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A series of M0Q;/Al,0; catalysts of varying weight loading
were characterized after calcination by their buffering capacity
during potentiometric titration. Strong buffering of the aqueous
electrolyte occurred in distinct pH ranges, which indicated the
formation of hydrolysis products of the surface compounds
formed in these pH windows. Addition of cobalt, followed by
calcination, revealed a new feature which signaled the forma-
tion of a possible surface heteropolymolybdate compound. If
cobalt was added first this compound was not formed, however,
if cobalt and molybdenum were coimpregnated it was detect-
able. As a promoter, Ni(II) had an effect similar to cobalt, but
Fe(III) did not.

The series of catalysts were further tested for their hydro-
desulfurization activity using thiophene as a reactant. The thio-
phene conversion, as a function of the amount of surface com-
pound formed by addition of the cobalt promoter, resulted in
alinear relation, indicating that the Co/Mo compound detected
in the oxidic state could be correlated with the HDS activity
Of these catalysts. [J 1996 Academic Press, Inc.

INTRODUCTION

On alumina supports, tungsten or molybdenum in com-
bination with nickel and/or cobalt have been the traditional
catalysts used for hydrotreating feedstocks. Their impor-
tance in environmental catalysis is to produce cleaner fuels
by significant removal of heteroatoms and aromatic com-
pounds. Despite the critical importance and extensive use
of these materials in commercial processes, the physical-
chemical architecture of the active sites on these catalysts
has yet to be determined unequivocally.

Most fundamental studies designed to elucidate the na-
ture of the active sites have been directed at the catalyst
in its sulfided state. Topsge and co-workers (1, 2) proposed
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on the basis of Mossbauer Emission Spectroscopy (MES)
a “Co-Mo-S” model for the active site, while Louwers
and Prins proposed, on the basis of extended X-ray absorp-
tion fine structure (EXAFS), the presence of a square
pyramidal structure when Ni-Mo catalysts were sulfided
(3). In model electron microscopy studies by Upton and
co-workers it was demonstrated that Mo disulfide inter-
acted with group eight metals (4). Kabe and co-workers
used the concept of an Ni-Mo-S interaction species to
support their results that it was an active site for hydro-
desulfurization of dibenzothiophene in their study using a
radio-isotope *°S tracer technique (5). But these earlier
and very recent reports are not totally unambiguous. For
example, Crajé and co-workers have proposed, based on
MES, that Mo in sulfided Co—Mo can be considered as a
secondary support to increase the dispersion of the “Co-
sulfide” species (6-8).

If Co interacts strongly with Mo in the sulfided catalysts,
then it would seem logical to pursue the hypothesis that
it also interacts strongly in the oxidic precursor state. With
this as a basis Topsge found a difference in the IR spectra
of adsorbed NO on Co/Mo/Al,O; compared to Co/Al,O4
catalysts (9). Additional evidence supporting the presence
of interaction species on the oxidic state of Ni and Co/Mo
catalysts was reported by Kasztelan and co-workers on the
basis of their ion scattering spectroscopy (ISS) results (10).
MES (11) and EXAFS (12, 13) were used to characterize
hydrotreating catalysts in the oxide state and results led
to the conclusion that there is a relationship between the
amount of 6-coordinated Co and HDS activity. However, a
later study by van Veen et al. (14) showed that a substantial
fraction of the tetrahedral Co is also found to be capable
of entering “Co—Mo-S” upon sulfidation. Laser Raman
spectroscopy (LRS) (15, 16), and X-ray photoelectron
spectroscopy (XPS) (16) have been also used to character-
ize the oxide surface.

Recently, using temperature-programmed reduction
and XPS as techniques, work from our laboratory showed
that Co—W interaction species were present on Co/WO;/
AL O; catalysts and that they appeared to exhibit a higher
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turnover frequency for methane formation than either Co
or WO; on AlL,O; alone (17). We extended this work to
examine the effect of different catalyst preparation proto-
cols on the formation of Ni-W interaction species (18).
Here it was found that catalysts formed by the incipient
wetness procedure and adsorption impregnation and either
dried, calcined, or reduced during pretreatment con-
tained a persistent Ni-W interaction species despite the
number of temperature-programmed reduction/tempera-
ture-programmed oxidation cycles to temperatures over
1300 K. It was apparent from these results that a unique
template formed during the preparation steps, which was
characteristic of a structure in which a strong metal-metal
interaction was present.

The basis for the present study had its roots in the earlier
work from our laboratory cited above and was conditioned
by our recent developments to access the influence of addi-
tives to oxide supports, as well as the supports themselves,
from their potentiometric titration in aqueous electrolytes
(19). The literature on this subject is developing and the
reader is referred to an appropriate reference (20). We
will limit our discussion only to the practical application
of these procedures to the catalysts studied here.

Potentiometric titration laboratory data can be directly
converted to proton adsorpton isotherms (19). If a suffi-
cient number of data points are collected, an isotherm can
be constructed and it was shown that by proper analytical
fitting and if an objective criterion for smoothing is applied,
the affinity spectrum (19) of the substrate for protons can
be determined. Two levels of analysis have been applied:
the first deals with those systems in which the kernel of
the integral equation, i.e., the proton isotherm, is described
by a Langmuir isotherm, and the second with the case
when the proton binding/release is due to hydrolysis of
surface compounds on the oxide support (21). The former
case has been documented in a recent report (22); the
latter case applies here.

Transition metals oxides (TMO), such as Mo and W
on Al,O3, have been studied extensively by a variety of
techniques and in particular by Wachs and co-workers,
using LRS (23). Recently, they reported on the effect of
exposure of the support to ambient conditions, concluding
that the second-phase oxide’s structure reverted to that
which would be present in the aqueous phase of the salt
of the oxide precursor at a pH value corresponding to
the pzc of the supported TMO (23). Our potentiometric
titration of a series of WO3/Al,O3 supports confirmed their
finding and provided additional information on the surface
chemistry of these TMOs as starting materials for addition
of other elements. Thus the interaction of Co with a Mo
oxide/Al,O; support requires some knowledge of the state
of Mo oxide on Al,O3 during the impregnation process.

When Mo supported on Al,Oj; is subjected to potentio-
metric titration, the second-phase oxide undergoes hydro-
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lysis reactions which is signaled by significant changes in
the charging behavior of the support as a function of pH.
The affinity distribution provides a signature which is de-
pendent on the Mo loading. If another element is added,
such as Co, and it interacts strongly with Mo, then we
might expect some change in the affinity spectrum due to
changes in the structures undergoing the hydrolysis reac-
tions. Furthermore, if Co oxide alone does not alter the
affinity spectrum of Al,Oj3, then new features in the affinity
spectra for Co—-Mo-AlL,O; catalysts in their oxidic state
might be correlated with the performance of these materi-
als in a HDS test reaction. Indeed, this is what we found.

Although other techniques have been used to study
these oxidic precursors to HDS working catalysts, they are
generally expensive, time-consuming, and require special
handling of the specimen. Potentiometric titration data
can be obtained quickly with equipment that is commonly
available in most analytical laboratories. This approach
provides a powerful method for characterization of cata-
lysts and its surface sensitivity is unambiguous, which con-
trasts with other techniques. Recently we have shown that
a relationship could be established between the proton
affinity of several mixed oxides in an aqueous environment
and their catalytic activity for 1-butene isomerization (22).
In the present paper, we focus on the relationship between
the buffering capacity changes that result as a consequence
of TMOs as revealed in proton affinity distributions
(PADs) of Co—Mo/Al,Oj catalysts in the oxidic phase and
their performance as HDS catalysts after sulfidation. The
catalysts described in this paper have been subjected to
additional characterization by XPS, Raman, and TPR to
provide corroborating evidence for confirming the conclu-
sion of the present paper. Those results will be presented
in a subsequent paper. The methodology described herein
provides a basis for predicting the performance of the
sulfided catalyst before presulfiding and activity tests are
conducted, steps which can add significantly to process
costs in commercial size applications.

EXPERIMENTAL

Catalyst Preparation

The supported catalysts used in this study were prepared
by incipient wetness using aqueous solutions of ammonium
heptamolybdate ((NH4)sM0;0,,4-4H,O (AHM), Aldrich
Chemicals) and/or (Co(NOs;),-6H,0, Fluka Garantie).
When Ni(II) or Fe(III) was impregnated, the nitrate salt
of each metal was used and the procedure was the same
as the case of supporting Co. The pore volume of the Al,O;
support (BET surface area 220 m?/g) was 0.66 ml/g. This
support was a cylindrical extrudate whose diameter was
1/16 in. Three methods were used to prepare Co—Mo/
Al,O; catalysts; successive impregnation (first Mo, second
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TABLE 1

Nomenclature and Compositions of the Catalyst

MoO; CoO NiO FeO
Nomenclature: (wt%) (Wt%) (Wt%) (wt%)
Successive impregnation (first Mo, second Co)
M1 1.9
M2 4.7
M3 9.7
M4 14.6
M5 16.1
C-M1 1.9 0.4
C-M2 4.7 1.1
C-M3 9.5 2.1
C-M4A 14.4 1.2
C-M4B 14.1 33
C-M4C 13.6 6.7
C-M5 15.5 3.8
N-M5 15.5 3.7
F-MS5 15.5 3.6
Successive impregnation (first Co, second Mo)
C1 1.0
C2 3.9
M-C1 23 1.0
M-C2 15.6 33
Simultaneous impregnation
CM1 4.4 1.0
CM2 15.3 34

Co, C-M), successive impregnation (first Co, second Mo,
M-C), and simultaneous impregnation (CM). Catalysts,
which contained one of the two components, were also
prepared. The samples’ designation and metal contents are
listed in Table 1. After impregnation, these 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. The
second impregnation was conducted after calcination when
successive impregnation was used. After the second im-
pregnation, a new calcination was done under the same
conditions as the first one.

A Co oxide sample was prepared by calcination of cobalt
nitrate in air at 823 K for 4 h. A Co—Mo mixed oxide was
prepared from the same solution which was used for the
preparation of the sample by simultaneous impregnation.
After the solution was evaporated at room temperature,
it was dried at 393 K overnight and then calcined at 823
K for 4 h.

Titration Procedure

The experimental procedure used for potentiometric ti-
tration is described in detail elsewhere (20). A 665 Dosimat
(Metrohm) microburette, a thermostated titration vessel,
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and a digital Fisher Accumet Model 50 pH meter equipped
with a combination glass electrode were used for the mea-
surement. All experiments were conducted under a nitro-
gen atmosphere at constant temperature (298 K), and con-
stant ionic strength (0.01 N NaNOs). The solid samples
were titrated after equilibration with the inert electrolyte
solution (initial volume, V;). The procedure consisted of
adding acid increments (V,) of titrant and/or base incre-
ments (V7,) to the well-agitated suspension and collecting
the equilibrium pH data at regular time intervals. The
titrant used was either NaOH or HNO; solution (volume,
Vi) whose normality was 0.1. The proton consumption
function was calculated as

I‘ICﬂns = V(](Ca - Cb) + OI(Va - Vb)
= (Vo + V){[H]; — [OH]}

from the analytical concentrations of acid (C, ) and/or base
(Cy) and from the actually measured concentrations of
H* or OH". The proton consumption function was then
normalized with respect to the amount of the titrated
sample.

Method of Calculation of the Proton Affinity
Distribution (PAD)

If the oxide surface is composed of nonequivalent oxy-
gen groups that differ by their coordinative configuration
and acid-base properties, then the heterogeneity may be so
complex that a continuous description, rather than discrete
one, is needed. The affinity distribution function, f(pK), is
defined as the mole fraction of binding sites having the
acidity constant in the interval (pK, pK + dpK). For a
system of several groups of proton binding sites, the total
concentration of deprotonated sites is given by

PK, K
0= JPKI [KJF—[HJ f(pK) dpK,
where the bracketed term in the integral takes the form
of a Langmuir local isotherm with associated equilibrium
constants, K~!. Our approach is to find the distribution
function, f(pK), by deconvoluting the experimental proton
binding isotherm. We use the approximate method pro-
posed by Rudzinski and Jagiello (RJ) for the calculation of
adsorption energy distributions from gas—solid adsorption
isotherms (24). The same numerical procedures were used
for all samples titrated, including the Al,Oj; support. A
subtle, but important, distinction requires a brief comment;
a more expanded discussion can be found in our analysis
of the WO;/Al,O; system (21). For AL,Os, the local iso-
therm is considered to be of the Langmuir form and proton
binding/release occurs on surface hydroxyl groups in spe-
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cific ranges of pH that can be related to the crystallochemi-
cal coordination of OH to aluminium ions in the lattice
(19). On the other hand, supported TMOs undergo hydro-
lysis in specific pH ranges (21), which results in an intense
buffering of the solution by the support in that pH window.
The buffering intensity is at a maximum for pH values
equal to the pK’s of particular groups of acidic sites, where
inflection points exist on the binding curve. This is equiva-
lent to a change in the proton binding behavior of the
solid which is revealed as a peak in the PAD due to the
differentiation algorithm which forms the basis of the nu-
merical approximation scheme used. In other words, al-
though the chemistry that underlies the appearance of
peaks in PADs for our catalysts is different, the resulting
signatures in the PAD are a reliable indication of specific
surface structures. All PAD spectra, f(pK), shown in mmol
g ! pH ! units in the figures of this paper were arbitrarily
shifted along the vertical axis, for clarity. For a quantitative
evaluation, the PAD curves were decomposed with Gauss
functions and the area under the peaks was evaluated using
Peakfit software; peak areas were used for evaluation of
the number (mmol g!) of catalyst surface sites reacting
within the corresponding pH range. The estimated accu-
racy of this approach is £5% when compared to the proton
concentration change measured during titration within the
corresponding pH range.

Thiophene Hydrodesulfurization

The hydrodesulfurization of thiophene was conducted
in a flow system using a microreactor operating at atmo-
spheric pressure. The particle size of the catalyst was 40—80
mesh. Prior to the activity test, each sample of 0.2 g on
the basis of oxide was presulfided in a flow of 30 cm®/min
of 10% H,S/H, while the temperature was raised to 673
K stepwise and kept at this temperature for 2 h. A gas
mixture of 2.46% thiophene (Aldrich Chemical) in H, was
fed into the U-shaped quartz reactor at the rate of 40 cm?/
min. The reaction temperature was raised from 573 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 thio-
phene in the reactant and the product were analyzed by
an on-line gas chromatograph. The thiophene conversion
was calculated using these values. The separation of thio-
phene from hydrocarbons and hydrogen sulfide was con-
ducted under ramping conditions by using a packed column
of 23% SP-1720 on 80/100 chromosorb PAW (SUPELCO).

RESULTS

PAD of Mo/AlL,O5 Samples

Figure 1 shows the PADs for Mo/Al,O; catalysts and
references; the latter include the PADs for Al,Os, bulk
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FIG. 1. Proton affinity distribution of reference Mo compounds

(molybdenum oxide, ammonium heptamolybdate), Mo/ALO; catalysts,
and ALOj; support.

MoO;, as well as the ammonium heptamolybdate salt used
to prepare the Mo/AlL,O; catalysts. The results show that
the supported catalysts have PADs that are significantly
different from the bulk oxide. The precursor salt has an
affinity spectrum that qualitatively matches that of the
unsupported bulk oxide. This is due to the fact that MoO;
is soluble in water (25), thus its hydrolysis pattern as a
function of pH is the same as the dissolved salt. The results
shown in Fig. 1 also demonstrate that if any MoOs is lost
from the support during equilibration, its amount is small
or else the PADs of the supported catalysts would have
features indicative of the bulk oxide in solution.

PAD of Co/Al,O3 Samples

Figure 2 shows the PAD of Al,O;, Co/Al,O;, and Co
oxide as a reference sample. The PAD for the Al,O; used
in this study is typical of a gamma Al,O; based on previous
data (19, 26). The Co oxide reference has essentially a
featureless PAD. This might be the result of its low surface
area. Al,O; and Co/Al,O; samples have almost the same
signature regardless of the Co content. At low Co content
(1 wt%), its strong interaction with the Al,O; support leads
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FIG. 2. Proton affinity distribution of reference Co;0,, Co/ALO;
catalysts, and Al,O; support.
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FIG. 3. Proton affinity distribution of Co-Mo/Al,O; catalysts as a

function of Co content. All samples prepared by successive impregnation
of Co on the same Mo/Al,O3; (M4). M4:CoO, 0 wt%; C-M4A : CoO,
1.2 wt%; C-M4B : CoO, 3.3 wt%; C-M4C: CoO, 6.7 wt%.

to the formation of a surface CoAl,O, phase (blue color)
which is, structurally, essentially the same spinel type struc-
ture as the bare Al,O; support. The PADs reflect the local
structure around hydroxyl groups. Only a small effect of
Co on the hydroxyl groups was also shown by Topsge (27)
and by Busca (28) using IR spectroscopy. At higher Co
content (3 wt%), Cos0, is formed (black color) and aggre-
gates on the surface. Thus Co will have little effect on the
PAD of the Al,O; support. The important conclusion is
that Co alone on the surface of Al,O; changes only slightly
the PAD of the support and the shape and position of
main peaks remain rather similar.

PAD of Co—-Mo/ALO; Samples

Figure 3 shows the effect of added Co on the PAD of
the Mo/Al,O3 (M4) sample whose Mo content is about 14
wt%. The peak centered around pK 6 increases in area as
the content of Co increases from 1 wt% (0.90 mmol/g) to
3 wt% (1.23 mmol/g) but the area of the peak does not
change for Co loadings over 3 wt% (1.25 mmol/g at 7 wt%
Co). We conclude that Co can affect the PAD of Mo/
Al,O3 by creating a species whose hydrolysis results in a
new peak around pK 6. Because Co has no effect on the
PAD of the Al,O; support (Fig. 2), this peak can not be
ascribed to Co-support interaction but can be interpreted
as the interaction between Co and the supported Mo. This
composition prior to peak saturation corresponds to Co/
Mo = 3/7 (molar ratio) and it was reported that Cos;0Oy, is
easily formed on the surface of catalysts whose Co/Mo
ratio is greater than 0.5 (11). The catalyst containing 7 wt%
Co (C-M4C) may have Co;0, on the surface because the
color of this catalyst is black, although the color of the
C-M4B is blue.

Figure 4 shows the effect of the content of supported
Mo (5 wt% and 15 wt% on an oxide basis) on the PADs
of Co—Mo/AlL,O; catalysts. The amount of added Co is
fixed at 1 wt%. The PAD signatures differ significantly
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FIG. 4. Proton affinity distribution of Co-Mo/Al,Oj; catalysts as a
function of Mo content. Both samples prepared by successive impregna-
tion of Co on the Mo/Al,O; which has different Mo content.
C-M2:MoOs;, 4.7 wt%; C-M4A : MoOs, 14.4 wt%. The CoO content is
fixed at about 1 wt%.

even though the Co content is the same. This result suggests
that the nature of the initially supported Mo layer has an
influence on the formation of Co—Mo interaction species
on the surface of Co-Mo/Al,O;. The higher Mo content
catalyst has a pronounced peak centered around pK 6,
which we ascribe to Co—Mo interaction species.

Figure 5 further confirms the effect of metal content
when Co/Mo ratios are fixed at 3/7 on a molar basis. The
peak at pK 6 increases in height with increasing metal
content. The peak appears when the Mo content is more
than 5 wt% and increases significantly when the Mo content
is over 10 wt%.

The effect of preparation procedure of the Co-—Mo/
Al,Oj5 catalysts on the PAD signature is shown in Fig. 6.
The catalysts have almost the same composition (Co 3 wt%
and Mo 14 wt%). The unsupported reference mixed oxide
has the same ratio as that in the catalysts. The reference
oxide has two main peaks centered around pK 5 and 8. A
commercial CoMoQO, also has two main peaks at the same
positions as the prepared reference, although the ratio of

54
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FIG. 5. Proton affinity distribution of Co—Mo/Al,O5 catalysts as

a function of total metal content. All samples prepared by successive
impregnation. Co/Mo is fixed at 3/7 (atom ratio).
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FIG. 6. Proton affinity distribution of high metal content Co/Mo/
AL Oj catalysts prepared by different methods: CM2, simultaneous im-
pregnation; M—-C2, successive impregnation (first Co, second Mo);
C-MS5, successive impregnation (first Mo, second Co). The metal contents
are fixed. CoMo oxide prepared by drying and calcining of solution of
cobalt nitrate and ammonium heptamolybdate.

the two peaks differed. The former peak is at the same
pK as the peak of Mo oxide, which might be due to peak
overlap with Co—Mo oxide. On the other hand, the latter
peak is not in the PAD of either Mo oxide or Co oxide.
The latter peak is assigned to a complex oxide which results
from calcining the binary solution used for the coimpregna-
tion. The peak, however, is not found in the PADs of the
catalysts. The fact that signatures for Co and Mo on the
catalysts are quite different from the reference complex
oxide points to the existence of the interaction between
the supported metal and support and/or the possibility
that the two-dimensional chemistry that produces surface
complexes is significantly different from the three-dimen-
sional chemistry occurring during bulk metal oxide forma-
tion. Figure 6 shows that the peak at around pK 6 of the
CM catalyst, which was prepared by simultaneous impreg-
nation, has a similar shape and position when compared
to that of the C—M catalyst. The M—C catalyst has a differ-
ent PAD pattern from the other catalysts and is rather
similar to Mo/Al,O; catalyst. This finding is consistent with
the fact that Mo adsorption on Co/Al,Oj; is not affected
when Co is present (29) and thus the state of Mo is not
remarkably changed whether its support is Al,O; or Co/
Al,O3. The pertinent finding here is that the peak at pK
6 can be effectively created by either simultaneous impreg-
nation or successive impregnation (first Mo followed by
Co).

The results are more subtle as the metal content de-
creases. Figure 7 shows the effect of the preparation proce-
dure on the PADs for the lower metal content catalysts.
On the oxide basis, the Mo content is about 5 wt%, except
M-C1, and the Co content is fixed at about 1 wt%. As
shown in the figure, the peak around pK 6 is only slightly
detected on C-M2 and CM1.
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FIG. 7. Proton affinity distribution of low metal content Co/Mo/
AL O; catalysts prepared by different methods: CM1, simultaneous im-
pregnation; M—Cl1, successive impregnation (first Co, second Mo); C-M2,
successive impregnation (first Mo, second Co).

PAD of Ni,Fe-Mo/Al,O; Samples

Figure 8 shows the effect on the PAD when a different
second metal is supported on the same Mo/AlL,O; (M5).
The Ni-Mo/Al,O; catalyst has a PAD similar to that of
Co-Mo/Al, O3, showing a significant peak around pK 6.
On the other hand, Fe-Mo/Al,O3; has a different PAD
from the other promoted catalysts and the pattern rather
resembles that of the original Mo/Al,O;. We conclude
that the PAD signature is dependent on the element used
as the second supported metal.

Thiophene Hydrodesulfurization Activity

Figure 9 shows the relationship between the Co content
when the same Mo/Al,O3 is used as the support and the
thiophene hydrodesulfurization activity. As the Co content
increases up to 3 wt%, the activity increases. Over 3 wt%,
however, the activity saturates at a value for the conversion
of about 58%. The HDS activity is limited at this composi-
tion in a manner that parallels the trend of the peak area

f (pK)
N

pK

FIG. 8. Proton affinity distribution of promoted Mo/Al,O; catalyst
prepared by successive impregnation (first Mo, second promoter). M5,
unpromoted Mo/Al,O;; F-MS, Fe promoter; N-MS, Ni promoter;
C-MS5, Co promoter. The metal contents are fixed.
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FIG. 9. Thiophene HDS activity as a function of CoO content. All
samples prepared by successive impregnation (first Mo, second Co). Reac-
tion conditions: 613 K, 1 atm, 2.46% thiophene in H,, 0.2 g-cat.

around pK 6 with an increase of the Co content shown in
Fig. 2. Taken together these results are consistent with
the fact that catalysts show a maximum activity when the
composition is promoter/Mo = 3/7 (30).

Two other findings provide additional evidence of the
utility of using the signatures of the PADs of this catalyst
system to predict their catalytic performance. Figure 10
shows the effect of preparation; the M—C catalyst has a
significantly lower activity compared to either C-M or
CM catalysts.

Figure 11 shows the effect of the promoter on the HDS
activities. The N—M catalyst has an activity similar to that
of the C—M catalyst, whereas the F-M catalyst has a much
lower activity, close to that of the unpromoted Mo/
Al,Oj catalyst.

DISCUSSION

The following observations emerge from the affinity dis-
tributions for the various catalysts. There appears to be a
loading of Mo above which, as more Co promoter is added,
a new feature in the PADs appears centered at pK ~ 6.
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FIG. 10. Effect of preparation method on thiophene HDS activity.
The metal contents are fixed. Reaction conditions: 613 K, 1 atm, 2.46%
thiophene in H,, 0.2 g-cat.

417

0.0025+

) 0.0024

8

e ©

S 5 00015

oD -

59

8 >

&2 o001

8&

o : T T 1
M5 C-M5 N-M5 F-M5
Catalyst
FIG. 11. Effect of promoter on thiophene HDS activity. All samples

prepared by successive impregnation (first Mo, second promoter). Reac-
tion conditions: 613 K, 1 atm, 2.46% thiophene in H,, 0.2 g-cat.

As the Co loading is further increased, the area under the
feature at pK ~ 6 saturates. Below this Mo loading, the
new feature at pK ~ 6 is not as apparent. Simultaneously
impregnated catalysts have PADs that are similar to those
prepared sequentially (Mo first followed by Co) except the
new feature at pK ~ 6 is not as pronounced. If Co is
impregnated first, the PADs show no new feature ap-
pearing as Mo is added and the affinity distribution is
similar to those for Mo/ AL O; catalysts. Finally only certain
promoters (Ni) have PADs similar to those when Co is
promoter (i.e., Fe).

If we examine the trends in the HDS activities of the
catalysts in a manner that parallels the above discussion,
the following observations emerge. Above a certain Mo
loading, the HDS activity (per gram catalyst basis) in-
creases monotonically with an increase in Co and at a Co/
Mo ratio (oxide basis) of ~3/7 the HDS activity saturates.
Simultaneously impregnated catalysts show activity trends
similar to (but lower than) those of sequentially prepared
catalysts (Mo first followed by Co). If Co is impregnated
first, catalysts of comparable total oxide loading levels have
activities that resemble those if only Mo were present. Ni-
promoted catalysts have significantly higher activities than
that of Fe promoted catalysts with the latter activities close
to those if Mo were present alone.

It is apparent that one common factor links the structure
of the catalysts described with their catalytic performance
and that is the appearance of a feature in the PADs at
pK ~ 6. Recall that features that appear in the affinity
distributions of TMOs are the result of hydrolysis of spe-
cific surface compounds. The telltale buffering of the elec-
trolyte that occurs in a pH window around 6 indicates
that a new surface compound has formed in some of the
catalysts studied and that appearance of this structure cor-
relates with the HDS activity of these catalysts.

Recently Deo and Wachs reported on the differences
observed in the Raman spectra when dry TMOs are ex-
posed to ambient conditions (23). Their conclusions for
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FIG. 12. Relationship between amount of surface sites active for
proton reaction around pH 6 and thiophene HDS activity. All samples
prepared by successive impregnation (first Mo, second Co) or simultane-
ous impregnation. Reaction conditions: 613 K, 1 atm, 2.46% thiophene
in H,, 0.2 g-cat.

numerous TMOs are in quantitative agreement with our
recent report of the WO;3/ALO; system and appear to be a
general property of these transition metal oxide supported
materials when exposed to an environment containing wa-
ter. Raman spectra of MoOs/Al,O; indicate the presence
of MoOj™ at low loading and a more complex polyoxy-
anion (Mo,0$;) at higher loading. Furthermore they also
concluded that the presence of promoters can alter the
surface metal oxide structures under ambient (aquated)
conditions. Changes in the structure of the TMOs at vari-
ous loadings were shown to be consistent with pH values
that reflect the speciation of the salt used to prepare the
TMO supported catalysts under homogeneous conditions.

It is important to note at this point our observed affinity
distribution, at a fixed weight loading, provide a complete
delineation of all structures hydrolyzed over the pH range
used during the potentiometric titration; structures actually
present are determined by the prevailing conditions which
include metal loading and pH during promotor addition.

To examine further the hypothesis that the structure
responsible for the feature at pK ~ 6 seen in the PADs
can be correlated with the HDS activity, we present in
Fig. 12 the activity data recorded under standard conditions
for the catalysts studied as a function of the area under
the pK ~ 6 feature. The latter quantity, on the basis of
the working hypothesis, is proportional to the number of
active catalytic sites. The points are CM and C-M catalysts
of various metal loading and the line is the best fit to the
data. As shown in this figure, the increase in the HDS
activity is proportional to the number of these sites before
sulfiding. The observation that the line in this figure does
not pass through the origin is a consequence of the fact
that the unpromoted catalysts have some activity. Wivel
et al. reported a similar linear relationship between HDS
activity and absolute amount of octahedral Co in Co/Mo/
AlL,O; catalysts in the oxide state (11). They concluded
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that the surface species, octahedral Co, are the precursor
for the active sites. Although it is not only the octahedral
Co in the oxidic precursor that might end up as Co in
“Co-Mo-S” in the activated catalyst (14), we assume that
the feature at pK ~ 6 could be due to a structure containing
mainly octahedral Co.

Johnson et al. studied the structure of a series of Co/
Mo/ Al,O; catalysts in their oxidized state by EXAFS (31).
They found that an increase in the Mo loading was accom-
panied by a decrease in the apparent coordination number
about the molybdenum which was an indication of major
distortions of the MoOg octahedra. The addition of Co to
the Mo/Al,O; catalysts led to a decrease in distortion but
this became most apparent only when the Mo loading was
greater than ~6%. While it is not directly apparent what
the relationship between the EXAFS results have in com-
mon with the evaluation in PADs of Co/Mo/Al,O; cata-
lysts of this study, there is a parallelism which leads us to
speculate further.

From these results, it is proposed that Co in Co/Mo/
Al,Oj; catalysts is octahedral and Co is neighboring MoQOg
octahedra and interacts directly with it. It is further pro-
posed that this surface Co—Mo interaction species might
have a heteropolymolybdate-like structure in the oxide
state and that the feature at pK ~ 6 observed in this study
might be the hydrolysis of such a species. Spojakina et al.
also suggested the possibility of nickel heteromolybdate
existing on the oxide catalyst (32). As mentioned earlier,
a continuation of this study provides XPS, Raman, and
TPR results which are consistent with the above specula-
tion (33).

Two other findings reported herein require some dis-
cussion. The coimpregnated catalyst has an activity (and
PAD at pK ~ 6) that is lower than C-M catalysts of
comparable composition (but higher than the unpromoted
catalyst). Recently, Spanos and Lycourghiotis (34) re-
ported that there was a synergistic effect on Co** adsorp-
tion on ALO; in the presence of Mo. This could be
rationalized on the basis of a strong affinity of the
counterions in the aqueous phase prior to their deposition
on the support. If Co and Mo have associated into a
complex and it survives drying and calcination steps,
then structures similar to, but less well-defined, than
those discussed above could result. To speculate on this
issue further is not warranted.

Finally, why does iron not show the same promoting
effects as Ni or Co? The singular difference in the prepara-
tion of the Fe-promoted catalysts was that Fe(III) was
the precursor. The aqueous phase chemistry of Fe(III) is
considerably more complex than that of Fe(II) (or Ni(II)
and Co(II)) (35). Formation of dinuclear species
Fe,(OH)3" in acidic solutions (conditions existing during
Fe(I1T) addition) might compete with the possible forma-
tion of heteropoly-compounds. Then we would expect the
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activity (and PADs) to be more similar to the unpromoted
catalysts, which they were. Another explanation offered
by Ramselaar et al. (36) was that the promoting effect of
Fe depends strongly on the sulfiding procedure. However,
our results show that at least for this set of catalysts, the
difference between the Fe-promoted catalyst and the Co-
or Ni-promoted catalysts appeared even in the oxidic
phase.

CONCLUSIONS

From the discussions above, this study can be summa-
rized 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 ac-
tivity after sulfiding. (3) Successively impregnated Mo-Co
(first Co, second Mo) can create the Co—Mo interaction
species but not as effectively as successively impregnated
Co-Mo (first Mo, second Co) or simultaneously impreg-
nated CoMo. (4) Ni(II) also interacts with Mo and can be
used as a promotor whereas Fe(III) cannot.
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