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Surface Science Model of a Working Cobalt-Promoted Molybdenum Sulfide
Hydrodesulfurization Catalyst: Characterization and Reactivity

Arthur M. de Jong, V. H. J. (San) de Beer, J. A. Rob van Veen, and
J. W. (Hans) Niemantsverdriet*

Schuit Institute of Catalysis, Eindben Uniwersity of Technology, 5600 MB Eindben, The Netherlands
Receied: July 22, 1996; In Final Form: September 17, 1996

Surface science models of silica- and alumina-supported CoMoS catalysts have been made by impregnating
thin Si0G, and ALO; films with a solution of nitrilotriacetic acid (NTA) complexes of cobalt and molybdenum.

XPS spectra indicate that the order in which cobalt and molybdenum transfer to the sulfided state is reversed
with respect to oxidic Co and Mo systems prepared by conventional methods, implying that NTA complexation
retards the sulfidation of cobalt to temperatures where M®8lready formed. Catalytic tests show that the
CoMoS model catalysts exhibit activities for thiophene desulfurization and product distributions similar to

those of their high surface area counterparts.

Introduction to evaporation the wafer is cleaned in an HF solution. The

. . ) evaporated alumina layer is approximately 5 nm thick.

Model catalysts, consisting of a conducting substrate with a . . .
thin SiO, or Al,O3 layer on top of which the active catalytic The highly active CoMoS phase can be prepared by sulfiding
phase is deposited, are advantageous in studies of catalysE0 and Mo complexed with nitrilotriacetic acid (NTA).The
preparation and fundamental processes on the catalyst sérface active material is applied to the model supports by spin coating
In this letter we app|y this approach to Supported CoMoS an aqueous solution of Co and Mo Complexed with NTA at
hydrodesulfurization (HDS) catalysts. Van Veen et have 2800 rpm, according to a procedure described by Kuipers and
demonstrated that CoMoS Il (Topsge’s terminoRgthe highly co-workerst3 The ratio of Co/Mo in the applied solution is
active cobalt-promoted MaSin which cobalt is thought to /3. A model describing the spin coating of dilute solutihs
decorate the edges of MpSlabs?® can be synthesized by predicts that eventually a film of solution of 1ufm in height
sulfiding cobalt and molybdenum complexes of nitrilotriacetic forms on the model support. With a concentration of Mo in
acid (NTA). the solution of 0.0034 M, this results in a loading of 3.6 Mo

In order to check if the preparation of the CoMoS phase on atoms per nf)y which is the equivalent of a loading of 12 wt %
these model catalysts was successful, we performed thiopheneMo on a 250 /g silica support.

HDS experiments to determine the activity of the model
catalysts. Spevaékand Mcintyré® already examined the
conversion of thiophene on model catalysts prepared by sputter-
deposited layers of cobalt and molybdenum on oxidized
aluminum substrates. The observed conversion, however, wa:
hardly distinguishable from the conversion measured with an

empty reactor. This might be due to the fact that models lovebox. f here th | be t terred 1 |
prepared in this way have very few Mp&dge sites, which are glovehox, from where the Ssample can be transterred 1o a vesse

the seat of the HDS activity. In the following we will show foF fransport under nitrogen to the XPS spectrometer. Each
that the model catalysts prepared from cobalt and molybdenumStlfidation experiment is done with a fresh piece of model
NTA complexes yield significant activities comparable to those Catalyst from the same wafer.

The model catalysts are sulfided in a glass tube reactor, with
a mixture of 10% HS in H, at a flow rate of 60 mL/min, while
the catalyst is heated at a rate of 2 K/min to the desired
temperature and kept there for half an hour. After sulfidation,
Yhe catalyst is cooled under helium to room temperature. Next
the reactor is closed and introduced into a nitrogen-filled

of practical high surface area CoMoS catalysts. The state of the CoMo model catalysts has been studied with
XPS. XPS spectra are obtained with a VG Escalab 200
Experimental Section spectrometer equipped with an Abiksource and a hemispheri-

cal analyzer connected to a five-channel detector. Measure-

A silica model support is prepared by oxidizing a silicon ments are done at 20 eV pass energy. Energy correction is
wafer with (100) surface orientation and a diameter of 75 mm performed by using the C1s peak at 284.7 eV as a reference.

in air at 825 K for 24 h. After oxidation the wafer is cleaned . . .
in a solution of ammonia and hydrogen peroxide at 340 K for The model catalysts are tested in a thiophene HDS reaction

10 min. The surface is rehydroxylated by boiling in water. © monitor the activity and product distribution. First the model
Angle dependent XPS experiments done as explained in refscatalysts are sulfided at 675 K for 2 h as described above. Then
11 and 12 indicate that the Si@yer is about 5 nm thick after & mixture of 4% thiophene in Hs passed through the reactor
oxidation. During cleaning some Si@issolves, which results ~ at a rate of 50 mL/min and at 675 K. After 3 min the reactor
in an eventual oxide layer thickness of about 3 nm. is closed and operated as a batch reactor. After the desired
Alumina model supports are prepared by evaporating alumi- reaction time a sample is taken from the reactor with a valved

num oxide on a silicon wafer with a native oxide layer. Prior syringe for GC analysis of the reaction products. When a
sample is taken, the reactor is flushed with thiophepédH 3

* Corresponding author. E-mail: tgtahn@chem.tue.nl. min and closed again for the next analysis. Blank runs of the
€ Abstract published ilAdvance ACS Abstract€ctober 15, 1996. empty reactor and bare silicon wafers are also performed.
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Figure 1. Mo 3d XPS spectra of the CoMo/Si3i(100) model
catalysts as a function of sulfidation temperature.

Results and Discussion

Figure 1 shows the Mo 3d XPS spectra of the silica-supported
CoMo model catalysts for different sulfidation temperatures.
The spectra of the freshly prepared model catalysts reveal only
Mo 3d peaks at a binding energy corresponding to &Mo
species. At 350 K a shoulder develops at a binding energy of
229.5 eV, indicating that Mo is already partially reduced. At
450 K the majority of the Mo is transformed to a species with
a binding energy of 229.2 eV, which indicates that Mo is mostly
in an (oxy)sulfidic form. For a detailed description of the
changes in Mo XPS spectra during sulfidation we refer to earlier
XPS studies of Mo@SiO,/Si(100) model catalystd!®and of
crystalline MoQ powderst” The important point to note from
Figure 1 is that sulfidation of Mo takes place between 350 and
450 K, while at 400 K the larger part of the Mo has already
been converted to the sulfided state.

The XPS spectra of Figure 2 indicate that sulfidation of cobalt
proceeds slower than that of molybdenum. The Co 2p spectra
of the freshly impregnated catalyst as well of these after
treatment in HS/H, at 300-400 K show the pattern charac-
teristic of oxidic cobalt, with a main peak at 781.5 eV and a
shake up feature at higher binding enerdfeS he spectra after
sulfidation at 500 K and higher have the Co 2p at 779.0 eV
and are fully characteristic of sulfided cob®tyhile the catalyst
sulfided at 450 K is in the transition between the two states.
Thus, complete sulfidation of the cobalt in the NTA complex
takes temperatures between 450 and 500 K. This is in
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Figure 2. Co 2p XPS spectra of the CoMo/SiSi(100) model
catalysts as a function of sulfidation temperature.
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Figure 3. Conversion of thiophene in HDS batch reactions at 675 K

over the silica- and alumina-supported model catalysts as a function

of the batch reaction time. The dots represent conversion rates measured

in the blank experiment. The silica) and alumina€) supported model

catalysts exhibit similar conversion rates.

Co and Mo NTA complexes, which are believed to have
negligible interaction with the suppadit.

Apparently, the sulfidation of Co is retarded by the NTA
ligand to temperatures at which molybdenum is already in a
fully sulfided state. These findings are in agreement with recent
work of Prins and co-worket§?2 on NTA-derived NiMoS
catalysts and fit well in the picture of CoMoS and NiMoS in
which the promoter atoms decorate the edges of MuS-
ticles’-23

The presence of the CoMoS phase cannot be proven

remarkable contrast to measurements on single-componeniyefinitively by XPS. Therefore, we have done this indirectly

cobalt oxide reference catalysts, where complete sulfidation is
observed already at around 4003R Unfortunately, Co 2p
binding energies give little information on the precise state of
the Co and do not allow for further distinction between different
sulfidic surroundings of the cobdift.

XPS spectra of the AD3/Si(100)-supported model catalysts
(not shown) gave similar results. Again the sulfidation of
molybdenum is completed before that of the cobalt. This is in

by investigating the catalytic activity of the model systems for
thiophene desulfurization and comparing it with the catalytic
performance of their conventional counterparts. To this end,
batch reactions have been performed for different reaction times
after which the gas composition has been determined by GC
analysis. The only products formed are butenes anand G
hydrocarbons. The total conversion of thiophene is plotted in
Figure 3 for both the model catalysts and for a blank experiment.

agreement with the fact that these catalysts are prepared fromn the blank experiment, the reactor is loaded with an oxidized
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09, - | in Ho/H,S, whereas the sulfidation of cobalt is selectively
08| oMol | retarded. Apparently the role of the NTA complex is here to
07 o CoMahlOy5! | form a relatively stable environment for the cobalt.
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