mo interaction species. Summa-
rizing our reasoning to this point we have provided evidence
that the preexistance of a dispersed monolayer of polycon-
densed molybdates during impregnation of Co is a sufficient
condition for the formation of Co-Mo species, possibly with
an Anderson-type structure. We have proposed that these
species are responsible for the feature at pK 6 in PAD which
is formed by addition of Co to Mo/Al2O3 catalysts.

The effect of mild sulfidation is to reduce the intensity
of the peak (cf. Fig. 9) which we proposed is the result of
formation of a Co-Mo-S structure whose proton chemistry
is different from that of its oxidic counterpart. After more
severe sulfidation the feature at pK ∼ 6 decreases further in
intensity while an alumina feature (20–22) around pK ∼ 4
reappears and grows gradually. This is likely due to the
cleavage of alumina-molybdate bonds and formation of a
Mo sulfide phase and bare alumina sites. The effect of sul-
fidation could be reversed by subjecting the samples to an
oxidizing atmosphere (823 K for 4 h in air). The PAD of
the reoxidized catalyst is very close to that of the originally
calcined one.

These results are consistent with those IR studies that
showed that the OH bands due to Al2O3 in IR spectra were
partially suppressed by impregnation of Mo (47) and were
regenerated either after reduction or sulfiding MoO3/Al2O3

catalysts (48).
The processes described above are reversible, in that re-

oxidation of presulfided catalysts reproduces PADs of fresh,
calcined catalysts. Based on the argument that Co was dis-
persed in the fresh catalyst, we propose that the dispersed
state of Co is conserved in the sulfided catalyst, too, and
is recovered by reoxidation. This proposal is in agreement
with other results from the literature (9).

CONCLUSIONS

The findings of this study are summarized as follows:
(1) A Co-Mo interaction species can be identified in the
oxide state by using PADs. (2) The amount is proportional
to the thiophene hydrodesulfurization activity after sulfid-
ing. (3) Based on the combination of Raman and XPS data,
this species consists of octahedral molybdate (Raman) and
dispersed Co (XPS) which, we propose, is also octahedrally

coordinated. (4) Arguments have been presented based
on our results and those in the literature that are consis-
tent with the proposal that the active phase precursor in
the oxide catalyst has a bidimensional monolayer struc-
ture which could be formally derived from that proposed
by Anderson for cobalt heteropolymolybdate species. (5)
Our proposed active phase precursor species can be trans-
formed reversibly during the processes of sulfidation and
reoxidation and this suggests that a Co-Mo interaction is
still maintained in the sulfided state.
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35. Ratnasamy, P., and Knözinger, H., J. Catal. 54, 155 (1978).

36. Payen, E., Grimblot, J., and Kasztelan, S., J. Phys. Chem. 85, 2344
(1981).

37. Brito, J. L., and Laine, J., J. Catal. 139, 540 (1993).
38. Gour, P. K., and Tiwari, J. S., Upadhyay, S. N. U., Pande, S., Ghosh,

O. K., Bhattacharyya, N. B., and Sen, S. P., in “Procedings, 4th Climax
International Conference on the Chemistry and Uses of Molybdenum
(H. F. Barry and P. C. H. Mitchell, Eds.), p. 367, Climax Molybdenum
Golden Co.,” 1982.

39. Chin, R. L., and Hercules, M., J. Phys. Chem. 86, 3097 (1982).
40. Arnoldy, P., and Moulijn, J. A., J. Catal. 93, 38 (1985).
41. Arnoldy, P., de Booys, J. L., Scheffer, B., and Moulijn, J. A., J. Catal.

96, 122 (1985).
42. Arnoldy, P., Franken, M. C., Scheffer, B., and Moulijn, J. A., J. Catal.

96, 381 (1985).
43. Anderson, J. S., Nature (London) 140, 850 (1937).
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