
 

Study on the actual active phase in carbon-supported Co(Ni)
and Co(Ni)-Mo sulfide hydrodesulfurization catalysts
Citation for published version (APA):
Bouwens, S. M. A. M. (1988). Study on the actual active phase in carbon-supported Co(Ni) and Co(Ni)-Mo
sulfide hydrodesulfurization catalysts. [Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical Engineering
and Chemistry]. Technische Universiteit Eindhoven. https://doi.org/10.6100/IR291974

DOI:
10.6100/IR291974

Document status and date:
Published: 01/01/1988

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.6100/IR291974
https://doi.org/10.6100/IR291974
https://research.tue.nl/en/publications/e6841879-6c3a-452d-9449-3361e7af9943




Study on the Actual Active Phase in Carbon-Supported 

Co(Ni) and Co(Ni)-Mo Sulfide Hydrodesulfurization Catalysts 



Study on the Actual Active Phase 

in Carbon-Supported 

Co(Ni) and Co(Ni)-Mo Sulfide 

Hydrodesulfurization Catalysts 

Proefschrift 

ter verkrijging van de graad van doctor aan de Technische 
Universiteit Eindhoven, op gezag van de rector magnificus 
Prof.ir. M. Tels, voor een commissie aangewezen door het 
College van Dekanen, in het openbaar te verdedigen op 

vrijdag 11 november 1988 te 16.00 uur 

door 

Stephanus Mathijs Antonius Marie Bonwens 

geboren te Beek 



Dit proefschrift is goedgekeurd door de promotoren: 

Prof. dr. R. Prins 
Prof. dr. R.A. van Sauten 

en door de eo-promotor 

Dr.ir. V.H.J.deBeer 



"Het is beter> één enkel 'lampje aan te steken dan de duiste'l'tlis te 

vervloeken" 

Confucius 

aan mijn ouders 

aan Renate 



CONTENTS 

Chapter 1 

Chapter 2 

Chapter 3 

Chapter 4 

Chapter 5 

Chapter 6 

Chapter 7 

Chapter 8 

Introduet ion. 

The Structure of the Molybdenum Sulfide Phase in 

Carbon-Supported Mo and Co-Mo Sulfide Catalysts as 

1 

Studied by EXAFS. 12 

Structural Characteristics of the Cobalt Sulfide 

Phase in Carbon-Supported Co and Co-Mo Sulfide 

Hydrodesulfurization Catalysts as Studied by X-ray 

Absorption Spectroscopy. 41 

The Role of Ni in Sulfided Carbon-Supported Ni-Mo 
Hydrodesulfurization Catalysts. 

Structural Pifferences between Alumina-Supported 

Co-Mo-S type I and Alumina-, Silica- and Carbon

Supported Co-Mo-S type II Hydrodesulfurization 

78 

Catalysts as Probed by EXAFS and XPS. 118 

Comparison of the Catalytic Hydrodesulfurization 

Properties of Co and Ni Sulfide Catalysts 

Supported on High Surface Area Graphite and 

Activated Carbon. 

Phosphorus Poisoning of Molybdenum Sulfide Hydro

desulfurization Catalysts Supported on Carbon and 

A lumina. 

The Infl uence of Phosphorus on the Structure and 

Hydrodesulfurization Activity of Sulfided Co, Co

Mo, Fe and Fe-Mo Catalysts Supported on Carbon and 

A lumina. 

160 

185 

204 



Chapter 9 Final Conclusions. 235 

Summary 244 

Samenvatting 249 

Dankwoord 254 

Curriculum Vitae 257 

Publications 258 



- 1 -

Chapter 1 

INTRODUCTION 

In numerous processes in the chemical and petroleum industry cata

lysts are of vital importance. They are used in an estimated 90% of 

all commercial processes to produce chemieals (1). Catalysts are used 

to increase reaction rates as well as to control the selectivity of 

chemical reactions. In the field of petroleum refining heterogeneaus 

catalysis is appl ied in reactions such as catalytic crack ing. refor

ming, hydrotreating and hydrocracking. The fastest growing group of 

catalysts is that of the hydrotreat i ng cata lysts with an average 

annual growth of 7% through 1989 (1). 

Catalytic hydrotreating (or hydroprocessing) can be defined as the 

contacting of petroleum feedstocks with hydrogen, in the presence of 

a suitable catalyst and under suitable operating conditions. This 

process is intended to convert hydrocarbons to lower molecular 

weight, to prepare the feedstocks for further conversion downstream 

and to imprave the quality of finished products (2). Figure 1 depiets 

the location of four commonly used types of hydrotreating units in 

relationship to other major process operations. 

Various reactions take place during hydrotreating like hydrocracking, 

alefin and aromatic saturation, and hydrogenolysis, which is defined 

as the remaval of heteroatoms (S. N, O) as wellas of metals (Ni, 

V). Since the crude petroleum feedstocks available worldwide are be

coming increasingly heavier, more sour and of higher metal contents, 

while at the same time the demand for heavy fuel oils is steadily de

creasing, a great need for increased conversion and upgrading of the 

"bottom of the barrel" has developed. Moreover, the increased proces

sing of coal (3) and tar sand-derived liquids (high S, N and metal 

contents) has accelerated this development. As a consequence, conside

rable effort is put nowadays in the research and development of hydro

treating catalysts and the process technology involved. 
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The work in this thesis is mainly related to the remaval of sulfur 

atoms by hydrodesulfurization (HDS). HDS is extensively used commer

cially for treating naphtha as feedstock for catalytic reformers to 

meet the very stringent sulfur specification of less than 1 ppm (wt) 

toproteet the platinum catalyst (4). It has also been widely applied 

for remaval of sulfur components from kerosines and gas oils to make 

them suitable as blending components. In this respect, the presence 

of considerable amounts of sulfur impurities (like sulfides, 

mercaptanes, thiols, etc.) in these compounds results in several 

unfavourable properties: bad smell, corrosivity on capper parts of 

engines, reduction of the octane number and the formation of gum 

which leads to damage or possible blockage of engine parts {4). In 

addition, a major incentive for the remaval of sulfur from fuels is 
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to reduce so2 production, formed upon cambustion of the fuel. so2 
is an important component of the so-called acid rain, which poses a 

severe threat to the environment, in particular to the forests in 

Western and Central Europa and to the Scandinavian lakes. In the near 

future, the 1 imfts on so2 emissions of refineries and the allowed 

sulfur content of fuels are expected to become more and more 

stringent. Oue to this development, together with that of the trend 

towards processing of still heavier crude fractions (containing the 

highest sulfur levels), the importance of HOS will continue to in

crease in the near future. 

Hydrotreating catalysts 

Hydrotreating catalysts can be described as a mixture of transition 

metal compounds dispersed throughout a porous high surface area sup

port material. The support (or substrate) is primarily y-A1 2o3, 

sametimes mixed with silica. The metals normally used are molybdenum 

{or sametimes tungsten) plus cobalt or nickel. In gener al, cobalt

molybdenum catalysts are preferred for hydrodesulfurization of petro

leum feedstocks whereas n icke 1-mo lybdenum cata lysts are better for 

nitrogen remaval and for aromatics saturation (1,2). The nickel

tungsten system is mostly appl ied in hydrocracking. Under eperating 

conditions the metal compounds are mainly present as sulfides. Itis 

believed that either mo1ybdenum or tungsten appears necessary to 

provide good act ivity, wh i 1 e coba lt and ni cke 1 in combinat ion wi th 

molybdenum or tungsten greatly increase this activity. Hence, cobalt 

and nickel are called promoter&. 

The industri al deve1 opments which have occurred in hydrodesulfuri za

tion catalysts have to a large extent been based on trial-and-error 

type experiments rath,er than on a detailed understanding of the na

ture of the active phase and the factors governing its formation 

(5). During the past two decades, however, extensive fundamental re

search efforts have been put in understanding the nature of the ac

tive sites present in HOS catalysts. Especially the role and the 

chemical state of the coba1t and nicke1 promoter atoms in the sul-
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fided catalysts is a subject of great interest. Among the models 

proposed to describe the structure of the alumi na-supported co balt

molybdenum catalyst, are the monol ayer model (6), the intercal at ion 

(ar decarat ion) model (7), the contact synergy model (8) and the 

"Co-Mo-S" model (9,10), each of which describes the promoter effect 

of cabalt (or nickel) in a different way. For a detailed review one 

is referred to ( 5, 11). At present the "Co-Mo-S" mode 1, deve l oped by 

Topsée and coworkers (9,10), is strongly favoured since a 

corre 1 at i on co u l d be es tab 1 i shed between the HDS act i vity and the 

amount of a di st inct "Co-Mo-S" phase, containing cobalt atoms at the 

edges of molybdenum sulfide {MoS 2) structures. Several important 

questions in relation to the "Co-Mo-S" model are still unanswered, 

like: what is the local structure of the cobalt atoms, and, even more 

importantly, what causes the high specific HDS activity of this 

"Co-Mo-S" phase? Concern ing the 1 at ter, it has not been es tab l i shed 

whether the cabalt atoms are the active sites or whether the 

neighbouring molybdenum atoms also play a direct role in the 

catalytic activity (12-14). 

The idea that the promoter atom influences a neighbouring Mo site and 

in fact creates a much more active site, has been proposed by 

Chianelli et al. (15,16). They argued that the electron density at 

the Mo sites is i ncreased by Co ( or Ni) promoter atoms, and that the 

modified, reduced, Mo sites have a higher activity. Their conclusions 

were based on theoretical calculations in which they assumed that all 

met al atoms are octahedrally surrounded by sulfur atoms {16}. Detai

led information on the local structure of the Co atoms has been ob

ta i ned by Ledoux et a 1 . ( 17, 18) wi th the u se of 59co NMR. They 

showed that in sulfided Co-Ma catalysts containing low Co contents, 

two types of Co sites are present, viz. an octahedrally sulfur

surrounded Co atom 1 i nked to the Mos2 edges, and a tetrahedra lly 

su lfur-surrounded Co at om attached to the other si de of the octahe

dral Co atom. According to Ledoux et al. (18), the promoter effect of 

Co is related to the existence of a very active site which will be 

the vacancy left by the sulfur atoms sandwiched between Mo and the 

octahedral Co atoms. This hypothesis is in agreement with the theory 
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of Harris and Chianelli {16). Ledoux et al. (18) also concluded that 

the presence of Co {or Ni) promoters cause stabilization of very 

small MoS2 particles. This effect will also favour HDS activity. 

It is remarkab 1 e that a 11 the theories ment ioned above assume no 

appreciable HOS activity for the promoter sulfide phase itself. How

ever, Ouchet et al. (13) and Vissers et al. (14) prepared highly 

active carbon-supported Co catalysts and concluded that the cobalt 

sulfide phase by itself has outstanding HOS properties. This is shown 

in F i gure 2, in wh i eh a campar i son is made of the th i ophene HOS 

activities of alumina-and carbon-supported Mo, Co and Co-Mo sulfide 

catalysts. On the basis of these findings, it was argued that the so

called synergetic effect of Co-Mo catalysts could be due to the 

activity of cobalt rather than molybdenum and that molybdenum sulfide 

should be regarded as a "support" for the cobalt sulfide phase, ena

bl ing optimal dispersion of the Co atoms. The ma in impl i cation of 

this theory is that the cobalt sulfide phase acts as a catalyst, in

stead of as a promoter, so that active HOS catalysts might be pre

pared without the presence of the expensive molybdenum phase. 

As can be seen in Figure 2, the HOS activity of an alumina-supported 

Co-Mo sulfide catalyst is considerably lower than that of the corres

ponding Co-Mo/C catalyst. The difference in activity is usually ex

plained in terros of an interaction of the "Co-Mo-S" species with the 

support surface. In the case of carbon, being an inert support mat

erial, the "Co-Mo-S" species are expected to have much less inter

action with the support surface, than in the case of an alumina sup

port material. Interestingly, it has been observed that upon increa

sing the sulfiding temperature a different type of "Co-Mo-S" species 

is formed on an a lumina support (21). The Co atoms in this high tem

perature "Co-Mo-S" form, which is denoted as type II "Co-Mo-S", appea

red to have a higher specific actiyity for thiophene HOS than those 

in the low temperature form, which is denoted as type I "Co-Mo-S". It 

was suggested that in type I catalysts the "Co-Mo-S" species are bon

ded to the alumina support for a eertaio extent, while in the type II 

systems the interaction with the support is much weaker. This implies 
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Comparison of the thiophene HDS activities of eorres

ponding a lumina- and earbon-supported Mo, Co and Co-Mo 

sulfide eataZysts (14,19,20). 

that carbon-supported "Co-Mo-S" structures shoul d al so be described 

as "Co-Mo-S" type II. However, little is known about the specific mor

phology and the local structure of the Co sites in bath type I and II 

"Co-Mo-S" species. 

Scope and outline of this investigation 

In view of the intriguing idea of Co sites acting as the actual ac

tive phase in Co-Mo sulfide HDS catalysts, it was decided to start a 

systematic study on the properties of carbon- and alumina-suported 

Co, Co-Mo, Mo, Ni and Ni-Mo sulfide catalysts. The main objective was 

to describe the relations between the structure and dispersion 

characteristics of the sulfidic phases and their thiophene HDS 

activity. The study is focussed on the central question: what is the 



- 7 -

role of the Co and Ni promoters in sulfided Co-Mo and Ni-Mo HOS 

catalysts? The structure of these catalyst systems has been studied 

by a variety of techniques: X-ray absorption spectroscopy (including 

EXAFS: Extended X-ray Absorption Fine Structure, and XANES: X-ray 

Absorption Near Edge Structure), X-ray photoelectron spectroscopy 

(XPS), Mössbauer spectroscopy, dynamic oxygen chemisorption (OOC) 

and chemical sulfur analysis. Special emphasis has been put on the 

EXAFS technique, since it provides direct and detailed information on 

the local structure of the metal atoms present in the active phases 

of the catalyst (22-24). 

In chapter 2 the structure of the molybdenum sulfide phase in carbon

supported Mo and Co-Mo sulfide catalysts, as studied by EXAFS, is des

cribed. Based upon the EXAFS results, an estimation has been made of 

the average dimeosion of the MoS2 single slabs, in the unpromoted 

and the promoted catalyst. Moreover, the influence of the Co promoter 

on the structure of the Mo sulfide phase in Co-Mo/C is discussed. A 

comparison is made with a corresponding al umina-supported Mo sulfide 

catalyst. 

Chapter 3 describes the structural characteristics of the cabalt sul

fide phase in carbon-supported Co and Co-Mo sulfide catalysts. A 

mode 1 is proposed for the 1 oca 1 structure of a Co at om 1 inked to the 

Mos2 crystallite in the so-called "Co-Mo-S" phase. It is attempted 

to relate the specific thiophene HDS activity (per mol Co) of the 

sulfided Co/C and Co-Mo/C catalyst, to their structural characteris

tics. 

Chapter 4 deals with the structure and dispersion of the nickel sul

fide phase in carbon-supported Ni and Ni-Mo sulfide catalysts. An 

extensive comparison is made between these results and those of the 

Co catalysts described in chapter 3. 

In chapter 5 the structure and thiophene HDS properties of a 1 umina

supported "Co-Mo-S" type I and type I 1 phases are compared and the 

influence of the support material (alumina, silica and carbon) on the 

structure of the "Co-Mo-S" type II phase is studied. 

In chapter 6 an investigation on the effect of the type of carbon 

carrier on the structure and HOS activity of Co and Ni sulfide is 
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described. Two supports, viz. an activated carbon and a high surface 
area graphite, with substantially different pore structure and 
surface characteristics, are used. 
The chapters 7 and 8 are devoted to the influence of phosphorus on 
the structure and the HDS activity of carbon- and alumina-supported 
Mo, Co, Co-Mo, Fe and Fe-Mo sulfide catalysts. Phosphorus is often 
present as a secondary promoter in commercial hydrotreating cata
lysts. However, little is known about its catalytic function. Chapter 
7 deals with phosphorus-containing Mo sulfide catalysts while chapter 
8 concerns the influence of phosphorus on the Co, Co-Mo, Fe and Fe-Mo 
sulfide phases. Furthermore, the difference in the phosphorus func
tionality for carbon- and alumina-supported catalysts is discussed 
(in both chapters). In the case of the Fe and Fe-Mo catalysts, 
Mössbauer spectroscopy is app 1 i ed, in cooperat i on wi th Or. A.M. van 
der Kraan and Dr. W.L.T.M. Ramselaar of the Interuniversitary Reactor 
Institute in Delft (the Netherlands). 
In Figure 3 a general survey of the subjects in this thesis is pre
sented, based upon a distinction between "active phase" and "carrier" 
related subjects. 
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Chapter 2 

The Structure of the Molybdenum Sulfide Phase in 
Carbon-Supported Mo and Co-Mo Sulfide catalysts 

as Studied by EXAFS 

Abstract 

The structure and dispersion of the active phase pre_sent in carbon

supported Mo and Co-Mo sulfide catalysts were studied by means of Mo 

K-edge EXAFS. In situ EXAFS measurements were carried out at 1 iquid 

N2 temperature on freshly sulfided (at 673 K) catalysts. 

Due to a high signal-to-noise ratio of the experimental data, detai

led information about the structural parameters of the active phase 

could be obtained. The catalysts consist of very small Mos2-1 ike 

particles which contain on average 5 to 6 Mo atoms (Mo/C) and 7 to 8 

Mo atoms (Co-Mo/C), respectively. Comparison with literature data 

learns that the Mos2 dispersion in these carbon-supported catalysts 

is probab ly as good as in thei r a 1 umina-supported counterparts. A 

detailed EXAFS data analysis shows the presence of carbon neighbours 

next to the Mo atoms in bath catalysts with a Mo-C coordination dis

tanee of 2.1 + 0.1 Ä. This short distance could imply an intimate 

interaction between the active phase and the carbon support, which 

may explain the high active phase dispersion. From the value of 2.1 Ä 
it can be inferred that the Mo-C coordination is restricted to the 

exposed Mo atoms and that a support carbon atom takes the pl ace of a 

sulfur vacancy. The high quality EXAFS spectra show evidence for the 

existence of cabalt neighbours next to the Mo atoms in the Co-Mo/C 

catalyst, with a Mo-Co coordination distance of 2.8 + 0.1 Ä. 
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Introduetion 

Commercial hydrotreating catalysts usually consist of molybdenum sul

fide promoted with cabalt or nickel sulfide as the active phase, sup

ported on an alumina (y-A1 203) carrier. Previous laboratory stu

dies (1-4) have shown that the application of carbon as a support for 

sulfide hydrotreating catalysts results in improved catalyst activity 

compared to the commercial alumina-supported systems. The exact rea

sans for this improved activity are unclear. Vissers et al. (3) stu

died the differences of carbon- and alumina-supported molybdenum sul

fide catalysts by combined dynamic oxygen chemisorption (DOC), X-Ray 

Photoelectron Spectroscopy (XPS) and thiophene hydrodesulfurization 

(HDS) measurements. Their main conclusion was that carbon-supported 

molybdenum sulfide catalysts (especially at low Mo contents) posses

sed a higher fraction of catalytically active surface area, as well 

as a higher HOS activity per active site than the alumina-supported 

systems. To explain these structural differences, the authors refer

red to the inert character of the carbon carrier. Furthermore, by 

using XPS, Vissers et al. (5) showed that sulfided Mo/C catalysts 

(with Mo loadings above 3 wt%) consisted of tiny three-dimensional 

Mos2 particles. On the other hand, Topst)e et al. (6) cl aimed that 

MoS2 supported on an i ndustri a 1 a 1 urn i na support can be present as 

very large patches of a wrinkled, one slab thick, MoS2 layer. These 

findings point to a different molybdenum sulfide morphology on each 

carrier: viz. a single slab monolayer strongly interacting with the 

support in case of alumina, and small three-dimensional particles al

most free of interaction with the support in case of carbon. However, 

in a recent HRTEM model study of molybdenum sulfide supported on gra

phite, Hayden et al. {7) observed that a MoS 2 rag phase was formed 

and conc 1 uded that a st rong sulfide-support interact ion was present. 

The observation that carbon carriers have unique properties is also 

apparent from the work of Vissers et a 1 • ( 8) on carbon-supported co

balt sulfide cata lysts. In th is work the a ut hors reported that the 

thiophene HDS activities of sulfided Co/C catalysts were about two to 

three times higher than that of sulfided Mo/C. In fact, based on 

these high activities, it is suggested that in sulfided Co-Mo cata-
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lysts the cabalt atoms might very well be the active phase instead of 
the promotor. Very recently, the influence of the support (alumina 
and carbon) on the activity of a fully sulfided Co-Mo-S (type II) 
phase has been investigated (9). From this work it appeared that, al
though the Co-Mo-S active phase dispersion in both the alumina- and 
carbon-supported catalysts is similar, the specific thiophene HDS ac
tivity is higher when carbon is used as a support. 

In view of the intriguing properties of carbon-supported HDS cata
lysts, we decided to study their structure with the use of in situ 
EXAFS (Extended X-Ray Absorption Fine Structure) spectroscopy. Seve
ral EXAFS studies on alumina- and sllica-supported HDS catalysts have 
been reported in the 1 iterature {10-18). However, to our knowl edge, 
carbon-supported catalysts have not yet been studled with EXAFS. In 
our EXAFS study of the Mo K-edge in a sulfided Mo/C and a Co-Mo/C ca
talyst we wanted to focus our attention to the followlng items: 
i. What is the structure of the molybdenum sulfide phase in the un

promoted Mo/C as well as in the Co-promoted Mo/C catalyst? 
i i. Does an interact i on take p 1 ace between the mo lybdenum sulfide 

phase and the carbon. support? 
iii. Are there indications for the presence of Co atoms next to the 

Mo atoms? 
It is shown in this artiele that as aresult of a very high signal-to
noise ratio of the EXAFS data, detailed information on the structure 
of the sulfide ph a se coul d be obta i ned. Moreover, i nd icat i ons have 
been found of an interaction between the Mo atoms and the carbon sup
port as well as indications of a Mo-Co interaction in the promoted ca
talyst. In the EXAFS data-analysis, analytical procedures (the use of 
Imaginary Fourier Transformatlans and the difference EXAFS technique) 
have been appl ied, which are able to rel i ably separate the smaller 
EXAFS signal s from the dominant contribut i ons {Mo-S and Mo-Mo) pre
sent in the EXAFS spectrum. These ana 1 ys is procedures have proven to 
be successful for the analysis of the structure of the metal-support 

interface in metal-supported catalysts {19,20). The first preliminary 
results of our EXAFS study on sulfided Mo/C and Co-Mo/C catalysts 
have already been published (21). In the present article, a complete 
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data analysis will be presented as well as a thorough interpretation 

of its outcome. 

Experimental 

The carbon support used was a Norit activated carbon (Norit RX3 ex

tra, surface area: 1190 m2.g-1, pore volume: 1.03 cm3.g-1). 

The catalysts were prepared by pore volume impregnation using aqueous 

solutions of (NH4)6Mo 7o24 .4H2o and Co(N03)2.6H2o 
(both Merck p.a.). In case of the promoted Mo/C catalyst, the Mo 

phase was introduced first. After each impregnation step the samples 

were dried in static air at 383 K for 16 h. No calcination was ap

pl ied. The metal content (wt%) of the oxidic precursor catalyst was 

determined by means of atomie absorption spectroscopy using a Perkin

Elroer 3030 AAS spectrometer and was found to be Mo(7.0%}/C and 

Co(2.7%)-Mo(6.0%)/C (Co/Mo ratio is 0.7 at/at). The catalytic ac

tivity of the sulfided catalysts was determined by a thiophene HDS 

measurement at 673 K and atmospheric pressure. The thiophene HDS 

re act i on ra te constant kHDS ( approx imated as a fi rst order reac

t ion) was found to be 2.6*10-3 m3.kg-l.s-1 for Mo(7.0)/C and 

25.7*10-3 m3.kg-l.s-1 for Co(2.7)-Mo(6.0)/C. For details on 

the activity test we refer to Vissers et al. {3). 

The dried catalysts were pressed into self-supporting wafers and moun

ted in an EXAFS cell enabling in situ sulfiding. The thickness of the 

wafers was chosen to give an absorbance {p,x) of about 2.5, assuring 

an optimum signal-to-noise ratio. The wafers were prepared by using a 

special carbon binder. The presence of the carbon binder did not 

significantly change the catalytic system since it was found to have 

no effect on the thiophene HDS properties of the catalysts. The 

sulfidation of the samples was carried out in a flow of 10% H2S in 

H2 (flow rate 60 cm3.min-l, atmospheric pressure) for 45 min., 

while increasing the temperature linearly from 293 to 673 K, followed 

by an extended sulfiding at 673 K for 2 h. After sulfiding the sam

ples were caoled to 293 K under flowing He within 30 min. and the 
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cell was evacuated and flushed again with He {two or three times) in 

order to remave all H2s gas. The EXAFS spectra at the molybdenum K

edge we re subsequent 1 y recorded with the samp 1 e at l i qui d nitrogen 

temper at ure and under He atmosphere. The measurements we re carri ed 

out at EXAFS station 9.2 at the Synchrotron Radiation Souree {SRS) in 

Daresbury (England). The starage ring was operated at 1.8 to 2.0 GeV, 

the ring current was in the range of 100-250 mA. 

Phase shifts and backscattering amplitudes from reference compounds 

were used to ca1cu1ate the EXAFS contributions. For the Mo-S and Mo

Mo EXAFS signals Mos 2 (Janssen Pharmaceutica, min. 99%) was used. 

For possible Mo-C or Mo-0 contributions, Mo(C0) 6 and 

Na2Mo04.2HzO (bath Merck p.a.) were used, respectively. The 

purity of the reference compounds was checked by X-ray diffraction. 

Support i ng wafers of the reference compounds with an absorbance of 

2.5 were prepared by mixing them with an appropriate amount of 

Al 2o3• EXAFS spectra of these compounds were also recorded at 

1iquid nitrogen temperature under a He atomosphere. 

Results 

The EXAFS oscillations in k space were obtained from the X-ray ab

sorption spectra by subtracting a victoreen curve, followed by a 

cubic spl ine background remaval (22). Normal isation was performed by 

division by the height of the edge. In Figure 1 the resulting EXAFS 

functions of the Mo/C and the Co-Mo/C catalysts are shown. 

As can be seen in this Figure, the signal-to-noise ratio is very 

high: about 240 to 1. Furthermore it appears that sma 11 but si gni

ficant differences between these EXAFS functions seem to be present. 

The spectra of the reference compounds were processed in the same way 

as the catalyst samples. To obtain the phase shifts and backscatte

ring amplitudes, the EXAFS spectra of the reference compounds were 

Fourier transformed over the largest possible range in k space. In 

Figure 2 these EXAFS functions as well as their Fourier transforma

tions are shown. 
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EXAFS speatra of Mo/C (aoZid Zine) and Co~o/C (dotted 

line). 

Table 1 presents the crystallographic data (23-25) and the Fourier 

transfarm ranges of the reference compounds. 

Table 1. Crysta11ographic data and Fourier Transfarm ranges of the 
reference compounds. 

Compound type of 
coordination 

MoS2 Mo-S 
Mo-Mo 

Mo(C0) 6 .Mo-e 

Na2Moo4.2H2o Mo-0 

8 Coordination distance 
bcoordination number 

R(Ä)
8 

2.41 
3.16 

2.06 

1.77 

Nb Fourier transformationc Refs. 

k-range r-range 
d\-1} (Ä) 

6 3.16-24.48 0.88-2.40 23 

6 3.16-24.48 2.40-3.22 23 

6 3.07-13.36 0.00-2.10 24 

4 3.64-12.84 0.00-2.08 25 

cThe weighting factor in the Fourier Transfarm is in all cases 3. 
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Figure 3 shows the magnitude of the Fourier transfarms (k3, L\k=3.2-

15.0 Ä-1) of the catalysts together with the MoS2 reference com

pound. 
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( ao Ud line).. the Mo /C catalyst ( dotted line) and the 

Co~o/C catalyst (dashed line). 

As is obvious from this Figure, the spectra of the Mo/C and Co-Mo/C 

catalysts exhibit identical features as the Mos2 compound: the 

first and second peak of the catalyst spectra are positioned at the 

same distance as the Mo-S and Mo-Mo peaks of the Mos2 compound. 

This demonstrates that the sulfide structure in the catalysts is a 

MoS2-l ike structure. The magnitude of the Mo-S shell in the cata

lysts is smaller than that of Mos2, while the Mo-Mo shell is much 
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smaller. Furthermore, the higher shells in the catalysts are much wea

ker than those of MoS 2• From these speetral characteristics it is 

clear that the molybdenum sulfide particles of the catalysts are 

qui te sma 11 • Th ere is a 1 so a d ifference between the cata lysts them

selves: the Co-Mo/C catalyst exhibits slightly larger peak amplitudes 

than the Mo/C catalyst. The data-analysis of the Mo-S and Mo-Mo peaks 

has been carried out by inverse Fourier transformation of the r-
• 3 0 range: 1.0-3.2 A (after Fourier transformation: k ,L\k=3.2-16.0 A-

l), followed by a 2-shell fitting procedure on the i sol ated EXAFS 

function. In this fitting procedure the phase and amplitude functions 

of the absorber-backscatterer pair Mo-S and Mo-Mo of MoS2 were 

used. For a detailed description of the data-analysis procedure we 

refer to (19,26). No differences were observed between the Fourier 

transfarms of the isolated EXAFS function and the raw data, taken 

over a k-range of 4 to 15 Ä-1. Thus, this k-range is free of cut

off effects and can be used for the analvsis of the isolated EXAFS 

function. The parameters N, R, L\a2 and L\Eo of the Mo-S and Mo-Mo 

shells were calculated in such a way as to give the best agreement in 

r-space between the k1-and k3-weighted Fourier transfarms of the 

calculated and the experimental EXAFS. In Figure 4 the k3-weighted 

Fourier transfarms of the experimental (isolated) EXAFS and the cal

culated best-fit Mo-S and Mo-Mo EXAFS contributions are shown. The 

structural parameters obtained in this way are presented in Table 2. 

Table 2. Structural parameters for the Mo-S and Mo-Mo coordinations. 

Catalyst shell N 

Mo/C Mo-S 5.2 + 0.5 

Mo-Mo 2.7 + 0.3 

Co-Mo/C Mo-S 5.5 + 0.5 

Mo-Mo 3.2 + 0.3 

8 Debye-Waller factor 

blnnerpotential correction 

. L1a2 a R{A) 

(*103 Ä2) 

2.41 + 0.01 1.7+0.4 

3.15 + 0.01 1.7 + 0.4 

2.40 + 0.01 1.4+0.4 

3.13 + 0.01 1.7+0.4 -

~Eo 
b 

{eV) 

1.9+1 

1. 7 + 1 -

4.3 + 2 

4.5 + 2 
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As can be seen in Figure 4, the agreement is nearly optimal except at 

low r-values (about r=l.S Ä) and at a higher r-value (about 2.4 Ä}, 
the latter only in the promoted catalyst. 
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Imagina.ry and abso Zute Foune!' TNnBfo!'mB (k3 ,.!lk=4. 0-

15. 0 A-1) of the B$penmentaZ (isoZated) EXAFS (sotid 

Zine) ànd the aaZcutated Mo-s and Mo.Mo shetZs (dotted 

tine) of the Mo/C aataZyst (a,b) and the Co.Mo/C cata

Zyst (a ,dJ. The a!'!'ObJB indicate the deviations between 

the caZcuZated EXAFS and the e:::pel'imentat EXAFS spectPa. 

Since it was impossible to get a good agreement in those two regions 
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using only S and Mo backscatterers, it is possible that other neigh

bouring atoms are present. In view of the fact that both catalysts ex

hibit differences at the same r-value about r=l. 5 A, one might think 

of an interaction of the Mo atoms and the carbon support. This would 

imply for instanee a Mo-C coordination. Concerning the deviation at 

about 2.4 Ä (only in the promoted catalyst) one might think of an in

teraction of Mo with a Co promoter atom, since this deviation is not 

present in the unpromoted catalyst. In order to investigate both pos

sibilities, the calculated Mo-S and Mo-Mo EXAFS signals were subtrac

ted from the experimental data and it was tried to fit the resulting 

difference spectra with Mo-C and Mo-C + Mo-Co EXAFS contributions, 

respectively. The subtraction step is applied on the isolated expe

rimental data and the calcul ated (Mo-S) + (Mo-Mo) spectrum, i sol ated 

in the same way ( 6r=l.0-3.2 Ä, after Fourier Transformation: k3, 

6.k=4.0-12.2 Ä-1). This shorter k-range was chosen because of the 

smaller accuracy range of the Mo( CO} 6 reference compound used for 

fitting the expected Mo-C coordination. The difference EXAFS spectrum 

(in k space) is shown in Figure 5 (a) and 5 (b). The envelope of the 

spectrum of Mo/C shows a monotonically decreasing amplitude, indica

tive of a low Z-scatterer. The promoted catalyst, on the other hand, 

shows an interterenee effect at k=7 Ä-1 and a maximum in the back

scattering amplitude at k=9 Ä-1, indicative of an additional high Z

scatterer. For the expected Mo-Co coordination in the Co-Mo/C cata

lyst, theoretically determined phase shifts and backscattering ampli

tudes according to Teo and Lee (27) were used. For the latter purpose 

the absorber-backscatterer pair Mo-Fe was used which is permitted 

(27 ,28). In Figures 5 {c to f) the results of the fitting procedure 

are depicted, with both the imaginary and the absolute part of the 

Fourier transfarms of the calcul ated and the experimental (diffe

rence) EXAFS functions. These Figures show that the calculated EXAFS 

reproduces the difference EXAFS quite well. The structural parameters 

(N, R, ~u2 and D.E0) of the calculated Mo-C and Mo-Co shells are 

collected in Table 3. In order to check the reliability of the calcu

lated EXAFS shells, a comparison was made of the experimental primary 

EXAFS data and the calculated EXAFS functions: Mo-S + Mo-Mo + Mo-C 

and {for the promoted catalyst) + Mo-Co. 
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Differenae EXAPS speatra of Mo/C and Co-Mo/C in k space 

ra .. b) and in x-space (k 1 .. t1k=4. 3-10. 4 )1-l) (imagina

ry part: a .. d and absolute part: e .. fJ .. represented by 

soZid au:l'Ves. The dotted au:l'Ves repreaent the aal.auZa

ted Mo-e shel.l. (in Mo/C) and the aal.aul.ated Mo-G and 

Mo-Co shel.Zs (in Co-Mo/CJ. 

Table 3. Structural parameters for the Mo-C and Mo-Co coordinations. 

Catalyst shell N R(A) Lla2 4Eo 
(*103 i\2) (eV) 

Mo/C Mo-C 0.4 + 0.1 2.05 + 0.03 -3 + 1. 5 -2.4 + 1 - - - -

Co-Mo/C Mo-C 0.6 + 0.2 2.12 + 0.05 -2 + 1 -17 + 5 
-

Mo-Co 0.3+0.2a 2.8 + 0.1 -o.s + o.zb' -12 + 4 -

i 

a The coordination number was estimated by taking into account an atomie 

overlap factor (S~) of 0.69 (value for Fe backscatterer, (43)), and a 
mean free path of 6 J\-1 of the photoelectron. 

bAbsolute Debye Waller factor 

The results are shown in Figure 6 (a to f) in both k-space and r
space (imaginary and absolute Fourier transforms). From these Figures 
it is obvious that the sum of the calculated EXAFS contributions 
agrees very well with the experimental data. 

Since it is possible that an interaction of the Mo atoms and the car
bon support might involve surface oxygen groups {activated carbon is 
known to contain a relatively high percentage of oxygen functional 
surface groups (29)), we also tried to fit the difference EXAFS spec
trum (at the low r-value) with a Mo-0 coordination, derived from the 
Na2Mo04.2H20 reference compound. Although it was indeed possi
ble to fit this difference feature with an oxygen scatterer in both 
Mo/C and Co-Mo/C, the quality of the fit is less good than using a 
carbon scatterer. Also the innerpotential correction ( LlEo) is much 
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Comparison of the e:x:perimental (primal'IJ) EXAFS da:ta 

(sotid line} and the sum of the aalaula:ted Mo-S~ Mo~o~ 

Mo-e and Mo-Go shells (dotted line) in the Mo/C and the 

Co~o/C aatalyst: in k spaae (a .. b) and in r spaae 

(k1 .. tlk=4. 0-12.2 A.-1) (a .. d: imaginary part.. e.,f: 

absolute part). 

higher compared to the calcul ated Mo-C contribut ion, which makes a 
carbon scatterer more probable than an oxygen scatterer. In addition, 
it should be mentioned that a Mo-0 interaction is not very likely, 
merely because oxygen surface groups can be expected to become easily 
sulfided during the presulfiding treatment. 

Discussion 

Structure of the Mo sulfide phase 

The coordination di stances of the Mo-S and Mo-Mo shell s are (within 
the limits of accuracy) equal to the corresponding distances in 
pure MoS2, indicating the presence of Mos2-like particles. From 
the experimental Mo-Mo coordination numbers (NMo-Mo:2.7 for Mo/C 
and 3.2 for Co-Mo/C), an estimation can be made of the average number 
of Mo atoms in a single slab. Taking into account an inaccuracy of 
20% in the coordination number, it can be inferred that in a single 
slab of the Mo/C catalyst, the number of Mo atoms is in the range of 
4 to 6. This is shown in Figure 7, in which the theoretica] Mo-Mo 
coordination numbers of a MoS 2 slab structure are calculated as a 
function of the number of Mo atoms per slab. These values of 4 to 6 
Mo atoms indicate an average slab dimension of 10 to 13 Ä. In case of 
the sulfided Co-Mo/C catalyst, the experimental Mo-Mo coordination 
number is indicative of 7 or 8 molybdenum atoms per particle. The 
average partiele dimension would be about 12 to 15 Ä. The expl anation 
for the slightly larger MoS 2 particles in the promoted catalyst 
might be related to the fact that the aqueous impregnation salution 
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of cabalt nitrate used for the preparation of Co-Mo/C is weakly 

acid. During this impregnation stage, the initially present molyb

denum species will again dissolve and, due to the acidic nature of 

the solution, the heptamolybdate - monomolybdate equilibrium may 

shift to the heptamolybdate si de (30), leading to larger molybdenum 

species in the oxidic as well as in the sulfided catalyst. 

Information on the arrangement of the sulfur atoms can be obtained 

from the Mo-S coordination number (NMo-s=5.2 for Mo/C and 5.5 for 

Co-Mo/ C). These va 1 u es are close to th at in pure Mos 2 ( NMo-s=6), 

suggesting that the Mo atoms are to a large extent surrounded by sul

fur atoms. To investigate the possible arrangement of the sulfur 

atoms in the Mos2 particles, a model study has been carried out in 

which a molybdenum sulfide structure unit consisting of two sulfur 

atoms per molybdenum atom was built up by increasing the number of 

molybdenum atoms per particle. In this model, every additional molyb

denum atom is accompanied by two sulfur atoms, such that the first is 

pl aced in the lower sulfur 1 ayer and the second one, stacked on the 

farmer, in the upper sulfur layer. The corresponding Mo-S coordina

tion numbers as a function of the number of molybdenum atoms per par

tiele can then be compared with the value obtained from the data ana

lysis. The results of this procedure are shown in Figure 7, in which 

the experimental Mo-S coordination number of the Mo/C catalyst, with 

an inaccuracy of 20% (NMo-s=5.2 .:!:_ 1), is also depicted. From this 

Figure it is obvious that in this model the Mos 2 stoichiometry is 

restricted to particles containing only 5 or 6 molybdenum atoms. 

Si nee the range of the a 11 owed Mo-S coord i nat i on numbers is rather 

braad (because of the 20% inaccuracy), it is of interest to investi

gate the actual S to Mo stoichiometry as a function of the minimum 

and maximum values of the experimental Mo-S coordination numbers, 

viz. 4.2 and 6.2, respectively. In Figure 8 some models are depicted 

representing the average single slab dimensions of the sulfided Mo/C 

catalyst (containing 5 or 6 Mo atoms, respectively) as a function of 

the experimental Mo-S coordination numbers. Since a value of 6.2 is 

unrealistic, a maximum value of 6.0 has been taken. It is apparent 
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- 30 -

from Figure 8 that the actual S to Mo stoichiometry may range from 

1.8 to 3. 7. Although this lower 1 imit agrees very well with l i tera

ture data on sulfided Mo/C catalysts (5), the presence of S to Mo ato

mie ratios higher than 2 cannot be excluded. 

It should be noted that the above model is restricted to a specific 
morphology, in which the sulfur atoms are present in a stacked confi

guration. However, other types of morphology are also possible, like 

the arrangement of sulfur atoms preferentially in one of the two sul

fur l ayers, or the presence of eh ai n-1 i ke Mos 2 partic 1 es. Wi th res

pect to the latter possibilities, the experimental Mo-S coordination 

number of 5.2 .:_ 1, would preferably point to S to Mo stoichiome

tries higher than 2. 

Summarizing our results on the Mos2 single slab morphology, we may 

conclude that the number of Mo atoms in a single slab can be reasona

bly well estimated from the experimental Mo-Mo coordination number. 

On the other hand, the sulfur stoichiometry in a single slab is diffi

cult to establ ish due to the broad range in the expertmental Mo-S 

coordination number, as well as its dependenee on partiele morphology. 

A further structural question which EXAFS might answer is if we are 

dealing with single layer or multilayer Mos2 slabs. Information on 

this might be obtained from the third Mo-Mo shell, which consists of 

a Mo-Mo coordination at 6.32 Ä (directly aligned with the 3.16 Ä 
first Mo-Mo shell) and a second Mo-Mo coordination at 6.41 A, the lat

ter from Mo backscatterers in the two adjacent Mos2 s labs. Si nee 

the 6.32 Ä Mo-Mo coordination is directly associated with the 3.16 Ä 
Mo-Mo shell, the contribution of the multilayer 6.41 A Mo-Mo coordi

nation can be estimated by camparing the intensity of the first (3.16 

Ä) Mo-Mo she 11 wi th that of the thi rd Mo-Mo she 11 • A campari son has 

been made between the Mo/C catalyst and a sulfided Mo(8.1)/Al 2o3 
catalyst on which a similar sulfidation and EXAFS measuring procedure 

has been applied. Essentially the same intensity ratio of the first 

and the third Mo-Mo shell was found to be present in both catalyst 

systems. Since, as was shown by Zmierczak et al. (31), a sulfided 

Mo/Al 2o3 catalyst containing up to about 8 wt% Mo, consists of a 

one slab thick Mos2 layer (monolayered catalyst), our findings 
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would indicate that the Mos2 phase dispersion in the sulfided Mo/C 

catalyst is also monolayer-1 ike. However, this interpretation should 

betaken with caution, since the 6.32 Ä Mo-Mo shell is subject to the 

focussing effect {14,32), as a result of which its backscattering 

amplitude wi11 be much higher than usual. It is possible, therefore, 

that the amplitude contribution of the multilayer 6.41 Ä Mo-Mo shell 

should be neglected with respect to the strong 6.32 Ä Mo-Mo shell. In 

fact, theoretical calculations of Teo (32), using an oxygen scatterer 

in a linear focussing pathway, revealed an amplitude enhancement with 

a factor of 9. In that case the peak at about 6 Ä cannot be used to 

measure layer stacking, but only to measure lateral size. Further in

vestigations of this phenomenon for a sulfided Mo/Al 2o3 catalyst 

containing a high Mo loading (above 8 wt% Mo) would be of interest. 

Our results, in general, can now be compared to literature data. 

EXAFS measurements on alumina-supported Mo and Co-Mo sulfide cata

lysts showed Mo-S and Mo-Mo coordination distances almost equal to 

those in pure Mos2 {12,13), similar to what we find for the carbon

supported cata lysts. Th is suggests that the crysta 11 i te structure of 

the MoSrlike particles in both catalyst systems is similar. Candia 

et al. {12) reported a NMo-Mo value of 3.1 for both a 

Mo{8.6)/A1 2o3 and a Co-Mo/A1 2o3 {8.6 wt% Mo, Co/Mo=0.3 

at/at) catalyst, which is slightly larger than our value of 2.7 for 

Mo(7.0)/C. Sankar et al. (18), who studied a sulfided Co-Mo/Al 2o3 
(Co/Co+Mo=0.33 at/at) catalyst, mentioned a NMo-Mo value of 4.0, 

which is clearly larger than our value. These literature data indi

cate that sulfided (Co-)Mo/A1 2o3 catalysts might have about the 

same or slightly larger MoS2 single slab dimensions than the carbon

supported systems. Recently, van Veen et al. (9) who determined the 

act i ve ph a se dispers ion of a fully sul fided carbon-supported Co-Mo 

catalyst with the use of electron microscopy, reported a partiele 

size in the order of 10 Ä, which coincides quite well with our fin

dings. Vissers et al. (5), who used quantitative XPS analysis to stu

dy the dispersion of carbon-supported Mo sulfide catalysts, reported 

a Mos2 partiele size of 28 Ä for a Mo(7.0)/C catalyst with the same 
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loading as we have employed. This partiele size of 28 Ä is large com
pared to our findings. However, quantitative XPS analysis on these 
carbon-supported catalysts should be considered with proper reserve 
since the effective support surface area, due to a high fraction of 
micropores, is difficult to establish. 

Mo sulfide-support interaction 

Fitting of the experimental data in the r-range 1.0-3.2 Ä with S and 
Mo backscattering elements only, resulted in small differences which 
were impossible to fit with either S or Mo neighbours. Since the sig
nal-to-noise ratio is very high, it is unlikely that these differen
ces are caused by noi se contri but i ons. Therefore, the presence of 
other elements has to be taken into account. The good quality fit of 
the difference spectrum obtained by using the well-defined Mo(C0) 6 
reference compound i ndeed i nd icates the presence of another e 1 ement, 
namely carbon. The fact that the EXAFS spectrum of the Co-Mo/C cata
lyst exhibits a second slight deviation which is clearly nat present 
in the unpromoted c at a 1 yst, s trong 1 y points to the presence of a Co 
backscatterer. As can be seen in Table 3, the Mo-C coordination dis
tanee is calculated to be 2.05 Ä for Mo/C and 2.12 Ä for Co-Mo/C. The 
innerpotential correction of this coordination in case of the promo
ted catalyst is rather large, possibly because of a speetral overlap 
between the Mo-C and the Mo-Co EXAFS contributions which complicates 
the fitting procedure. The Mo-C coordination numbers are both below 1 

as is to be expected from their very small speetral contributions. If 
we use an average Mo-C coordination distance of 2.1 Ä, a model can be 
proposed for the interface between the Mos 2 partic 1 es and the c ar
bon support. The Mo-C interaction is probably restricted to the ex
posed Mo atoms, because in this conformation a carbon atom of the sup
port layer can take the place of a sulfur vacancy. Furthermore, since 
the structure of the active carbon substrate is graphite-l ike, the 
active phase-support interaction is likely to occur at the edges of 
the graphite structure which contain carbon atoms having free 
electron pairs. 
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The carbon-carbon bond length in graphite is 1.42 A (33), hence, the 

atomie radius of carbon can be estimated to be 0. 71 A. In crystall ine 

Mos2 the atomie radius of the sulfur atoms was calculated to be 

1.58 A (34). Assuming a close contact between molybdenum and sulfur, 

the atomie radius of the Mo atoms will then be: 2.41-1.58==0.83 A. A 

close contact between the Mo and a carbon atom would imply a Mo-C 

interatomie di stance of: 0. 71+0.83=1.54 A, which is quite small com

pared to the calculated value of 2.1 Ä. On the other hand, a carbon 

atom with a free electron pair might have an atomie radius larger 

than 0.71 Ä. Approaching from the other end, the atomie radius of the 

carbon atoms in the Mo-C interface is 2.1-0:83=1.27 A. This value is 

relatively close to that of the sulfur atom (1.58 Ä) which, moreover, 

supports the idea of a carbon atom taking the place of a sulfur va

cancy. Also 1t is important to realize that the Mo-C coordination 

distance of 2.1 Ä corresponds closely to that in molybdenum carbide, 

Mo2c: RMo-c=2.00-2.22 Ä (35). This observation is interesting, 

since transition metal carbides are reported to have unique physical 

properties such as metal-like thermal and electronk conductivfties 

(36) and a good initial HOS activity (37). 

Our findings shed a new light on the so-called inertness of a carbon 

carrier. On the other hand, they agree with the workof Hayden et al. 

(7) who concluded from HRTEM measurements that some kind of interac

tion might exist between the Mos2 phase and a graphite carbon sup

port. Furthermore, the very good Mos2 dispersion as observed in 

both the Mo/C and Co-Mo/C catalyst would be conflicting with the pre

senee of only a weak active phase-support interaction. In this res

pect, it should be noted that oxygen instead of carbon as neighbou

ring element cannot be excluded. This would mean that the active 

phase-support interaction might be exerted through Mo-0-C linkages. 

On the other hand, judged from the qua 1 ity of the fit, a Mo-C coor

dination is more likely. 

It may also be clear that the high HOS activity of carbon-supported 

Mo sulfide catalysts compared to their alumina-supported counterparts 

cannot be explained in terms of dispersion differences, since the 

Mos2 partiele sizes, as deduced from the EXAFS results, are not 
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much different. Our resu lts are corroborated by TEM measurements on 

sulfided carbon- and alumina-supported Co-Mo catalysts with nearly 

the same amounts of Co and Mo: in both catalysts similar sized par

ticles appeared to be present (9). This suggests that the HDS acti

vity differences should primarily be explained in terms of an elec

tronic effect. The Mo-C interaction possibly leads to more electron 

donation to the Mo atoms (e.g., by the free electron pairs of the 

carbon edge atoms), compared to the Mo-0-A 1 1 i nkages in sul fi ded 

Mo/Al 2o3 catalysts. 

Mo-Co coordination 

For the expected Mo-Co coordination, theoretically determined phase 

shifts and backscattering amplitudes were used which in general yield 

reasonable accurate coordination di stances although the calcul ated 

coord i nat i on numbers and Debye-Wa 11 er factors are not accurate. In 

this way, the coordination distance is calculated to be 2.8 + 0.1 

Ä. The coordination number is probably smaller than 1, in accordance 

with its small speetral contribution. Our study is the first to pro

vide in situ information on the exact location of the Co promoter. In 

the literature, several EXAFS studies at the Co K-edge of sulfided Co

Mo/Al2o3 catalysts have been reported but only a few reports gave 

indications of Co neighbours next to the Mo ions. Chiu and Bauer 

(11), who studied sulfided Co-Mo/Al 2o3 catalysts with different 

Co/Mo atomie ratios, observed a persistent small peak at about 2.9 Ä 
and suggested that this peak might be ascribed to Co-Mo scattering. 

Bommannavar and Montano (15) reported a Ni-Mo coordination distance 

of 2.95 Ä in a sulfided Ni-Mo/Al 2o3 catalyst, however, their 

study was not in situ. Clausen et al. (10) and Topsée et al. (38}, 

who studied a sulfided Co-Mo/Al 2o3 catalyst containing about 90% 

of Co ions present in the Co-Mo-S phase, observed one strong Co-S 

backscatterer peak at a coordination distance of 2.23 Ä (38). No 

indications of Co-Mo backscattering were found, possibly because of 

the low signal-to-noise ratio of their EXAFS data. Sankar et al. 

(18) mentioned for the same kind of catalyst a Co-S coordination 
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distance of 2.33 Ä. Finally, it is interesting to note that the Mo-Co 

coordination distance of 2.8 Ä corresponds quite well to that in 

known Co(MoS4 )~- organometallic complexes, prepared and stu

died by Müller et al. (39). In such complexes the Mo-Co di stance is 

typ ie al 2. 75 Ä. 
On the basis of the derived Mo-Co coordination distance, a structural 

model for the possible location of the Co promotor can now be propo

sed. The Mo-Co di stance of 2. 8 A is not in confl iet with the Co at om 

present in a pseudo i nterca 1 at i on sites, as proposed by Farragher and 

Cossee (40). In this case, the Co-S coordination di stance would be 

about 2.2 Ä which is in agreement with the literature (38). 

Accord i ng to the model of Tops,Se ( 4), the Co atoms are a 11 s ituated 

at Mos2 crystall ite edges and in the same plane as the Mo atoms. 

Using the latter model, two possible locations of Co, coordinated 

with fully sulfur-surrounded Mo atoms at a Mo-Co distance of 2.8 Ä 
can be considered, as is shown in Figure 9. 

Figur-e 9: 

Q:co 

Poaaibte toeatiorw of the Co [ll'Omoter- atom in eontact 

with the MoS 2 er-ystattite edgea. '.!!he e:r:tr-a sutfur

atoms sur-rounding the Co [ll'omoter- atom ar-e not inetu

ded. FoP symbots see Figur-e 8. 

In position (a) one Co atom is coordinated with two Mo atoms at equal 

distances to the four neighbouring sulfur atoms. The Co-S coordina

tion distance in this position can be calculated to be in the range 

2.27 to 2.32 Ä, taking into account the inaccuracy of 2.8 _: 0.1 Ä 
of the Mo-Co coordination distance. This calculated Co-S distance is 

in good agreement with the 1 iterature data of Tops ,Se et a 1. ( 38), 

and Sankar et al. (18), 2.23 and 2.33 Ä, respectively. In position 
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(b) one Co atom is in contact with one Mo atom. In this position, the 

Co-S coordination di stance is difficult to calcul ate si nee there is 

one degree of freedom more than in position (a). On the other hand, 

it can be expected that the Co-S distance in both positions will not 

differ much. EXAFS measurements at the Co K-edge of a fully sulfided 

Co-Mo/C catalyst containing only a Co-Mo-S type of phase (41), 

revealed that approximately one Co atom is in contact with one Mo 

atom. Hence, this one-to-one coordination of Co-to-Mo points to 

position (b) in stead of (a). 

It should be noticed that the local surrounding of the Co atom, as is 

shown in Figure 9, is incomplete, since the Co atom is expected to be 

coordinated to more than 2 (or 4, respectively) sulfur atoms. In 

fact, the Co atom in the sulfided Co-Mo/C catalyst appears to be oc

tahedrally coordinated by sulfur atoms, as we have recently reported 

(42). Figure 9, in this respect, is restricted to the local surroun

ding of the Mo atom, in which the extra sulfur atoms surrounding the 

Co promoter atom, are not included. 

Conclusions 

Detailed information regarding the structure of the sulfide particles 

in carbon-supported Mo and Co-Mo sulfide catalysts have been ob

tained. 

1. The catalysts consist of very small Mos2 particles which con

tain on average 5 to 6 Mo ions (Mo/C) and 7 to 8 Mo ions 

(Co-Mo/C), respectively. Comparison with literature data learns 

that the average MoS2 partic 1 e si ze in these carbon-supported 

catalysts are very much the same as their alumina-supported 

counterparts. 

2. A detailed EXAFS data analysis shows the presence of carbon 

nei ghbours next to the Mo atoms at a di stance of 2.1 + 0.1 A. 
This short distance could imply an intimate interaction between 
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the active phase and the carbon support, which may be the cause 

of the high dispersion of the active phase. From the value of 2.1 

Ä it can be inferred that the Mo-C coordination is restricted to 

the exposed Mo atoms and that a support carbon atom takes the 

place of a sulfur vacancy. 

3. The EXAFS spectra show evidence for the existence of cabalt neigh

bours next to the Mo atoms at a distance of 2.8 + 0.1 Ä. 
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Chapter 3 

Structural Characteristics of the Cobalt Sulfide 
Phase in Carbon-Supported Co and Co-Mo Sulfide 

Hydrodesulfurization Catalysts as Studied by 
X-ray Absorption Spectroscopy 

Abstract 

The structural characteristics of the cobalt sulfide phase present in 
sul fided carbon-supported Co and Co-Mo sulfide catalysts were stu
died by means of X-ray absorption spectroscopy (at the Co K-edge) and 
X-ray photoelectron spectroscopy. The catalytic properties of these 
catalysts were evaluated for their thiophene hydrodesulfurization 
(HDS) activities. Detailed information on the structure of the cabalt 
sulfide phase was obtained by camparing the EXAFS and XANES spectra 
of the catalysts with those of co 9s8 and Cos2 model compounds. 
For the Co atoms present in a "Co-Mo-S" phase. the following characte
ristics were observed. The Co atoms are present in a 6-fold (octahe
dral or trigonal prismatic) sulfur coordination. The Co-S interatomie 
distance is 2.21 Ä, which is a significantly shorter distance than 
that in bulk 6-fold coordinated Co sulfides. Approximately one Co 
atom is in contact with one Mo atom at a distance of 2.85 A. Finally, 
a small Co-Co coordination with an interatomie distance of 2.55 Ä is 
present. 
The Co atoms in a sulfided Co/C catalyst have a higher sulfur coordi-
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nation than those in bulk Co 9s 8, suggesting an increase in the 

fraction of 6-fold coordinated Co atoms compared to Co 9s 8. This 

result demonstrates that the Co sites in sulfided Co/C and Co-Mo/C ca

talysts are structurally equivalent and, hence, supports the theory 

of the cabalt atoms being the actual active sites in Co-Mo sulfide ca

talysts for thiophene HDS. A general trend observed for the sulfided 

Co/C and Co-Mo/C catalysts is an increase of the intrinsic HDS ac

tivity (per mol Co) with an increase in the number of sulfur neigh

bouring atoms of Co, existing in the freshly sulfided catalyst 

samp 1 e. 

Introduetion 

Cobalt- or nickel-promoted molybdenum sulfide catalysts supported on 

alumina are extensively used in the hydrotreatment of petroleum feed

stocks. The increasing need for efficient remaval of sulfur, nitrogen 

and metal contaminants has led to a continuous drive to clarify the 

structure and the related catalytic activity of these complex ca

talyst systems. Especially the role and the chemical state of the 

promoter cabalt and nickel atoms in the sulfided catalysts is a sub

ject of great interest and numerous studies have been devoted to it 

(1,2). The introduetion of in situ Mössbauer emission spectroscopy 

(MES) provided for the first time direct information regarding the 

nature of the cabalt phases present in a working Co-Mo hydrodesul

furization (HDS) catalyst. With the use of MES, Tops0e and 

coworkers showed that most of the co balt atoms are si tuated at Mos2 
crystallite edges in a so-called "Co-Mo-S" structure and that this 

structure governs almast completely the HDS activity (3,4). However, 

the local structure of the cabalt promoter atoms is still unknown. 

Also the high specific activity of the "Co-Mo-S" phase is nat 

understood. In thi s respect, it has nat been es tab l i shed whether the 

cabalt atoms are the active sites or whether the neighbouring 

molybdenum atoms al so pl ay a direct role in the catalytic activity 

(5-7). 

Detailed information on the chemical state of the cabalt atoms was 
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obta ined by Ledoux et a 1. with the u se of 59co NMR ( 8). They showed 

that the promotion effect of coba 1 t was corre 1 ated wi th the concen

trat ion of cobalt sites having a distorted tetrahedral symmetry and 

that these sites were stabilized by so-called "rapid octahedral" co

balt atoms acting as a glue between the tetrahedral cobalt sites and 

the MoS 2 phase. Although the "rapid octahedral" cobalt atoms could 

not be related to the HDS activity (8), Ledoux later proposed that 

they could be the origin of very active sites (9). According to the 

theory of Harris and Chianelli (10), an electron transfer can take 

place from the "rapid octahedral" cobalt to the molybdenum atom, 

resulting in a strong activation of the three sulfur atoms sandwiched 

between them. 

A different model was postulated by Duchet et al. (6) and by Vissers 

et al. (7) who observed a high thiophene HDS activity for pure co

balt sulfide supported on activated carbon and hence expl ained the 

activity of a sulfided Co-Mo/C catalyst completely by the very high 

activity of the cobalt sites. In this model it is assumed that the 

structure of the active cabalt sulfide sites in a Co/C catalyst is 

similar to that in a Co-Mo/C catalyst. In order to confirm the latter 

assumption, we appl ied the EXAFS (Extended X-ray Absorption Fine 

Structure) and the XANES (X-ray Absorption Near Edge Structure) 

techniques at the Co-K edge to a sulfided Co/C and a Co-Mo/C cata

lyst, consisting only of a "Co-Mo-S" type II phase. The first pre-

1 iminary results of this study (11) revealed that the structure of 

the cobalt sulfide phase in both catalyst systems is indeed com

parable: i.e., in both systems the cabalt atoms have a high sulfur 

coordination. These results therefore substantiated the assumption of 

Duchet et al. {6) and Vissers et al. (7). Very recently, our 

conclusions were further confirmed by MES experiments on a sulfided 

Co/C and a Co-Mo/C catalyst, containing a very low cobalt content 

(12). In this study it was shown that the Mössbauer spectra of a 

sulfided Co/C and a Co-Mo/C catalyst can be essentially equal, 

implying that the formation of a cobalt species like the one present 

in the so-called "Co-Mo-S" phase does not necessarily require the 

presence of molybdenum sulfide. 
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It is well demonstrated that detailed information about the structure 

of active phases present in supported catalysts can be obtained by 

means of EXAFS (13). In the present study, therefore, a detailed data 

analysis is presented of the EXAFS spectra of a sulfided Co/C and two 

Co-Mo/C catalysts, prepared in different ways. One Co-Mo/C catalyst 

was prepared in a conventional way (two-step impregnation method, Mo 

phase introduced first), the other one was prepared in a special way 

to ensure a maxi mum amount of the "Co-Mo-S" type I! ph a se ( 14). The 

type II "Co-Mo-S" phase was discovered by Candia et al. (15) in a 

study on sulfided Co-Mo/A1 2o3 catalysts, and was described to "Co

Mo-S" species which are almast free of interactions with the alumina 

support. According to Candia et al. (15), the intrinsic activity (per 

Co atom present as "Co-Mo-S") is much higher for type II than for 

type I "Co-Mo-S". The type I "Co-Mo-S" is supposed to have some kind 

of interaction with the alumina support. In the case of carbon as 

a support, Topsll!e et al. (5} observed that the "Co-Mo-S" structures 

in general are only weakly bound to the support surface and, hence, 

they concluded that the type II "Co-Mo-S" is the one which resembles 

the carbon-supported "Co-Mo-S" structures most. On the basis of these 

findings it is of interest to investigate if carbon-supported Co-Mo 

sulfide catalysts are also subject to a type I-type II phase transfor

mation. In this study the X-ray absorption spectra of the catalyst 

samples are compared with those of pure Co 9s 8 and Cos2 model 

compounds. A campari son will a 1 so be made between the structura l 

characteristics and the thiophene HOS activity of these catalysts. 

Experimental 

Catalyst Preparation 

The carbon support was a Norit activated carbon (RX3 extra} having a 

surface area of 1190 m2.g-1 and a pare volume of 1.0 cm3.g-1• 

A Co/C catalyst (4.1 wt% Co) was prepared by pare volume impregnation 

with an aqueous salution of Co(N03}2.6H 2o (Merck p.a.}, follo

wed by drying in air at 383 K (16 h). A series of Co-Mo/C catalysts 
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was prepared via a two-step po re vo 1 urne impregnat ion procedure in 

which the molybdenum phase was introduced first (7.5 wt% Mo} using an 

aqueous salution of (NH 4}6Müj)24.4H2o (Merck p.a.), follo

wed by drying in air at 383 K {16 h}. Next, the cobalt phase was in

troduced as described above for the Co/C catalyst. Due to the addi

tional presence of Co, the initially present Mo content (7.5 wt%) 

decreased sl ightly. Precursor catalyst compositions were determined 

by means of atomie absorpt i on spectroscopy us i ng a Perk i n-Elmer 3030 

AAS spectrometer. The carbon-supported "Co-Mo-S" type II precursor 

catalyst was prepared by pore volume impregnation using an aqueous 

salution containing the required amounts of 1.5 wt% Co and 7.7 wt% Mo 

(Co/Mo=0.32 mol/mol), and nitrilotriacetic acid (NTA}(NTA!Mo=1.2 

mol/mol) (14). In this way a maximum amount of the "Co-Mo-S" phase is 

ensured. MES analysis showed that this preparatien methad results in 

a promoted catalyst in which, after sulfidation, cobalt is exclusi

vely present in the form of "Co-Mo-S". Furthermore, this "Co-Mo-S" is 

most probably a "Co-Mo-S" type II phase, which has a minor interac

tion with the support (14,15). In the following, this catalyst will 

be denoted as Co-Mo-S/C, to differentiate it from the other promoted 

catalysts, which Will simply be denoted as Co-Mo/C. 

Catalytic Activity Measurements 

Catalyst samples (0.2 g) were sulfided in situ in a flow of 10% H2S 

in H2 (flow rate 60 cm3.m;n-1 at atmospheric pressure} for 1 h 

while increasing the temperature 1 inearly from 293 to 673 K, follo

wed by an extended sulfiding at 673 K for 2 h. In case of the Co-Mo

S/C catalyst, the temperature was increased with only 2 K.min-1 

from 293 to 673 K and kept constant at 673 K for 1 h. After sulfi

dation, the reaction _mixture consisting of 6.2 mol% thiophene in 

hydragen was introduced at a flow rate of 50 cm3.m;n-1. The 

temperature and pressure were 673 K and 1 atm, respectively. The 

reaction products were analyzed by on-1 ine gas chromatography. The 

thiophene conversion measured after 2 h run time was taken to cal

culate the first order reaction constant for HOS (kHos> and the 
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rate constant for the consecutive butene hydragenation reaction 

(kHvol, (16). 

EXAFS measurements 

EXAFS spectra were recorded of the following freshly sulfided cata

lysts: Co(4.1)/C, Co-Mo/C (Co/Mo=O. 73) and Co-Mo-S/C, and of pure 

Co 9s8 and CoS 2 model compounds. The EXAFS spectra were recorded 

at EXAFS stat i on 9. 2 at the Synchrotron Rad i at i on Souree ( SRS) in 

Daresbury, United Kingdom. The starage ring was operated at 1.8 or 

2.0 GeV, the ring current was in the range of 100-250 mA. The oxidic 

samples were pressed into self-supporting wafers, the thickness of 

which was chosen to give an absorbance (p,x) of about 2. 5, assuring an 

optimum signal-to~noise ratio. Since activated carbon is difficult to 

press, a special carbon binder had to be used for the catalyst sam

ples. The presence of this binder did not significantly change the 

thiophene HDS properties of the catalysts. The wafers were mounted in 

an EXAFS cell, enabl ing in situ sulfiding and measurements in diffe

rent gas atmospheres. The sulfidation was carried out in a 10% 

H2S in H2 flow at a flow rate of 60 cm3.min-1 under atmos

pheric pressure. The temperature was increased 1 inearly from 293 to 
673 K (8 K.min-1 for Co/C and Co-Mo/C, and 2 K.min-1 for Co-Mo

S/C) and kept constant at 673 K for 2 h (Co/C, Co-Mo/C) or 1 h (Co-Mo

S/C). After sulfiding, the samples were cooled to room temperature 

under flowing helium. Prior to cooling down, only the Co-Mo-S/C ca

talyst was flushed with helium at 673 K for 15 min. The cell was eva

cuated at room temperature in order to remove all H2s gas, next it 

was flushed again with helium. The EXAFS spectra of the cobalt K-edge 

were recorded in a static helium atmospheric with the sample at 1 i

quid nitrogen temperature. 

The preparatien of the model compounds Co 9s8 and CoS2 has been 

des er i bed in ( 11) and ( 17), respect i ve 1 y. The pur i ty of these com

pounds was checked by X-Ray diffraction. Phase shifts and backscatte

ring amplitudes from reference compounds were used to calculate the 
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EXAFS contributions. For the Co-S EXAFS signals Cos2 was used, for 

the Co-Co contributions the Ni-Ni coordination in NiO (Merck p.a.) 

was chosen, and for the Co-Mo contributtons in the promoted catalysts 

we took ((C6H5)4P) 2Ni(MoS4)2 as a model compound. The 

use of a Ni absorber and backscatterer instead of Co is justified 

since Teo and Lee (18} showed that the phases and backscattering am

plitudes of Co and Ni differ hardly. In case of the model and refe

rence compounds, supporting wafers with an absorbance (p,x) of 2.5 

were prepared by mixing each compound with an appropriate amount of 

baron nitride. EXAFS spectra of these compounds were also recorded at 

liquid nitrogen temperature while keeping the samples in a helium at

mosphere. 

X-Ray photoelectron spectroscopy (XPS} 

XPS spectra of the sulfided catalysts were recorded on an AEI ES 200 

spectrometer equipped with a Al anode (1486.6 eV) and a spherical ana-

1 yzer operat i ng at a pass energy of 60 eV. In order to avo id contact 

of the sulfided catalysts with air, a special sulfiding reactor was 

used (19) which allowed transfer of the samples to a N2 flushed 

glove box attached to the XPS apparatus without exposure to air. Af

ter sulfidation, under exactly the same conditions as described be

fore, the catalyst samples were flushed with purified He for 30 min 

at 673 K and subsequently cooled to room temperature. The samples 

were mounted on the specimen holder by means of double sided adhesive 

tape. Spectra were recorded at 293 K in steps of 0.1 eV, the pressure 

was lower than 1.3*10-6 Pa. 

The C 1s peak (284.6 eV) was used as an internal standard for binding 

energy cal ibration. Curves were integrated using a 1 inear baseline. 

The Mo 3d-to-C 1s photoelectron intensity ratios were used to measure 

the degree of dispersion of the molybdenum sulfide phase on the 

support. Theoretical intensity ratios were calculated according to 

the quantitative XPS model described by Kuipers (20}, electron mean 

free paths were calculated according to Seah (21), electron cross sec

tions according to Scofield (22). The sulfur to molybdenum and cabalt 



- 48 -

stoichiometries were calculated according to Penn (23) using the 

electron cross sections determined by Scofield (22) and assuming the 

detector efficiency to depend on the reciprocal value of the electron 

kinetic energy (24). 

Results 

Catalytic Properties. 

The thiophene HDS reaction rate constants (kHos) of the promoted 

catalysts as a function of their Co/Mo atomie ratios are represented 

in Figure 1. 
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Since the Co-Mo-S/C catalyst (7.7 wt% Mo) contains a corresponding Mo 

content as the Co-Mo/C catalysts (about 7.5 wt% Mo), a direct 

comparison can be made. From Figure 1 it is apparent that the HDS 

activity of the Co-Mo-S/C catalyst is almost twice that of the 

conventially prepared Co-Mo/C catalysts at Co/Mo=0.3 at/at, which 

corresponds with the relative thiophene HOS activities of A1 2o3-

supported "Co-Mo-S" type I and II reported by Candia et al. (15). It 

might therefore be concluded that different types of active Co-Mo 

sulfide structures can be present on a carbon support. As regards the 

Co-Mo/C catalysts, the maximum in HDS activity is situated at a Co/Mo 

atomie ratio of about 0.7. At higher Co contents the HDS activity 

decreases fast, resembl ing that of the Co(4.1}/C catalyst 

0.0106 m3.kg-1.s-1. The most active Co-Mo/C 

(Co/Mo=0.73) was investigated with EXAFS. 

EXAFS speetral characteristics and data analysis 

which is 

catalyst 

The EXAFS functions (X(k)) were obtained from the X-Ray absorption 

spectra by subtracting a quadratic expansion, followed by a cubic 

spline background removal (25). Normalisation was performed by 

division of the edge height. In Figure 2 the original EXAFS functions 

of the three catalysts tagether with that of the Co 9s8 model 

compound are shown. 

The spectra of the reference compounds were processed in the same way 

as the catalyst samples. To obtain phase shifts and backscattering 

amplitudes, the EXAFS spectra of the reference compounds were Fourier 

transformed over the largest possible range in k-space. To avoid cut

off effects, kmin and kmax were chosen in nodes of the EXAFS func

tion. In Figure 3 the original EXAFS functions as well as the Fourier 

transfarms of the reference compounds are shown. An inverse transfor

mat ion over a 1 i mi ted range in r-space gave the EXAFS functi ons for 

the desired single shell absorber-scatterer pairs. Table 1 presents 

the crystallographic data and the · Fourier transfarm ranges of the 

reference compounds. For the ( (C 6H5}4P) 2Ni (MoS4)2 com

pound no direct inverse transformation on the Ni-Mo peak could be 
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appl ied si nee this peak was strongly overlapped by the nearby Ni-S 

contribution. Hence, a different procedure was followed. The Ni-S 

contribution to the experimental data was calculated using the phase 

shift and backscattering amplitude derived from the CoS2 reference 

compound. The best agreement in the k3-weighted Fourier transfarm of 

the experimental and the calculated Ni-S contribution was obtained 
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with the following Ni-S parameters: N=4.0, R=2.22 Ä, .:1a2=-0.0026 

and .:1E0=2.0 (N is the coordination number, R the coordination dis

tance, .:1a2 the Debye Waller factor and .:1E
0 

is a correction on 

the edge position; see ref. 30). This calculated Ni-S EXAFS was sub

tracted from the experimental data and the difference spectrum was 

used to obtain the Ni-Mo phase shift and backscattering amplitude. 

The Fourier transferm of the difference spectrum {k 3, .:1k=3.68-10.89 

A.-1 showed one single peak which, after inverse transformation over 

the r-range 1.54-3.74 A, yielded the Ni-Mo phase shift and backscat

tering amplitude. 

The Co 9s8 model compound is of particul ar interest in this study 

since it is the thermodynamica] most stable cobalt sulfide compound 

under our reaction conditions. Co 9s8 contains in its unit cell 8 

cobalt atoms in a distorted tetrahedron of sulfur atoms and 1 cabalt 

atom in a regular octahedron of sulfur atoms. The crystallographic 

data of Co 9s8 are also collected in Table 1. The three separate 

Co-S coordinations will be denoted in the Fourier transferm spectrum 

of Co9s8 as one overall Co-S coordination. Likewise, the two se

parate Co-Co coordinations at about 3.5 Ä will be denoted as one over

all Co-Co(2) coordination (indexed (2) to differentiate it from the 

first Co-Co coordination at 2.505 A). In Figure 4 the absolute Fou

rier-Transformed (FT) spectrum of Co 9s8 tagether with that of the 

Co/C and the Co-Mo/C catalyst is shown. 

The first peak in the spectrum of Co 9s8 has to be attributed to 

combined Co-S and Co-Co(1) coordinations, the secend peak only to the 

Co-Co(2) coordination. With regard to the catalyst spectra, it can be 

seen that their first peak is sl ightly shifted to lower r-val ues. In 

general, · however, it appears that the Co/C as well as the Co-Mo/C 

catalyst exhibit identical features as the Co 9s8 compound. 

Furthermore, both catalyst spectra exhibit a small peak at about 5 Ä 
indicating a relatively long range order in the cobalt sulfide 

particles. The first and secend peak characteristics of the samples 

are shown in detail in Figure 5(a,b) in which also the Co-Mo-S/C 

catalyst is included. In the absolute FT spectra (Fig. 5(a)) it is 



Table 1. Crystallographic data and Fourier transfarm ranges for the reference compounds 
and the Co 9s8 model compound. 

compound crystallographic data Fourier transformation 

CoS2 

NiO 

((C6H5)4P) 2Ni(MoS4)2 

co9s8 

a Coordination di stance 
b Coordination number 

coord i nat ion 

Co-S 

Ni-Ni 

Ni-S 

Ni-Mo 

Co(t)-S e 

Co(o)-S 

Co(t)-Co(t) 

Co(t)-Co(t) 

c Weight factor in the Fourier transformation 

R(A)a 

2.315 

2.966 

2.228 
2.230 

2.798 

2.127 
2.227 

2.359 

2.505 

3.474 
3.543 

Nb ref. nc k-range (Ä-1) r-range(Ä) 

6 26 2 2. 71-11.82 0.58-2.67 

12 27 3 2.43-14.50 2.52-3.38 

2 
2 

2 28 3 3.83-10.83 d 

1 29 
3 

6 

3 

3 
3 

dNo direct inverse transformation has been applied on these data. See text for further comment. 
e The subscripts (t) and (o) denote a tetrahedral and an octahedral cabalt atom, respectively. 

The ratio of tetrahedral to octahedral Co atoms is 8 to 1. 

U'1 
w 
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indeed apparent that for the catalyst samples the first peak is 

shifted to lower r-values compared to that in Co 9s8. This shift 

is the 1 argest for the Co-Mo-S/C cata lyst. Fr om F i gure 5( a) it is 

furthermore clear that the Co-Co(2) coordination is nat present in 

the 1 at ter cata lyst in contrary to the Co/C and the Co-Mo/C samp 1 e. 

On the other hand, the Co-Mo-S/C catalyst shows an additional peak at 

about 2.8 Ä which is not present in the other three samples and, 

consequently, might be ascribed to Mo backscatterers. The imaginary 

FT spectra (Fig. 5(b)) show the separate Co-S and Co-Co(l) 

coordinations which cannot be discerned in the absolute FT spectra. 

It appears that the Co-S peak amplitude i ncreases in the order: 

Co9s8 <Co/C <Co-Mo/C $Co-Mo-S/C while the Co-Co(l) peak amplitude 

clearly decreases in the same order. It is striking in Fig. 5(b) that 

the imaginary peak positions of the Co-S and the Co-Co{l) 

coordinations are nearly similar in all the samples. Since these two 

contributions tagether campose the first peak in the absolute FT 

spectrum, the observed shift of the latter peak to lower r-values for 
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Absolute and imaginary Pou!'ie!' t!'ansfo!'ms (k3 .,Llk=3. 0-

10.9 A.-1) of the CogS8 model. aompound and the 

sulfided Co/C, Co-Mo/C, and Co-Mo-S/C aatatysts, 

showing in detail the fi!'st and seaond peak 

aha!'aate!'istias: (a) absolute PT, (b) imaginary PT. 

the catalyst samples, therefore, can be fully explained by the 

increase in the Co-S peak amplitudes and the simultaneous decrease in 

the Co-Co{l) peak amplitudes. Hence, these results stress the 

importance of studying the imaginary FT spectra in combination with 

the absolute ones. It is clear that conclusions based only upon 

absolute FT spectra can turn out to be erroneous. 

The data analysis was carried out in two stages. The first stage com

prised of isolating the first peak in the absolute FT spectrum (k3-

weighted, the range was taken from about 3 to 11 ,A.-1, depending on 

the nodes of the EXAFS function). The inverse Fourier transformation 

was taken over the r-range between 0 and about 2. 7 Ä, depending on 

the nodes in the Fourier transfarms ( imaginary as well as absolute 

part). The Co-S and Co-Co(l) contribut i ons in the resulting EXAFS 

functions were subsequently fitted using the Co-S and Ni-Ni EXAFS 

functions derived from the reference compounds. In the secend stage, 

an inverse Fourier transformation was taken over the r-range between 

0 and about 3.7 Ä, containing the first and the secend peak. From the 

resulting EXAFS function, the calculated Co-S + Co-Co(l) contribu

tions were subtracted and the difference spectrum, which only con

tained the Co-Co(2) coordination, was fitted using again the Ni-Ni 

reference EXAFS function. In the case of the Co-Mo-S/C catalyst, the 

difference spectrum, which only contained the expected Co-Mo coor

dination, was fitted using the Ni-Mo reference EXAFS function. For a 

detailed description of the data analysis procedure, we refer to 

(13,30). The parameters N, R,Lla2 and LlEo of the Co-S, Co-Co(l), 

Co-Co(2) and Co-Mo shells were further optimized in such a way as to 

give the best agreement in r-space between the k1-and klweighted 
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Fourier transfarms of the calcul ated and the experimental EXAFS. In 

Figure 6 the k3-weighted Fourier transforms of the experimental and 

the calculated best-fit EXAFS contributions are shown. 

Figur.oe 6: 
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Table 2. Structural parameters of the Co-S, Co-Co(1), Co-Co(2) and Co-Mo coordinations~ 

/sample Co-S Co-Co (1) Co-Co(2) 

N R .1a2 .1Eo N R .1a2 .1Eo N R .1a2 .1Eo 
(ÄJ (Az) (eV) (ÄJ (Äzl (eV} (ÄJ (Ä2) (eV) 

co9s8 4.3 2.22 0.0038 2.1 2.4 2.51 0.0015 -7.8 2.8 3.54 -0.0011 -8.4 

Co/C 5.2 2.22 0.0029 2.0 1.6 2.55 0.0017 -7.2 1.5 3. 54 0.0018 -6.5 

Co-Mo/C 6.1 2.22 0.0036 3.8 1.3 2.54 0.0027 -7.6 1.4 3.49 0.0032 -3.3 

Co-Mo-S/C 6.7 2.21 0.0045 3.5 0.6 2.55 0.0076 -10.8 

a Accuracies: N, .:!:_ 20%; R, + 1%; .1aZ,.:!:. 20%; .1E0 , .:!:. 10%. 
The coordinat ion numbers have been corrected for the photoel eetren me ar: free path (À) 

dependency (31), assuming that À=5 )\-1 for a Co atom. 

N R 
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The structural parameters obtained in this way are presented in Table 

2. 

As can be seen in Figure 6(d), the expected Co-Mo peak in the 

Co-Mo-S/C catalyst could be fitted reasonably well using the Ni-Mo 

reference compound, which confirms the presence of molybdenum neigh

bouring atoms. On the other hand, the qual ity of the original EXAFS 

data of this sample is poor at high k-values, as a result of which an 

accurate data analysis of the small Co-Mo coordination is impossi

ble. Furthermore, the Co-Mo contribut ion is strongly overl apped by 

the first shell (Co-S + Co-Co(l)) contribut i ons, which is a lso a 

handicap in the data analysis procedure. Unl ike the sulfided Co-Mo

S/C catalyst, no clear indication of a Co-Mo coordination could be 

observed in the sulfided Co-Mo/C catalyst, possibly because it is 

strongly overlapped by the first peak (Co-S + Co-Co(l)) as well as 

the second peak (Co-Co(2}). 

Information on the cobalt site symmetry can be derived from the 

XANES region. In Figure 7 the near edge structure of the samples is 

shown. In all sp'ectra a weak pre-edge absorpt i on peak is present 

which is designated as a ls~3d transition (32,33). This transition 

has been observed to be more intense in tetrahedral than in 

octahedral coordination of the absorbing atom, hence, it can be used 

as a measure of the coordination of the cobalt atoms. As can be seen 

in Figure 7, the ls ~3d transition is most intense for Co 9s8, 

which consists of 89% tetrahedral and 11% octahedral cobalt, whereas 

for Cos2, which only consists of octahedral cobalt, its intensity 

is very low. The sulfided Co/C catalysts shows a somewhat smaller 

intensity than Co9s 8 and the sulfided Co-Mo/C catalyst shows a 

still smaller intensity. Finally, the sulfided Co-Mo-5/C catalyst 

appears to have a comparable intensity as the Cos2 compound. 

XPS results 

XPS spectra were recorded of the sul fided Co-Mo/C (Co/Mo=O. 73) and 
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the Co-Mo-5/C catalyst. The results are presented in Table 3. As can 

be seen in Table 3, the Co 2p 372 XP5 peak binding energies (BE) are 

net the same in bath catalysts. This is more clearly seen in the BE 

difference between the Co 2p 3/ 2 and the 5 2p peak ( LH): LH is 

617.0 for Co-Mo/C and 616.1 for Co-Mo-5/C. According to Alstrup et 

al. {34), this XP5 energy difference .1E can be used to distinguish 

whether Co is present in a "Co-Mo-S" phase or as Co9s8• In the 



- 61 -

Table 3. XPS results of the sulfided Co-Mo/C and Co-Mo-S/C catalysts. 

Co-Mo/C 

XPS Binding Energies (eV) 

Co 2p 3/ 2 779.4 

s 2p 162.4 

..1E(Co 2p 312-S 2p) 617.0 

Mo 3d5/ 2 229.3 

Quantitative results 

IMo/Ic 
a 0.08 

MoS2 partiele thickness {nm) 0.7 
b 0.14 1col1c 

S/(Co+Mo) (mol.mol-l)c 1.4 

a Experimental Mo 3d to C ls intensity ratio 

b Experiment al Co 2p to C ls intensity ratio 

Co-Mo-S/C 

778.6 

162.5 

616.1 

229.1 

0.11 

0.5 

0.14 

2.1 

cThe total sulfur amount was corrected for the sulfur uptake of the 

carbon support itself (I 5/Ic=0.003). 

case of Co9s8 a ..1E value of 616.2 eV was reported, whereas for 

"Co-Mo-S" this value was 617.0 {34). Applying the latter findings to 

our results, it follows that the Co-Mo-S/C catalyst would actually 

consist of Co in the farm of co 9s8. This is rather unlikely since 

MES clearly showed that only the "Co-Mo-S" phase is present in this 



- 62 -

catalyst (14). We therefore have to conclude that XPS peak binding 

energies do not allow to make an unequivocal distinction between 

co9s8 and "Co-Mo-S". As regards the Mo 3d5; 2 BE 's, both samples 

show a nearly similar value, 229.2 eV, which corresponds closely to 

the values for sulfided Mo/C catalysts and bulk Mos 2, as reported 

by Vissers et al. (35). The quantitative XPS results also reveal some 

differences between the two promoted catalysts. The thickness of the 

MoS 2 particles in the Co-Mo-S/C catalyst is sl ightly smaller than 

that in the Co-Mo/C catalyst. Also the total sulfur content, 

expressed in the ratio S-over- ( Co+Mo), is not the same in the two 

samples: the Co-Mo-S/C catalyst contains the highest sulfur 

percentage. On the other hand, the experimental Co-to-C intensity 

ratio for bath samples is remarkably equal. 

Discussion 

To answer the question about the role of Co in Co-Mo catalysts we 

must first discuss the structure of the catalytic phases present on 

the support. In order to do that we will discuss our EXAFS results 

shell by shell in the order as presented in Table 2, starting with 

the Co-S shell and ending with the Co-Mo shell. The catalysts will be 

compared among themselves and with the Co 9s8 reference compound. 

Having analysed the EXAFS and XPS data we will use the resulting in

formation to construct a geometrie model of the location of the Co 

promoter atoms at the edges of the MoS 2 crystallites. All the struc

tural results will finally be used to explain the catalytic activi

ties of the Co-promoted carbon-supported MoS 2 catalysts. 

Structural characteristics of the Co sulfide phase 

The three nearest Co-S coordinations in the co 9s 8 model compound 

were fitted using one overall Co-S coordination and the results 

should be compared with the average Co-S coordination distance and 

coordination number obtained from the crystallographic data (Table 

1). The theoretical average Co-S coordination number is: 
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Nco-S,theor= 8/9*4+1/9*6= 4.22. 

The theoretical average Co-S distance as determined by EXAFS is: 

Rco-S,theor~~/9*{2.127 A+3*2.227 Ä)+1/9*6*2.359 ~/4.22=2.228 Ä. 
Gomparing these data wi th the EXAFS results {Tab 1 e 2), Rco-s=2. 22 Ä 
and Nco-s=4.3, the agreement is very good. Hence, the use of one 

overall Co-S coordination is justified. 

The EXAFS data analysis reveals that the Co-S coordination number in

creases in the order: Co 9s8 <Co/C<Co-Mo!C<Co-Mo-S/C. This means 

that the cobalt atoms in the catalysts have a higher sulfur coordina

tion than those in co9s8 and, furthermore, that this phenomenon 

is more pronounced when cobalt is present in a Co-Mo sulfide structu

re. In case of the sulfided Co-Mo/C and Co-Mo-S/C catalysts, the 

Co-S coordination numbers of 6.1 and 6.7, respectively, taking into 

account a 20% inaccuracy for absolute values, point to a 6-fold (oc

tahedral or trigonal prismatic) sulfur surrounding of the cobalt 

atoms. The difference between the values 6.1 and 6.7, although small, 

is considered to be significant since the Co-Mo-S/C catalyst was 

flushed with He at 673 K for 15 min after sulfiding, contrary to the 

Co-Mo/C catalyst: In this manner the presence of adsorbed H2S 

molecules on the sulfidic phase of the Co-Mo-S/C catalyst was mini

mized. Moreover, the quantitative XPS results revealed a higher sul

fur content in Co-Mo-S/C than in Co-Mo/C. With regard to the sulfided 

Co/C catalyst, it is remarkable that the Co-S coordination number is 

higher than that of co9s8, since, if small CogSg crystallites 

were present in this catalyst, o~e would expect lower coordination 

numbers compared to bulk co9s8• This is illustrated by our EXAFS 

study of a sulfided Mo/C catalyst, in which we obtained a Mo-S coor

dination number clearly below 6, the value for bulk MoS2 (36,37). 

XPS measurements on sulfided Co/C catalysts by Vissers et al. (7) 

showed atomie S-to-Co ratios of 1.3 to 1.5, which values are much 

higher than the theoretical value of 0.89 for co9s8. Although 

this excess of sulfur was explained by the authors as resulting from 

the deposition of sulfur in the micropores of the carbon support, it 
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is certainly possible that all sulfur is associated with the cabalt 

atoms. In this way the XPS results would be in 1 ine with the EXAFS 

findings. 

Concerning the Co-S coordination distance in the samples studied, it 

is interesting that this distance remains the same (2.22 ~ 0.01 A), 
regardless of the Co-S coordination number. For the Co-Mo-S/C 

catalyst, having a sulfur coordination which clearly points to 6-fold 

coordinated Co atoms, this Co-S distance of 2.21 Ä is striking since 

6-fold octahedral coordinated Co in cobalt sulfidesin general has 

significantly longer Co-S distances, e.g. in CoS it is 2.33 Ä (38), 

in CoS2 it is 2.315 Ä, while the octahedral Co atoms in co9s8 
have a Co-S distance of 2.359 Ä. In fact, a Co-S distance of 2.21 Ä 
is typical of tetrahedral cobalt sulfide, e.g. in Co9s8 the te

trahedral Co atoms have Co-S distances of 2.127 and 2.227 Ä. On the 

other hand, the measured Co-S distance of 2.21 Ä for Co-Mo-S/C 

corresponds closely to the value of 2.23 Ä measured for a sulfided 

a 1 umi na-supported Co-Mo cata lyst by Tops9le et a 1 • ( 39). The Oebye

Waller factor of the Co-S coordination appeared to increase in the 

order Co/C <Co-Mo/C < Co-Mo-S/C, analogous to the increase in the Co

S coordination number. This indicates that the interaction between 

the Co and sulfur atoms becomes 1 ess ordered u pon i ncreas i ng the 

number of sulfur neighbouring atoms. 

It is instructive to campare the EXAFS results on the sulfur surroun

ding with the ls~d transition present in the XANES spectra. A high 

intensity of this transition indicates a high fraction of cabalt si

tes 1 acki ng a symmetry center or p 1 ane ( tetrahedra 1 or square-pyra

midal sites), whereas a low intensity is indicative of sites contai

ning a center of inversion or symmetry plane (octahedral, square-pla

nar or trigonal prismatic sites). In this respect, the ls-+3d peak in

tensities of the catalysts studied, indicate an increase in the frac

tion of cobalt sites containing a center of inversion. Since the Co-S 

coordination numbers are all clearly above 4, the presence of square

planar sites can be excluded. Hence, the XANES spectra imply an in

crease in the fraction of octahedral or trigonal prismatic cabalt in 

the order Co9s8 < Co/C < Co-Mo/C < Co-Mo-S/C. The observation 
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that the 1s-+3d transition of the Co-Mo-S/C catalyst is comparable in 

intensity to that of the CoS2 compound, even suggests a pure octa

hedral or trigonal prismatic coordination in the latter catalyst. Fi

nally, it should be mentioned that the trend in the 1s-+3d near-edge 

feature is in comp 1 ete agreement with the EXAFS results. The 1s-+3d 

transition, in this respect, can be regarded as a unique "finger

print" to obtain structural information. 

In bulk Co9s8, the first Co-Co coordination (Co-Co{l)) could be 

fitted with R = 2.51 Ä, a value which agrees very well with the crys

tallographic data {Table 2). The Co-Co(l) coordination number of 2.4 

is not far from the theoretica] value of 3*8/9=2.67. In all three ca

talysts a Co-Co(l) coordination is present with an interatomie dis

tanee of about 2.55 A. This distance is slightly longer than that in 

bulk Co9s8 (2.51 A). In this respect it is important to note that 

in bulk CoS, having a NiAs-type structure with Ni in octahedral 

holes, the nearest Co-Co coordination distance is 2.545 A (38) which 

corresponds closely to our findings. Moreover, the 6-fold sulfur coor

dination observed for the promoted catalysts tallies with the CoS 

structure. Other cabalt sulfides can be excluded since their first Co

Co coordination distance is much longer than 2.55 Ä, resp. 3.33 A for 

Co3s4 (40), 3.34 A for Co2s3 (41) and 3.91 Ä for CoS2 
(26). Si nee the Co-Mo-S/C catalyst was shown by MES to consist only 

of Co in the form of a "Co-Mo-S" phase, the presence of a Co-Co(l) 

coordination suggests that this coordination is inherently associated 

with the "Co-Mo-S" phase. On the qther hand, since the sample studied 

in EXAFS was not the same as that studied in MES (both were prepared 

identically but the MES sample contained 57co), it can not be fully 

excluded that a small amount of Co9s8 is present in the EXAFS 

sample and that the Co-Co(l) contribution arises from that. Further 

EXAFS studies with varying Co/Mo ratios might answer this question. 

The Co-Co(2) coordination in Co 9s8 (R=3.54 A) appeared to have a 

coordination number of 2.8 which is quite low compared to the theore

tical value of 6*8/9=5.33. The explanation for this might be that the 
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Co-Co(2) shell interferes with higher shell s: not less than 7 diffe

rent coordination shells are situated between 4 and 4.5 Ä. The occur

rence of i nterference effects is al so suggested by the abso 1 u te FT 

spectrum of Co 9s8 between 4 and 5 Ä (Fig. 4): a small peak is pre

sent at about 4 Ä, flanked by a much larger peak at about 5 Ä. Since 

the number of coordinations in both regions is approximately the 

same, the l/R2-dependency in the EXAFS amplitude equation (13,30) 

would prediet that the peak at 4 Ä is larger than that at 5 Ä. It may 

be e 1 ear, therefore, that the higher she 1l s in the Co 9s8 compound 

are difficult to analyse due to the complexity of the crystal struc

ture. 

A Co-Co(2} contribution was present in the Co/C and Co-Mo/C catalysts 

but not in the Co-Mo-S/C sample. The Co-Co(2) eoordination distances 

of 3.54 A for Co/C and 3.49 Ä for Co-Mo/C, are charaeteristic for 

Co 9s8 and not for other types of cobalt sulfides, e.g. in bulk 

CoS the second Co-Co eoordination is situated at R=3.38 Ä (38), in 

Co 3s4 at 3.90 Ä (40) and in Co 2s3 3.92 Ä (41). Furthermore, 

the speetral features of the higher shells In the Co/C and Co-Mo/C 

eatalysts are resembling those of bulk Co 9s8 (see Fig. 4). Hence, 

these findings suggest that the cabalt sulfide phase in Co/C and Co

Mo/C has an overall Co 9s8 long range ordering and/or that 

co 9s8 is present. The slightly shorter Co-Co(2) interatomie dis

tanee in Co-Mo/C (3.49 Ä) compared to Co/C and bulk Co 9s8 (3.54 

A), however, might indicate a small differenee in the eobalt sulfide 

strueture present in Co-Mo/C. Apart from this dlfference, the fact 

that the Co-Mo/C catalyst contains a pronounced co9s8-like struc

ture is unexpected, since this catalyst (having a Co/Mo atomie ratio 

of 0. 73) is expected to contain rel atively 1 arge amounts of the "Co

Mo-S" phase (3-5). On the other hand, our findings can be understood 

from the thiophene HDS activity behaviour, see Fig. 1. The Co-Mo/C 

(Co/Mo=0.73) catalyst shows the highest HDS activity, while at higher 

Co contents a strong decrease takes place. According to Wivel et al. 

(4), the thiophene HDS activity of sulfided Co-Mo/Al 2o3 catalysts 

decreases with Co/Mo~l, which is related to a decrease of the amount 

of "Co-Mo-S" phase at the expense of Co 9s8 formation. Since 
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co9s8 formation is reported to start already at Co/Mos0.4 (4), it 

is very likely that our Co-Mo/C catalyst contains a eertaio amount of 

co9s8 • Since the Co-S, Co-Co(l) and Co-Co(2) coordination numbers 

in Co-Mo/C (Table 2) are intermediate between those of Co/C and Co-Mo

S/C, the Co-Mo/C catalyst might best be described as consisting of a 

mixture of a cobalt sulfide phase like that in Co/C and of a 

"Co-Mo-S" phase resembling that in Co-Mo-S/C. This interpretation is 

in good agreement with recent results obtained by van der Kraan et 

al. (42) via MES characterization of a Co(0.04)-Mo(6.84)/C 

(Co/Mo=O.Ol) and a Co(2.25)-Mo(6.84)/C (Co/Mo=0.54) catalyst, both 

sulfided at 673 K. They found that, whereas the MES spectrum of the 

catalyst with the low Co content showed a similar quadrupale doublet 

as the one ascribed by Tops~e et al. (3) to the "Co-Mo-S" phase, 

the catalyst with the high Co content did not. This indicates that, 

depending on the Co content, different types of Co sulfide species 

are formed. 

The EXAFS data analysis of the Co-Mo-S/C catalyst reveals the pre

senee of a weak Co-Mo contribution. The Co-Mo coordination distance 

was found to be 2.85 Ä, which is in good agreement with our EXAFS 

study of a carbon-supported Co-Mo sulfide catalyst at the Mo K-edge 

(36,37), in which we reported a Mo-Co distance of 2.8 _: 0.1 Ä. The 

calcul ated Mo-Co coordinat ion number of 0.8 (Table 2) suggests that 

in the Co-Mo-S/C catalyst approximately one cobalt atom is in contact 

with one molybdenum atom. The fact that in the Co-Mo/C catalyst no 

clear indication of a Co-Mo coordination could be observed is 

puzzling since the Mo-EXAFS study described above (36,37) was 

conducted on a corresponding Co(2.7)-Mo(6.0)/C catalyst. According to 

the present study, however, only a fraction of the Co atoms in the Co

Mo/C catalyst might be present in a "Co-Mo-S" phase so that the Co-Mo 

coordination number will be much lower than 0.8 (Co-Mo-S/C) and, 

consequently, very difficult to analyse. The finding that the Mo

EXAFS data of the sulfided Co(2.7)-Mo(6.0)/C catalyst did reveal a Mo

Co interaction can be related to the fact that a large fraction of 

the Mo atoms are edge atoms (37), which can all be coordinated to Co 
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neighbouring atoms in a "Co-Mo-S" phase. 

Model study of the "Co-Mo-S" phase. 

The combined results of the Co K-edge EXAFS and XANES spectra iden

tify the cobalt sites in the Co-Mo-S/C catalyst as having an octahe

dral or trigonal prismatic symmetry. From the Mo K-edge EXAFS spec

trum of a sulfided Co(2. 7)-Mo(6.0)/C catalyst it was concl uded that 

the Mo phase preserved its MoS 2 structure (36,37). Furthermore, in 

a recent EXAFS study in which the structural characteristics of al u

mi na-supported "Co-Mo-S" type I and type I I ph as es we re eva l uated, it 

was concluded that the Mo sulfide particles in the type II "Co-Mo-S" 

phase consisted of fully sulfided Mo atoms (43). Hence, it can be 

assumed that in the Co-Mo-S/C catalyst the Mo sulfide phase is also 

present in the form of fully sulfided Mos 2 particles. 

The Co atoms must be located at the surface of these fully sulfided 

MoS 2 particles in such a way that every Co atom is surrounded by 6 

S atoms at 2.21 Ä and one Mo atom at 2.85 Ä. Such conditions can 

certainly be met by the pseudo-intercalation model as proposed by 

Farragher and Cossee (44). In this model the Co atoms are located at 

the edge of the Mos 2 crysta ll ites, in between the sul fur l ayers of 

adjacent Mos2 sandwich layers. However, since the IR results of 

Tops0e et al. (45) demonstrated that the Co atoms are located at 

the Mos2 crystall ite edges in the pl ane of the Mo atoms rather than 

between the sulfur planes, we will confine ourselve to this in-plane 

situation. Furthermore, it will be assumed that the Co atoms do not 

bring about a local restructuring of the MoS 2 lattice. 

In Figure 8 a model is shown for the possible positions of the Co pro

moter atoms in the Co-Mo-S/C catalyst based upon the measured coordi

nation distances and coordination numbers (Table 2) and the condi

tions mentioned above. Since the Co atoms are positioned at a dis

tanee of 2.85 Ä from the Mo atoms as well as at a distance of 2.21 Ä 
from the sulfur atoms, their locations can be found by taking the 

i ntersect i ons of spheres wi th a radius of 2.85 Ä around the Mo atoms 
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l?igur>e 8: Model fot!' the "Co-Mo-S" phase. 
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and spheres with a radius of 2.21 Ä around the sulfur atoms. As can 

be seen in Figure 8, a number of locations (denoted a,b,c and d) are 

possible. In each posit.ion {except a) the Co atom is coordinated to 

four neighbouring sulfur atoms belonging to the trigonal prismatic 

MoS2 structure. Since the Co atoms must have a 6-fold sulfur coor

dination, their most likely configuration according to this model, is 

trigonal prismatic. Thus, the Co promoter atoms can be regarded as 

simply extending the MoS 2 crystall ites. The average Co-S interato

mie distance of 2.21 Ä is significantly shorter than the Mo-S dis

tanee (2.41 Ä) encountered in Mos2. This indicates that the tri

gonal prismatic structures associated with Co are of sl ightly diffe

rent dimensions than those in Mos 2• In case Co atoms ar:e present at 

both the positions b and c (or c and d), their Co-Co coordination dis
tanee can be calculated to be 2.6 + 0.3 Ä. This value corresponds 

closely to the observed Co-Co(l) coordination distance in the 
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Co-Mo-S/C catalyst at R=2.55 A (Table 2). It indicates that the ob

served Co-Co(l) coordination in the Co-Mo-S/C catalyst might be in

herent of the "Co-Mo-S" ph a se and does nat necessar ily have to be 

explained by the presence of Co9s8 . 

Recently, Ledoux et al. {46) proposed a model of the active Co-Mo sul

fide surface, in which two Mo edge atoms are in contact with one oc

tahedral Co atom and in which this octahedral Co atom is furthermore 

surrounded by one tetrahedral Co atom. This structure would yield an 

average Co-Mo as well as Co-Co coordination number of 1, in agreement 

with our resu lts. If we con si der such a Cooct-COtet coord i nat i on 

in our model, however, a Co-Co interatomie distance of 3.06 Ä is cal

culated, assuming that the Co-S distance remains 2.21 Ä. This value 

of 3.06 A is much higher than the value of 2.55 Ä observed by EXAFS 

(Table 2) and therefore we prefer our model to that of Ledoux et al .. 

Catalytic properties of the cabalt sulfide phase 

An important question is whether we can understand the thiophene HDS 

activity behaviour of the Co and Co-Ma sulfide catalysts on the basis 

of the EXAFS structural characteristics. In Figure 9 the intrinsic 

thiophene HDS activities (per mol Co present) of the Co/C, Co-Mo/C 

and Co-Mo-S/C catalysts are shown as a function of their respective 

Co-S coordination numbers. It is clear that the intrinsic activity of 

the cabalt sulfide phase increases with the number of neighbouring 

sulfur atoms. Since the catalyst with the highest activity, Co

Mo-S/C, consists exclusively of 6-fold (possibly trigonal prismatic) 

sulfur-surrounded Co atoms, it would follow that a high (6-fold) sul

fur coordination existing in the fresly sulfided catalyst sample is 

favourable for thiophene HDS activity. The explanation for this might 

be re 1 ated to the spec ifi c structure of these co balt sites. As out

lined above, the interatomie Co-S distance of 2.21 Ä in the Co-Mo-S/C 

catalyst is significantly shorter than expected for 6-fold (octahe

dral or trigonal prismatic) coordinated Co sulfide. This short Co-S 

distance might be related to the fact that the Co atoms are located 
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at the surface of the MoS 2 crystall ites and that, therefore, a con

tract ion of the Co-S bond 1 ength takes p 1 ace. It is po ss ib 1 e that 

because of this specific structure the Co atoms are present in a ther

modynamically metastable phase, which, as a consequence, might be 

highly active (47). An alternative explanatiqn for. the increase of 

the intrinsic HDS activity might be related to the degree of disorder 

of the sulfur atoms surrounding Co, which increases in the same order 

(Table 2). In this respect, a high degree of disorder implies a wea

kened Co-S bond strength. 

It is interesting to mention that temperature programmed reduc

t ion/sulfiding experiments on al umina-supported Mo, Co and Co-Mo ca

talysts revealed a higher sulfur stoichiametry than the theoretical 

expected values (48,49), which is in line with our results of highly 

sulfur-coordinated Co species. From these temperature programmed cha

racterisation experiments it was concluded that not only the overall 

sulfur stoichiometry is an important parameter in HDS activity but 



- 72 -

also the specific nature of the sulfidic species (48). 
The present finding of 6-fold coordinated Co atoms coincides with the 
proposal of Ledoux (9) that "rapid octahedral" Co atoms might be the 
origin of very active sites. However, the earlier proposal of Ledoux 
et al. (8) of tetrahedral cobalt sites being responsible for the high 
HDS activity of Co-Mo sulfided catalysts, must be rejected. 

The th iophene HDS act iv it i es sugges t that a carbon-supported Co-Mo 
sulfide catalyst can contain different types of active "Co-Mo-S" 
structures. The question is if "Co-Mo-S" type I and type II phases 
can be present on a carbon support. According to van Veen et al. 
(14) a type II "Co-Mo-S" phase must be described as a fully sulfided 
"Co-Mo-S" phase. In this respect, the S-over-(Co+Mo) stoichiometry as 
determined by XPS is significantly higher for the Co-Mo-S/C catalyst 
than for the conventionally prepared Co-Mo/C catalyst. Moreover, 
EXAFS shows that the Co atoms in Co-Mo-S/C have a higher Co-S coordi
nation number than those in Co-Mo/C. In addition, Mo K-edge EXAFS 
measurements of the Co-Mo-S/C cata lyst revea 1 ed a Mo-S coordi nat ion 
number of 6.0 {43), in agreement with the Mo atoms being fully sur
rounded by sulfur at9ms, whereas a conventionally prepared 
Co{2.7)-Mo(6.0)/C (Co/Mo=0.73) catalyst was found to have a slightly 
lower Mo-S coordination number of 5.5 (37). Thus, these results 
indeed show that the "Co-Mo-S" species in the Co-Mo-S/C catalyst are 
more sulfided than the Co-Mo sulfide species in the conventionally 
prepared Co-Mo/C catalyst. However, EXAFS shows that the Co-Mo/C 
catalyst consists of a mixture of a cabalt sulfide phase like that in 
Co/C, and of a "Co-Mo-S" phase. Since the rel ative amounts of these 
two phases are unknown, and EXAFS as well as XPS only give averaged 
(EXAFS) or overall (XPS) information, the specific sulfur 
stoichiometry of the "Co-Mo-S" particles in the Co-Mo/C catalyst 
cannot be de term i ned. Hence, on the basis of the present resu 1 ts it 
is not allowed to conclude that carbon-supported catalysts are 
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subject to a "Co-Mo-S" type I-type II phase transformation, although 

we cannot exclude the possibil ity. Further experiments on conventio

nally prepared Co-Mo/C catalysts having a low Co/Mo atomie ratio can 

answer this· question. 

Accord ing to our EXAFS and XANES results. the Co atoms in the sul

fided Co/C catalyst have a higher sulfur coordination than expected 

for a Co 9s8 structure. Furthermore, the Co-Co ( 1) coord i nat i on 

distance in Co/C corresponds exactly to that in the cobalt-promoted 

catalysts. This indicates that the formation of active cobalt sites 

(which are shown to be 6-fold coordination cobalt atoms). does not 

necessarily require the presence of molybdenum sulfide, in acear

dance with recent Mössbauer findings (12,42). Hence, this structu

ral resemblance between carbon-supported Co sulfide and Co-Mo sulfide 

catalysts supports the model of Vissers et al. (7) that the cabalt 

phase in sulfided Co-Mo catalysts is the actual active phase. It is 

possible that the carbon support surface induces a change in the 

structure of the cobalt sulfide species, resulting in a sulfur-rich 

cobalt sulfide phase. Support for the latter idea can be found in the 

work of Burch and Collins (50) who discussed a possible interaction 

between the nickel sulfide phase and an a lumina, sil ica and carbon 

carrier. These authors proposed that a met a 1 sulfide-support inter

action may alter the morphology or composition of the nickel sulfide 

ph a se. 

Conclusions 

Oetailed information on the structure of the cobalt phase in carbon

supported Co and Co-Mo sulfide catalysts has been obtained by cam

paring the EXAFS and XANES spectra (at the Co K-edge} of the cata

lysts with those of Co 9s8 and Cos2 model compounds. For a car

bon-supported Co-Mo sulfide catalyst. consisting of Co exclusively in 

the form of "Co-Mo-S", the Co atoms are found to be present in a 6-

fold (octahedral or trigonal prismatic) sulfur coordination. The mea-
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sured Co-S interatomie distance is 2.21 Ä, which is significantly 
shorter than that in bulk octahedral or trigonal prismatic coordi
nated Co sulfides. In this "Co-Mo-S" phase approximately one Co atom 
is in contact with one Mo atom at a distance of 2.85 Ä. Furthermore, 
a Co-Co coordination is found to be present, having an interatomie 
distance of 2.55 A and a coordination number of 0.6. Since Co is ex
clusively present in a "Co-Mo-S" phase, it follows that this Co-Co 
coordination is an inherent feature of the carbon-supported "Co-Mo-S" 
ph a se. 
On the basis of the present resu lts i t is not allowed to conc 1 u de 
that carbon-supported catalysts are subject to a "Co-Mo-S" type I
type II phase transformation. 

For a sulfided Co/C catalyst, a higher sulfur coordination of the Co 
atoms is found than expected for a co9s8 stiochiometry, sugges
ting that the Co sulfide particles in Co/C have a higher fraction of 
6-fold sulfur-coordinated Co atoms than present in bulk co9s8• 
This result signifies that the Co sites in sulfided Co/C and Co-Mo/C 
catalysts are structurally equivalent. Hence, the present work sup
ports the theory of the cobalt phase being the actual active phase in 
Co-Mo sulfide catalysts for the hydrodesulfurization of thiophene. 

A general correl at ion is found between the intrinsic thiophene HDS 
activities of the Co sulfide phases in Co/C and Co-Mo/C, and their 
respective number of sulfur neighbouring atoms of Co, existing in the 
freshly sulfided catalyst sample. A high intrinsic HDS activity corre
lates with a high (6-fold) sulfur coordination. 
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Chapter 4 

The Role of Ni in Sulfided Carbon- Supported 
Ni-Mo Hydrodesulfurization Catalysts 

Abstract 

The thiophene hydrodesulfurization (HDS) activities of activated car

bon-supported Ni and Ni-Mo sulfide catalysts were measured in a 

flow microreactor eperating at atmospheric pressure. The nickel con

tent was varied between 0.6 and 14.8 wt% Ni, the promoted catalysts 

contained about 4.5 wt% Mo. The structure of the Ni sulfide phase was 

characterized by means of X-Ray absorption spectroscopy (EXAFS and 

XANES), X-ray photoelectron spectroscopy, dynamic oxygen chemisorp

tion and chemical sulfur analysis. The Ni atoms in the sulfided Ni

Mo/C catalysts were found to be present in a 6-fold (octahedral or 

trigonal prismatic) sulfur coordination. The interatomie Ni-S dis-
o 

tance was 2.19 A which is a significantly shorter distance compared 

to that in bulk 6-fold coordinated Ni sulfides. Approximately one Ni 

atom was in contact with one Mo atom at a distance of about 2.82 Ä. A 

small Ni-Ni coordination with an interatomie distance of about 2.48 A 
was found to be present in the sulfided Ni-Mo/C catalysts. These re

sults showed that the local structure of the Ni atoms in sulfided Ni

Mo/C catalysts was closely resembl ing that of the Co atoms in sulfi

ded Co-Mo/C counterparts. 

The Ni sulfide species in sulfided Ni/C catalysts had a Ni3S2-

like structure with a higher sulfur coordination than expected for a 

Ni 3s2 stoichiometry. This indicated an increase in the fraction 

of 6-fold coordinated Ni atoms for the carbon-supported Ni sulfide 
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species. The Ni-S bond length of the Ni sulfide species in Ni/C appea

red to be slightly but significantly longer than that in the promoted 

Ni-Mo/C catalysts. 

It was found that the specific thiophene HOS activity per Ni active 

site in a Ni/C catalyst was much lower than that in a Ni-Mo/C cata

lyst. However, since the local structure of the Ni atoms in Ni/C was 

shown to be different from that in Ni-Mo/C, a direct comparison of 

the specific activity per Ni site was not allowed. Hence, the ques

tion whether the Ni phase in sulfided Ni-Mo/C catalysts should be re

garded as the actual active phase (similar as the corresponding Co

Mo/C catalysts), cannot be answered unambiguously on the basis of the 

present results. 

Introduetion 

Catalysts based on molybdenum or tungsten sulfide and promoted by 

nickel or cobalt, have been used extensively for hydrotreating in 

petro 1 eum refi ning for many years. Intensive research aiming at cl a

rification of the. nature of the active phases and especially at the 

role of the Co and Ni promoters has resulted in many different views 

with regard to the catalytic synergy in Co(Ni)-Mo(W) catalysts. Seve

ral descriptions of the structure have been published, like the mono

layer model of Schuit and Gates (1), the pseudo-intercalation or de

coration model of Voorhoeve (2) and Farraghar and Cossee (3), the con

tact synergy model proposed by Oelmon and coworkers (4), and the exis

tence of a distinct "Co-Mo-S'' phase as shown by Tops9Je and cowor

kers (5-7). At present the "Co-Mo-S" model is strongly favored since 

a rel ationship could be establ ished between the hydrodesulfurization 

(HOS) activity and the amount of promoted active phase for a wide 

range of Co-Mo catalysts, either unsupported (8), or dispersed on dif

ferent supports (6,9). It has been observed that "Co-Mo-S" type struc

tures are not restricted to Co-Mo systems, but that they are also pre

sent in alumina-supported Co-W (7), Fe-Mo (7,10;.12) and Ni-Mo 

(13-16) catalysts. The structure of the "Co-Mo-S" phase, containing 

Co atoms at the edges of MoS2-1ike crystallites is, however, still 
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not clarified. Moreover, the exact nature of the active sites remains 

much debated. In this respect, it has not been establ ished whether 

the neighbouring Mo atoms in the active "Co-Mo-S" sites play a direct 

role in the HDS reactions, or whether the catalysis is solely deter

mined by the Co promoter atoms. The relevanee of this last possibi

lity was clearly pointed out by Vissers et al. (17) and Duchet et 

al. (18) who studied thiophene HDS of carbon-supported Co, Mo and Co

Ma catalysts. On the basis of the remarkably high HDS activity of 

Co/C, as also reported earlier by Duchet et al. (18), Vissers et al. 

demonstrated that the promoter effect in sulfided Co-Mo catalysts can 

completely be explained by the high catalytic activity of the cabalt 

sites. Consequently, in their model the role of Mos 2 is mainly to 

function as a support for optimally dispersed cabalt atoms. The au

thors arrived at their conclusions from the estimated intrinsic acti

vity of optimally dispersed cabalt sulfide in Co/C catalysts, which 

turned out to be nearly equal to the catalytic activity of a promoted 

Co-Mo/C catalyst. The latter model assumes that the structure of the 

active cabalt sites in a Co/C catalyst is similar to that in a 

Co-Mo/C catalyst. Very recently thi s assumption was confirmed by a 

Mössbauer emission spectroscopy study of a sulfided Co/C and a Co

Mo/C catalyst, each containing a very low cabalt content (19). Simi-

1 ar Mössbauer spectra were obtained for bath catalysts, implying 

that the so-called "Co-Mo-S" phase does not necessarily require the 

presence of mo lybdenum sulfide. The conc lus i ons of th is Mössbauer 

study were recently confirmed by EXAFS (Extended X-ray Absorption 

Fine Structure) and XANES (X-ray Absorption Near Edge Structure) 

measurements on the same type of catalysts (20). In a sulfided Co/C 

and a Co-Mo/C catalyst a high sulfur coordination of the cabalt atoms 

was found to be present, imp lyi ng a structura 1 resemb la nee of the 

cabalt sulfide phase in bath systems. Moreover, EXAFS showed that the 

Co-S and Co-Co interatomie distances in a sulfided Co/C catalyst 

were equal to those in a sulfided Co-Mo/C catalyst {21). 

In view of the analogy between "Co-Mo-S" and "Ni -Mo-S" type struc

tures, it is of interest to investigate whether the catalytic acti-
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vity of Ni-promoted Mo sulfide catalysts can also be completely at

tributed to the activity of the promoter atoms. Therefore. in the 

present study the structure and HOS activity of carbon-supported Ni 

catalysts will be compared with the corresponding promoted Ni-Mo 

catalysts. For this purpose the intrinsic activity of the active 

nickel sites in sulfided Ni/C catalysts as well as in sulfided Ni

Mo/C catalysts were estimated. Structural information of the active 

phases was obtained by X-ray Photoelectron Spectroscopy (XPS), 

Dynamic Oxygen Chemisorption (DOG) and chemical sulfur analysis. 

Information on the local structure of the nickel and molybdenum atoms 

was obtained by EXAFS (at the Ni and Mo K-edges) and XANES. A com

parison was made between the EXAFS and XANES spectra of the catalyst 

samples and those of pure Ni 3s2 and NiS model compounds. 

Experiment al 

Catalyst preparation 

Series of Ni/C catalysts (0.6-14.8 wt% Ni), Mo/C catalysts (1.3-7.0 

wt% Mo) and promoted Ni-Mo/C catalysts (0.5-6.1 wt% Ni, 4.1-4.8 wt% 

Mo) were prepared analogously to the Co catalysts described in (21). 

Catalyst samples will be denoted as Ni(x)-Mo(y)/C, with x and y re

presenting the wt% Ni and Mo, respectively. One Ni-Mo/C catalyst was 

prepared in a special way, similar as described by ,van Veen et al. 

for a lumina-, sil ica- and carbon-supported Co-Mo catalysts (22). It 

was shown by Mössbauer spectroscopy that in this type of catalysts 

(after sulfidation) Co was exlusively present in the form of 

"Co-Mo-S". Moreover, thi s "Co-Mo-S" phase was probab ly a "Co-Mo-S" 

type II phase, which is supposed to have a minor active phase-support 

interaction {22,23). Hence, the Ni-Mo/C catalyst prepared in the same 

way (1.5 wt% Ni, 7.6 wt% Mo) is expected to consist of Ni exclusively 

in the form of a fully sulfided "Ni-Mo-S" phase. In the following, 

this catalyst will be denoted as Ni-Mo-5/C. 
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Catalytic activity measurements 

Catalytic activity for thiophene HDS was tested in a micro flow reac
tor eperating at 673 K and atmospheric pressure. Catalyst samples 
(0.2 g) were sulfided in situ in a mixture of H2S/H2 (10 mol% 
H2S, flow rate 60 cm3.m;n-1). The following temperature program 
was appl ied: Starting at 293 K, the temperature was 1 inearly increa
sed at a rate of 6 K mln-1 until 673 K and kept at this level for 2 
h. In case of the specially prepared Ni-Mo-S/C catalyst, the tempera
ture was increased with only 2 K.min-1 from 293 to 673 K and kept 
constant for 1 h. After sulfidation, the reaction mixture consisting 
of 6.2 mol% thiophene in hydragen was introduced at a flow rate of 50 
cm3.m;n-1. The reaction products were analyzed by on-line chroma
tography. The concentrations measured after a 2 h run were used to 
calculate the flrst order rate constant for HDS and the rate constant 
for the consecutive butene hydragenation (HYD) reaction (24). 

X-Ray photoelectron spectroscopy (XPS) 

XPS spectra of the oxidic Ni/C samples were recorded on a Physical 
Electronles 550 XPS/AES spectrometer equipped with a Mg anode (E= 
1253.6 eV) and a double pass cylindrical mirror analyzer eperating at 
a pass energy of 100 eV. The powdered samples were pressed on double 
sided adhesive tape. Spectra were recorded in steps of 0.2 eV. The 
pressure did not exceed 6.6.10-6 Pa and the temperature was appro
ximately 293 K. XPS spectra of the sulfided Ni/C samples were recor
ded on an AEI ES 200 spectrometer equipped with a Al anode (E=l486.6 
eV) and a spherical analyzer eperating at a pass energy of 60 eV. In 
order to avoid contact of the sulfided catalysts with air, a special 
sulfiding reactor was used (25) which allowed transfer of the samples 
to a N2 flushed glove box attached to the XPS apparatus without ex
posure to air. After sulfidation, carried out as described above, the 
catalyst samples were flushed with purified He for 15 min at 673 K 
and subsequently cooled to room temperature. The samples were mounted 
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on the specimen holder by means of double sided adhesive tape. 

Spectra we re recorded at 293 K in steps of 0. 2 eV, the pressure was 

lower than 1.3.10-6 Pa. 

The C 1s peak (284.6 eV) was used as an internal standard for binding 

energy cal ibration and the Ni-over-C photoelectron intensity ratios 

were used to measure the degree of dispersion of the Ni phase on the 

support. The intensities of the C 1s peak and the Ni 2p multiplet 

peaks (including shake-up structures) were calculated using a 1 inear 

baseline. Theoretical intensity rat i os were calculated according to 

the quantitative XPS model described by Kuipers (26), electron mean 

free paths and electron cross sections were calculated according to 

Seah (27) and Scofield (28), respectively. The sulfur-to-nickel stoi

chiometry was calculated according to Penn (29), using the electron 

cross sections determined by Scofield (28) and assuming the detector 

efficiency to depend on the reciprocal value of the electron kinetic 

energy (30). 

Dynamic oxygen chemisorption (DOC) 

Dynamic oxygen chemisorption measurements at atmospheric pressure 

were carried out in a similar micro flow reactor as used for the thio

phene HOS activity test. Catalyst samples (0.2 g) were sulfided in 

situ in the same manner as ascribed above. The freshly sulfided 

samples were purged in purified He for 15 min at 673 K and subse

quently cooled to 333 K within 90 min in a He flow (30 ml.min-1). 

Oxygen chemisorption was then measured at 333 K {15,16,31) by 

injecting 2.13 ml pulses of a 5.0 mol% o2 in He mixture at 4.5 min 

intervals, into the He carrier gas flow. When effluent o2 peaks had 

increased to constant size (less than 1% difference between two 

successive peaks) the total o2 uptake was calculated. 

Chemical sulfur analysis 

The total sulfur content of the sulfided catalysts was determined by 
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cambustion of the in situ sulfided catalysts (sulfided and flushed 

accord i ng to the procedure descri bed for the DOC measurements) in a 

25 mol% o2 in He gasflow (lSO ml.min- 1). The following tempera

ture program was applied: starting at about 373 K the temperature was 

increased linearly at a rate of 10 K.min-1 until 1073 K where 

it was kept constant for 60 min. The emerging S02 and S03 were 

trapped in two vessels containing an ice-cooled aqueous salution of 

H2o2 (1%). The total sulfur content was measured by titrating the 

sulfurie acid with a salution of 0.01 M PbC104, using a lead-selec

tive electrode. 

EXAFS 

EXAFS spectra were recorded of the following freshly sulfided cata

lysts: Ni(3.8)/C, Ni(1.1)-Mo(4.3)/C and Ni-Mo-S/C, and of pure 

Ni 3s2 and NiS model compounds. The spectra were recorded at EXAFS 

station 9.2 at the Synchrotron Radiation Souree (SRS) in Daresbury, 

United Kingdom. The starage ring was operated at 1.8 or 2.0 GeV, the 

ring current was in the range of 100-250 mA. The oxidic samples were 

pressed into self-supporting wafers, the thickness of which was cho

sen to give an absorbance (~x) of about 2.5, assuring an optimum sig

nal-to-noise ratio. Since activated carbon is difficult to press, a 

special carbon binder had to be used for the catalyst samples. The 

presence of this binder did not significantly change the catalytic 

properties of the catalysts, as was checked by means of a thiophene 

HDS activity test. The wafers were mounted in an EXAFS cell, enabling 

in situ sulfiding and measurements in different gas atmospheres. The 

sulfidation was carried out in a 10% H2S in H2 flow at a flow 

rate of 60 cm3.m;n-1 (50 cm3.min-1 for Ni-Mo-S/C) under atmos

pheric pressure. The temperature was increased l inearly from 293 to 

673 K (8 K.min-1 for Ni(3.8)/C, 5 K.min-1 for Ni(1.1)-Mo(4.3)/C 

and 2 K.min-1 for Ni-Mo-5/C) and kept constant at 673 K for 2 h (1 

h for Ni-Mo-S/C). After sulfiding, the samples were purged in puri

fied He for 15 min at 673 K and subsequently cooled to room tempera

ture under flowing helium. The cell was evacuated at room temperature 



- 85 -

in order to remove all H2s gas, next it was flushed again with he

l i urn. The EXAFS spectra of the nickel K-edge and the Mo K-edge (the 

latter only for the sulfided Ni-Mo-S/C catalyst) were recorded with 

the sample at 1 iquid nitrogen temperature. The EXAFS functions were 

obtained from the X-ray absorption spectra by subtracting a quadratic 

expansion, followed by a cubic spline background removal (32). 

Normalisation was performed by division of the edge height. 

The model compounds Ni 3s 2 and NiS were prepared according to 

procedures described in the literature, viz. (33) and (34,35), res

pectively. The purity of these compounds was checked by X-Ray diffrac

tion. The diffractograms of Ni3S 2 and NiS corresponded to JCPDS 

2-0772 and 2-1280, respectively. Supporting wafers of the model com

pounds with an absorbance ( f.LX) of 2.5 were prepared by mixing each 

compound with an appropriate amount of boron nitride. EXAFS spectra 

were recorded at 1 iquid nitrogen temperature with the samples under a 

helium atmosphere. The procedure to obtain the EXAFS functions was si

mil ar as described above. Ph a se shifts and backscattering amplitudes 

from reference compounds were used to calculate the EXAFS contribu

tions. For the Ni-S EXAFS signals Cos2 was used, for the Ni-Ni con

tributions the Ni.;Ni coordination in NiO was chosen and for the Mo-S 

and Mo-Mo EXAFS functions, the first shells of the Mo-S and Mo-Mo 

coordinations of MoS 2 as reference compound were employed. Finally, 

for the Ni-Mo and Mo-Ni contributions in the promoted catalysts we 
took ( ( c6H5) 4P) 2Ni (MoS4) 2 as reference compound. The com

pounds NiO and MoS2 were obtained commercially {Merck p.a. and 

Janssen Pharmaceutica, min. 99%, respectively} whereas Cos2 and 

( (C6H5)4P)2Nf(MoS4)2 were laboratory prepared. The prepa

ration of CoS2 is described in (36). The Co or Ni K-edge EXAFS spec

tra of the Cos2, NiO and ( ( c6H5)4P )2Ni (MoS4)2 reference 

compounds are described in detail in (21) whereas the Mo K-edge EXAFS 

characteristics of the MoS2 and ((C6H5)4P)2Ni(MoS4)2 

compounds are reported in (37} and {38), respectively. With respect 

to the CoS2 referente compound, the use of a Co absorber instead of 

Ni is justified since Teo and Lee (39) showed that the phases and 

backscattering amplitudes of Co and Ni differ hardly. 



- 86 -

Results 

Catalytic Properties 

The catalytic activities of the Ni/C and Ni -Mo/C catalysts as well as 

that of an industrial Ni-Mo/Al 2o3 catalyst are presented in Table 

1. 

Table 1. Thiophene HDS activities (kHosl, hydrogenation activities 

(kHyolkHosl, and dynamic oxygen chemisorption characte-
ristics of sulfided carbon-supported Ni, Mo and Ni-Mo catalysts. 

Catalyst 
composition Catalytic act i vit i es Chemisorption 
(wt%} 

kHos*10 3 
kHYD OOC*l04 

Ni Mo (m3.kg-ls-1) kHDS (mol O.g-1) 

-·· 
0.6 0.8 1.4 0 
1.1 1.3 1.8 0.3 
1.9 - 1.7 1.4 0.7 
2.5 - 2.0 1.3 1.2 
4.1 - 2.3 1.2 1.8 
5.8 - 2.4 1.3 3.3 

10.6 - 2.8 1.0 7.5 
14.8 - 2.7 0.9 7.4 

- 1.4 0.6 4.8 0.04 
- 2.5 1.0 3.4 0.2 
- 4.8 2.0 2.4 0.6 
- 7.0 2.6 2.4 1.1 

0.5 4.8 6.8 0.9 1.0 
1.1 4.3 10.2 0.7 1.3 
1.9 4.4 12.6 0.7 1.6 
2.6 4.4 13.6 0.6 2.3 
4.4 4.9 12.1 0.6 3.1 
6.1 4.1 12.7 0.5 3.4 

Ni-Mo-S/Ca 17.8 0.8 
(1.5~ Ni, 7.6% Mo) 

Ni-Mo/A1 2o3 
b 8.2 0.6 

(3.0% Ni, 12.4% Mo) 

aspecially prepared catalyst containing a maximum amount of the so-called 

"Ni-Mo-S" phase. 
b !ndustrial catalyst. 
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From this Table it ean be seen that the thiophene HDS activfties of 

the promoted Ni-Mo/C eatalysts are mueh higher than those of the 

various Ni/C .and the Mo{4.8)/C eatalysts. The HDS aetivities and the 

hydragenation capaeities of the Ni-Mo/C eatalysts as a tunetion of 

their Ni/Mo atomie ratio is represented graphically in Figure 1. 
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It ean be seen that a maximum in HDS aetivity is found at a Ni/Mo 

atomie ratio of about 1. With regard to the hydragenation capaeity, 

it appears that the kHvD/kHDS ratio deereases rapidly with a 

small amount of niekel (Ni/Mo <0.2) and deereases only sl ightly for 

larger Ni/Mo ratios. Furthermore, the kHyofkHDS ratios of the Ni

Mo/C eatalysts are found to be signifieantly lower than that of 

Mo(4.8}/C and slightly lower than those of the Ni/C eatalysts. 

Finally, from Table 1 it is elear that the Ni-Mo-S/C eatalyst shows 



- 88 -

the highest HDS activity. 

XPS 

XPS spectra were recorded for the entire Ni loading range of the Ni/C 

catalysts, in the oxidic precursor state as well as in the sulfictie 

state. The Ni 2p 3; 2 peak in the oxidic catalysts is situated at 

855.6 ..:!:_ 0.2 eV. This binding energy is rather high compared to NiO 

(853.3 eV, (43)), while it is more close to Ni(N03) 2 (856.9 eV, 

(43)), suggesting that nitrate ions are still present in the oxidic 

samples. A similar observation was made for Co/C {17) and Fe/C cata

lysts (40-42). In the sulfided state the binding energies of the Ni 

2p312 peak we re in the range 853. 2-853. 7 eV, the S 2p peak in the 

range 162.6-162.9 eV. These va 1 u es are to be compared wi th the 1 ite

rature results on known nickel sulfides. Ng and Hercules (44) repor

ted 853.7 and 854.2 for Ni 3S2 and NiS, respectively, by taking 

the C 1s peak (284.6 eV) as an internal standard. Using as internal 

stand ard the Au 4f 712 peak at 83.8 eV, Brout in et a 1. ( 45) found 

853. 7 and 854.0 eV for Ni 3s 2 and NiS, respect i ve ly, both prepared 

under well defined conditions. Hence, the experimental Ni 2p 3; 2 
binding energies of 853.2-853.7 eV are more indicative of Ni 3S2 
than of NiS. Concerning the S 2p peak binding energy, the values of 

162.6-162.9 eV point to the presence of s2- species (43). From the 

experimental Ni 2p and S 2p intensity ratios, atomie sulfur-to-nickel 

ratios can be calculated after subtraction of the amount of elemental 

sulfur formed during sultidatien of the carbon support itself 

Os/Ic=0.003, according to (17)). S/Ni ratios ranging form 0.6 to 

0.8 are obtained for the Ni/C catalysts, which point to the presence 

of Ni 3s2• 

Information about the dispersion of the Ni phase can be obtained by 

camparing the ratios of the experimental Ni 2p to C 1s intensities 

with the theoretica] ratios predicted by the quantitative XPS model 

of Kuipers (26). In this model, the dispersion of the catalytic phase 

deposited on the carrier surface is considered to be monol ayer-1 ike 

and homogeneous. In Figure 2 the experimental and theoretica] inten

sity ratios are collected. 
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Quantitative XPS ~esutts of the Ni/C catatysts: 

e:r:per>imentat Ni 2p to C 1s XPS intensity Mtios of the 

o:r:idic reJ and suZfided (À) samptes as a funation of 

the · weight pezoaentage of Ni. A tso shown azoe the theo

r>etiaat intensity r>atios aatcu.Zated fo:r> monotayer> dis

per>sion (26). Inatuded is fur>themore a Ni/C aataLyst 

proepcwed by impregnation !ûith Ni(NH;;)~+ in 

ammoniaaat sotution, and measur>ed in the o:r:idic state, 

denoted:O. 

The following featurescan be discerned: 

-At low Ni loadings (up to approximately 4 wt% Ni in the oxidic 

state and 3 wt% Ni in the sulfided state), the experimental inten

sity ratios for the.Ni/C catalysts are in excessof the theoretical 

va lues. 

- The experimental intensity ratios of the sulfided Ni/C catalysts 

are lower than those of the corresponding oxidic samples. 
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-Up to approximately 6 wt% Ni a slight decrease in the experimental 

intensity ratio for the oxidic Ni/C samples is observed with in

creasing Ni loading, while the theoretical intensity ratios clearly 

increase. The sulfided samples exhibit a nearly constant intensity 

ratio in this Ni-loading range. 

Since the theoretical Ni-to-C intensity ratios have been calculated 

for a uniform monolayer coverage, these ratios are the maximum values 

which can be reached for homogeneaus samples at a given Ni content. 

The observation that the experimentally determined intensity ratios 

of the oxidic and the sulfided samples are higher than the theoreti

cal ones, therefore leads to the conclusion that the Ni phase present 

in the Ni/C catalysts is not uniformly deposited on the support sur

face or, more specifically, that a considerable enrichment of Ni at 

the outside of the support grains has occurred. 

Oxygen chemisorption 

DOC measurements were carried out for the entire loading range of the 

sulfided Ni/C , Ni-Mo/C and Mo/C catalysts. The results are presented 

in Table 1. In Figure 3 (a) the molar oxygen uptake per mol Ni as a 

function of the weight percentage of Ni is shown for the Ni/C cata

lysts. The 0/Ni ratio increases with increasing Ni contents up to 

10.6 wt% Ni, but the sample with the lowest Ni content (Ni (0.6)/C) 

does not adsorb any oxygen at a 11 . In Fi gure 3 (b) the thiophene HDS 

activities of the various catalysts are plotted against the oxygen 

chemisorption capacities. It is clear that the curve of the Ni-Mo/C 

catalysts differs substantially from that of the Ni/C and Mo/C cata

lysts. 

Sulfur analysis 

Fr om the chemical sul fur a na lysis the sul fur-over-meta 1 stoichio

metry was calculated after subtraction of the amount of sulfur re-
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tained on the pure carbon support (0.8 wt% S), as determined in a 

seperate experiment. In case of the sulfided Ni/C catalysts, the cal

culated S/Ni ratios amounted to 0.62 (Ni(4.1)/C), 0.73 (Ni(5.8)/C) 

and 0.79 (Ni(10.6)/C). These ratios, which are close to the ones mea

sured by means of XPS, again point to a Ni 3s2 stoichiometry. For 

the sulfided Mo(4.8)/C catalysts, a S/Mo ratio of 1.92 was calcula

ted. In Figure 4 the S/(Ni+Mo) molar ratios of the sulfided Ni-Mo/C 

catalysts relative to their Ni/Mo ratios are shown. 

ö 
E .... 
ö 
É 

ö 
~ 
+ z :::: 
0 

J?igur-e 4: 

2.0 

1.0 

Ni/Mo lat/at) 

Total sulfu'l' content, e:1:pressed as the S/(Ni+Mo) molar 

r-atio, of the sulfided Ni-Mo/C catalysts as a function 

of the Ni/Mo atomie 'l'atio. l?o'l' the Mo(4.8)/C aatalyst 

a S/Mo atomie 'l'atio of 1. 92 was detemined. The dashed 

CU'l'Ve 'l'epresents the theoretiaaZ sulfur- aontent in case 

of a Niz82 plus Mos1• 92 stoichiometry. 

In the same Figure the theoretical S/(Ni+Mo) ratios corresponding to 

a Ni 3S2 and MoS1. 92 stoichiometry are represented. Obviously, 

the Ni-Mo/C catalysts are richer in sulfur than the single Ni/C and 
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Mo/C catalysts. 

EXAFS 

In Figure 5 the original Ni K-edge EXAFS functions of the sulfided 

Ni(3.8)/C, Ni(l.l)-Mo(4.3)/C and Ni-Mo-S/C catalysts, as well as the 

Ni 3s2 model compound are shown. 
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EXAFS functions of the Ni K-edge of the NiiJ8 model 

compound and the sulfided cataZystfJ: (a) Ni 3s8, 

(b) Ni(3.8)/C, (c) Ni(l.l)~o(4.3)/C, and (d) Ni~o-S/C. 
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The crystallographic data of Ni 3s2 are collected in Table 2. 

Table 2. Crystallographic data of Ni 3s2 and NiS model compounds. 

compound coordination 

Ni3S2c Ni-S(l) 

Ni-Ni(l) 

Ni-S(2) 

Ni-Ni(2) 

NiS d Ni-S(l) 
Ni-Ni(l) 

a Coordination distance 
b Coord i nat ion number 
c Reference 33 

d Reference 34, 35 

R(A)
8 Nb 

2.27 2 
2.29 2 

2.48 2 
2.51 2 

3.66 2 
3.69 2 

3.79 4 
3.81 4 
4.07 6 

2.39 6 

2.68 2 

In Ni 3s2 (heazlewoodite) the Ni atoms are present in a sl ightly 

distorted tetrahedron of sulfur atoms. the Ni-S distance being 2.28 

.:. 0.01 Ä. In Figure 6(a) the magnitude of the Fourier transformed 

(FT) spectra are shown of Ni 3s2 and the catalyst samples. The 

first peak. in the spectrum of Ni 3s2 is comprised of the nearest 

sulfur neighbours (denoted Ni-S(l)) and the nearest nick.el neighbours 

" at a crystallographic distance of 2.50 + 0.015 A (denoted Ni-
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Absolute and imaginary Fourier tra:nsfoms of the Ni

EXAFS funations (k 3 ~ L\k.::-3.1-10. 9 J-l) of the 

Ni;;S2 model compound a:nd the sulfided oataZysts: 

Ni(3. 8)/C (denoted: Ni/C)~ Ni(1.1)-Mo(4. S)/C (denoted 

Ni-Mo/C) and Ni-Mo-8/C: 

(a) absolute Fourier tra:nsfom~ remging fr-om 0 to 8 Ä~ 

(b) imaginary Fourier transfom~ ranging fr-om 0 to 4 Ä. 

Ni(l)). Furthermore, the second coordination shell of sulfur and 

nickel scatterers (denoted Ni-S(2) and Ni-Ni(2)) are clearly 

visible. With regard to the catalysts samples, it can be seen that 

the first peak (Ni-S(l)+Ni-Ni(l)) is decreased considerably in ampli

tude. The two promoted catalysts show an additional peak at about 2.8 

A which might be ascribed to Mo backscatterers. Furthermore, the ab

sence of well defined peaks at r-values above 3 Ä suggests that the 

Ni atoms in the catalysts are not located in well-ordered surroun

dings. The imaginary FT spectra (Figure 6(b)) show the separate Ni

S(l) and Ni-Ni(l) coordinations which cannot be discerned in the 

absolute FT spectra. It appears that the Ni-S(l) coordination dis

tanee of the catalyst samples is shifted to lower r-values compared 

to Ni 3S2 in the order: Ni 3S2 > Ni(3.8)/C >Ni(l.l)-Mo(4.3)/C 

-Ni-Mo-S/C. Furthermore, the Ni-S(l) peak amplitudes of the two 

promoted catalysts are larger than that of Ni 3s2 and Ni(3.8)/C. 

The Ni-S(l) and Ni-Ni(l) coordinations were analysed by isolating the 

first peak in the absolute FT spectra and fitting the resulting EXAFS 

functions, using the Co-S and Ni-Ni EXAFS functions derived from the 

reference compounds, in a two-shell fitting procedure. Since the ex

pected Ni-Mo coordination was strongly overlapped by the first peak 

(Ni-S(l) and Ni-Ni(l) contributions), the Ni-Mo coordination was ana

lyzed by calculating the parameters N, R, L\a2 and L\Eo of the Ni

S(l), Ni-Ni(l) and Ni-Mo shells in such a way as to give the best 

agreement in r-space between the kl-and k3-weighted Fourier trans

farms of the calculated and the experimental EXAFS. The results of 

the data analysis are shown in Figure 7 in which the k3-weighted 
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Comparison of the combined imaginapy and absolute Fou

l'ier> transfoms of the ezpel'imental Ni K-edge EXAFS 

functions (solid linea) and the sum oi the aalaulated 

Ni-8(1)" Ni-Ni(1) and Ni-Mo shells (dot,ted linea). The 

Foul'iel" Tt>ansfoms are k.3-weighted. 'l'he Foul'ier> t:r>ans

fom ranges in k.-spaae al"e: (a) Ni3s2 
(4.1-10.3 J-1); {b) Ni(S.8)/C (4.0-10.0 J-1;; (c) 

Ni(1.1J-Mo(4.3)/C (4.0-10.3 J-1); and (d) Ni~o-S/C 
(4. o-10. 2 x-1 ;. 

Fourier transfarms of the experimental and the calculated EXAFS con
tributions are shown. The structural parameters obtained in the ana
lysis are presented in Table 3. 



Table 3. Structural EXAFS parameters of the Ni-5(1), Ni-Ni(l) and Ni-Mo coordinations~ 

sample Ni-S(l) Ni-Ni(1) Ni-Mo 

N R Lla2 LlEo N R Lla2 Mo N R Lla2 Mo 
(Ä) <Ä2> (eV) (Al (A2l (eV) (Al {IFJ (eV) 

Ni 3s2 4.0 2.28 0.0016 -1.2 4.0 2.50 0.0015 -8.3 
Ni(3.8)/C 4.7 2.24 0.0038 0.1 1.9 2. 54 0.0071 -3.6 
Ni(1.1)-Mo(4.3)/C 5.2 2.18 0.0032 2.4 0.7 2.50 0.0100 -7.7 0.8 2.80 0.004 -15.0 
Ni -Mo-S/C b 5.6 2.19 0.0039 1.7 0.5 2.46 0.0078 -4.8 0.9 2.83 0.005 -15.7 

a Accuracies: N, + 20%; R, ::_ 1%; Lla2, ::_ 20%; .1E0, ::_ 10% 
The coordination numbers have been corrected for the photoelectron mean free path (À ) dependency (49), assuming 
that À =5 A -1 for a Ni at om 

b Specially prepared catalyst containing a maximum amount of the so-ca11ed"Ni-Mo-S"phase 
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The Mo-K edge EXAFS function of the sulfided Ni-Mo-S/C catalyst is 

shown in Figure 8(a), tagether with the EXAFS function of a sulfi

ded Mo(7.0}/C catalyst, taken from ref. (37). 

*10-2 

1 0 ~~....--.---.--.....--.---.--, 
-Nt-Mo-S/C 
....... Mo/C 

Mo-S -N1-Mo-S/C 
·······Mo/C 

a - 1 0 +-...t.-.L...-.1--f---I..-..J'-----.J---j 

0 

Figuroe 8: 
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8 

Mo K-edge EXAI!S chaPacte:ttistics of the Ni-Mo-S/C aata

lyst., aompa:!'ed bJi.th these of a sulfided Mo(?. 0)/C aata

lyst., taken fttom roef. ($?): (a) o:ttiginaZ EXAI!S func

tions; (b) absolute l!oU:ttie:tt tronsfoms of the EXAI!S 

fUMtions (k3 
.# Llk=3. 2-16. 0 J-1). 

The correspondente between the two is clear. The absolute FT spectra 
(k3, Llk=3.2-16.0 Ä-1) are shown in Figure 8(b}. The amplitude of 

the Mo-S coordination in the Ni-Mo-S/C catalyst appears to be con

siderably higher than that of Mo(7 .0)/C. The Mo-S and Mo-Mo coordi

nations were analysed by applying an inverse Fourier transfarm window 
0 

(Llr=l.0-3.2 A} and fitting the resulting EXAFS functions, using the 

Mo-S and Mo-Mo EXAFS funct i ons of the MoS 2 reference compound. 

Since the Ni-Mo-S/C catalyst can be expected to contain also a Mo-Ni 

coordination, an additional Mo-Ni EXAFS function derived from the 

((C6H5)4P)2Ni(MoS4)2 reference compound was taken along 
in this fitting procedure. The parameters N, R, Llu2 and LlEo of 

the Mo-S, Mo-Mo and Mo-Ni shells were optimized in such a way as to 

give the best agreement in r-space between the kl- and k3·weighted 
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Fourier transfarms of the calcul ated and the experimental EXAFS. The 

results of the data analysis are shown in Figure 9 in which the k3-

weighted Fourier transfarms of the experimental and the calcul ated 

EXAFS contributions are shown. 

Figure 9: 

0 1 2 
r [Á] 

3 4 

Comparison of the aombined imaginary and absoZute Fou

rier- tl'ansforms of the e~~:pel'imentaZ Mo K-edge EXAFS 

funations of the Ni--Mo-8/C aataZyst (soZid Une) and· 

the sum of the aaZauZated Mo .... S, Mo-Mo and Mo-Ni sheUs 

( dotted Zine) in 1:'-spaae (k 3, l!.k=4. 3-13. 4 _A-1 J. 

The structural parameters of the Mo-S, Mo-Mo and Mo-Ni shells are 

presented in Table 4, tagether with those of the sulfided Mo(7.0)/C 

catalyst, taken from ref. (37). 

As follows from Table 4, a Mo-Ni contribution could indeed be detec-
o 

ted in Ni-Mo-S/C, with a coordination distance of 2.83 A. This dis-

tanee is equal to the Ni-Mo coordination distance (Table 3), measured 

for the Ni K-edge EXAFS spectrum. 

XANES 

The Ni K-edge absorption spectra all show a very weak pre-edge shoul

der, which is due to a ls--+ 3d transition (46). The intensity of 



Table 4. Structural EXAFS parameters of the Mo-S, Mo-Mo and Mo-Ni coordinations8 in the 
Ni-Mo-S/C catalyst. For comparison, the results.of a sulfided Mo(7.0)/C 
catalyst,, taken from ref. (37), are also included. 

sample Mo-S Mo-Mo 

N R .1a2 .1Eo N R .1a2 .1Eo 
(A) (i\2) (eV) (A) (i\2) (eV) 

Ni-Mo-S/C 6.2 2.41 0.0023 2.7 3.0 3.15 0.0020 2.3 
Mo(7.0)/C 5.2 2.41 0.0019 2.2 2.7 3.15 0.0017 1.3 

8 Accuracies: N, + 20%; R, ~ 1%; .1a2, ~ 20%; .1E0, ~ 10%. 

~lo-N' 

N R 

(A) 

0.3 2.83 
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this transition is related to the local syrrmetry of the absorbing 

atom, whereby a high intensity is indicative of sites lacking a sym

metry centre (tetrahedral or square-pyramidal) and a low intensity is 

indicative of sites containing a centre of inversion (octahedral, 

square-pl anar or trigonal prismatic). In the case of iron (46) and of 

cobalt (20), the ls ~ 3d transition has been observed to be conside

rably more intense in tetrahedral than in octahedral coordination. 

Hence, the intensity of this transition can be used as a measure of 

the coordination of the nickel atoms in the catalyst samples. In 

Fi gure 10 the absorpt i on edge of the Ni 3s 2 mode 1 compound is 

shown. The inset of this Figure shows the 1s ___,.3d transition of the 

Ni 3s2 and NiS compounds as well as the sulfided Ni(3.8)/C and Ni

Mo-S/C catalysts in detail. Since Ni 3s2 only has tetrahedrally 

coordinated nickel atoms and NiS (NiAs-type structure) only octahe

drally coordinated nickel, these compounds can be considered as ideal 

models for the nickel coordination. In Figure 10 it can be seen that 

the ls ~ 3d transition in Ni 3s2 is sl ightly more intense than 

that in NiS, as is to be expected. Remarkably, the catalyst samples 

show an intensity similar to that of NiS. In the case of the sulfided 

Ni(l.l)-Mo(4.3)/C catalyst (not shown in Fig. 10) the 1s ~3d peak 

intensity was exactly equal to that of the sulfided Ni (3.8)/C and Ni

Mo-S/C catalysts. 

Discussion 

Structural Characteristics of the Ni Sulfide Phase. 

On the basis of the XPS results (S/Ni stoichiometries and Ni 2p312 
peak binding energies) as well as the chemical sulfur analyses, it 

appears that the Ni phase in the sulfided Ni/C catalysts is a 

Ni 3s2-like phase. The Ni-S interatomie distance in the sulfided 

Ni(3.8)/C catalyst (2.24 A) determined by EXAFS, is also in line 

with Ni 3s2 (2.28 A) rather than with NiS (2.39 A). These results 

are consistent with the fact that Ni 3s2 is the most stab 1 e com

pound under typical HOS reaction conditions and in the presence of an 
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XANES spectrum of Ni 3s2• The inset 

e~Cpansion of the 1s-ti>Sd transition of the 

NiS model compounds and of the sulfided 

(denoted: Ni/C) and Ni-Mo-8/C cataZysta. 
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inert support like carbon (47). 

As can be judged from the high Ni-to-C XPS intensity ratios of the 

oxidic and sulfided Ni/C catalysts, the Ni phase is inhomogeneously 

dispersed on the carrier surface, with a considerable enrichment 

of Ni at the outer surface of the support grains. This is especially 
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the case at low Ni contents. A similar behaviour has also been repor

ted for Co/C (17) and Fe/C (40) catalysts and was explained as resul

ting from an electrastatic repulsion between the partly protonated 

carbon surface, due to the slightly acidic nature of the Co and Fe 

nitrate solutions, and the positively charged Co and Fe ions, respec

tively. The low chemisorption capacity for the Co and Fe ions will 

consequently lead to a transport of these species from the inner 

pores towards the outer pores of the support grains during the drying 

procedure. Th is phenomenon is most pronounced in the case of a 1 ow 

viscosity of the impregnation solution, i.e. at low metal salt con

centrations (40-42). The same mechanism should be valid for the Ni/C 

catalysts. We investigated this by preparing a Ni/C catalyst by im

pregnation of the carbon carrier with Ni (NH 3 )~+ in ammoniacal 

solution. The Ni-to-C XPS intensity ratio of this catalyst in the 

oxidic state (see Fig. 2) was indeed considerably lower than that of 

the Ni/C catalysts prepared with Ni nitrate sol ut i ons, implying a 

more homogeneaus dispersion. 

The Ni-to-C intensity ratios decreased drastically upon sulfidation 

(see Fig. 2), a phenomenon that was also observed by Vissers et al. 

(17) for Co/C catalysts , and was explained as resulting from sinte

ring during sulfidation. This sintering behaviour reflects the rather 

weak interaction of the carbon surface with the deposited metal parti

cles (17,40,48). The observation that the Ni-to-C intensity ratios of 

the sulfided Ni/C catalysts remain nearly constant from 0.6 wt% Ni up 

to approximately 6 wt% Ni, can be explained by assuming that XPS can 

only detect the outer shell of the catalyst grains and that this 

shell contains already the maximum amount of Ni at a loading of 0.6 

wt% Ni. Additional amounts of Ni wi 11 be deposited in the inner parts 

of the support grains and will, consequently, not alter the Ni-to-C 

XPS intensity ratio. This explanation shows that especially at low 

loadings the Ni species are highly inhomogeneously dispersed. 

The increase in the 0/Ni mol ar rat i os with increasing amount of Ni 

(up to 10.6 wt% Ni) {cf. Fig. 3(b} indicates that at low Ni loadings 

the Ni sulfide particles are less accessible for 02• This might 

suggest some kind of active phase-support interaction or, alterna-
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tively, a covering of the active phase by the carbon substrate. EXAFS 

of the sulfided Ni(3.8)/C catalyst did not show any indications of a 

Ni-C coordination, indicating that no well-defined Ni-C interactive 

phase is present. However, this does not exclude the possibil ity of 

"loose" covering of the Ni particles by the carbon substrate. The 

rel ationship between thiophene HDS activity and oxygen chemisorption 

capacity (Fig. 3(b)) shows that the activity per oxygen detected site 

is much higher for the Ni-Mo sulfide catalysts than for the Ni/C and 

Mo/C catalysts. A simflar behaviour was found for alumina-supported 

Ni, Mo and Ni-Mo sulfide HDS catalysts by Bachelier et al. (15). 

Detailed information on the structure of a Ni/C and a Ni-Mo/C cata

lyst was obtained by EXAFS. For this purpose the EXAFS spectrum of 

the Ni 3s2 compound was also closely investigated, since Ni 3s2 
is probabJy the most stable nickel sulfide compound under our reac

tion conditions (47). Moreover, since the crystallographic structure 

of Ni 3s2 is well known, its structural EXAFS parameters can be 

evaluated in an absolute sense. In this respect, the Ni 3s2 com

pound can be regarded as a "fingerprint" compound to evaluate the 

EXAFS spectra of the catalyst samples. As can be seen in Table 3, the 

coordination numbers of the Ni-S(l) and Ni-Ni(1) shells of Ni 3s2 
both amount to 4.0, which is in perfect agreement with the crystallo

graphic data (Table 2). The EXAFS data analysis (Table 3) reveals 

that the Ni-S(l) coordination distance in the catalyst samples is 

somewhat smaller than that in Ni 3s2, viz. 2.24 Ä for Ni(3.8)/C 
0 

and 2.18 and 2.19 A for Ni( 1.1) -Mo( 4. 3 )IC and Ni -Mo-S/C, respect i-

vely. In view of the high accuracies in determining coordination dis

tances with EXAFS, these differences should be considered as sig

nificant. Furthermore, the Ni-S(l) coordination number increases in 

the order Ni 3S2 < Ni(3.8)/C < Ni(l.l)-Mo(4.3)/C < Ni-Mo-S/C. From 

these results it can be concluded that the nickel atoms in the cata

lysts have a higher sulfur coordination than those in Ni 3s2 and 

that this feature is more pronounced when nickel is present in a Ni

Mo sulfide structure. In the case of the Ni-Mo-S/C catalyst and, to a 

lèsser extent, the Ni(l.l)-Mo{4.3}/C catalyst, the Ni-S(1) coordina-
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tton numbers of 5.6 and 5.2, respectively, point to an octahedral or 

trigonal prismatic sulfur surrounding. These speetral characteristics 

of the sulfur surrounding are completely in line with our EXAFS study 

(21) on cobalt-containing catalysts: Co/C, Co-Mo/C and bulk 

co9s8, indicating a structural resembl ance between nickel and 

co ba 1 t. 

The EXAFS results on the Ni-S coordination are to be compared with 

the ls __,..3d transition present in the XANES spectra. The fact that 

the ls__,..3d peak intenstties of the sulfided Ni(3.8)/C and Ni-Mo-S/C 

catalysts are similar to that of NiS, indicates that a high fraction 

of the nickel sites contains a centre of inversion. Since the Ni

S(l) coordination numbers of the catalysts are clearly above 4, the 

ls __,..3d feature points to an octahedral or trigonal prismatic sulfur 

surrounding of the nickel atoms. In the case of the sulfided Ni(l.l)

Mo(4.3)/C catalyst the same conclusion can be drawn. It should be 

mentioned that the ls__,..3d speetral features of nickel are much less 

pronounced than those of iron (46) and cobalt (20). This is 

illustrated by the fact that the ls~3d peak intensities of the 

Ni(3.8)/C and Ni-Mo-S/C catalysts are similar, whereas their Ni-S(l) 

coordination numbers differ substantially (4.7 and 5.6, respectively). 

Additional information on the sulfur coordination is obtained from 

chemical sulfur analysis; For the sulfided Ni/C catalysts S/Ni rattos 

ranging from 0.62 to 0.79 are found. TheseS/Ni rattos are subject to 

an uncertai nty factor, si nee they are determi ned by subtract i ng the 

amount of sulfur inherently associated with the carbon support, from 

the total amount of sulfur determined. In the case of the Ni(4.1)/C 

catalyst (S/Ni=0.62), the contributton of this support-associated 

sulfur to the total sulfur content is as high as 35%. For the high

loaded Ni(10.6)/C catalyst, however, the S/Ni ratio of 0.79 could be 

determined fairly accurately. The latter ratio of 0.79 is slightly in 

excess compared to Nt 3s2 (0.67), in accordance with the EXAFS and 

XANES findings. In the case of the sulfided Ni-Mo/C catalysts the ex

perimentally determined S/(Ni+Mo) rattos are clearly higher than the 

sum of their individual components: Nt 3s2 and MoS1. 92 • Hence, 
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this finding is completely in line with the Ni K-edge EXAFS and XANES 

results. The Mo K-edge EXAFS spectrum of the Ni-Mo-S/C catalyst re

veals that the sulfur surrounding of the molybdenum atoms is also 

higher than that of an unpromoted sulfided Mo(7 .Oj/C catalyst (37). 

In fact, the Mo-S coordination number in the Ni-Mo-S/C catalyst is 

6.2 (Table 4) which is close to that in bulk Mos2 (6.0). This fin

ding is in agreement with the concept of a fully sulfided "Ni-Mo-S" 

phase. In addition, the increase of the Mo-S coordination number 

in the presence of Ni promoter atoms was a 1 so observed for sulf i ded 

Co-Mo/C and Co-Mo/Al 2o3 catalysts, compared to their unpromoted 

counterparts (37,38, respectively). This increase is probably related 

to the extra sulfur atoms accompanying the Co and Ni promoter atoms. 

The EXAFS results on the number of nearest nickel neighbours surroun

ding the central nickel atom reveals a decrease in the order 

Ni 3s 2 > Ni(3.8)/C > Ni(l.l)-Mo(4.3)/C > Ni-Mo-S/C (Table 3). It 

appears that in the sulfided Ni(3.8)/C catalyst the Ni-Ni(1) coordi

nation number is only half of the value for bulk Ni 3s 2• The se

cond shells of sulfur and nickel neighbours in Ni(3.8)/C appear to be 

present, although· they are very small (see Fig. 7(b)). It is worth 

while to mention that a sulfided Co(4.1)/C catalyst exhibits a second 
0 

Co-Co coordination shell at a distance of 3.5 A (21), much more mar-

kedly than the Ni-Ni(2) shell in Ni(3.8)/C. This result signifies 

that the average partiele size in Ni(3.8)/C is smaller than that in 

Co ( 4.1) /C. In the two promoted cata lysts (Tab 1 e 3) · a weak Ni-Ni ( 1) 

contribution had to be included to obtain an optimal fit of the 

experimental data. The Ni-Ni(1) coordination number in Ni(1.1)

Mo(4.3)/C is slightly larger than that in Ni-Mo-S/C. The Ni-Ni(1) 
0 

coordination distance (2.50 A in bulk Ni 3S2) seems to vary some-
o 

what in the catalyst samples (2.46-2.54 A). It should be mentioned 

that a Ni-Ni first shell coordination distance of 2.50 + 0.04 A is 
0 0 

indicative of Ni 3s 2 and not of NiS (2.68 A) or of NiS2 (4.01 A, 

(50)). This could mean that both promoted catalysts contain a small 

amount of Ni 3s 2, although the presence of a Ni-Ni coordination 

inherently associated with the "Ni-Mo-S" phase cannot be excluded. 
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A weak Ni-Mo contribution is present in the Ni(l.l)-Mo(4.3)/C and the 

Ni-Mo-S/C catalysts with a Ni-Mo coordination distance of 2.80 and 
0 

2.83 A, respectively.This Ni-Mo interatomie distance is in good agree-

ment with our EXAFS study of a fully sulfided Co-Mo-S/C catalyst at 

the Co K-edge (21), in which we reported a Co-Mo distance of 2.85 Ä. 
The calculated Ni-Mo coordination numbers (Table 3) of 0.8 and 0.9, 

respectively, suggest that approximately one nickel atom is in con

tact with one molybdenum atom. Similarly, one Co atom was found to be 

in contact with one Mo atom in the Co-Mo-S/C catalyst (21). The Mo

EXAFS data of the Ni -Mo-S/C catalyst reveal the presence of a Mo-Ni 
0 

coordination with an interatomie distance of 2.83 A.This value is in 

complete agreement with the measured Ni-Mo coordination distance. The 

Mo-Ni coordination number of 0.3 indicates that only a fraction of 

the Mo atoms is in contact with a Ni atom. The Mo-Mo coordination 

number in Ni-Mo-S/Cis 3.0, which is slightly larger than that of the 

Mo(7.0)/C catalyst (2. 7, see Table 4), indicating that the average 

MoS 2 single slab dimeosion in the Ni-Mo-S/C catalyst is somewhat 

larger compared to that in Mo(7.0)/C. 

In our study on the structural characteristics of sulfided Co-Mo/C 

catalysts (21), we observed that different types of Co-Mo sulfide 

species might be present but that it was not allowed to ascribe them 

to "Co-Mo-S" type I and II phases. The question can be put whether 

sulfided Ni-Mo/C catalysts are subject to a so-called "Ni-Mo-S" type 

I - type II phase transformation. By camparing the properties of the 

Ni-Mo-S/C catalyst, which is expected to consist of Ni exclusively in 

the farm of a fully sulfided "Ni-Mo-S" phase, and those of conventio

nally prepared Ni-Mo/C catalysts, this question might be answered. 

A characteristic feature of the type II "Co-Mo-S" phase is a much 

higher thiophene HOS activity per mol Co present as "Co-Mo-S", com

pared to that of a type I "Co-Mo-S" phase. The same should apply to 

"Ni-Mo-S" type I and II phases. If it is assumed that in the 

Ni-Mo-S/C (Ni/Mo=0.32 at/at) catalyst as well as in the Ni{l.l)

Mo(4.3}/C (Ni/Mo=0.42 at/at) catalyst, the Ni atoms are only present 

in a "Ni-Mo-S" phase (thus, neglecting the presence of Ni sulfide spe-
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cies in the form of Ni 3s 2, or in the form of Ni sulfide species 

like that in sulfided Ni(3.8)/C), the thiophene HDS activity per mol 

Ni in "Ni-Mo-S" can be calculated. For the Ni-Mo-S/C catalyst the spe

cific HDS. activity is 79*10-3 (mol.mol-1.s-1), and for Ni(1.1)

Mo(4.3)/C its value is 62*10-3 (mol.mol-1.s-1). This result 

shows an increase in the specific HDS activity of 27% which, however, 

is smaller than observed for Co-Mo/Al 2o3 catalysts (22,23) where 

the so-called "Co-Mo-S" type II phase exhibited a twice as high spe

cific activity as the conventionally prepared systems. Comparing the 

Ni K-edge EXAFS results of the Ni(1.1)-Mo(4.3)/C and Ni-Mo-S/C cata

lysts (Table 3), no large differences appear to be present. The only 

differences are related to the Ni-S(1) and Ni-Ni(1) coordination num

bers. The Ni-Mo-S/C catalyst has a slightly higher Ni-S coordination 

number, which can, analogous to the Co-Mo/C catalysts (21), be the 

cause of its slightly higher specific activity per mol Ni. The smal

ler Ni-Ni(1) coordination number in Ni-Mo-S/C compared to Ni(1.1)

Mo(4.3)/C might indicate a higher dispersion of the nickel atoms in 

the former catalyst. It is obvious, however, that our results do not 

allow to make a distinction between a "Ni-Mo-S" type I and a type II 

phase. 

The results of the Ni K-edge EXAFS and XANES spectra identify the Ni 

sites in the sulfided Ni-Mo/C catalysts as having an octahedral or 

trigonal prismatic symmetry, simil ar as was found for sulfided Co

Mo/C catalysts (21). Moreover, since the Ni-S and Ni-Mo interatomie 

distances (2.19 Ä and 2.83 A, respectively) are close to those of the 
0 0 

corresponding Co-Mo sulfide system (2.21 A and 2.85 A, respectively, 

21)), it follows that the local structure of the Co and Ni promoter 

atoms is very much the same. 

Catalytic properties of the Ni sulfide phase. 

The specific activity of optimally dispersed Ni sulfide can be esti

mated from the present results. The specific activity per mol active 

site can be found by measuring the differential in the 

kHDs-versus-(amount-of-metal) curve, because in this way the in-
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crease in HDS activity caused by an infinitesimally sma11 amount of 

metal is calcul ated. Si nee the dispersion is optimal at very low me

tal contents, the specific activity of optimally dispersed metal (sul

fide) is likely to be found by taking the differential quotient at 0 

wt% metal. For this purpose, the data points of the thiophene HDS 

reaction rate constants as a function of the weight percentages of Ni 

(Ni/C and Ni-Mo/C with 4.8 wt% Mo) and of Mo (Mo/C) have been curve

fitted using a second-order polynomial, and the derivative was deter

mined at 0 wt% metal. The specific activities per Ni active site ob

tained in this procedure amounted to 9.4*10-3 (mol.mol-1.çl) 

for Ni/C and 60*10-3 (mol.mol-l.s-1) for Ni-Mo/C, while the spe

cific activity per Mo active site in Mo/C was 4.5*10-3 

(mol .mol-l.s-1). The relative accuracy of these values is about 

10%. 

Whereas the specific activity per Co site compared well with that in 

Co-Mo/C (17), it is clear that the specific activity per Ni site in 

Ni/C is much lower than that of Ni in Ni-Mo/C. In contrast to Co, it 

thus seems as if the increased activity of the promoted Ni-Mo/C 

catalysts cannot be ascribed to the Ni atoms only. 

Three explanations can be given for this fact: 

The Ni atoms in the Ni-Mo/C catalysts are not the active sites; 

ii The calculated specific activity of Ni in the Ni/C catalysts is 

too low; 

iii A difference exists between the local structure of the Ni atoms 

in Ni/C and Ni-Mo/C, resulting in a different specific thiophene 

HDS activity. 

With regard to the first possibility, it should be noted that the ob

served kHvD/kHDS ratios of the Ni-Mo/C catalysts are more in 1 ine 

with those of the Ni/C catalysts than those of the Mo(4.8)/C cata

lyst. Similarly, in the case of Co-Mo/C catalysts it was found that 

the kHvolkHDS rat i os we re very c 1 ose to those of the Co/C cata

lysts while differing substantially from the Mo/C catalysts (17). 

Furthermore, it was observed that the dec 1 i ne in th iophene HDS ac

tivity of the Ni-Mo/C catalysts during a 2 h run time became smaller 
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with increasing Ni/Mo ratios, resembling the situation for the Ni/C 

catalysts. These activity characteristics are not in favour of expla

nation (i). 

With regard to the second possibility it must be stated that the Ni 

sulfide particles in Ni!C are inhomogeneously dispersed, especially 

at low Ni contents, as a result of which the thiophene HDS activity 

may behave different. Since the data points at low Ni contents are 

crucial in determining accurately the differential quotient at 0 wt% 

Ni, the calculated specific activity might indeed be incorrect. Two 

observations, however, cast doubt on the validity of this explana

tion. Firstly, the thiophene HDS activity of a more homogeneously dis

persed Ni/C catalyst (prepared by impregnat ion of Ni (NH3 )~+ 
in ammoniacal solution) is exactly equal to that of a convential Ni/C 

catalyst, indicating that an inhamogeneaus dispersion is not necessa

rily unfavourable for the thiophene HDS activity. This conclusion is 

furthermore corroborated by thiophene HDS activities of graphite

supported Ni sulfide catalysts, consisting of essentially homoge

neously dispersed Ni particles (51): nearly identical specific HDS 

activities (per mol Ni) were found, compared to the activited 

carbon-supported Ni catalysts used in the present study. Secondly,the 

Co/C catalysts are also inhomogeneously dispersed (17). Moreover, 

EXAFS revealed that the active phase dispersion in a sulfided 

Ni(3.8)/C catalyst is probably higher than that in a sulfided 

Co(4.1)/C catalyst. 

Concerning the third possibility, EXAFS showed that the Ni-S interato-
• mie distance in Ni(3.8)/C (2.24 A) is slightly, but significantly lon-

ger than that in the Ni (l.l)-Mo(4.3}/C and Ni-Mo-S/C catalysts (2.18 

and 2.19 A, respectively). This phenomenon was not encountered 

in the Co/C and Co-Mo/C catalysts (21}. Hence, although the local sul

fur surrounding in Ni(3.8)/C was corresponding to that in the sulfi

ded Ni-Mo catalysts (higher than expected for a Ni 3s2 stoichio

metry), the difference in the Ni-S distance points to a difference in 

the local Ni sulfide structure. The next question is whether the 

langer Ni-S di stance in Ni (3.8}/C can be held responsible for the 
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much lower thiophene HDS activity compared to the Ni-Mo/C catalysts. 

In our EXAFS study of sulfided Co/C and Co-Mo/C catalysts (21) we 

suggested that the high activity of the 6-fold coordinated Co atoms 

present might be related totheir relatively short Co-S distance 

{essentially shorter than in a normal 6-fold coordinated symmetry) 

and thus to the fact that the Co sulfide ph a se is in a thermodyna

mically metastable state. As recently outlined by Müller et al. 

{52), such a state might be expected to be highly active. Since the 

sulfided Co(4.1)/C catalyst had the same Co-S distance as a Co-Mo 

sulfide catalyst, this explanation would account for the finding that 

the specific thiophene HDS activity of cabalt in sulfided Co/C 

catalysts is close to that in sulfided Co-Mo/C catalysts. In view of 

the fact that the Ni(l.l)-Mo{4.3)/C and Ni-Mo-S/C catalysts appear to 

have an octahedral or trigonal prismatic sulfur coordination with a 

Ni-S distance considerably shorter than that in bulk octahedral 

nickel sulfide (in NiS the Ni-S distance is 2.39 Ä), a similar 

mechanism as discussed above might also be valid in the Ni-Mo sulfide 

catalysts. In this respect, the langer Ni-S distance in the sulfided 

Ni{3.8)/C catalyst would suggest a thermodynamically more stable 

phase than present in the Ni -Mo sulfide systems, which phase will, 

consequently, be less active. Hence, this theory is able to explain 

why sulfided Ni/C catalysts are less active than sulfided Ni-Mo!C 

catalysts, and is therefore in line with explanation (iii). 

It might be clear from the above that the question whether the Ni 

atoms in the sulfided Ni-Mo/C catalysts are the actual active sites, 

cannot be answered unambiguously. The difficulty is that · the local 

structure of the Ni atoms is probably strongly influenced by inter

actions with either the MoS 2 crystallites or the carbon carrier sur

face. 

Conclusions 

Oetailed information on the structure of the nickel sulfide phase in 

carbon-supported Ni and Ni-Mo sulfide catalysts is obtained by using 
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various techniques: X-ray absorption spectroscopy, XPS, dynamic oxy

gen chemisorption and chemical sulfur analysis. 

For the sul fi ded Ni -Mo/C cata lysts, i t is found that the Ni atoms 
have a 6-fold (octahedral or trigonal prismatic) sulfur coordina

tion. The measured Ni-S interatomie distance is 2.19 A, which is a 

significantly shorter distance compared to that in bulk 6-fold coor

dinated Ni sulfide. Approximately one Ni atom is in contact with one 
0 

Mo atom at a distance of about 2.82 A. Furthermore, a small Ni-Ni 
0 

coordination with an interatomie distance of about 2.48 A is present 

in the sulfided Ni-Mo/C catalysts. These results indicate that the 

structure of the Ni atoms in sulfided Ni-Mo/C is in close agreement 

with that of the Co atoms in sulfided Co-Mo/C. 

For the sulfided Ni/C catalysts, it is found that the Ni sulfide 

phase, especially at low Ni contents, is highly inhomogeneously dis

persed over the carbon carrier surface. However, it is concluded that 

an inhamogeneaus dispersion is not necessarily unfavourable for thio

phene HDS activity. The various techniques identify the Ni sulfide 

phase in Ni/C as having a Ni 3s2 structure with a higher sulfur 

coordination than expected for a Ni 3s2 stoichiometry, Th is result 

is in accordancé with that of sulfided Co/C catalysts. The 

interatomie Ni-S distance of the Ni sulfide species in Ni/C is 

slightly but significantly langer than that in sulfided Ni-Mo/C 

catalysts. 

The specific thiophene HDS activity of optimally dispersed Ni in sul

fided Ni/C catalysts is found to be much smaller than that of Ni in 

promoted Ni-Mo/C catalysts. Thus, in contrast to cobalt, it seems as 

if the increased activity of Ni-Mo/C compared to Ni/C cannot be as

cribed to the Ni atoms only. On the other hand, since the local struc

ture, and hence the HDS activity, of the Ni atoms is influenced in a 

different way by either the MoS 2 crystall ites (Ni -Mo/C) or the car

bon carrier surface (Ni/C), the question whether the Ni atoms in the 

sulfided Ni-Mo/C catalysts are the actual active sites, cannot be an
swered unambiguously. 
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Chapter 5 

Structural Differences between A lumina- Supported 
Co-Mo-S Type I and Alumina-, Silica- and 

Carbon-Supported Co-Mo-S Type 11 
Hydrodesulfurization Catalysts as Probed by 

EXAFS and XPS 

Abstract 

The structural characteristics of a specially prepared "Co-Mo-S" type 

I I ph a se supported on y -A 1203 were compared with those of a con

ventionally prepared alumina-supported "Co-Mo-S" type I catalyst, by 

means of X-ray absorpt ion spectroscopy and X-ray photoel ectron spec

troscopy. Furthermore, a comparison was made between an alumina-, si

lica- and carbon-supported "Co-Mo-S" type II phase. The properties of 

these catalysts tor their thiophene hydrodesulfurization (HDS) were 

evaluated. It was found that an alumina-supported "Co-Mo-S" type II 

ph a se is present as a multil ayer MoS 2 structure, whereas the 

"Co-Mo-S" type I phase is present as a monolayer (one slab thick) 

MoS2 structure. The "Co-Mo-S" type II particles showed a higher 

number of neighbouring sulfur atoms of Mo as well as of Co, a slight

ly larger Mos 2 slab dimension and a better structural ordering com

pared to "Co-Mo-S" type I particles. The carbon-supported "Co-Mo-S" 

type II phase, which had the highest specific HDS activity (per mol 

Co), appeared to be present as a mono 1 ayer Mos 2 structure. The 1 at

ter phase was clearly different trom the al umina-supported "Co-Mo-S" 

type II phase, since the number of sulfur neighbouring atoms of Co as 

well as the degree of structural di sarder of the sulfur atoms sur

rounding Co, were higher. For all catalysts studied, a linear eerre

lation was found between the specific thiophene HDS activity (per mol 

Co) and the number of neighbouring sulfur atoms of Co, existing in 

the freshly sulfided catalysts. 
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Introduetion 

During the past two decades extensive research efforts have been put 

in understanding the nature of the active sites present in hydrotrea

ting catalysts. These catalysts typically consist of molybdenum or 

tungsten sulfide promoted by cobalt or nickel. Several theories have 

been put forward in the 1 iterature to account for the catalytic syn

ergy between Co(Ni) and Mo(W) sulfide (1-6). At present the "Co-Mo-S" 

model~ developed in detail by Tops~e and coworkers (6-8), is strong

ly favoured since a correlation could be established between the hy

drodesulfurization (HDS) activity and the amount of a specific 

"Co-Mo-S" phase, containing Co atoms at the edges of Mos2-1ike 

structures. On the other hand, the local structure of the Co atoms as 

well as the reason for the high specific activity of the "Co-Mo-S" 

phase is unknown. In this respect, it has been observed that a diffe

rent type of "Co-Mo-S" structure is formed on an alumina support upon 

increasing the sulfiding temperature (9). The Co edge atoms in this 

high temperature form, denoted as type II "Co-Mo-S", appear to have a 

higher intrinsic activity for thiophene HDS than those in the low tem

perature form, denoted as type I "Co-Mo-S". It was suggested that in 

type I catalysts the "Co-Mo-S" crystal s are bonded to the al urn i na 

support while in the type II systems the interaction with the support 

is much weaker. Recently, it was observed that the specific thiophene 

HDS activity (per mol Co) of a sulfided Co-Mo/A1 2o3 catalyst in

creased significantly when the oxidic precursor catalyst was calcined 

at a high temperature (1175 K instead of 895 or 995 K) (10). This in

crease in activity was related to a decreased interaction of the oxi

dic as well as the sulfidic particles with the support surface. 

Hence, it was suggested that the Co-Mo sulfide species obtained after 

high temperature of calcination but sulfided under normal conditions, 

is identical to the "Co-Mo-S" type II species obtained after high 

temperature sulfiding (10). 
Despite these interesting characteristics, 1 ittle is known about the 

morphology or the specHic structure of the "Co-Mo-S" type II parti

cl es. For thi s reason, and a 1 so because of i ts promis ing cata lyt i c 
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activity, it was decided to study more closely the phenomenon of this 

"Co-Mo-S" type II phase. 

With respect to carbon-supported Co-Mo sulfide catalysts, Tops0e et 

al. (8) observed that the "Co-Mo-S" structures are only weakly bound 

to the (inert) carbon surface and, hence, they conc 1 uded that the 

type II "Co-Mo-S" is the one which resembles the carbon-supported 

"Co-Mo-S" structures most. Recently, it was shown that the specific 

activity for thiophene HDS of "Co-Mo-S" type II is significantly 

higher when the system is supported on carbon than when it is sup

ported on alumina or silica (11). This indicates that carbon-suppor

ted Co-Mo sulfide catalysts have special properties. 

The a im of the present study is twofo 1 d. First we want to campare 

the properties of alumina-supported "Co-Mo-S" type I and type II pha

ses. Secondly, we want to focus on the d ifference between an a 1 u

mina-, silica- and carbon-supported "Co-Mo-S" type II phase. Structu

ral information of the active sulfide phases was obtained by EXAFS 

(Extended X-ray Absorption Fine Structure) at the Co and Mo K-edges, 

and by XPS ( X-ray Photoe 1 ectron Spectroscopy). Furthermore, a com

parison was made between the structural characteristics and the thio

phene HDS activity. 

Experimental 

Catalyst Preparatien 

The alumina-supported "co-Mo-Su type I precursor catalyst was prepared 

by impregnation of the alumina support with an ammoniacal salution of 

cabalt nitrate and ammonium heptamolybdate, in a procedure similar as 

described in (5). Mössbauer spectroscopy of this catalyst in the 

sulfided state revealed that only a "Co-Mo-S" phase is present and 

that no Co is located in the alumina support. This catalyst, contai

ning 2.8 wt% Co and 8.1 wt% Mo (Co/Mo=0.56 at/at) in the calcined 

state, will be denoted as CoMoS(I)/Al. The alumina-, silica- and car

bon (Norit RX3 Extra, activated carbon)-supported "Co-Mo-S" type II 
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precursor catalysts were prepared via pore volume impregnation, using 

aqueous solutions containing the required amounts of 1.5 wt% Co and 

7.7 wt% Mo so that Co/Mo=0.32 at/at (in the silica-supported cata

lyst: 1.9 wt% Co and 10.5 wt% Mo, Co/Mo=0.30 at/at), and nitrilotri

acetic acid (NTA) (NTA/Mo=l.2 mol/mol) (11). The role of NTA is to 

complex with both Co and Mo, so that the precursor/support interac

tion is simil ar for the three supports used here. In this way, it is 
likely that the sulfiding behaviour of the catalysts is determined by 

the CoMo-NTA complex, rather than by a CoMa-support interaction. 

Hence, it can be expected that in a 11 three cata 1 yst systems (a 1 u

min a-, sil ica and carbon-supported) the same phase ("Co-Mo-S'' type 
I I) wi 11 be formed. Mössbauer spectroscopy showed that th is prepa

ration method results in a promoted catalyst in which, after sulfi

dation, Co is exclusively present in the form of "Co-Mo-S" (11). In 

the following, these catalysts will be denoted as CoMoS(II)/Al(0.32), 
CoMoS(II)/Si, and CoMoS(II)/C, respectively. A second alumina-suppor

ted catalyst was prepared in a similar fashion (using also NTA as com

plexing agent), containing 1.8 wt% Co and 7.7 wt% Mo, Co/Mo=0.39 

at/at. This catalyst wi11 be denoted as CoMoS(II)/Al(0.39). Möss

bauer spectroscopy revea 1 ed that, despite the higher Co/Mo atomie 

ratio, this catalyst after sulfidation also consisted of Co exclusi

vely in the form of "Co-Mo-S", as is shown in Figure 1. No signifi

cant differences in the structural Mössbauer paramete.rs were found 

between CoMoS(II)/Al(0.39) and CoMoS(II)/Al(0.32) (12). For compa

rison purposes, a Co-free Mo/Al 2o3 catalyst was prepared (8.1 wt% 

Mo) via pore volume impregnation of an alumina support with an 

aqueous sol ut ion of ammonium heptamolybdate, followed by drying in 
air at 383 K (16 h) and calcining in air at 823 K (2 h). The 1 atter 

catalyst will be denoted as Mo/Al. 

Catalytic activity measurements 

Catalytic activity for thiophene HDS was tested in micro flow reactor 

operating at 673 K and atmospheric pressure. Catalyst samples (0.2 
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CoMoS{II)/ AI(0.32) 

Co MoS(II)/AI(0.39} 

-2 0 

OOPPLER VELOCJ Tl !MM. s- 11 

In-situ Mössbauer Emission spectra of sutfided 

CoMoS(II)/At(O. 32) and CoMoS(II)/AUO. 39) according to 

ref. ( 12). 

g) were sulfided in situ in a mixture of H2StH2 (10 mol% H2s, 
flow rate 50 cm3.min-1). The following temperature program was 

applied: startingat 293 K, the temperature was increased linearly at 

a rate of 2 K.min-1 ("Co-Mo-S" type II catalysts) or 5 K.min-1 

(CoMoS(I)/Al, Mo/Al) until 673 K, followed by extended sulfidation at 

673 K for 1 h (Co-Mo-S type II catalysts) or 2 h (CoMoS(I)/Al, 

Mo/Al). After sulfidation, the reaction mixture consisting of 6.2 

mol% thiophene in hydragen was introduced at a flow rate of 50 

cm3 .min-1. The reaction products were analyzed by on-1 ine chroma

tography. The concentrat i ons measured after a 2 h run were used to 

calculate the first order rate constant for HDS. 
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EXAFS 

The spectra were recorded at EXAFS station 9.2 at the Synchrotron 

Radiation Souree (SRS) in Daresbury (United Kingdom). The oxidic sam

ples were pressed into self-supporting wafers which were mounted in a 

transmission EXAFS in situ cell. The sulfidation was carried out in a 
10% H2s in H2 flow at a flow rate of 50 cm3 .min-1 under atmos

pheric pressure. The temperature program (final temperature: 673 K) 

for the various catalysts was the same as used in the thiophene HDS 

activity measurements. After sulfiding, the samples were purged in pu

rified He for 15 min at 673 K and subsequently cooled to room tempe

rature under flowing helium. The X-ray absorption spectra of the Co 

and Mo K-edges were recorded in a static helium atmosphere with the 

sample at 1 iquid nitrogen temperature. For more detailed information 
on the experimental EXAFS conditions, it is referred to (13). In the 

case of the Mo K-edge EXAFS measurements of the CoMoS(II}/Si and 

CoMoS(II)/C catalysts, the final temperature of sulfiding were 643 K 

and 623 K, respectively. In addition, for the CoMoS{II)/C catalyst 

(Mo K-edge EXAFS), the sample was caoled in a flow of the sulfiding 

gas mixture down to 373 K, and consequently cooled further under 

flowing helium to room temperature. Furthermore, the Mo K-edge ab

sorption spectrum of the CoMoS(II)/C sample was recorded at room tem

perature. 

The procedure to obtain the EXAFS functions from the ·x-ray absorption 
spectra is described in (13). Phase shifts and backscattering ampl i

tudes from reference compounds were used to calculate the EXAFS con

tributions. For the Co-S EXAFS signals CoS2 was used, for the Co-Co 

contributtons the Ni-Ni coordination in NiO was chosen, and for the 
Mo-S and Mo-Mo EXAFS functions, the Mo-S and Mo-Mo first shell coor

dinations of MoS2 as ,reference compound were employed. Finally, for 

the Co-Mo and Mo-Co contributtons in the promoted catalysts we took 

((C6H5)4P)2Ni(MoS4)2 as reference compound. The use of a 
Ni absorber and backscatterer instead of Co is justified since Teo 

and Lee (14) showed that the phases and backscattering amplitudes of 
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Co and Ni differ hardly. The compounds NiO and Mos2 were obtained 
commercially (Merck p.a. and Janssen Pharmaceutica, min. 99%, 
respectively) whereas Cos2 was laboratory prepared according to 
Morris et al. (15). The ((C6H5)4)P)2Ni(MoS4)2 compound 
was prepared by Dr. F.-W. Baumann {University of Bielefeld, FRG). The 
Co ar Ni K-edge EXAFS spectra of the Cos2• NiO and 
((C6H5)4P) 2Ni(MoS4)2 reference compounds are described in 
detail in (13), while the Mo K-edge EXAFS characteristics of the 
Mos2 compound are reported in {16). The Ma K-edge EXAFS characte
ristics of the {{C6H5)4P) 2Ni(MoS4)2 reference compound 
are shown in Figure 2. 

*10-2 

8 a MD-S b 

i::-
.!::. 

0 U) 
..0 
-q; 

MD-Ni 

-8 0 
0 8. 16 0 2 4. 6 8 

k [A-1] r [A] 

Figu!'e 2: Mo K-edge EXAFS funation and absolute FOU!'ie!' 

tr-ansfom (k3_, L1k=3. 6-14. 2 ,4-1) of the 

((C~5J~)~i(MOS4J 2 r-efer-enae aompound. 

In this compound each Ma atom is coordinated to four sulfur atoms (at 
distances of 2.148 Ä, 2.153 A, 2.222 Ä and 2.232 Ä. respectively) and 
to one nickel atom at a distance of 2.798 Ä (17). To obtain the Mo-Ni 
phase shift and backscattering amplitudes, the Mo K-edge EXAFS 
spectrum of {{C6H5)4P) 2Ni{MoS4)2 was Fourier transformed 
so that the Mo-Ni coordination could be filtered out. Since the Mo-Ni 
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peak was sl ightly overlapped by the nearby Mo-S contribut ion, no 

direct inverse Fourier transformation of the Mo~Ni peak could be 

app lied. Therefore, the Mo-S contribut i on of the exper imenta l data 

was first calculated, using the Mo~S EXAFS functions of the Mos2 
reference compound, in such a way as to give the best agreement in r

space between the experimenta l and the ca 1 cul ated Mo-S coord i nat i on. 

Next, this calculated Mo-S EXAFS was subtracted from the experimental 

data and the difference spectrum was Fourier transformed (k3, 

Llk=3.80-13.88 Ä-1) resulting in one single peak which after in~ 
verse transformation (Llr=l.86-2.88 A) yielded the Mo-Ni phase shift 

and backscattering amplitudes. 

XPS 

XPS spectra of the sulfided catalysts were recorded on an AEI ES 200 

spectrometer equipped with a Al anode (1486.6 eV) and a spherical ana

lyzer eperating at a pass energy of 60 eV. In order to avoid contact 

of the sulfided catalysts with air, a special sulfiding reactor was 

used (18) which allowed transfer of the samples to a N2 flushed 

gl ove box attached to the XPS apparatus without exposure to air. Af

ter sulfiding, under the same conditions as described in the sectien 

"Catalytic activity measurements", the catalyst samples were flushed 

with purified He for 30 min at 673 K and subsequently cooled to room 

temper at ure. The samp 1 es were mounted on the specimen ho 1 der by means 

of double sided adhesive tape. Spectra were recorded at 293 K in 

steps of 0.1 eV, the pressure was lower than 1.3*10-6 Pa. 

The C ls peak (284.6 eV) was used as an internal standard for binding 

energy cal ibration. Curves were integrated using a 1 inear baseline. 

The Mo 3d~to-Al 2s {or C 1s, for the CoMoS(Il)/C catalyst) photoelec

tron intensity ratios were used to measure the degree of dispersion 

of the molybdenum sulfide phase on the alumina or carbon support. 

Theoretical intensity ratios were calculated according to the quanti

tative XPS model described by Kuipers {19). More detailed information 

on the quantitative XPS analysis, is given in ref. (13). 
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Results 

Catalytic Properties 

The thiophene HDS reaction rate constants, kHDS• per mol Co pre
sent, of the promoted catalysts are shown in Figure 3 • 

0.01 

Figure 3: 

CoMoS(Il/ Al CoMoSllfl/ Al CoMoSlltl/ Al CoMoSlJI)ISI ColvloSdll!C 
(0.32) (0.39) 

'l!hiophene HDS reezetion rate aonstants, 

Co present, of the suZfided 

CoMoS(II}/AZ(0.32), CoMOS(II)/AZ(0.39), 

and CoMoS(II)/C aataZysts. 

kHDS, per mot 

CoMOS(IJ/Al, 

CoMOS(II)/Si 

Since in all catalysts Co is present in a "Co-Mo-S" phase, the values 

of Figure 3 can be considered as the specific activities per mol Co 

in "Co-Mo-S". It follows that the specific activity per mol Co in the 
CoMoS(Il)/Al{0.32) catalyst is twice as high as that in the conven
tially prepared CoMoS(I)/Al catalyst, which is in accordance with the 
activfties of al umina-supported "Co-Mo-S" type I and I I reported by 



- 127 -

Candia et al. (9). On the other hand, it appears that in the 

CoMoS(II)/Al(0.39) catalyst the specific activity of Co is sig

nificant l y 1 ower than that of Co in CoMoS( II )/Al( 0. 32). Th is re sult 

shows that even when Co is exclusively present in a "Co-Mo-S" phase, 

the specific activity per mol Co decreases with increasing Co/Mo 

atomie ratios. The specific activity of Co in the CoMoS(II)/Si ca

ta lyst is al so significant l y l ower than that in CoMoS( I I) I A 1 ( 0. 32), 

which is nat consistent with the work of van Veen et al. (11). They 

showed that alumina- and silica-supported catalysts containing a "Co

Mo-S" type II phase had essentially similar thiophene HDS activities 

per mol Co present as "Co-Mo-S". The present result therefore should 

be exp l ained by the fact that the Co MoS( II) IS i cata lyst used here was 

stared for a longer time than the other catalyst samples, as a result 

of which .the CoMo-NTA complex in CoMoS/Si is partly eliminated. This 

assumption was verified by additional thiophene HDS measurements on 

corresponding samples. The specific activity of Co in the CoMoS(II}/C 

catalyst is significantly higher compared to that of the 

CoMoS(Il)/Al(0.32) catalyst (Figure 3), in accordance with the work 

of van Veen et al. (11). As regards the Mo/Al catalyst, kHDS is 

0.6*10-3. (m3.kg-l,ç1) which is much lower than the value of 

6.9*10-3 (m3.kg-1.s-1) for the CoMoS(I)/Al catalyst. 

Co K-edge EXAFS 

In Figure 4 the raw Co K-edge EXAFS functions of the sulfided 

catalysts are shown. Figure 5 shows the Fourier transformed (FT) 

spectra (imaginary and absolute part) of the CoMoS(I)/Al, 

CoMoS(II)/Al(0.32) and the CoMoS(II)/Al(0.39) catalysts. In these 

spectra two peaks are present, which can be attributed to Co-S and Co

Mo coordinations (13). It is clear that the Co-S peak amplitude in 

the CoMoS(II)/Al(0.32) catalyst is significant1y higher than that in 

CoMoS( I )Al. Th is indicates either that the number of sulfur neigh

bouri ng atoms is 1 arger for the type II than the type I phase ( when 

supported on alumina), or that the sulfur atoms in the type II phase 

have a smaller degree of disorder than those in the type I phase. As 

regards the Co-Mo peak, th is coord i nat ion seems to be much more pro-
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nounced in CoMoS(II)/Al(0.32) than in CoMoS(I)/Al. As regards the 

CoMoS(II)/Al(0.39) catalyst, the Co-S and Co-Mo peak amplitudes are 

intermediate between those of CoMoS(I)/Al and CoMoS(I1)/Al(0.32). 

Figure 6 shows the FT spectra of CoMoS(II)/Al(0.32), CoMoS(II)ISi and 

CoMoS(II)/C. The Co-S peak amplitude for the CoMoS(II)IAl{0.32) cata

lyst is slightly higher than that of CoMoS(II)/Si while it is signi

ficantly higher compared to that in CoMoS(II)IC. Moreover, the Co-S 

peak shape in CoMoS(II)/Al(0.32) and CoMoS(II)ISi is much sharper com

pared to that in CoMoS (I I) IC. The Co-Mo peak amp 1 itude in CoMoS (I I) IC 
is much smaller than that in the other two samples. 

The Co-S and Co-Mo coordinations were analysed by applying an inverse 

Fourier transfarm window ( Llr=0.6-3.2 A) and fitting the resulting 

EXAFS functions, using the Co-S and Ni-Mo reference EXAFS functions. 

Since the catalyst spectra might also contain a Co-Co coordination, 

an additional Ni-Ni EXAFS function derived from the NiO reference 

compound was taken along in the fitting procedure. For a detailed des

cription of the data analysis procedure, we refer to (20,21). The pa

rameters N, R, Lla2 and LlEo of the Co-S, Co-Mo and Co-Co shell s 

were further optimized in such a way as to give the best agreement in 

r-space between the kl- and k3-weighted Fourier transfarms of the 

calculated and the experimental EXAFS. In Figure 7 the k3-weighted 

Fourier transfarms of the experimental and the calculated best-fit 

EXAFS contributions are shown. The structural parameters obtained in 

this way are presented in Table 1. As follows from this Table, in the 

CoMoS(II)/C catalyst a small Co-Co coordination (at R=2.55 A) was 

needed to optimize the fit. In the alumina- and silica-supported 

catalysts, however, such a contribution could not be discerned. The 

fit of the CoMoS(I)/Al catalyst in the region of the Co-Mo coordina

tion is not optimal as can be seen in Figure 7. However, a two-shell 

fit using a Co-S and a Co-Mo contribution gave better results than a 

fit in which only a Co-S contribution was included. As regards the 

fit of the Co-Mo coordination in CoMoS(II)/C (Figure 7), it is appa

rent that also this fit is less good as that in the alumina-and sili-
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Table 1. Structural parameters of the Co-S, Co-Mo and Co-Co coordinations~ 

sample Co-S Co-Mo Co.-Co 

N R .1a2 .ilEo N R .1a2 Mo N R .ila2 .1Eo 

(Äl (Ä2) (eV) (Ä) (Ä2) (eV) (Äl (À2) (eV) 

Co~loS (I) I Al 4.8 2.20 0.0019 6.9 0.9 2.75 0.0057 6.5 

CoMoS(II)/Al(0.32) 5 0 2 2.22 -0.0007 5.2 1.4 2.85 0.0043 -8.7 

CoMoS( !I )/Al (0.39) 4.9 2.22 0.0007 3.4 1.1 2.84 0.0045 -6.1 

CoMoS(II)/Si 5.0 2.21 -0.0007 5.1 1.5 2.86 0.0053 - 9.8 
Col•loS( I I )IC 6.7 2.21 0.0045 3.5 0.8 2.85 0.0050 -16.6 0.6 2.55 0.076 -10.8 

aAccuraci'"s: N, .:_ 20%; R, .:_ 1%;.1a2,.!. 20%; .1E 0 ,.!. 10%. 
The coordination numbers have been corrected for the photoelectron mean free path (À) dependency (22). assuming that 

À= 5 Á- 1 for a Co atom. 
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AbsoZute and imaginary Fourier tr.>ansfoms of the ezpe

rimentaZ Co K-edge EXAFS funations (soUd Unes) and 

the sum of the aatautated Co-s~ Co-Mo and Co-co 

sheUs (dotted Unes). The Fourier transfarms are k3-

weighted. The Fourier transfom ranges are shotJJn 

in braakets: CoMoS(I)/AZ (J.B-10.3 J-1)~ CoMoS(IIJ/AUO.J2) 

(J.B-10.1 J-1),, CoMoS(II)/AU0.39) (J.B-10.2 Ä-1
J, 

CoMoS(II)/Si (3.8-10.1 J-1) and CoMoS(II)/C (3.9-10.5 Ä-1). 

ca-supported «co-Mo-S" type II counterparts. 

Co K-edge XANES 

In two recent papers (13,23), we reported about a Co ls-.3d transi

tion which is present as a weak pre-edge absorption peak. This tran

sition could provide information about the local Co site symmetry, as 

was demonstrated previously (24). A high intensity of the ls~d tran

sition peak is indicative of sites 1 acking a symmetry centre (te

trahedral or square-pyramidal) whereas a low intensity points to 

sites containing a centre of inversion or symmetry plane (octahedral, 

square-planar or trigonal prismatic). In Figure 8 the ls~d transi

tions of the CoMoS(I)/Al, CoMoS(II)/Al(0.32) and CoMoS(II)/C cata

lysts are shown. It can be seen that the three catalysts have almast 

identical peak intensities. Since the CoMoS(II)/C catalyst was 

observed to have a comparable ls-;.Jd peak intensity as bulk Cos2 
which contains only octahedral Co atoms (13,23), it follows that the 

local Co site symmetry in the alumina-supported "Co-Mo-S" type I and 

II catalysts should, in correspondence to CoMoS(II)/C, also be des

cribed in terms of an octahedral or trigonal prismatic sulfur coor

dination. As regards the CoMoS(II)/Al(0.39) and CoMoS(II)/Si cata

lysts, the ls-+3d transition features were si mil ar to those of the 

catalysts shown in Figure 8. 
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Mo K-edge EXAFS 

In Figure 9 the raw Mo. K-edge EXAFS functions of the sulfided 

catalysts including that of Mo/Al are shown. The FT spectra of the 

ahlllina-supported catalysts are represented in Figure 10. The Mo-S 

and Mo-Mo peak amplitudes in CoMoS(II)/Al{0.32) and 

CoMoS(II)/Al{0.39) appear to be equal and are clearly higher than 

those in Mo/Al and CÓMoS(I)/Al. The Mo-S and Mo-Mo peak positionst 

however, are the same for the four samp 1 es. A compar i son 

of the FT spectra of CoMoS{II)/Al(0.32), CoMoS{II)/Si {sulfided at 

643 K) and CoMoS{II)/C (sulfided at 623 K and measured at room 

temperature) is shown in Figure 11. The Mo-S and Mo-Mo peak 
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amplitudes for CoMoS(II)/Al are slightly higher than those of 

CoMoS(II}/Si while they are significantly higher compared to those in 

CoMoS(II)/C, althougil it should be kept in mind that the latter 

catalyst was measured at room temperature. 

The Mo-S and Mo-Mo coordinations were analysed by applying an inverse 

Fourier transform window { L\r=l.0-3.2 A) and fitting the resulting 

EXAFS functions using the Mo-S and Mo-Mo EXAFS signals of the MoS2 
reference compound. Since the promoted catalysts can be expected to 

contain also a Mo-Co coordination, an addltional Mo-Ni EXAFS func

tion derived from the ({C6H5)4P) 2Ni(Mos4)2 reference com

pound was included in this fitting procedure. 

The parameters N, R, L\u-2 and L\Eo of the Mo-S, Mo-Mo and Mo-Co 

shells in the catalysts were optimized in such a way as to give the 

best agreement in r-space between the k 1_ and k3 -wei ghted Four i er 

transfarms of the calculated and the experimental EXAFS. In Figure 12 

the k3-weighted Fourier transfarms of the experimental and the 

calculated best-fit EXAFS contributions are shown. The structural 

parameters obtained in this way are presented in Table 2. 

XPS 

The XPS characteristics of the sulfided catalysts are collected in 

Table 3. As was outlined by Alstrup et al. (25), a reliable way to 

compare XPS binding energies {BE) from different sàmples is to use 

energy differences. Hence, Table 3 shows two BE differences, L\E1 
and L\E2, obtained by subtracting the BE of the S 2p peak from that 

of the Co 2p3/ 2 peak (L\E1) and from that of the Mo 3d512 peak 

(L1E2 ). The values of L1E1 for CoMoS(I)/Al and CoMoS(II)/Al{0.32), 

616.7 and 617.4 eV, respectively, are reasonably close to the value 

of 617.0 eV ascribed by Alstrup et al. (25) to Co present in the "Co

Mo-S" phase. On the other hand, L1E1 for the CoMoS(II)/C sample, 

616.1 eV, would be typical for co9s8 (25) which seems unl ikely 

since Mössbauer spectroscopy revealed that Co is only present in a 

"Co-Mo-S11 phase. Hence, it follows that XPS is unable to discern 



Table 2. Structural parameters of the Mo-S, Mo-Mo and Mo-Co coordinations~ 

s amp 1 e Mo-S 

N R Lla2 LlEo N 

(ÄJ (Ä2) (eV) 

No/Al 5.3 2.41 0.0017 3.1 3.1 
CoMoS(l )I A 1 5.8 2.41 0.0020 1.7 3.0 
CoNoS (I I) I A 1 ( 0. 32) 6.5 2.41 0.0016 2.7 3.3 
CoMoS(II);A1(0.39) 6.7 2.42 0.0019 2.0 3.7 

. b 
Co~loS(IIJ/Sl 6.3 2.41 0.0017 2.6 3.4 
CoMoS(II )/Cc 6.0 2.40 0.0033 3.8 2.9 

aAccuracies: N, + 20%; R, + l%;Lla2, + 20%; LlEo + 10%. 
b Su lfided at 643 K. 

c Sulfided at 623 K and measured at room temperature. 

Mo-Mo 

R Lla2 

(Ä) (Ä2) 

3.15 0.0019 
3.15 0.0024 
3.15 0.0011 
3.15 0.0014 

3.15 0.0015 
3.14 0.0047 

Mo-Co 

LlEo N R Lla2 LlE0 
(eV) (Äl (À2) (eV) 

3.0 
2.1 0.9 2.78 0.0077 12.1 

3.2 0.7 2.83 0.0032 1.0 
3.8 0.7 2.84 0.0012 -1.6 

3.7 1.3 2.85 0.0074 -3.3 
3.7 0.3 2.83 0.0050 1.0 



- 141 -

14 14 
Ma/Al Ca MoS (I) /A 1 

~ 
~ 

lf.l 0 0 
.0 
~ .... 
E 
'-1 

-14 -14 
0 2 4 0 2 4 

16 16 

~ 
~ 

lf.l 
.0 

0 0 
~ .... 
E 
'-1 

-16 -16 
0 2 4 0 2 4 

16 12 
CoMoS IIII /S1 CoMoS (liJ /C 

~ 
~ 

11) 
.Q 

0 0 
~ .... 
E 
'-1 

-16 -12 
0 2 4 0 2 4 

r [ÁJ r [Á] 



Figul'e 12: 

- 142 -

Absolute and imaginaey Foul'ier transfoms of the ~pe

l'imental Mo K-edge EXAFS functions (solid Unes) and 

the sum of the calculated Mo-S, Mb-Mb and Mo-co shells 

( dotted linea). The Fourier transfoms are k3--~~Jeigh

ted. The Fourier transform l'anges are shown in 

brackets: Mo/Al {3.9-14.1 J-1), CoMoS(I)/AZ 

(4.3-13.3 J-1;, CoMoS(II)/Al(0.32) (4.3-13.5 J-1;, 

CoMOS(II)/Al(0.39) (4.3-13.4 J-1;, CoMOS(II)/Si 

(4.3-13.4 J-1; and CoMoS(II)/C (4.3-13.3 J-1;. 

unambiguously whether "Co-Mo-S" is present or not. The values of 

.1Ez (66.6-67.1 eV) correspond closely to the value of 66.9 eV for 

pure Mos2 reported by Alstrup et al. (25). 

The quantitative XPS results reveal significant differences between 

the catalysts. For the unpromoted Mo/Al and the CoMoS(I)/Al catalyst 

the experimental Mo-to-Al intensity ratios are reasonably close to 

the theoretical value for a monolayer dispersion. For Mo/Al a Mos2 
partiele thiekness of about 0.6 nm was calculated which value corres

ponds elosely to the erystallographie thickness of a MoS2 single 

slab (0.615 nm, (26}). For CoMoS( I)/Al the experimental Mo-to-Al in

tensity ratio (1.2) appears to be higher than the theoretica] value 

of 0.96, which is unlikely since it would point to an inhamogeneaus 

dispersion. However, from the lower limit in the experimental inten

sity ratio (0.9), a Mos2 partiele thiekness of about 0.3 nm was eal

culated, which ean be considered as a maximum value. It seems there

fore reasonable to conclude that in CoMoS(I)/Al, like in Mo/Al, a 

Mos2 monol ayer phase is present. The Mo-to-Al intensity ratio of 

the CoMoS(II)/Al(0.32) catalyst is quite low (0.4) compared to that 

of Mo/Al and CoMoS(I)/Al. A Mos2 partiele thickness of 3.0 nm was 

calculated which is considerably larger than that of the other two 

catalysts and, consequently, suggests the presence of multilayers of 

MoS2 slabs. For the CoMoS{II)/C catalyst a MoSz partiele thick

ness of 0.5 nm was calculated, whieh is consistent with a monolayer 



Table 3. XPS results ~f the sulfided catalysts. 

Mo/Al CoMoS( I)/ A 1 CoMoS(II)/Al(0.32} 

XPS Binding Energies (eV) 
a 

Co 2p312 778.6 778.6 
s 2p 162.7 161.9 161.2 

..1E1 (Co 2p3; 2-S 2p) 616.7 617.4 
Mo 3d512 229.8 228.6 228.1 

..1E2 (Mo 3d512-s 2p} 67.1 66.7 66.9 

Quantitative Results 
b 0.7 + 0.15 1.2 + 0.3 0.4 + 0.1 (IMo/IAl)exp. 

( IMo/1 A 1 >theo;. 0.89 0.96 0.88 
MoS2 partiele thickness (nm) 0.6 + 0.2 0.3d 3.0 + 1.0 

(IcoiiAl >exp~ 1.1 + 0.3 0.3 + 0.1 -
S/(Co+Mc) (mol.mol-1) 1.4 + 0.2 1.4 + 0.2 1.5 + 0.2 - -

a Binding energy accuracy: + 0.2 eV. 
b Experimental Mo 3d to Al 2P (C ls) intensity ratio. 
cTheoretical Mo 3d to Al 2p (C ls) intensity ratio in case of monolayer dispersion (19). 
dThis partiele thickness ~as calcuiated for an experimental intensity ratio of 0.9. 
•Experimental Co 2p to Al 2p (C ls) intensity ratio. 

CoMoS(II}/C 

778.6 
162.5 
616.1 
229.1 
66.6 

0.11 + 0.03 
0.12 

0.5 + 0.2 -
0.14 + 0.04 -
2.1 + 0.3 -
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dispersion of MoS 2. As regards the Co-to-Al intensity ratio, it 

appears that in the CoMoS{I )/Al catalyst this ratio is about 4 times 

higher than that in Co MoS (I I) I A 1 ( 0. 32) ( 1.1 and 0. 3, respect ively). 

Since the Co loading in CoMoS(I)/Al (2.8 wt% Co) is about 2 times 

higher than that in CoMoS(II)/Al(0.32) (1.5 wt% Co), the increase in 

the Co-to-Al intensity ratio of CoMoS( I)/Al compared to 

CoMoS(II)/Al(0.32) is not a factor of 4 but a factor of about 2. This 

is still a significant difference. The total sulfur content, expres

sed in the ratio S-over-(Co+Mo), seems to be much higher for the 

CoMoS(II)/C catalyst than for the alumina-supported counterparts, 

which are very similar in this respect. 

Discussion 

Structural characteristics of the "Co-Mo-S" phase 

A. Co EXAFS characteristics 

The number of sulfur neighbouring atoms of Co is the highest in 

CoMoS(II)/C (6.7) whereas for the alumina- and silica-supported cata

lysts the number varies between 4.8 and 5.2 (Table 1). The Co-Scoor

dination number in CoMoS(II)/Al (0.32) (5.2) is higher than that in 

CoMoS(I)/Al (4.8). This result is supported by the S-over-(Co+Mo) 

atomie ratios determined by XPS, which show a sl ightly higher value 

for CoMoS(II)/Al(0.32) (1.5 mol.mol-1) than for CoMoS(I)/Al (1.4 

mol.mol-1) (Table 3). It can be concluded, therefore, that the Co 

atoms in CoMoS{II)/Al(0.32) have a slightly higher sulfur coordina

tion than those in CoMoS(I)/Al. As regards the CoMoS(II)/Al(0.39) ca

talyst, the Co-S coordination number lies between that of CoMoS(I)/Al 

and CoMoS(II)/Al(0.32). 

Besides these small differences in the Co-S coordination number, the 

alumina-supported catalysts show substantial differences in the Debye

Waller factor of the Co-S coordination ( .1a2, relative to bulk 

Cos2). It appears that in CoMoS(II)/Al(0.32) this relative Debye

Waller factor is negative (-0.0007), whereas in CoMoS(I)/Al it 
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is much higher ( 0. 0019}. The CoMoS{ II )/A 1 ( 0. 39) cata 1yst shows an 

intermediate value between these two {0.0007}. Since these catalyst 

samp 1 es, as we 11 as the Cos2 reference compound we re measured at 

liquid nitrogen temperature, a high relative Debye-Waller factor indi

cates an increase in static disorder of the sulfur atoms surrounding 

Co. It follows, therefore, that in CoMoS(II)/Al(0.32) the disorder of 

the sulfur atoms is the smallest. 

For the silica-supported catalyst (CoMoS(II)/Si}, the Co-S coordina

tion number is 5.0, intermediate between that of CoMoS(I}/Al and 

CoMoS(II}/Al(0.32), whereas the Debye-Waller factor for the Co-Scoor

dination (-0.0007) is similar to that of CoMoS(II)/Al(0.32). On the 

basis of a previous study by van Veen et al. (11), a close similarity 

between CoMoS(II)/Si and CoMoS(II)/Al could be expected. However, the 

thiophene HDS test revealed that the CoMoS(II)/Si catalyst used in 

the present study should not be regarded as similar to 

CoMoS(II)/Al(0.32). One of the structural differences between the two 

catalysts might be the Co-S coordination number. 

The carbon-supported catalyst (CoMoS(II }/C) shows clearly different 

Co-S EXAFS parameters than the alumina- and silica-supported coun

terparts, CoMoS(II)/Al(0.32) and CoMoS(II)/Si. Besides the extremely 

high Co-S coordination number in CoMoS(II)/C, its Co-S Oebye-Wa11er 

factor is also much higher than in the other catalysts: 0.0045 versus 

-0.0007 (Table 1). This suggests that in CoMoS(II)/C. in contrast to 

CoMoS(II)/A1(0.32) and CoMoS(II)/Si, the sulfur atoms around Co are 

highly disordered. The high sulfur coordination in CoMoS(II)/C is 

confirmed by XPS measurements (Table 3), which show that the S-over

{Co+Mo) atomie ratio in CoMoS(II)/C (2.1 mol.mol-1) is much higher 

than that in CoMoS(II)/A1(0.32) (1.5 mol.mol-1). 

With respect to the Co-S coordination di stance (2.21 .!. 0.01 A), no 

difference is observed for the catalysts studied. 
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In all catalysts a Co-Mo coordination is observed with an interatomie 

distance of 2.85 _: 0.01 A. Only in the CoMoS(I)/Al sample a devia

ting distance of 2.75 Ä is measured, but it should be noted that the 

quality of the fit is not very good (Figure 7). Moreover, the inner

potential correction .LlE0 ) of the Co-Mo coordination in 

Co MoS (I) I A 1 is quite different compared to that in the other cata

lysts (Table 1). In CoMoS(II)/Al(0.32) a Co-Mo coordination number of 

1.4 is measured which is close to that of CoMoS(II)/Si (1.5). In 

CoMoS(II)/Al(0.39) the Co-Mo coordination number (1.1) is slightly 

smaller than that in CoMoS(II)/Al(0.32), whereas in CoMoS(II)/C the 

value is considerably smaller: 0.8. Hence, from these Co-Mo coordi

nation numbers it can be inferred that one Co atom is in contact with 

approximately one Mo atom in CoMoS(II)/C or with more than one Mo 

atom in CoMoS(II)/Al(0.32) and CoMoS(II)/Si. The Debye-Waller factor 

of the Co-Mo coordination does not show large differences between the 

catalyst samples. 

B. Mo EXAFS characteristics 

The Mo EXAFS data of the alumina-supported catalysts (Table 2) reveal 

an increase in the Mo-S coordination number in the order Mo/Al 

<CoMoS(I)/Al < CoMoS(II)/Al(0.32) z CoMoS(II)/Al(0.39). The Debye

Waller factor of the Mo-S coordination remains roughly constant. This 

result indicates that (i) the Mo atoms become more sulfided in the 

presence of Co atoms and, (i i) that this degree of sulfiding is 

highest when Co is present in a type II "Co-Mo-S" phase. The first ob

servation is in line with the work of Boudart et al. (27) who showed 

that in sulfided Co-Mo/Al 2o3 catalysts the number of sulfur first 

neighbours of Mo increases in the presence of Co, up to a Co/(Co+Mo) 

atomie ratio of 0.33 (Co/Mo=0.5 at/at). In the CoMoS(II)/Al(0.32) and 

CoMoS(II )/Al (0.39) catalysts, the high Mo-S coordination numbers of 

6.5 and 6.7 respectively, indicate that most of the Mo atoms are com-
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pletely (6-fold) coordinated by sulfur atoms as for bulk MoS2• 

From Table 2 it appears that the Mo-S coordination number in 

CoMoS(Il)/Si (6.3) is close to that in CoMoS(II)/Al(0.32) (6.5). The 

sl ightly lower value in CoMoS(II)/Si can be explained by the fact 

that this catalyst was sulfided at a somewhat lower temperature: 643 

K in stead of 673 K. As was demonstrated by Parham and Merrill (28), 

the Mo-S (and Mo-Mo) coordination numbers increase upon increasing 

the sulfiding temperature in the range of 473 K to 873 K. As regards 

the CoMoS(II)/C catalyst, a Mo-S coordination number of 6.0 is mea

sured which is lower than that of CoMoS(II}/Al{0.32) and 

CoMoS(II)/Si. Although the lower sulfiding temperature (623 K) can be 

a cause for the lower Mo-S coordination number, it should be noted 

that this sample was cooled down in the sulfiding gas mixture {down 

to 373 K), in contrast to CoMoS(II}/Al(0.32) and CoMoS(II)/Si. This 

procedure for the CoMoS{II)/C sample can be expected to result in a 

higher Mo-S coordination number, due to the presence of adsorbed 

H2s molecules. On the other hand, a carbon-supported Ni-Mo catalyst 

(1.5 wt% Ni, 7.6 wt% Mo, Ni/Mo=0.32 at/at}, prepared in a similar way 

as the CoMoS(II)/C catalyst, and sulfided as well as flushed with 

helium under the standard conditions used in this study, revealed a 

Mo-S coordination number of 6.2 (29). This finding indicates that the 

Mo-S coordination number in CoMoS(II}/C will probably not differ much 

from that in the alumi na- and sil ica-supported "Co-Mo-S" type II cata

lysts. The high Debye-Waller factor of the Mo-S coordination in 

CoMoS(II)/C is caused by the fact that the EXAFS spectrum was recor

ded at room temperature. With respect to the Mo-S coordination dis

tance, no differences are observed for the samples studied, its value 

being 2.41 ! 0.01 Ä. 

The Mo-Mo coordination number in Mo/Al is almost equal to that in 

CoMoS{I)/Al: 3.1 and 3.0, respectively. This suggests that the pre

senee of Co atoms does not significantly change the average MoS2 
slab dimension. According to Ledoux et al. (30), the role of Co in 

sulfided Co-Mo catalysts is to increase the fraction of Mo edge atoms 

to the total number of Mo atoms, resulting in a higher amount of 
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potential active HOS sites. Our EXAFS results do not support this 

conclusion. 

In the CoMoS(II)/Al(0.32) and CoMoS(II)/Al(0.39) catalysts, the Mo-Mo 

coord i nat ion numbers seem to be 1 arger than th at in Mo/ A 1: 3. 3 and 

3.7, respectively (Table 2). This observation is confirmed by the 

results of the CoMoS(II)/Si catalyst, in which the Mo-Mo coordination 

number amounts to 3. 4. Moreover, the Oebye-Wa 11 er factors of the Mo

Mo coordination in CoMoS(II)/A1(0.32), CoMoS(II)/Al(0.39) and 

CoMoS(II)/Si in general are smaller than those in Mo/Al and 

CoMoS(I)/Al. These findings suggest that the average dimension of the 

Mos2 slabs in the alumina-and silica-supported "Co-Mo-S" type II 

catalysts is slightly larger than that in Mo/Al and CoMoS(I)/Al. With 

respect to the CoMoS(II)/C catalyst, a Mo-Mo coordination number of 

2.9 is measured which seems significantly smaller than that in the 

alumina- and silica-supported "Co-Mo-S" type II catalysts. The value 

of 2.9 is confirmed by the finding that in a carbon-supported Ni-Mo 

sulfide catalyst, prepared similarly as CoMoS(II)/C, a Mo-Mo coordi

nat i on number of 3. 0 was detected ( 29). Hence, th is resu lt suggests 

that the average MoS 2 slab dimension in CoMoS(II)/C is slightly 

smaller than that in the al umina- and sil ica-supported "Co-Mo-S" type 

II catalysts. The Debye-Waller factor of the Mo-Mo coordination in 

CoMoS{II)/C is much higher than that in the other samples, due to the 

room temperature-measurement. 

No change is observed for the Mo-Mo coordination distance in the 

samples studied, its value being 3.15 ~ 0.01 Ä. 

A clear Mo-Co coordination could be observed in the alumina- and si-

1 ica-supported "Co-Mo-S" type II catalysts at a distance of 2.84 ± 

0.01 Ä, which corresponds very well with the Co-Mo distance of 2.85 Ä 
measured for the Co EXAFS data. The rel atively high Mo-Co coordina

tion numbers (0.7-1.3) indicate the presence of a large fraction of 

Mo atoms in contact with a Co atom. In CoMoS(II)/C, however, the 

Mo-Co coordination number of 0.3 indicates that this fraction is much 

smaller, compared to that in the alumina- and silica-supported 

"Co-Mo-S" type II catalysts. In CoMoS(I )/Al, the Mo-Co coordination 
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distance was measured to be 2.78 A which is in agreement with the Co 

EXAFS data of this catalyst: 2.75 A. On the other hand, the presence 

of a Mo-Co coordination in CoMoS(I)/Al is much less clear than it is 

in CoMoS(II)/Al(0.32) and CoMoS(II)/Al(0.39). 

It is remarkable that in the CoMoS(II)/C catalyst a Co~Co coordina~ 

tion is present, whereas this eoordination is absent in the alumina~ 

and silica-supported "Co-Mo-S" type II catalysts, having a simi1ar 

Co/Mo atomie rat ia as the carbon-supported counterpart. It is in te~ 

resting to note that in a carbon-supported Ni-Ma sulfide catalyst, 

prepared similarly as the CoMoS(II)/C catalyst, a weak Ni-Ni coordi

nat ion al so appeared to be present (29). Th is result suggests that a 

Co-Co (ar Ni-Ni) coordination can be inherently associated with 

carbon-supported "Co-Mo-S" (or "Ni-Mo-S") eatalysts, and that it does 

nat occur in the case of alumina or silica as support materials. In 

addition, the absence of a Co-Co coordination for alumina- and silica

supported "Co-Mo-S" catalysts is not in favour of the model of the ac

tive Co-Mo sulfide surface, as proposed recently by Ledoux et al. 

(29). According to this model, every Co atom which is linked to the 

MoS2 crystallite edges, contains on the other side a Co neigh

bouring atom. 

Model deseription of "Co-Mo-S" type I and II phases 

The XPS results of CoMoS(I)/Al and CoMoS(II)/Al(0.32) reveal that in 

the type I "Co-Mo-S" catalyst the Mos2 phase is present in a mono

layer dispersion (one slab thick), whereas in the type II "Co-Mo-S" 

catalyst a multilayer Mos2 strueture is present. Assuming that 

the thickness of a MoS 2 slab is about 0.6 nm, the Mos2 partiele 

thickness in CoMoS(II)/Al(0.32) of 3.0 nm (Table 3) would imply 

Mos2 crystals consisting of about 5 slabs. Additional support for 

our finding of multilayers of MoS 2 in CoMoS(II)/Al(0.32) and single 

slabs in CoMoS(I)/Al is provided by the Co-to-Al XPS intensity ratios 

(Table 3). The fact that the Co-to-Al intensity ratio is about 2 ti

mes higher (when normalised on the Co weight percentage) in 
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CoMoS(I)/Al than in CoMoS(II)/Al(0.32), indicates that the Co atoms 

in the CoMoS(I)/Al sample are more exposed. In the case of multila

yers of Mos2, a Co atom decarating a Mos2 slab is partly sha

dowed by the other MoS2 slabs, which will lead to a decreased Co-to

Al XPS intensity ratio. 

In Figure 13 a model picture is presented of the partiele morphology 

of "Co-Mo-S" type I and II. 

CoMoS type I CoMoS type 11 

• I 

I 

• • 
7177171///117717 m!Tm//17 

Figure 13: 

~AI20s/ 
Structure model, of a"lumina-eupported "Co-Mo-S" type I 

and II phasee. 

Our findings are consistent with HREM studies by Candia et al. (9) on 

a Co-Mo/Al 2o3 catalyst exhibiting a "Co-Mo-S" type II phase trans

formation: upon increasing the sulfiding temperature, leading to a 

"Co-Mo-S" type II phase (31), l ayered Mos 2 structures could be 

clearly observed, which could not be seen after low temperature sulfi

ding, resulting in the conventional "Co-Mo-S" type I phase. Moreover, 

HREM revealed a crystal growth of the MoS2 slabs upon increasing 

the sulfiding temperature (9), which result was confirmed by EXAFS 
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measurements. In this respect, the Mo-Mo coordination number of a 

high-temperature sulfided Co-Mo/Al 2o3 catalyst was higher 

(N(Mo-Mo)=4..5) than that of a low-temperature sulfided catalyst 

(N(Mo-Mo)=3.0) (32). Our results are also in good agreement with the 

latter EXAFS characteristics, although for our samples the increase 

in the Mo-Mo coordination number of the type 11 "Co-Mo-S" phase 

compared to the type I phase is considerably smaller. 

Clear evidence for the aceurenee of Mos2 multil ayers was recently 

obtained by Kemp et al. (33) using HRTEM on alumina-supported Ni-Mo 

and. Co-Mo sulfide cata lysts. They found that convent ionall y prepared 

Co-Mo/Al 2o3 catalysts contained after sulfidation Mos2 prima

rily as monolayers, whereas in the case of phosphorus being present 

in the impregnation solution, stacking of the Mos2 layers (usually 

two or three layers thick) took place. It is possible that the role 

of phosphorus in the Co- and Mo-containing impregnation salution is 

in some agreement with that of NTA used in the present study. 

Let us now see if and how the observed EXAFS characteristics of 

CoMoS(I)/Al and CoMoS(II)/Al(0.32) fit in with the model of the type 

I "Co-Mo-S" phase being a monolayer and the type 11 phase being a mul

tilayer structure. 

The presence of MoS2 multilayers in CoMoS(II)/Al(0.32) can be under- ' 

stood by the fact that the sulfiding behaviour of this catalyst is de

termined by the CoMo-NTA complex, rather than a Co-Mo phase interac

ting with the support, as is the case in CoMoS(I)/Al. Moreover, it 

can be expected that the Mo atoms in the NTA complex are more easily 

sulfidable than those in the layers which interact with the support 

surface. This would explain the higher Mo-S coordination number in 

CoMoS{II)/Al(0.32) compared to CoMoS(I)/Al. Also the slightly larger 

Mos2 slab sizes in CoMoS(II)/Al{0.32) can be understood in this 

context, since the Mo· particles, unperturbed by interaction with the 

alumina support, can "grow" more easily during sulfidation. The 

higher Co-S coordination number in CoMoS(II)/A1(0.32) compared to 

CoMoS(I)/Al can be understood in the same way as the increase of the 

Mo-S coordination number. Furthermore, the low degree of structural 
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disorder of the sulfur atoms surrounding Co in CoMoS(II)/Al(0.32) 

compared to CoMoS(I)/Al, indicates the presence of a well-ordered 

type of "Co-Mo-S" phase in CoMoS(II)/A1(0.32), less disturbed by 

external farces, e.g. active phase-support interaction. The cbser

vation that the Co-Mo as well as the Mo-Co coordination is much more 

pronounced in CoMoS(II)/Al(0.32) than it is in CoMoS(I)/Al also 

reveal s that the structural ordering of the "Co-Mo-S" particles in 

CoMoS(II)/Al(0.32) is significantly better. 

As regards the CoMoS(II)/Al(0.39} catalyst Mössbauer spectroscopy 

revealed that Co is exclusively present in a "Co-Mo-S" phase, similar 

as in the CoMoS(II)/A1(0.32) catalyst. The preparatien procedure, 

using NTA as complexing agent, would suggest that in bath catalysts 

this "Co-Mo-S" phase should be a type II phase. However, the specific 

thiophene HDS activity (per mol Co) is significantly lower for 

CoMoS(Il)/Al(0.39) than for CoMoS(II)/Al(0.32). Two explanations can 

be proposed for this discrepancy. Firstly, CoMoS(II)/Al(0.39) may 

consist of a mixture of "Co-Mo-S" type I and II phases, and secondly, 

the specific thiophene HDS activity {per mol Co) may decrease due to 

an increase of the Co coverage of the Mos2 edges. 

The Mo EXAFS results of CoMoS(II)/Al(0.39) 

those of CoMoS(I I)/Al (0.32), rather than those 

closely resemble 

of CoMoS{I}/Al. In 

CoMoS(II)/Al (0.39) a high Mo-S as well as Mo-Mo coordination number 

is observed, simtlar as in CoMoS(II)/Al(0.32), while the Mo-Co 

coordination is also equally well pronounced as that in 

CoMoS{II)/Al{0.32). These results show that the Mo sulfide structure 

of the "Co-Mo-S" particles in bath catalysts is comparable. Hence, 

the existence in CoMoS(II)/Al (0.39) of a 1 arge fraction of "Co-Mo-S" 

type I particles resembling these in CoMoS(I)/Al can be excluded. 

From the Co EXAFS data it fellows that the Co-S coordination number 

as well as its Debye-Waller factor of the CoMoS(II)/Al(0.39) catalyst 

are intermediate between those of CoMoS(II)/Al{0.32) and 

CoMoS(I)/Al. Moreover, the Co-Mo coordination number of 

CoMoS(II)/Al(0.39) is slightly smaller than that in 

CoMoS(II)/Al(0.32). 
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Su11111arizing, it can be concluded that the local structure of the Mo 

atoms in CoMoS(II)/Al(0.39) is closely corresponding to those in 

CoMoS(II)/Al{0.32), whereas the local structure of the Co atoms in 

the two catalysts is different. These characteristics seem to favour 

the second explanation. 

Catalytic properties of "Co-Mo-S" type I and II 

An important question is if we can understand the differences in 

the specific thiophene HDS activity (per mol Co) (i) between alumina

supported "Co-Mo-S" type I and I I catalysts and (i i) between 

alumina-, silica- and carbon-supported "Co-Mo-S" type II catalysts, 

on the basis of the EXAFS and XPS characteristic. 

The difference in specific HDS activity between alumina-supported 

"Co-Mo-S" type I and II catalysts might be related to the morphology 

of the active phases, viz. monolayer particles in the type I phase, 

and multilayer particles in the type II phase. It is possible that a 

multilayer structure offers a better accessibil ity of the reactants 

to the active sites. Furthermore, due to the multilayer structure, a 

relatively large fraction of the active phase particles will have a 

minor interaction with the al umina support surf ace, which is 1 ikely 

to result in a higher activity per average Co atom. The EXAFS results 

show an increase of the Mo-S and Co-S coordination numbers as well as 

an increase in the structural ordering of the "Co-Mo-S" particles for 

the CoMoS(II)/Al(0.32) catalyst compared to the CbMoS(I }/Al cata

lyst. The question is: which of these structural characteristics is 

ultimately decisive in the specific HDS activity per active site? 

To answer this question, it is instructive to campare the EXAFS and 

XPS results of the CoMoS(II)/C catalyst, which has the highest spe

cific HDS activity, with those of the alumina-supported counter

parts. XPS reveals thàt the Mo sulfide phase in CoMoS(II)/C is pre

sent in a monolayer (one slab thick) dfspersion. Thus, it follows 

that a multilayer structure is not a prerequisite for obtaining a 

high specific HDS activity. The Mo-S coordination number of 

CoMoS(II)/C 1 ies between that of CoMoS{I)/Al and CoMoS(II}/Al (0.32), 
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suggesting that this parameter cannot explain the high specific HDS 

activity of CoMoS(II)/C compared to that of CoMoS{II}/Al{0.32). 

However, the Co-S coordination number of CoMoS(II)/C is extremely 

high compared to that in the alumina-supported catalysts. In Figure 

14 the specific thiophene HDS activity is plotted as a function of 

the Co-S coordination number, for all samples studied. 
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It can be seen that the specific activity correlates 1 inearly with 

the number of sulfur neighbouring atoms of Co. Moreover, the 

CoMoS(II)/Al(0.39) as well as the CoMoS(II)/Si catalyst appear to fit 

in well with this correlation. It can be concluded, therefore, that 

the Co-S coordination number is an important parameter for the 
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evaluation of the specific thiophene HOS activity (per mol Co) of "Co

Mo-S" type I and II active phases. It should be mentioned that the 

degree of structural disorder of the sulfur atoms surrounding Co 

might also play an important role, since EXAFS reveals that the de

gree of disorder is by far the highest in CoMoS(II)/C. This suggests 

that the nature of the sulfur-coordinated Co sites in CoMoS(II)/C is 

different from that in the alumina- or sil ica- supported "Co-Mo-S" 

type Il counterparts. As recently outlined by Scheffer et al. (34) 

using temperature programmed reduction/sulfiding techniques, the in

trinsic properties of the sulfide species have a strong influence on 

HOS activity. 

Finally, it may be clear that a sharp distinction between a "Co-Mo-S" 

type I and a type II phase is difficult to make, since it depends on 

the Co/Mo atomie ratio as well as on the type of carrier material. 

Conclusions 

The following conclusions regarding the differences between alumina

supported "Co-Mo-S" type I and II cata lysts, on the one hand, and be

tween a 1 urn i na-, si 1 ie a- and carbon-supported "Co-Mo-S" type II cata

lysts, on the other hand, can be drawn. 

1. The "Co-Mo-S" type II phase supported on alumina is present as a 

multil ayer Mos2 structure, whereas the "Co-Mo-S" type I ph a se is 

present as a monolayer (one slab thick) Mos2 structure. In the 

"Co-Mo-S" type II ph a se the number of sulfur nei ghbouri ng atoms of 

Mo and Co is larger than that in the type I phase. Moreover, the 

Mos2 slabs in the type II "Co-Mo-S" particles are slightly lar

ger and the structural ordering is better compared to type I 

particles. The results for the type II phase are consistent with 

the presence of a multil ayer structure. 

2. The carbon-supported "Co-Mo-S" type II phase is present as a mono

layer MoS2 structure. This phase is clearly different from an 

alumina-supported "Co-Mo-s•• type II phase, since it contains a 
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very high Co-S coordination number and a high degree of structural 

disorder of the sulfur atoms surrounding Co. 

3. For all catalysts studied, a correlation is found between the spe

cific thiophene HDS activity (per mol Co) and the number of sulfur 

neighbouring atoms of Co, existing in the freshly sulfided cata

lysts. A high number of sulfur neighbours correlates with a high 

specific HDS activity. 
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Chapter 6 

Comparison of the Catalytic Hydrodesulfurization 
Properties of Co and Ni Sulfide Catalysts 
Supported on High Surface Area Graphite 

and Activated Carbon 

Abstract 

A comparison was made of the structural properties and the thio

phene hydrodesulfurization (HOS) activities of Co and Ni sulfide 

catalysts supported on high surface area graphite (Lonza HSAG-16) 

and activated carbon (Norit RX3-Extra). The structural characteris

t i es were studied by X-ray Photoelectron Spectroscopy (XPS) and by 

Extended X-ray Absorption Fine Structure (EXAFS). The specific HOS 

activities (per mol Co or Ni) of the HSA graphite-supported Co(Ni) 

sulfide catalysts prepared by using acetone or ethanol as impregna

tion media, were similar to those of the activated carbon-supported 

counterparts. This is remarkable, since XPS showed that the HSA 

graphite-supported catalysts consisted of homogeneously dispersed 

Co(Ni) sulfide particles, in clear contrast to the activated carbon

supported systems wh i eh cons i sted of in homogeneaus l y di spersed par

ticles. It was concluded, therefore, that an inhamogeneaus dispersion 

of the Co as well as the Ni sulfide particles does not necessarily 

affect their thiophene HDS properties. 

The use of acetone or ethanol as solvents for impregnation of HSA 

graphite, appeared to result in catalysts having significantly higher 

HDS activities {after sulfidation) than those obtained by using water 

as solvent, especially in the case of Co catalysts. This was explai

ned by the fact that organic solutions have a higher affinity for 

the hydrophobic graphite substrate compared to water, as a result of 

which the dispersion of the deposited Co phase is higher when using 

organic impregnation solvents. 
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Introduetion 

Hydrotreating catalysts, which consist of molybdenum or tungsten sul

fide promoted by nickel or cobalt, have been used extensively in pe

troleum refining for many years. Ouring the past two decades, many re

search efforts have been made in order to understand the nature of 

the active sites present in these complex catalyst systems. Especial

ly the role and the chemical state of the promoter cobalt and nickel 

atoms in the sulfided catalysts has attracted much attention (1,2). 
At present, the "Co-Mo-S" model, developed by Topsele and coworkers 

(3,4) is strongly favoured since a correl at ion could be establ ished 

between the hydrodesulfurization (HDS) activity and the amount of a 

distinct "Co-Mo-S" phase, containing Co atoms at the edges of Mos2-

1 i ke structures. It is, however, not understood whether the Co atoms 

are the active sites or whether the neighbouring Mo atoms also play a 

direct role in the catalytic activity. Indications for the former pos

sibility were pointed out by Duchet et al. (5) and by Vissers et al. 

(6), who observed a high thiophene HDS activity for pure cobalt sul

fide supported on activated carbon and hence explained the activity 

of a sulfided Co-Mo/C catalyst completely by the very high activity 

of the cobalt sites. Support for this theory was recently obtained by 

Mössbauer ( 7 ,8) and EXAFS ( 9,10) spectroscopy measurements on su 1-

fide Co/C and Co-Mo/C catalysts. Both techniques revealed that the 

structure of the Co sites in Co/C resembles that of the Co sites in 

Co-Mo/C. Moreover, a combined EXAFS and XPS study of the correspon

ding Ni/C and Ni-Mo/C catalyst systems revealed a structural analogy 

between the Ni and Co active sites (11). It should be mentioned that 

in the above cited studies (6-11) an activated carbon (Norit RX3-

Extra) was used, which has a high internal surface area with the 

major fraction of area present in narrow mesopores or in micropores. 

This makes determinatîon of the intrinsic activity of the active 

phases present in such pore systems diffitult since it is not known 

whether or not any active phase is deposited in the micropores, and 

whether the unfavourable textural properties cause any diffusion 1 i

mitations for reactant and product molecules. 
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In order to eva 1 u a te the i nfl uence of these textura 1 properties on 

the catalytic activity and on the active phase dispersion, we have 

studied the properties of Co and Ni sulfide catalysts supported on 

high surface area graphite, which has entirely different textural and 

surface properties than activated carbon, and have compared them with 

the properties of the activated carbon-supported counterparts, stu

died earlier (6,9-11). The catalysts were tested fortheir thiophene 

HDS activity. Structural information of the Co and Ni sulfide phases 

was obtained by X-ray Photoelectron Spectroscopy (XPS) and by Exten

ded X-ray Absorption Fine Structure (EXAFS). 

Experiment al 

Catalyst preparation 

The high surface area (HSA) graphite support used was a Lonza HSAG-

16 hav i ng a BET surface area of 227 m2 .g -1 and a tot a 1 po re 

volume of 1.28 cm3.g-1. The average pore radius is 113 A. The 

graphite 1 ayers have a crystall ite si ze of 460 A and an interl ayer 

distance of 3.354 Ä. The activated carbon used in previous studies 

(6,9-11) was a Norit RX3-Extra, having a BET surface area of 1190 

m2.g-1 and a total pore volume of 1.0 cm3.g-1. The HSA gra

phite and the activated carbon support will in the following be de

noted as "lonza" and "Norit", respectively. 

Figure 1 shows the cumulative pore volume as a function of the pore 

radius of both carbon supports. It is obvious from this Figure that 

the Lonza carbon contains much wider pores than the Norit material. 

In fact, the specific pore volume of pores having a radius larger 

than 40 Ä is 0.25 cm3.g-1 (20% of the total pore volume} for 

Lonza HSAG 16, while it is only 0.04 cm3.g-1 (4% of the total 

pare volume) for Norit RX3-Extra. 

The Lonza support was used as received. Catalysts were prepared by 

pore volume impregnation with solutions of Co(N03) 2.6Hz0 and 

Ni(N03) 2.6H 20 (both Merck p.a.), in water, acetone (Merck 

p.a.) and ethanol (Merck p.a.}, respectively. The total pore volume 
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of Lonza carbon as determined by titration with the different sol

vents, amounted to 0.5 + 0.1 cm3.g-1 for water and 1.0 + 0.1 

cm3.g-1 for acetone and -;thanol. For each type of solvent ~ se

ries of catalysts was prepared containing varying weight percentages 

of Co or Ni, in the range from 1 to 4 wt%, which correspond to metal 

loadings between 0. 5 and 2.0 atoms Co( Ni) per nm2. After impreg

nat ion, the samples were dried in air at 383 K for 16 h (water-impreg

nated samples), or in vacuum at room temperature for about one week 

( acetone- and ethano 1- impregnated samp 1 es). No forther heat treat

ment or cal ei nation was appl ied. The Lonza-supported samples will be 

denoted as Me(x)-"sol"/Lonza, in which Me stands for Co or Ni, x 

represents the met a 1 1 oad i ng of Co or Ni in atoms per nm2, and 

"sol" denotes the type of solvent, "H 20"(water), "ACET" (acetone) 

or "ETOH" (ethanol), respectively. The data for the Norit supported 

catalysts were taken from refs. (6.9-12)• These catalysts were all 

prepared by pore volume impregnation with aqueous solutions. They 

will be denoted as Me(x)-H20/Norit. 
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Catalytic activity mearurements 

Thiophene HDS was carried out in a micro flow reactor eperating at 

673 K and atmospheric pressure. Details of the equipment are given 

elsewhere (10). The catalysts were sulfided in situ in a 10 mol% 

HzS!H 2 mixture, flow rate 60 cm3.m;n-1. The temperature was 

raised to 673 K and maintained at this temperature for 2 h. Then a 

6.2 mol% thiophene/H 2 mixture was fed into the reactor at a flow 

rate of 50 cm3.m;n-1. The concentrations measured after a 2 h run 

were used to calculate the first order rate constant for HDS and the 

rate constant for the consecutive butene hydragenation (HYD) reaction. 

X-Ray photoelectron spectroscopy (XPS) 

XPS spectra of the sulfi ded samp 1 es we re recorded on an AE 11 ES 200 

spectrometer equipped with an Al anode (E=1486.6 eV) and a spherical 

analyzer eperating at a pass energy of 60 eV. In order to avoid con

tact of the sulfided catalysts with air, a special sulfiding reactor 

was used which allowed transfer of the samples to a N2 flushed 

glove box attached to the XPS apparatus without exposure to air. Af

ter sulfidation, carried out as described above, the catalyst samples 

were flushed with purified He for 30 min at 673 K and subsequently 

cooled to room temperature. Spectra were recorded at 293 K in steps 

of 0.1 eV, the pressure was lower than 1.3.10-6 Pa. 

The C ls peak (284.6 eV) was used as an internal standard for binding 

energy calibration and the Co(Ni)-over-C photoelectron intensity 

rat i os were used to measure the degree of dispersion of the Co(Ni) 

ph a se on the support. The intens it i es of the C 1s peak and the 

Co(Ni) 2p multiplet peaks (including shake-up structures) were calcu

lated using a linear baseline. Theoretica] intensity ratios were cal

culated according to the quantitative XP~ model described by Kuipers 

(13). More detailed information on the quantitative XPS analysis is 

given in ref. (11). 
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EXAFS 

EXAFS spectra we re recorded at EXAFS stat ion 9. 2 at the Synchrotron 

Radiation Souree in Daresbury (United Kingdom). The oxidic samples 

were pressed into self-supporting wafers, which were mounted in a 

transmission in situ EXAFS cell. The sulfidation was carried out in a 

10% H2s in H2 flow at a flow rate of 60 cm3.m;n-1 under 

atmospheric pressure. The temperature program (final temperature: 673 

K) was the same as used in the thiophene HDS activity measurements. 

After sulfiding, the samples were purged in purified He for 15 min at 

673 K and subsequently cooled to room temperature under flowing he

lium. The X-ray absorption spectra were recorded in a static hel i urn 

atmosphere with the sample at 1 iquid nitrogen temperature. For more 

detailed information on the experimental EXAFS conditions, we re

fer to (10,11). 

The procedure to obtain the EXAFS funct i ons from the X-ray absorp

tion spectra is described in (10,14). Phase shifts and backscattering 

amplitudes from reference compounds were used to calculate the EXAFS 

contributions. For the Co-S and Ni-S EXAFS signals Cos2 was used, 

while for the Co-Co and Ni-Ni contributions the Ni-Ni coordination in 

NiO was chosen. The use of a Ni absorber andbackscatterer instead of 

Co (and vice versa) is justified since Teo and Lee (15) showed that 

phases and backscattering amplitudes of nearest and next-nearest 

neighbours in the periadie table differ hardly. The NiO compound was 

obtained commercially (Merck p.a.) whereas CoS2 was synthesized in 

the laboratory according to the procedure described in (16). The Co 

and Ni K-edge EXAFS spectra of the Cos2 and NiO reference com

pounds, respectively, are described by Souwens et al. in (10). For a 

detailed description of the data analysis procedure we refer to 

earlier work from our laboratory (17,18). 

Results 

Catalytic properties 

The thiophene HDS reaction rate constants, kHDS per mol Co or Ni, 
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of the various Lonza-supported catalysts as a function of the Co or 

Ni 1 oad i ng are represented in Fi gure 2( a,b) tagether with those of 

the Norit-supported counterparts. It can be seen in Figure 2{a) that 

the specific HOS activities (per mol Co) of the water-impregnated 

Co/Lonza catalysts are significantly lower than those of the acetone

and ethanol-impregnated samples, for Co loadings below 1.5 at/nm2. 

The specific HDS activities of the acetone- and ethanol-impregnated 

Co/Lonza catalysts are similar. Furthermore, the specific HDS 

activity of the Co(0.48)-ACET/Lonza sample is about the same as that 

of a Co(0.52)-H 20/Norit sample, and the Co-H20/Norit, Co

ACET/Lonza and Co-ETOH/Lonza data appear to lie on one general 

curve. The hydragenation properties (expressed in the ratio 

kHyo/kHDS) of all Lonza-supported Co catalysts are simtlar to 

those of the Co-H20/Norit samples. 

As can be seen in Figure 2(b),the specific HDS activities of the 

Lonza-supported Ni sulfide catalysts are much less dependent of the 

type of solvent used for impregnation, compared to the Lonza

supported Co sulfide catalysts. The activity data of the Lonza- and 

Norit-supported Ni sulfide catalysts all 1 ie on one general curve, 

except possibly for the Ni(0.52)-H 20/Lonza sample. 

XPS 

After sulfidation the pure Lonza support shows a clear S 2p XPS peak 

with a binding energy of 164.3 +_0.1 eV, pointing to the formation 

of elemental sulfur (19). A S 2p-to-C 1s intensity ratio of 0.005 is 

found, which is higher than that of a sulfided pure Norit RX3-Extra 

support: 0.003 (6). In the sulfided Lonza-supported Co sulfide cata

lysts, irrespective of the type of solvent (water or acetone) used 

for impregnation, the Co 2p3; 2 peak binding energies are typically 

778.4 + 0.2 eV, similar to the values reported for sulfided 

Co-H20/Norit samples (6). The S 2p peak binding energies are in the 

range of 162.4-162.9 eV, except at low Co loadings where they show a 

value of 163.3 eV, indicative of a substantial contributton of elemen

tal sulfur present on the support material. The difference in binding 
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Thio[ihene HDS reaction rate constante (kHDSJ per mol, 

Co or Ni present .. as a funation of the Co or Ni toading 

( at/nm2) for the Lonza-suppor>ted Co sulfide aatal.ysts 

(a) and Ni sulfide aataZysts (b).. prepar>ed by using 

water.. acetone or> ethanol, impregnat ion soZutions .. res

peativeZy. AZso shown ar>e the HDS aativities of Norit

supported Co and Ni sulfide aataZysts.. aaaording to 

refs. (11,12). 

energy between the Co 2p 3; 2 peak and the S 2p peak is 615.7 ~ 0.3 

eV, which is equal to that of the Co-H 20/Norit samples (615.5 ~ 

0.2 eV), but slightly smaller than the value of 616.2 eV measured by 

Alstrup et al. (20) for co 9s8• A rel iable S-to-Co atomie ratio is 

difficult to calculate from the experimental S 2p and Co 2p XPS in

tensity ratios, since the contribution of elemental sulfur compared 

to the total S 2p XPS peak intensity is high. 

Information about the dispersion of the sulfidic Co phase can be ob

tained by camparing the ratios of the experimental Co 2p-to-C 1s in

tensities with the theoretical ratios predicted by the quantitative 

XPS model of Kuipers (13). In this model, the dispersion of the cata

lytic phase deposited on the carrier surface is considered to be mono

layer-like and homogeneous. In Figure 3(a) the experimental and theo

retical intensity ratios of the sulfided Lonza- and Norit-supported 

Co sulfide catalysts (the latter according to ref. (6)) are presen

ted. As is obvious from this Figure, the Co-H 20/Norit samples show 

intensity ratios which are higher than the theoretical values, at low 

Co loadings. This phenomenon was explained by the fact that the Co 

phase is not uniformly deposited on the support surface and that a 

considerable enrichment of the Co in the pores located at the outer 

si de of the Norit support particles has occurred (6). In contrast to 

the Co-H20/Norit samples, the Lonza-supported samples show inten

sity ratios clearly lower than the theoretica] values, indicating the 

presence of homogeneaus ly di spersed three-d i mens i on a 1 part i cl es. The 
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Quantitative XPS results of Lonza-suppor.oted (mter- or 

acetone-impregnated) Co sulfide catalysts (a) and Ni 

sulfide aatalysts (b) .. as weZZ as the sulfided Nor.oit

suppor.oted Co and Ni sulfide aounter>parts.. acco!'ding to 

r>efs. ((J .. 11). The e:;;per>imental Co 2p (Ni 2p)-to-C 1s 

XPS intensity r>atios are shown as a funation of the Co 

(Ni) toading (at!nm2J, AZso pr>esented are the theo

r>etiaal intensity r.oatios caZcuZated for monoZayer.o dis

per>sion ( 13 J • 

experimental intensity ratio of the sulfided Co(0.91)-ACET/Lonza cata

lyst appears to be significantly higher, indicative of a better dis

persion, compared to the other sulfided Co/Lonza samples. In fact, 

with the quantitative XPS model of Kuipers (13), a Co sulfide parti

ele thickness of 1.4 nm can be calculated for Co(0.91)-ACET/Lonza 

while for the other catalysts the calculated thicknesses amount to 

2.8 nm (Co(0.49)-H 20/Lonza), 4.9 nm (Co(0.81)-H 20/Lonza), and 4.7 

nm (Co(l.32)-ACET/Lonza). 

In the Lonza-supported Ni sulfide catalysts, irrespective of the type 

of so 1 vent (water or acetone) used for impregnat ion, the Ni 2p3; 2 
XPS peak binding energy is 853.0 + 0.2 eV. This value compares 

well with those reported for the sulfided Ni-H20/Norit samples: 

853.4 + 0.3 eV (11). The S 2p peak binding energy of the sulfi

ded Ni/Lonza catalysts is 162.6! 0.2 eV, except for the low-loaded 

Ni(0.52)-H 20/Lonza sample where a value of 163.5 eV is found, which 

is indicative of the additional presence of elemental sulfur. 

The experimental and theoretical Ni 2p-to-C 1s XPS intensity ratios 

of the Lonza- and Norit-supported Ni sulfide catalysts are shown in 

Figure 3(b). Similar features as in the case of the Norit- and Lonza

supported Co sulfide catalysts can be observed, viz. the Ni

HzO/Norit catalysts exhibit intensity ratios larger than the theo

retical value, at low Ni loadings, whereas the various Ni/Lonza cata

lysts show intensity ratios clearly below the theoretica] value. This 
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indicates that the Norit-supported Ni sulfide catalysts have an inho
mogeneously dispersed Ni phase, especially at low Ni loadings (ll). 

while in the Lonza-supported catalysts the Ni phase is present in the 
form of homogeneaus ly di spersed three-d imensiona 1 part ie 1 es. Fr om 
Figure 3(b) it also follows that the use of acetone in stead of water 
as impregnation solvent does not result in a better dispersion of the 
Ni particles in the solfided state. The calcul ated Ni sulfide par
tiele thickness of the Lonza-supported catalysts amounts to 3.8 nm 
for Ni(0.52)-H20/Lonza, 2.6 nm for Ni(0.83)-H20/Lonza and 5.8 nm 
for Ni{1.05)-ACET/Lonza. 

EXAFS 

EXAFS spectra were recorded of the sulfided Co(0.49)-Hz0/Lonza and 
Ni(0.52)-H20/Lonza catalysts. In Figure 4 the raw Co(Ni) K-edge 
EXAFS functions are shown. 

*10-2 *10-2 

10~~~~~-r~~ s..,.-,......,.--.-......,.....--.-....-......... r-""""T-. 
Co/Loon Nl/Lonn 

-1 0 -1--'~--'--t-......... --'--+-.......... - 8 +-.__.__,_--t-_.._....__"'---11--'---' 

2 2 

Fi(IUZ'6 4: E.XAFS funotions of the suZfided Co(0.49)-Hz0/Lonsa 
(denoted: Co/Lonza) and Ni(0.52J-HzO/Lonza (denoted: 

Ni/LonzaJ cataZysts. 

Figure 5 shows the Fourier-transformed EXAFS spectrum of Co{0.49)
H20/Lonza together with that of a sulfided Co(0.37)-H20/Norit 
sample, taken from ref. (10). The Fourier transfarm spectra show a 
strong peak, containing the Co-S and the first Co-Co coordinations, 
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12.----.----.---~r----.----.----, 

-Co/Lonza 
........... Co/Nor i t 

12+---~----~--~--~----~--~ 

0 

Figu:roe 5: 

2 
r [ÁJ 

4 6 

Imaginat'y and abao~ute Foul'ie:ro t:roansfoms (k3 ~ L1k=3. 0-

11.2 ,4-1) of the su~fided Co(0.49J-H20/Lonza 

cata~yst (denoted Co/Lonza) and of a su~fided 

Co(0.37)-H~/No:roit cata~yst (denoted Co/Nol'itJ~ taken 

fol'ITI :roef. (10). 

and a small peak, containing the second Co-Co coordination. The re

sembl ance between the two catalyst spectra, with respect to intera

tomie distances as well as peak amplitudes, is obvious. A slightly 

higher Co-S peak amplitude for the Co(0.49)-H 20/Lonza sample is 

observed. 

The data analysis was carried out by applying an inverse Fourier 

transfarm window ( L1r=0.6-4.0 A) on the Fourier transfarm spectrum 

(k3, L1k=3.0-11.2 1\-1), and fitting the resulting Co-S, Co-Co(l) 

and Co-Co(2) EXAFS functions, using the Co-S and Ni-Ni reference 

EXAFS functions. The parameters N, R, L1a 2 , and L1Eo of the three 

EXAFS contributions were further optimized in such a way as to give 

the best agreement in r-space between the kl-and k3-weighted Fou-
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rier transfarms of the calculated and the experimental EXAFS. In 

Figure 6 the k3-weighted Fourier transfarms of the experimental and 

the calculated best-fit EXAFS contributions are shown. 

9 
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2 4 0 2 4 

r [Á] r [Á] 

Compal'ison of the imaginary and absolute Foul'iel' 

tl'a'fl8foms of the e:A:pel'imentat EXAFS functions (sotid 

Unes) of the Co(0.49J-H:fJ/Lonsa catalyst (denoted 

Co/Lonsa) and the Ni(0.52J-H:fJ/Lonza catatyst 

( denoted Ni/Lonsa).. and the calculated EXAFS shetls 

( dotted tines). FoP Co ( 0. 49 J -H :fJ /Lonsa (k3., ilk=4, 0-

10.4 .J-1; the. caZculated sheZZs ave Co-s .. co-cofl) 

and co-co(2)., foP Ni(0.52J-H20/Lonza (k3., ilk=4.0-

lO.O J-1;., the calculated shelts ave Ni-S and Ni

Ni(l). 

The structural parameters obtained in this way are presented in Table 

1. tagether with those of the sulfided Co(0.37)-H20/Norit catalyst 

(10). As follows from this Table, the interatomie distances Co-S, Co

Co(1) and Co-Co(2) in Co(0.49)-Hz0/Lonza are close to those in 

Co(0.37)-H20/Norit. On the other hand, the coordination numbers as 

well as the Debye-Waller factors of both the Co-Co coordinations in 

Co(0.49)-H20/Lonza are somewhat higher than the corresponding 

values of Co(0.37)-H20/Norit. In addition, an increase in the Co-S 

coordination number. of Co(0.49)-Hz0/Lonza compared to that in 



Table 1. Structural EXAFS parameters of the Co-S, Co-Co(l) and Co-Co(2) coordinations in 
the sulfided Co(0.49)-Hz0/Lonza catalyst. For comparison, the results of a 
sulfided Co(0.37)-Hz0/Norlt catalyst, taken from ref. (10) are also included. 

sample Co-S Co-Co(l) 

N R Lla2 LlEo N R Lia2 LlEo N 

(ÄJ !Ä2l 
0 

!Ä2l (eV) (A) (eV) 

I Co{0.49)-H20/Lonza 5.7 2.21 0.0030 2.8 2.0 2.57 0.0030 -10.5 2.2 

I Co(0.37)-Hz0/Norit 5.2 2.22 0.0029 2.0 1.6 2.55 0.0017 - 7.2 1.5 

Accuracies: N, .! 20%; R, .! 1%; .1a2, .! 20%; .1E0,.! 10%. 

Co-Co(2) 

R Lla2 

<ÄI (Az) 

3.58 0.0073 

3.54 0.0018 

The coordination numbers have oeen corrected for the photoelectron 1nean free path ( )L) dependency (21), 
assuming that ~ •5 Ä- 1 for a Co atom. 

LiE0 
(eV) 

-9.8 

-6.5 
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Co(0.37)-H20/Norit can be observed. 

Figure 7 presents the Fourier-transformed 
Ni(0.52)-H20/Lonza tagether with that 
Ni(0.34)-H20/Norit sample taken from ref. (11). 

EXAFS spectrum of 
of a sulfided 

10~----~------~-----.--------.------.-----, 

0 

Figuzoe 7: 

2 
r [Á] 

--Ni/Lonza 
········· .. Ni/Norit 

4 6 

Imagina:ey and absolute Fou:riezo tzoansfol'm8 (7<. 3 .. L1k=3.1-

10.9 J-1) of the sutfided Ni(0.52)-Bg0/Lonza 

catatyst (denoted Ni/Lonsa) and of a suZfided 

Ni(0.34J-Bg0/No:rit catatyst (denoted Ni/No:rit), taken 

!zoom zoef. ( 11). 

The spectra show one strong peak, contafning the Ni-S and the first 
Ni-Ni coordinations. It is clear that the EXAFS spectra of the Lonza
and the Norit-supportéd Ni sulfide catalysts are much alike. The data 
analysis of the Ni(0.52)-H20/Lonza sample was carried out by apply
ing an inverse Fourier transfarm window (L1r=0.6-3.3 A) on the Fourier 
tranform spectrum (k3, L1k=3.1-10.9 )i.-1), and fitting the re
sulting Ni-S and Ni-Ni (1) EXAFS functions in a similar fashion as 
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described for the Co(0.49)-Hz0/Lonza sample. In Figure 6 the k3-

weighted Fourier transfarms of the experimental and the calculated 

best-fit EXAFS contributions are shown. The structural parameters are 

presented in Table 2, tagether with those of the sulfided Ni(0.34)

H20/Norit sample (11). 

Table 2. Structural EXAFS parameters of the Ni-S and Ni-Ni(l) coordinations in 
the sulfided Ni(0.52)-H20/Lonza catalyst. For comparison, the results 
of a sulfided Ni(0.34)-H20/Norit catalyst taken from ref. (11) arealso 
included. 

sample Ni-S Ni-Ni(l) 

N R L}u2 LiEo N R L}u2 Mo 
<ÄJ tÄ2l (eV) (Al (Azl {eV) 

Ni(0.52)-H20/Lonza 4.9 2.23 0.0037 1.0 2.2 2.52 0.0089 -3.8 

Ni(0.34)-H20/Norit 4.7 2.24 0.0038 0.1 1.9 2. 54 0.0071 -3.6 

Accuracies: N, _: 20%; R, _: 1%; Liu2, + 20%; LiE0, _: 10%. 
The coordination numbers have been corrected for the photoelectron mean free path 
(À) dependency (21), assuming that À =5 Ä-1 for a Ni atom. 

As follows from this Table, the Lonza-supported catalyst exhibits 

almast identical parameters for the Ni-S as well as the Ni-Ni(l) 

coord i nat i on, as the Nor i t-supported counterpart. On the other hand, 

the coord i nat i on numbers of the Lonza-supported cata lyst might be 

somewhat larger than those of the Norit-based catalyst. 

Co K-edge XANES 

In the X-ray absorption spectrum of the sulfided Co(0.49)-H20/Lonza 

catalyst, a weak pre-edge absorption peak is present, caused by a Co 

1s~3d transition. The peak intensity of this transition provides 
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information about the local Co site symmetry (22), whereby a high 

intensity is indicative of a tetrahedral symmetry and a low intensity 

of an octahedral or trigonal prismatic symmetry (for more detailed 

information· we refer toBouwenset al. (10)). In Figure 8 the Co 

ls ~3d. pre-edge absorption peak of Co(0.49)-H20/Lonza is presen

ted, together with that of a sulfided Co(0.37)-H 20/Norit sample 

taken from ref. (10). 

" (,) 
c 
as 
.a 
6 0.1 
." 
.a 
...:: 

o.o ,__ ______ _,__ ______ _, 
-11 

Figut'e 8: 

-10 -I 

E(eV) 

Co ls ~ 3d pz>e-adge t:r>anaition . of the su'lfided 

Co(0.49)-Ba0/Lonza cata'lyst and a su'lfidad 

Co(0.37J-BaD/No:r>it cataZyst# taken f:r>Om :r>ef. (10). 

The peak intensities appear to be not much different, suggesting that 

the local site symmetry of Co in the Lonza-supported catalyst is 

similar to that of Co .in the Norit-supported sample. 
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Discussion 

Catalytic properties of Lonza-supported Co(Ni) sulfide catalysts 

For the Lonza-supported Co sulfide catalyst, it is found that the 

specific HDS activity (per mol Co). especially at low Co loadings, is 

strongly dependent on the type of solvent used for the impregnation 

procedure. Acetone and ethanol as solvents result in catalysts having 

higher HOS activfties than those obtained by using water as solvent. 

This can be related to the fact that the total pore volume reached by 

acetone and ethanol solvents is twice as high as that reached by 

water. Hence, because of the higher degree of wettability in case of 

organic solvents, at equal Co loadings (at per nm2 of total support 

surface area) in fact sol ut i ons with a lower concentrat ion can be 

used which reach more pare surface area. This is likely to result in 

an improved dispersion of the deposited metal salt phase. The latter 

is confirmed by quantitative XPS results of the sulfided Co/Lonza 

catalysts. The Co(0.91)-ACET/Lonza catalyst shows a significantly 

better dispersion (smaller Co sulfide particles) compared to the 

water-impregnated samples. Furthermore, the partiele thickness in 

Co(1.32)-ACET/Lonza (4.7 nm) is approximately the same as that in 

Co(0.81)-H20/Lonza (4.9 nm}, despite the roughly two times higher 

Co loading in the acetone-impregnated sample. Our findings are in 

line with the work of Machek et al. (23) who investigated carbon

supported Pt catalysts prepared by the impregnation technique. They 

showed that in the case of water as so 1 vent, wh i eh has a low affi

n i ty for the hydrophob ie carbon support, the Pt part ie 1 es are non

uniformly distributed through the carbon grains, whereas in the case 

of solvents interacting to some extent with the carbon support, like 

ketones or ethanol, the Pt particles are uniformly distributed. 

Consequently, the mean partiele size of Pt after reduction at 300 °C 

was found to be twice as high in the water-impregnated sample than in 

the samples prepared by impregnation with ketones or ethanol (23). 

The EXAFS characteristics of Co(0.49)-H 20/Lonza reveal Co-S and Co

Co interatomie distances which are typical of Co9s8 and not of 
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other types of Co sulfides (10). On the other hand, the Co-S coordi

nation number of Co(0.49}-H 20/Lonza is clearly higher than that of 

bulk co9s8 _ (4.3, according to ref. (10)), suggesting that the Co 

sulfide particles in Co(0.49)-H20/Lonza have a higher fraction of 6-

fold (octahedral or trigonal prismatic) sulfur-coordinated Co atoms 

than present in Co 9s8• No indications have been found for a Co-C 

coordination, excluding the existence of so-called Co-graphite inter

calation compounds, which are known from the literature (24,25}. 

As regards the Lonza-supported Ni sulfide catalysts, no clear effect 

of the type of solvent used for impregnation, on the HDS activity is 

found. This finding is in 1 ine with the quantitative XPS results 

which show that the Ni sulfide partiele thickness in the Ni (1.05}

ACET/Lonza catalyst is not smaller than that in the corresponding 

water-impregnated samples. Hence, although acetone has a higher 

affin i ty for the hydrophobic Lonza support than water, the u se of 

acetone as impregnation solvent does not result in a better 

dispersion of the Ni particles compared to the use of water. The 

explanation might be related to a decreased solubility of Ni nitrate 

in acetone comparèd to lts very high solubil ity in water (26). If it 

is assumed that a low solubil ity is unfavourable for the dispersion 

of the deposited metal salt particles, this negative effect can 

compensate the positive effect of using an organic (acetone or 

ethanol) impregnation solvent, as a result of which the Ni phase 

dispersion in Ni/Lonza catalysts is not much affected. Besides this, 

it should be kept in mind that the thiophene conversion of the 

sulfided Ni/Lonza catalysts is quite low, typically 4-6%, with an 

absolute inaccuracy of about 1%. Hence, this relatively high in

accuracy makes it difficult to discern any real differences in 

catalytic activity. 

The EXAFS characteristics of Ni (0.52)-H 20/Lonza reveal Ni-S and Ni

Ni interatomie distances which correspond· closely to those in bulk 

Ni 3s2 and not to other types of Ni sulfides (11). No indications 

have been found by EXAFS for a Ni-C coordination, excluding the pre

senee of so-called Ni-graphite intercalation compounds (27). 
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Comparison between lonza- and Norit-supported Co(Ni) sulfide cata

lysts 

The present study on the catalytic HDS properties of HSA graphite

supported Co or Ni sulfide catalysts is focussed on two main 

questions: 

i. How do the thiophene HDS activities of HSA graphite (lonza)-sup

ported Co(Ni) sulfide catalysts campare with those of their 

activated carbon (Norit)-supported counterparts? 

ii. Can the differences in HDS activities between HSA graphite

and activated carbon-supported catalysts be related to the speci

fic structural properties of their respective Co(Ni) sulfide pha

ses? 

As regards the sulfided Co/Lonza catalysts, the highest specific HDS 

activity (per mol Co) is obtained at low Co loadings and using an ace

tone or ethanol impregnation solution. In fact, the specific HDS acti

vity of Co(0.48)-ACET/Lonza appears to be similar to that of a corres

pond ing Co( 0. 52) -H 20/Nori t samp 1 e and a 1 so the Co-ACET /Lonza and Co

ETOH/Lonza results appear to follow the same kHDs-versus-Co loading 

curve as the Co-H 20/Norit results. This indicates that sulfided 

Co/lonza catalysts can have the same (high) specific HDS activities 

as the Norit-supported counterparts, provided that they are prepared 

under optimal conditions. As regards the sulfided Ni/Lonza cata

lysts, their specific HDS activities (per mol Ni) are similar to 

those of the Norit-supported systems, independent of the type of 

solvent used for impregnation. 

According to the XPS results, a major difference between Lonza- and 

Norit-supported Co(Ni) sulfide catalysts concerns the active phase 

dispersion, viz. inhomogeneously dispersed particles (or: maldistribu

tion) for the Norit-supported samples and homogeneously dispersed 

particles for the Lonza supported systems (water- as well as acetone

impregnated). Despite these fundamental differences in Co and Ni ac

tive phase dispersion, it appears that the specific thiophene HDS 

act i vit i es of the two types of carbon-supported cata lysts ( Lonza 
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versus Nor i t) can be es sent i a lly equa 1 • Therefore, we c an conc 1 ude 

that an inhomogeneous dispersion of the Co or Ni sulfide species does 

not necessarily affect the· thiophene HOS properties. 

The question then remains, is how to explain the relatively low spe

cific HDS act ivity of the water- impregnated Co/Lonza cata lyst s (at 

low Co loadings} compared to the Co-H20/Norit catalysts. To answer 

this question, it is instructive to campare the Co K-edge EXAFS re

sults of the Co(0.49)-H20/Lonza catalyst with those of Co(0.37)

H20/Norit (cf. Table 1). As concerns the Co-S coordination, both 

catalysts appear to have a higher Co-S coordination number than that 

in bulk Co9s8, suggesting in both cases an increase in the 

fraction of 6-fold coordinated Co atoms compared to Co9s8. 

Although the Co-S coordination number in Co(0.49)-H 20/Lonza is 

higher than that in Co(0.37)-H 20/Norit, the similarity of their Co 

1s ~3d pre-edge peak intensities indicates that the local Co site 

syrrrnetry in both catalysts is comparable. Moreover, the interatomie 

distances of the Co-S, Co-Co(l) and Co-Co(2) coordinations in the 

Lonza- and Norit-supported catalysts are much al i ke. These results 

indicate that the structure of the Co sulfide particles in the 

Co(0.49)-H20/Lonza catalyst is in close agreement to that in 

Co(0.37)-H20/Norit. However, the EXAFS data analysis reveals higher 

Co-Co(l) and Co-Co(2) coordination numbers for Co(0.49)-H 20/Lonza 

compared to those in Co(0.37)-H 20/Norit. This result signifies that 

the average Co sulfide partiele dimensions in the Lonza-supported 

catalyst are larger than those of its Norit-support counterpart. On 

the basis of these results, the lower HDS activity of Co(0.49)

H20/Lonza compared to Co(0.37)-H20/Norit can most 1 ikely be 

explained in terms of a decreased active phase dispersion, rather 

than in terms of a decreased intrinsic activity per active site. 

As regards the Ni(0.52)-H20/Lonza catalyst, the EXAFS results 

{Table 2) reveal almost identical Ni-S and Ni-Ni(l) interatomie 

distances than present in the Ni{0.34)-H20/Norit sample, indicating 

that the structure of the Ni sulfide species in both catalysts is 

comparable. On the other hand, the slightly larger Ni-Ni(l) 
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coordination number in Ni (0.52)-H 20/Lonza compared to that in 

Ni (0.34)-H 20/Norit points to a somewhat 1 arger average Ni sulfide 

partiele size for the Lonza-supported catalyst. This increased parti

ele size can, analogously to Co-H20/Lonza, be the cause of the lo

wer HDS activity of Ni(0.52)-H 20/Lonza compared to that of Co(0.34)

Hz0/Norit, (see Figure 2(b)). 

Conclusions 

The following conclusions regarding the catalytic HDS properties of 

HSA graphite- and activated carbon-supported Co and Ni sulfide 

catalysts, can be drawn. 

1. The specific thiophene HDS activities {per mol Co or Ni) of HSA 

graphite-supported Co(Ni) sulfide catalysts prepared by using 

acetone or ethanol as impregnation media, are similar to the 

activated carbon-supported counterparts. XPS shows that the Co as 

well as the Ni sulfide particles in the HSA graphite-supported 

catalysts are homogeneously dispersed over the graphite support 

surface, in clear contrast to the activated carbon-supported 

catalysts which have inhomogeneously dispersed Co(Ni) sulfide 

phases. From these results it can therefore be concluded that an 

inhamogeneaus dispersion of the Co as well as the Ni sulfide 

partic 1 es does not necessarily affect thei r thiophene HDS 

properties. 

2. The specific thiophene HDS activities of HSA graphite-supported 

Co sulfide catalysts prepared by using water as impregnation me

dium, are significantly lower, at low Co loadings, compared to 

the acetone- or ethanol-impregnated Co/(HSA graphite) catalysts 

as well as compared to the activated carbon-supported Co sulfide 

catalysts. By EXAFS it is found that the Co sulfide particles in 

the water-impregnated Co/(HSA graphite) catalysts are on average 

larger than those in the corresponding activated carbon-supported 

systems. Hence, this increase in partiele size can explain the lo-
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wer specific thiophene HDS activities. 
The beneficial effect of using organic solutions (acetone or etha
nol) instead of water for impregnating HSA graphite, can be ex
plained by the fact that organic solutions have a higher affinity 
for the hydrophobi c carbon substrate compared to an aqueous so
lution. This higher affinity probably results in an improved 
dispersion of the deposited Co phase. 
As regards the HSA graphite-supported Ni catalysts, no clear 
effect of the type of solvent used for impregnation, on the HOS 
activity of the sulfided catalyst is observed. 
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Chapter 7 

Phosphorus Poisoning of Molybdenum Sulfide 
Hydrodesulfurization Catalysts Supported on 

Carbon and Alumina 

Abstract 

Phosphorus-containing Mo sulfide catalysts supported on y-A1 2o3 
and activated carbon were evaluated for their thiophene HDS activi
ties. Phosphorus was added as phosphoric acid to the carrier material 
prior to the molybdenum component. The thiophene HDS activity of the 
carbon-supported catalysts was strongly decreased by phosphorus, 
while alumina-supported catalysts were not poisoned by phosphorus 
when present at moderate contents. 
The structural characteristics and degree of dispersion of the 
sulfided carbon-supported catalysts were determined by X-Ray 
Photoelectron Spectroscopy and dynamic CO chemisorption. The cause of 
the phosphorus poisoning could not be related to a decrease in active 
phase dispersion, nor to incomplete sulfidation of the oxidic precur
sor cata lyst. CO chemi sorpt i on revea 1 ed that in a phosphorus-contai
ning catalyst anion vacancies were blocked. 
It was suggested that phosphorus poisoning can be rel ated to phos
phine (PH3), created by reduction of phosphate, probably during the 
presulfiding treatment. The poisoning effect can be explained as 
resulting from the adsorption of phosphine .on the anion vacancies. 
The fact that alumina-supported catalysts are not poisoned by 
phosphorus can be exp 1 ai ned by the st rong interact ion of phosphate 
with the alumina support. Due to this strong interaction, phosphate 
will not be reduced to phosphine under the sulfiding and reaction 
conditions applied. 
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Introduetion 

Alumina-supported molybdenum oxide or molybdenum sulfide catalysts, 

and promoted Co-Mo/Al 2o3 and Ni-Mo/Al 2o3 systems have 

been widely investigated with respect to their ability to catalyze 

hydrotreating reactions such as HDS and HDN. Efforts have also been 

made to improve their catalytic activity by finding appropriate 

secondary promotors. 

Phosphorus, present as phosphate, can be considered to be one of the 

most effective modifiers to the above mentioned catalysts, in fact, 

it appears to be a component in a number of commercial catalysts. In 

the l iterature, phosphate is described as a promotor for hydrodesul

furization (1-9), hydrodenitrogenation (2-4) and hydrodemetalliza

tion (5) reactions. 

Besides promoting the catalytic activity, other beneficial properties 

have been ascribed to the phosphate additive. It has been said to 

provide increasing strength and heat stability to the alumina support 

(10,11). Usually, phosphoric acid is added to increase the solubility 

of the precursor metal salts in the impregnation solutions, the advan

tage being that promoted catalysts can be prepared with a single im

pregnat i on step (1-3, 6-9,12,13). The promot i on effect of phosphorus 

on the catalytic activity is tentatively expl ained as resulting from 

an improved dispersion of the precursor metal salts on the support. 

More specifically, because of the high solubility of the metal salts 

in the phosphoric acid-containing impregnation solution, the 

deposition of large crystalline aggregates on the support surface is 

minimized (1-3,6-9). Nevertheless, the promotion effect of phosphorus 

on HDS activity is not really understood, and the structures of 

phosphorus-containing catalysts have not been fully elucidated. 

It is also known (2) that large amounts of phosphoric acid (larger 

than 12 wt%) ad verse l y affect the act i vi ty of the cata lyst for both 

HDS and HDN reactions. This poisoning effect of phosphorus is like

wise not understood. 
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In striking contrast to al umina-supported catalysts, it was demon
strated that for carbon-supported molybdenum sulfide catalysts, 
phosphorus .should regarded to be a severe poison, as it drastically 
reduces the HDS activity of the catalysts even at very low phosphorus 
contents (14-16). This Contradietory behaviour of phosphorus, being a 
promotor on one hand and a poison on the other hand, is very intri
guing. 
The present study aims to shed more light on this problem by evalua
ting the properties of phosphate-containing activated carbon- and 
alumina-supported Mo catalysts. A series of Mo catalysts with varying 
phosphorus content and nearly constant metal content, was prepared 
and evaluated for their thiophene HDS activity. X-ray photoelectron 
spectroscopy and dynamic CO chemisorption were used to characterize 
the catalysts. 

Experimental 

Catalyst preparation 

A. Alumina-supported catalysts. 

Phosphorus-containing catalysts, supported on a lumina ( Ketjen Grade 
B; BET surface area, 270 m2 g-1; pore volume, 1.9 cm3 g-1) 
were prepared by a stepwise pore volume impregnatio~ method in which 
aqueous phosphoric acid (Merck p.a.) was added first, followed by the 
active metal salt component, ammonium heptamolybdate (Merck p.a.). 
After the impregnation step, the catalysts were dried in air (16 h}, 
starting at 293 K and gradually increasing the temperature up to 
383 K (3 h) where they were kept overnight. Finally, the catalysts 
were subjected to a c.alcination treatment at 823 K for 2 h in air. 
A series of catalysts was prepared, containing a nearly constant 
amount of Mo and varying amounts of phosphate. 

B. Carbon-supported catalysts. 

The support used was an activated carbon (Norit RX3-Extra; BET 
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surface area, 1190 m2 g-1; pore volume, 1.0 cm3 g-1). 

Three different procedures have been app 1 i ed for i ntroduci ng 

phosphorus into the catalysts. 

1. The carbon support was immersed in an aqueous salution of 

H3Po4• Aft er refl u x i ng for 1 h, when most of the phosphate was 

chemisorbed by the carbon, the samples were filtered off and dried 

overnight in air at 383 K. 
Catalysts were prepared on the phosphate-containing carbon 

supports by pore volume impregnation using aqueous solutions of 

ammonium heptamolybdate. 

A series of catalysts containing a constant amount of Mo, as 

active metal component was prepared having various amounts of 

phosphate. 

After impregnation, the catalysts were dried in air, starting at 

293 K and increasing the temperature up to 383 K over 3 h, where 

they were kept overni ght. The carbon-supported samp 1 es were not 

subjected to a calcination step because this is detrimental to the 

dispersion of the active phase. 

2. The carbon support was impregnated (pare volume impregnation) with 

an aqueous salution of molybdophosphate 

(H 3P(Mo3o10)4.H2o, Janssen Pharmaceutica). This complex 

wi 11 in the following be denoted as 12-MPA. One catalyst sample 

was prepared by pore vo 1 urne impregnat ion with 12-MPA on a carbon 

support which already contained some phosphate (which was intro

duced according to procedure 1). The catalysts were dried over

night at 383 K in air. 

3. After sulfidation of the phosphorus-free Mo-catalyst, prepared by 

pore volume impregnation in a simtlar fashion as described befare 
(procedure 1), an aqueous salution of phosphoric acid was added to 

the sulfided catalysts by pore volume impregnat ion in a nitrogen 

atmosphere. This catalyst was dried overnight under flowing 

nitrogen at 293 K. 
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It should be noted that the catalytk structure does not change 
significantly as a result of this impregnation procedure. 
We checked this by impregnating a sulfided Mo-catalyst with 
pure water and measuring its thiophene HDS activities. The HDS 
activities turned out to be nearly the same as those of the 
parent Mo-catalyst, indicating that no significant change in 
catalyst structure occurred. 

The metal and phosphate content of the precursor catalyst were 
determined by means of atomie absorption spectroscopy (Perkin-Elmer 
3030 AAS spectrometer) and a standard analysis procedure (17), 
respect ively. 

C. Catalyst notation. 

In this article, catalysts will be denoted as follows: 
Me(x)/(Y + P(z)), 

in which x represents the weight percentage of Mo, and z the weight 
percentage of phosphate. Y denotes the type of carrier: Al for alumi
na, and C for carbon (preparation procedures 1 and 2). The carbon
supported catalyst prepared by procedure 3 will be denoted as 
(MoS2/C)+P. In Table 1, the different catalysts are shown schema
tically. 

Table 1. Schematic representation of the catalysts. 

prepar at ion 
support material procedure8 cata lys't notat ion 

A lumina - Mo/(Al+P) 

--~------------------ ---·----·-------- ------------·--------·---·-~-

Carbon 1 Mo/(C+P) 

2 12-MPA/C b 
12-MPA/(C+P) 

3 (MoS2/C)+P 

8 In case of carbon as support material, three different preparatien 
procedures, described in the sect ion tata lyst prepar at ion, have 
been applied. In case of alumina as support material, the conven
tional pore volume impregnation procedure has been used. 

bl2-MPA stands for the H3P(Mo3o10)4 complex. 
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Catalyst activity 

Catalytic activity for thiophene HDS was tested in a micro flow 

reactor operating at 673 K and atmospheric pressure. Catalyst samples 

(0.2 g) were sulfided in situ in a mixture of H2S/H2 {10 vol% 

H2S, flow rate 60 cm3 min-1). The following temperature program 

was applied: startingat 293 K, the temperature was linearly 

i ncreased at a ra te of 6 K min -1 unt il 673 K, fo 11 owed by extended 

sulfidation at 673 K for 2 h. In the case of catalysts prepared 

according to procedure 3 (see sectien catalyst preperation), the 

extended sulfidation at 673 K was carried out for only 0.5 h. 

At 673 K a mixture of thiophene and H2 (6.2 vol % thiophene) was 

introduced, at a flow rate of 50 cm3 min-1• The reaction products 

were analyzed by on-line chromatography. The thiophene conversion 

measured after a 2 h run was taken to calculate the first order rate 

constants for HDS and the consecutive butene hydragenation (HYD) 

reaction (18). The HDS reaction rate constant (kHosl is calculated 

as follows: 

kHos=-F/W*ln(l-x), 
in which Fis the total flow rate {in m3.s-1, W the weight of 

catalysts (in kg) and x the thiophene conversion (in%). 

The intrinsic catalytic activity is expressed as a quasi-turnover 

frequency (QTOF: moles thiophene converted, per mole active metal, 

per second). 

X-ray photoelectron spectroscopy (XPS) 

XPS spectra of the oxidic samples were recorded on a Physical 

Elecronics 550 XPS/AES spectrometer equipped with a Mg anode (1253.6 

eV) and a double pass cylindrical mirror analyzer operatingat a pass 

energy of 50 eV. The powdered samples were pressed on double sided 

adhesive tape. Spectra were recorded in steps of 0.2 eV. The pressure 

did not exceed 6.6 x w-6 Pa and the temperature was approximately 

293 K. 
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XPS spectra of the sulfided samples were recorded on an AEI ES 200 

spectrometer equipped with a Al anode (1486.6 eV) and a spherical 

analyzer operating at a pass energy of 60 eV. In order to avoid 

contact of the sulfided catalysts with air, a special sulfiding 

reactor was used (19) which allowed transfer of the samples to a N2 
flushed glove box attached to the XPS apparatus without exposure to 

air. Af ter sul fi dation accord ing to the procedure descri bed above, 

the catalyst samples were flushed with purified He for 15 min at 673 

K and subsequently cooled to room temperature. The samples were 

mounted on the specimen holder by means of double sided adhesive tape. 

Spectra were recorded at 293 K in steps of 0. 2 eV, the pressure was 

lower than 1.3 x 10-6 Pa. 

The C 1s peak (284.6 eV) was used as an internal standard for binding 

energy calibration and the Mo over C photoelectron intensity 

ratios were used to measure the degree of dispersion of the Mo phase 

on the support. 

Theoretica] intensity ratios were calculated according to the 

catalyst model described by Kerkhof and Moulijn (20), assuming that 

the Mo phase is exclusively present as isolated or polymerized 

monolayer species. Electron meao free paths were calculated according 

to Penn (21), electron cross sections according to Secfield (22). 

Oynamic CO chemisorption 

Oynamic CO chemisorption was measured after sulfidation of the oxidic 

catalysts in a thiophene/H2 (7 .9_ vol % thiophene) reaction mixture 

at 693 K. At the end of a 24 h period needed for stabil i zat ion, the 

sulfided catalyst was subsequently flushed with Ar for 2 h at 693 

K, then measured for its carbon monoxide chemisorption capacity in 

the reactor itself by a dynamic method. Successive pulses are run 

onto the sulfided catalyst held at 273 K until cumulative adsorption 

remains constant. For more detailed information we refer to Bachelier 

et al. (23). 
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Results 

Thiophene HDS activity 

A. Alurnina-supported catalysts 

In Table 2 the catalytic activities for Mo/(Al+P) are shown. 

The kHDS values included in this Table show that the promotor 

effect of phosphate is negligible. More importantly, however, these 

data clearly show that, under the conditions used, phosphate does not 

act as a po i son. The butene hydragenat i on act i v ity kHYD ( expressed 

relative to HDS-activity, kHos) is also nat significantly changed 

by phosphate. 

Table 2. Activities of alumina-supported sulfided Mo catalysts. 

I 
Catalyst composition Catalytic activity 

wt% wt% Po~- Conv. kHos*103 kHYD -- --
, type of catalyst Mo Po~- Mo (%) (m3kg-ls-l) kHDS 

Mo/ (A l+P) 7.1 0 0 6.9 0.68 3.2 

7.0 1.4 0.20 7.6 0.76 3.2 

7.0 1.8 0.26 7.2 0.72 3.0 

B. Carbon-supported catalysts 

The catalyst compositions and thiophene HDS activities of the carbon

supported Mo-catalysts are shown in Tabl e 3. It should be noted that 

0.03 wt% Poi- was present on the pure carbon support, in spite 

of the fact that it had been industrially purified with a HCl 

washing. In Fig. 1 the quasi-turnover frequencies (QTOF) are plotted 

for all the samples mentioned in Table 3. Clearly, the QTOF values of 

Mo/(C+P} catalysts {procedure 1) decrease rapidly with only small 

amounts of phosphate, an observation already made in previous publi-
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cations (14-16). The butene hydragenation activity kHYD (expressed 

in kHvolkHos) seems less affected by phosphate than kHos= the 

ratio kHvo!kHDS increases at high phosphate loadings. Thus, hydra

genation is still relatively fast, whereas hydrodesulfurization is 

strongly decreased. The HDS-activity of catalysts prepared by impreg

nation with an aqueous solution of the 12-MPA complex (procedure 2) 

is in line with the ordinary Mo/(C+P) catalysts as can be seen in 

Fig. 1. 

5.0 
0 • Mo/(C+P) 

0. 12-MPA/C 
\ • 

(') 

~ 
0 • 12-MPA/(C+P) 

0 .. 
• 6 .& (Mo82/C)+P 
... 2.5 
0 • 8 ... 4..-0 ---- --o 

-~ OI ~ 4 ~ ~ 
o2-rr-- ,:,(, ,:,(, 

0 
o.o 0.1 0.2 o.a 0.4 

PotiMo (mol/mol) 

Fig. 1. : QTOF va"lues and kHYIYkHDS r>atios of su"lfided Mo/(C+PJ 

cata"lysta as a function of the PO~-/Mo r>atio in the 

o:cidic pr>ecUl'BOl' state. 
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Table 3. Activities of carbon-supported sulfided Mo catalysts. 

Catalyst composition Catalytic actîvity 

QTOF *103 

wt% wt% po3- Conv. kHDS *103 mol thiophene _4_ 
Mo ro4- Mo (%) (m3 kg·lç1) (mol Mo.s ) 

7.0 0.03 0.004 24.0 2.6 4.1 

7. 4 0.07 0.01 22.7 2. 5 3.6 
7.4 0.14 0.02 19.2 2.0 2.9 
7. 6 0.28 0.04 17.0 2.0 2.8 

7.5 0.40 0.05 14.3 1.5 2.2 

7. 2 2.60 0.37 4.0 0.4 0.6 

8.6 0.71 0.08 12.0 1.2 1.5 

7. 3 1.34 0.19 2.6 0.6 0.9 

6.3 2.60 0.42 2.4 0.2 0.3 

aFor catalyst notation: see section Experimental. 

Interestingly, introduetion of phosphorus into a sulfided Mo/C ca

talyst (procedure 3) also resulted in a strong poisoning effect. 

Characterization of carbon-supported catalysts 

XPS measurements were carried out on the Mo(7.2)/{C+P(2.60)), and the 

Mo(7.0)/C catalyst, as well as on the pure 12-MPA complex, in both the 

oxidic and sulfided form. The results are collected in Table 4. 

The XPS results seem to indicate that the Mo partiele size of the 

phosphorus-containing precursor catalyst {1.7 nm) is larger than that 

of the P-free Mo/C sample ( 1.0 nm). This could mean that in the oxi

dic state a molybdophosphate phase with a larger partiele size than 

the molybdate phase is formed. Upon sulfidation, however, all the Mo 

particles are converted into MoS2 as judged from the Mo 3d binding 

energies (229.3 and 232.5 eV .:!:_ 0.2 eV) and the sulfur to molybdenum 

ratio of 2.2 + 0.2. The binding energies of the Mo 3d and S 2p XPS 

kHYO 

kHDS 

2.4 

2.8 

2.6 

2.9 

3.3 

5.8 
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Table 4. XPS results of P-free Mo/C, P-containing Mo/C and H3P(Mo301ol4 

Ma( 7 .O)IC Mo(7.2)/(C+P(2.60)) H3P(Mo3o10) 4 

Oxidic state 

Mo 3ds/2,J/Z B.E. (eV) 232.4 235.4 232.6 236.0 232.4 

IMollc 0.074 0.063 

P 2p S.E. (eV) 133.8 133.8 

partiele size (nm) 1.0 1.7 

Sulfided state 

Mo 3ds/2,J/2 B.E. (eV) 229.3 232.4 229.3 232.5 229.4 

IMollc 0.061 0.058 
S/Mo atomie ratio8 1.9 2.2 1.5 

S 2p B.E. (eV) 162.8 162.7 162.5 
P 2p B.E. (eV) 133.8 134.1 

partiele size (nm) 2.2 2.6 

8 The S/Mo atomie ratio was calculated after subtraction of the amount of 
sulfur formed due to sulfidation of the carbon support itself (Is/Ie = 0.003) 

235.4 

232.6 

electrans in sulfided Mo/(C+P) are almast equal to those of the sul

fided Mo/C catalyst, indicating that phosphorus does not influence the 

chemical state of Mos2• 

The size of the MoS2 particles present in the sulfided 

Mo(7.2)/(C+P(2.60)) catalyst (2.6 nm) is consistent with that of 

Mo(7.0)/C: 2.2 nm. This signifies that in a sulfided Mo/C+P catalyst 

the active phase dispersion is roughly the same as for a sulfided phos

phorus-free Mo/C catalyst. The P 2p binding energy in the sulfided 

state of Mo(7.2)/(C+P(2.60)) is the same as that of its oxidic precur

sor: 133.8 + 0.2 ev. 

To see if a molybdophosphate can be converted into Mos2• the 12-MPA 

complex was sulfided under the standard conditions and XPS spectra 

were taken of the oxidic and sulfided forms. These XPS data show that 

12-MPA is sulfided to form a Mo sulfide (according to Mo 3d binding 
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energies) with a S/Mo ratio of 1.5. This value is, however, lower as 

expected for Mos 2 so possibly sulfidation was not complete. 

The P 2p binding energy of the complex in the oxidic state is the same 

as that of Mo/(C+P), while in the sulfided state the P 2p binding 

energy is also close to the reported value for the sulfided Mo/(C+P) 

catalyst. 

CO chemisorption measurements were performed on a Mo(6.9)/(C+P(2.30)) 

and on the P-free Mo(7.0)/C catalyst. The molar ratio CO/Mo amounted 

to 0.04 for Mo(7.0)/C but only 0.003 for Mo(6.9)/(C+P(2.30)). 

Apparently, the CO chemisorption is strongly decreased in the presence 

of phosphorus. 

Format i on of PH3 

It is known from the 1 iterature (24) that H3Po4 and 

(NH4 )2HP04 can be reduced by H2 to PH3 (phosphine) at 873 

K. It has also been reported (25) that a catalyst consisting of 

H3Po4 on activated charcoal is reduced by H2, starting at 673 K 

and resulting in the formation of white phosphorus. Since these expe

riments show that phosphate on a carbon support can be reduced, possi

bly to phosphine, it is instructive to investigate this phenomenon on 

our catalysts. An experiment was carried out in which a phosphate

containing carbon support (27 wt% Pol-l was reduced by H2 at 

673 K (3 h). The outlet gases were bubbled through an aqueous sol ut ion 

of si lver nitrate, an indicator for the presence of PH 3• Indeed it 

was found that PH 3 had been formed. To investigate the possibil ity 

of poisoning by phosphine, we sul fided a Mo(7 .0)/C catalyst and after 

sulfidation (according to the standard procedure) we introduced 

gaseaus PH 3 in a helium gas flow into the reactor at 673 K. This 

experiment was carried out in situ and PH 3 was prepared by hydra

lysis of phosphonium iodide. After the PH3 treatment the thiophene 

HDS activity was measured. It was discovered that HDS activity had 

drastically decreased: kHDS was 0.2 x 10-3 m3kg-1ç 1 , while 

Mo(7.0)/C generally has a kHDS of 2.6 x lo-3 m3kg-ls-1, this 
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means a decrease in HOS activity of more than 90%! 

Discussion 

To explain the poisoning effect of phosphorus in Mo/(C+P) catalysts, 
a number of explanations may be postulated. 
i) Formation of a catalytically inactive metal-phosphate complex. 
ii) Oecrease in active phase dispersion. 
iii) Incomplete sulfidation of the metal oxidic particles. 
iv) Poisoning of the active sites. 

Concerning the first possibil ity, the formation of a molybdophosphate 
complex in the oxidic precursor catalyst is not excluded. This was 
evidenced from the catalyst prepared from 12-MPA which showed a 
similar HOS activity as the conventional Mo/(C+P) catalysts. However, 
phosphorus addition to a sulfided Mo/C catalyst (to prevent the 
formation of the oxidic molybdophosphate complex) resulted in the same 
HOS activity as that of a Mo/(C+P} catalyst. Furthermore, XPS of a 
sulfided 12-MPA complex showed that this complex can easily be 
converted to a Mo sulfide. These experiments prove that the existence 
of a molybdophosphate is not at all necessary for the P-poisoning 
effect. The second possibility is also not valid since XPS showed that 
the active phase dispersion of Mo/(C+P) after sulfidation is not signi
ficantly decreased compared to that in Mo/C. 
From the XPS results it appears that a Mo/(C+P) catalyst is completely 
sulfided: the S/Mo ratio is 2.2 and the binding energies of the Mo 3d 
XPS electrans in sulfided Mo/(C+P) are almast the same as those in 
Mo/C. This means that the explanation of the P-poisoning in terms of a 
reduction in degree of sulfiding (possibility i1i) is not valid either. 
From these results it seems that the active molybdenum sulfide phase 
of Mo/{C+P) is structurally equivalent compared to that of P-free 
Mo/C. Vet, the CO chemisorption capacity is strongly decreased in 
the presence of phosphorus. Bache 1i er et a 1 • (23,26,27) have shown 
that a linear correlation exists between CO chemisorption and 
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thiophene HDS activity for unpromoted Mo/Al. According to Bachelier et 

al., CO chemisorption can be regarded as a means for titration of the 

anion vacancies, whereby one CO molecule would be able to detect one 

vacancy. Decreased CO chemisorption therefore points to a decrease in 

the number of vacancies. 

Concerning the Mo(7.0)/C and Mo{6.9)/(C+P(2.30)) catalysts, the de

crease in CO chemi sorpt i on ( 90%) is remarkab 1 y proport i on al to the de

crease in thiophene HDS activity (85%) measured for a comparable 

Mo(7.2)/(C+P(2.60)) catalyst. CO chemisorption thus reveals that the 

number of sulfur anion vacancies decreases when phosphorus is present 

on the catalyst. Since XPS showed that dispersion does not signifi

cantly decrease, this can only mean that the anion vacancies are in 

some way blocked, possibly by a phosphorus compound. This phosphorus 

compound could be PH 3, which was demonstrated to be a possible poiso

ning agent. The phosphorus poisoning effect can consequently be explai

ned as resulting from the adsorption of PH 3 on the vacancy sites of 

the metal sulfides, in this way deactivating these sites. 

Thus, poisoning of the active sites (possibil ity iv) seems the most 

1 i ke ly expl a nat i on for a 1l the observed phenomena of the phosphorus 

poisoning effect. It can expl a in why catalysts prepared by 

impregnation with a molybdophosphate complex (procedure 2) are 

poisoned: the phosphate in the complex is reduced to phosphine while 

molybdenum is sulfided, during the presulfiding treatment. It can 

also explain why a sulfided catalyst is poisoned by phosphorus 

(the catalyst prepared according to procedure 3): phosphate is 

reduced during the additional presulfiding treatment to phosphine. 

In this respect it is relevant to note that also during the thiophene 

HDS run (the feed of which contains 93.8 vol% Hz) the reduction of 

phosphate can occur. On the other hand, it is observed that the 

initial thiophene HDS activity (measured after 5 min. run time) of the 

phosphorus-containing catalysts is always lower compared to the 

phosphorus-free catalysts, showing that a part of the poisoning al

ready occurs during the presulfiding stage. 
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The XPS results show that the P 2p binding energy of the Mo/(C+P) 

catalyst in the sulfided state is the same as that in the oxidic 

state. This. suggests that a large fraction of phosphorus is still 

present as phosphate. On the other hand, a P 2p binding energy of 

133.8 eV points to the presence of phosphorus as p5+ or p3+ and 

rules out lower valencies (28). Thus, the idea of phosphine is 

entirely possible. 

In regard to the phosphorus poisoning, it is noteworthy that arsenic 

also poisons hydrodesulfurization catalysts (sulfided Mo/Al and Co

Mo/Al), as found by Merryfield et al. (29). According to these 

authors, arsenic alters the electrooie structure of the active sites, 

perhaps through the accupation of anion vacancies by arsenic atoms or 

clusters. The analogy between arsenic and phosphorus poisoning can now 

be understood, since both elements can form hydrides: AsH3 and PH 3 
(30). The difference is that arsenates are much less stable than phos

phates and as a consequence AsH3 wi 11 be formed even when A 1203 
is used as a support. 

In contrast to carbon-supported Mo-catalysts, alumina-supported Mo

catalysts are not poisoned under our reaction conditions by the pre

senee of phosphorus. Obviously, no phosphine is formed on the alumina

supported catalysts. Apparently, phosphate can not be reduced, most 

probably because it is tightly bound to the alumina carrier. Evidence 

for this can be found in the literature. For instance, Gishti et al. 

(11) found, in studying the role of phosphate in oxidic Mo/(Al+P) cata

lysts, that phosphate ions interact with the surface basic sites of 

the A1 2o3 support. Haller et al. (31) found. in studying a high 

temperature calcined Ni-Mo/(Al+P) catalyst with 27Al NMR, that phos

phorus inhibits the formation of Al 2(Mo04)3• on account of the 

formation of AlP04 species. 

The amount of phosphate ions that can interact with the surface sites 

of the alumina support is. however, probably limited. 
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When the phosphate content is toa high, part of the phosphate might 

nat be bound to the al umina carrier and, as a consequence, can be re

duced to phosphine during sulfidation, resulting in a poisoning of the 

metal sulfides. Evidence for this can be found in the work of 

Muralidhar et al. (32), who studied the effect of different additives, 

among them (NH 4)2HP0 4, on the catalytic function of a sulfided 

Co-Mo/Al catalyst. They found that (NH 4)2HP04 present at 0.5 wt% 

sl ightly promotes the thiophene HDS activity measured at atmospheric 

pressure and 673 K, whereas ( NH 4) 2HP04 present at 5. 0 wt% resul

ted in a 80% decrease in thiophene HDS activity. It is also reported 

(2) that a Ni-Mo/Al catalyst with a high phosphate content (larger 

than 12 wt% H3Po4) showed decreasing HDS and HDN activities. 

It is cl ear that in the case of carbon as a support, phosphate is ea

s i 1 y reduced to phosphi ne, due to the inert character of the carbon 

carrier. As a result, phosphorus poisoning is large even at low phos

phate contents. In the case of alumina as a support, due to the strong 

phosphate-support interaction, reduction of phosphate is nil up to 

moderate phosphate contents and therefore poisoning is absent. In 

fact, due to this strong phosphate-alumina interaction, phosphorus 

acts as a promoter, reportedl y by prevent i ng the format ion of cata

lytically inactive metal aluminates, e.g. Al 2(Mo04)3 (31), and 

by increasing the strength and heat stability of the alumina support 

( 10, 11). A 1 so the dispers i on is supposed to be improved when phos

phoric acid is present in the impregnation salution (1-3,6-9). How

ever, if phosphate is present in excess, poisoning might take place. 

Thus, the amount of phosphoric acid used during catalyst preparation 

should not exceed the maximum phosphate binding capacity of the car

rier material. 

Conclusions 

The thiophene HDS activity of carbon-supported molybdenum sulfide 

catalysts is strongly decreased by phosphorus, present as phosphate 
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in the oxidic precursor catalyst. Alumina-supported Mo-catalysts on 
the other hand, are not poisoned by phosphorus at the same phosphorus
to-metal ratios as used for the carbon-supported catalysts. 

XPS studies on the carbon-supported phosphorus-containing catalysts 
showed that the oxidic molybdenum phase can be easily converted to the 
sulfide form. XPS also showed that the dispersion of the active phase 
present in the sulfided catalyst is not significantly decreased in the 
presence of phosphorus. 

It is suggested that the poisoning of the carbon-supported catalysts 
by phosphorus is related to phosphine (PH 3), which is formed by 
reduction of phosphate, probably during the presulfidation treatment. 
This phosphine might adsorb onto the anion vacancies of the metal 
sulfides and thus inhibits the adsorption of thiophene onto these 
vacancies. As a consequence, the catalyst is deactivated. 

The observation that phosphorus does not poison alumina-supported 
catalysts can be explained by the strong interaction of phosphate with 
the alumina support. Because of this strong interaction phosphate 
will not be reduced to phosphine. 
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Chapter 8 

The lnfluence of Phosphorus 
on the Structure and Hydrodesulfurization Activity 
of Sulfided Co, Co-Mo, Fe and Fe-Mo Catalysts 

Supported on Carbon and Alumina 

Abstract 

Phosphorus-containing Co, Co-Mo, Fe and Fe-Mo sulfide catalysts sup

ported on y-Al 2o3 and activated carbon were evaluated for their 

thiophene HDS activities at atmospheric pressure. Phosphorus was 

introduced in the form of phosphoric acid. The thiophene HDS activity 

of the carbon-supported catalysts decreased considerably in the pre

senee of phosphorus, while the activity of the alumina-supported cata

lysts was unaffected. Oetailed information about the influence of 

phosphorus on the structure of the catalysts was obtained by combined 

Mössbauer and XPS studies. It was shown that in the carbon- as well 

as the al umina-supported oxidic precursor catalysts the presence of 

phosphorus resulted in an improved dispersion of the cabalt and iron 

phase. In the sulfided carbon-supported Fe and Fe-Mo catalysts. the 

presence of phosphorus resulted in the formation of a "Fe(II)-phos

phate" phase, which was responsible for the decrease in HDS activi

ty. In the case of the sulfided Co and Co-Mo catalysts supported on 

carbon, XPS indicated that the same phosphorus poisoning mechanism 

was operative. Phosphorus did not influence the structure of the 

metal sulfide species in sulfided alumina-supported catalysts. 
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Introduetion 

Hydrotreating catalysts· such as alumina-supported molybdenum sulfide 

promoted by Co or Ni sulfide are widely used in the oil processing 

industry. Hydrotreating i nc 1 u des several processes 1 i ke hydrodesul

furization {HDS), hydrodenitrogenation (HDN) and hydrodemetallization 

(HOMe). In commercial alumina-supported Co-Mo and Ni-Mo catalysts the 

catalytic activity is often improved by secondary promoters. One of 

the most effective modifiers is phosphorus, present as phosphate in 

the oxidic catalysts. The phosphate additive is not only described as 

a promoter for HDS (1-18), HDN (3-10,19-21) and HOMe {11,22) reac

tions but also as a means to increase the strength and heat stability 

of the alumina support (23,24). Furthermore, phosphoric acid is often 

used in the catalyst preparation stage since it increases the solubi

lity of the precursor metal salts in the impregnation solutions as a 

result of which catalysts can be prepared with a single impregnation 

step (5..;7,12-15,25,26). The promotion effect of phosphorus on the 

catalytic activity is sametimes explained in terms of an improved 

dispersion of the precursor metal salts on the support. Because of 

the high solubility of the metal salts in the phosphoric acid-con

taining impregnat ion sol ut ion, the deposition of 1 arge crystall ine 

aggregates on the support surface is minimized (5-7,12-15). Neverthe

less, the promotion effect of phosphorus is not universal. For in

stance, it has been reported that large amounts of phosphate (larger 

than 12 wt%) adversely affect the HDS and HDN activity of the cata

lyst (7). In case of carbon as support material for. molybdenum sul

fide catalysts, it has even been found that phosphorus acts as a se

vere poison since it drastically reduces the thiophene HDS activity 

of these catalysts already at very low phosphate contents (27,28). 

Recently, we studied this Contradietory behaviour of phosphorus by 

evaluating the properties of phosphate-containing activated carbon

and al umina-supported mo lybdenum sulfide catalysts (29). The phos

phorus poisoning of the carbon-supported catalysts could not be re· 

lated to a decrease in active phase dispersion, nor to incomplete 

sulfidation of the oxidic precursor catalyst. Therefore, it was 
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suggested that the deactivation is related to phosphine (PH3) cre

ated by reduction of phosphate, which adsorbs on the active sites 

of the catalysts, in this way deactivating these sites. The fact that 

al umina-supported catalysts were not poisoned by phosphorus was ex

pl ained by the strong interaction of phosphate with the a lumina sup

port as a result of which phosphate could not be reduced to phos

phine. Si nee the 1 atter study only concerned molybdenum sulfide as 

the active phase, it is of interest to investigate if other tran

sition metal sulfides are subject to the same phosphorus poisoning 

mechanism. Therefore, in the present study we examined the structure 

and catalytic properties of phosphate-containing Co and Co-Mo, as 

well as the corresponding Fe and Fe-Mo catalysts, supported on 

al umina and activated carbon. The catalysts were characterized by 

means of a thiophene HDS activity test, Mössbauer spectroscopy (Fe 

and Fe-Mo), X-ray photoelectron spectroscopy (XPS) and dynamic CO che

misorption (Co and Co-Mo). 

Experiment al 

Catalyst preparation 

A. Alumina-supported catalysts. 

Phosphate-containing catalysts, supported on alumina (Ketjen Grade 

B; BET surface area, 270 m2 g-1; pore volume, 1.9 cm3 g-1) 

we re prepared by a stepwi se po re vo 1 urne impregnat ion method us i ng 

aqueous solutions of H3Po 4, (NH4)6Mo 7o24 .4H20, 

Co{N03)2.6H 20 and Fe{N03)3.9H 2o (all Merck, p.a. grade). 

Phosphate was always added first whereas Co or Fe were added last. 

After each impregnation, the catalysts were dried in air, starting at 

293 K and gradually increasing the temperature up to 383 K (3 h) 

where they were kept overnight. Finally, the catalysts were subjected 

to a calcination treatment at 823 K for 2 h in air. Series of cata

lysts were prepared, containing a nearly constant amount of metal(s) 

and varying amounts of phosphate. 
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B. Carbon-supported catalysts. 

The support used was an activated carbon (Norit RX3-Extra; BET sur

face area, 1190 m2 g-1; pore volume, 1.0 cm3 g-1). In the 

case of Co and Co-Mo catalysts, phosphate was introduced by immersing 

the support in an aqueous salution of H3Po4• After refluxing for 

1 h, when most of the phosphate was chemisorbed by the carbon, the 

samples were filtered off and dried overnight in air at 383 K. Cata

lysts were prepared on the phosphate-contai ni ng carbon support by 

pore volume impregnation using aqueous solutions of the same metal 

salt components as mentioned before. Promoted catalysts were prepared 

by introducing the Mo phase first. Series of catalysts containing a 

nearly constant amount of active metal components and various amounts 

of phosphate were prepared. One carbon-supported cabalt catalyst was 

prepared by using Co 3(P04) 2.sH 2o (Merck p.a.) as metal sa lt. 

In the case of iron-containing samples, the pare volume impregnation 

methad (aqueous solutfons) was used to add H3Po4 to the oxidic 

carbon-supported Fe and Fe-Mo (Mo introduced ffrst) catalysts. 

After each impregnation, the catalysts were dried in air, starting at 

293 K and increasing the temperature up to 383 K over 3 h, where they 

were kept overnight. The carbon-supported samples were not subjected 

to a calcination step because this is detrimental to the dispersion 

of the active phase. 

The metal and phosphate content of the precursor catalysts were de

termined by means of atomie absorption spectroscopy (Perkin-Elmer 

3030 AAS spectrometer) and a standard analysis procedure (30). 
respectively. 

Catalysts wi11 be denoted as follows: 

Me stand for Co(Fe), Mo stands for 

Me(w)-Mo(x)/Y+P{z), in which 

molybdenum in the promoted 

catalysts, Y denotes the type of carrier {Al for alumina and C for 

carbon) and finally P $tands for phosphate. The values w, x and z in 

parentheses represent the weight percentages of Co(Fe), Mo and phos

phate, respectively. In Table 1 all catalysts used are listed. 



- 208 -

Table 1. Schematic list of catalysts. 

Support material Type of catalyst 3 

A lumina Co(2.4)/Al+P(z) ; z 0, 0.1, 0.4, 0.5 

Co(2.8)-Mo(6.9)/Al+P(z) ; z = 0, 0.1, 0.3, 0.4 

Fe(5.4)/Al+P(z) ; z = 0, 0.4, 1.3 
Fe(3.1)-Mo(7.7)/Al+P(z) ; z 0, 0.5, 2.0 

Carbon Co(4.3)/C+P(z) ; z = 0, 0.02, 0.05, 0.08, 

0.1, 0.2, 0.3, 0.5 

Co(2.5)-Mo(6.1)/C+P(z) ; z = 0, 0.03, 0.05, 0.08, 
0.1, 0.2, 0.6, 0.8 

Fe(4.3)/C+P(z) ; z 0, 0.2, 1.5 
Fe(3.1)-Mo(8.0}/C+P(z) ; z = 0, 0.3, 2.0 

co3(P04)2/c (4.7 wt% Co) ; z = 0.7 

i 

aThe weight percentages of Co, Fe and Mo, respectively, are represented in parentheses, 

while z denotes the P0 4-over-Co(Fe) molar ratio. 

Catalyst activity 

Catalytic activity for thiophene HDS was tested in a micro flow reac

tor operating at 673 K and atmospheric pressure. Catalyst samples 

(0.2 g) were sulfided in situ in a mixture of H2S!H2 (10 vol% 

H2S, flow rate 60' cm 3 min-1). The following temperature program 

was appl ied: starting at 293 K, the temperature was 1 inearly increas

ed at a rate of 6 K min-1 until 673 K, followed by extended sulfi

dation at 673 K for 2 h. At 673 K a mixture of thiophene and H2 
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(6.2 vol% thiophene} was introduced, at a flow rate of 50 cm3 

min-1• The reaction products were analyzed by on-line chromato

graphy. The thiophene conversion measured after a 2 h run was taken 

to ca 1 cul ate the first order ra te constants for HDS and the consecu

tive butene hydragenation (HYD} reaction (31). The intrinsic cataly

tic activity is expressed as a quasi-turnover frequency (QTOF: moles 

thiophene converted, per mole active metal (Co or Fe, respectively), 

per second) • 

Mössbauer spectroscopy 

Mössbauer spectra were recorded at 293, 77 and 4. 2 K wi th either a 

constant acceleration or a constant velocity spectrometer. A 57co 
in Rh source, which is kept at room temperature, was used. The 

spectra recorded with a constant acceleration spectrometer (the 

oxidic catalyst precursors) were not corrected for the varying 

distance between souree and absorber, hence the curved background in 

these spectra is of instrumental origin. Doppler veloeities are given 

relative to sodiumnitroprusside {SNP) at room temperature. Magnetic 

hyperfine fields were cal ibrated with the 51.5 T field of a-Fe2o3 
at 293 K. The spectra were fitted by computer with calcul ated sub

spectra consisting of Lorentzian-shaped lines, whereas a curved back

ground was accounted for by a parabola. 

Catalyst sulfidation took place in a stainless steel in situ Möss

bauer reactor, the design of which is described in detail else

where (32). Catalyst sulfidation was carried out as follows. First, 

the reactor was flushed with a 10 mol% H2S in hydragen gas mixture 

for 30 minutes at room temperature. Next, the sample was heated to 
673 K, heating rate 5.5 K.min-1 in a 50 cm3.min-1 flow of the 

sulfidation gas mixture, and then cooled down to room temperature in 

the same gas mixture flow. Mössbauer spectra were recorded at 293 K 

with a constant velocity spectrometer after each treatment whi le the 

sample was kept in the H2S/H 2 environment at atmospheric pressure. 
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X-ray photoelectron spectroscopy {XPS) 

XPS spectra of the oxidic samples were recorded on a Physical Elec

tranies 550 XPS/AES spectrometer equipped with a Mg anode {1253.6 

eV) and a double pass cylindrical mirror analyzer operating at a pass 

energy of 50 eV. The powdered samples were pressed on double sided 

adhesive tape. Spectra were recorded in steps of 0.2 eV. The pressure 

did not exceed 6.6 x w- 6 Pa and the temperature was approximately 

293 K. XPS spectra of the sulfided samples were recorded on an AEI ES 

200 spectrometer equipped with an Al anode (1486.6 eV) and a 

spherical analyzer op~rating at a pass energy of 60 eV. In order to 

avoid contact of the sulfided catalysts with air, a special sulfiding 

reactor was used (33) which allowed transfer of the samples to a Nz 
fl ushed glove box attached to the XPS apparatus without exposure to 

air. After sulfidation according to the procedure described above, 

the catalyst samples were flushed with purified He for 15 min at 673 

K and subsequently cooled to room temperature. The samples were 

mounted on the specimen holder by means of double sided adhesive 

tape. Spectra were recorded at 293 K in steps of 0.2 eV, the pressure 

was lower than 1.3 x lo-6 Pa. 

The C ls peak (284.6 eV) was used as an internal standard for binding 

energy cal ibration and the metal-over-C photoelectron intensity ra

tios were used to measure the degree of dispersion of the metal 

(oxide or sulfide) phase on the support. Theoretical intensity ratios 

were calcul ated according to the quantitative XPS model described by 

Kuipers (34). Electron mean free paths were calculated according to 

Seah (35), electron cross sections according to Scofield (36). 

Dynamic CO chemisorption 

Dynamic CO chemisorption was measured after sulfidation of the oxidic 

catalysts in a thiophene/H 2 (7.9 vol % thiophene) reaction mixture 

at 693 K. At the end of a 24 h period needed for stabil ization, the 

sulfided catalyst was subsequently flushed with Ar for 2 h at 693 K, 

then measured for its carbon mono x i de chemi sorpt i on capacity in the 
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reactor itself by a dynamic method. Successive pu1ses are run over 

the su1fided catalyst held at 273 K until the cumul ative adsorption 

remains constant. More detai1ed information is given in the paper of 

Bachelier et al. (37). 

Results 

Thiophene HDS activity 

In the Figures 1 and 2 the quasi-turnover frequencies (QTOF) as a 

function of the P04 to Co(Fe) mo1ar ratio (z) are plotted for 

various carbon- and alumina-supported catalysts. It is c1ear that the 

activities of the carbon-supported catalysts decrease considerably 

with increasing amounts of phosphate. From Figure 1 it is furthermore 

apparent that a Co catalyst prepared by impregnation with 

Co3(P04)2 as precursor sa1t. behaves 1ike a common Co/C+P cata

lyst. In case of the alumina-supported catalysts. containing simi-

1 ar phosphate contents as their carbon-supported counterparts. the 

presence of phosphate was found to have 1 ittle effect on the HDS 

activity and was certainly not resulting in an activity decrease. 

Characterization by Mössbauer spectroscopy 

Mössbauer spectra were recorded of the phosphate-free and the phos

phate-containing Fe and Fe-Mo catalysts supported on carbon as well 

as on alumina. in the oxidic and sulfided state. In each case a low 

(1.5 wt~) and a high (10 wt~) phosphate content was app1ied. 

A. Oxidic precursors. 

The Mössbauer spectra of the oxidic Fe(5.4)/A1+P(O) precursor ca

ta1yst recorded at 293. 77 and 4.2 K are shown in Figure 3. 

The spectra recorded at 293 and 77 K on ly consist of a quadrupo 1 e 

doublet, while in the spectrum recorded at 4.2 K a superposition of a 
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Figure 1: QTOF vaZues of suZfided aarbon- and aZwnina-supported Co 

and Fe aataZysts as a funation of the P04-to~e ratio 

(z) (Me=CoJ Fe) in the oxidia precursor state. 
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Figure 2: QTOF vaZues of suZfided aarbon- and aZumina-supported Co~o 

and Fe-Mo aataZysts as a funation of the PO 4-to~e ratio 

(z} (Me=CoJ Fe) in the oxidia precursor state. 
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Figure 3: Mössbauer spectra of the o:r:idic Fe(5. 4)/AZ+P(O) cataZyst 

precursor recorded at 293~ 77 and 4.2 K. 

quadrupale doublet and a magnetic hyperfine sextuplet is observed. No 

contribution of the original iron salt Fe(N03) 3.9H 2o, which 

would be a broadened single line due to paramagnetic spin-spin rela

xat ion ( 38), is observed in the spectra recorded at 293 and 77 K. 

This indicates that the iron nitrate was completely decomposed into 

iron (III)oxide during the pretreatment (see Catalyst preparation). 

The observed temperature behaviour, which is also found for the other 

alumina-supported catalysts described in this work, is typical for 

ultrafine iron(III)oxide particles showing superparamagnetism (39). 

The appearance of the magnetic hyperfine sextuplet depends both on 

the temperature and the mean iron (I I I)ox i de partic 1 e si ze. Si nee a 

speetral contribution of the magnetic hyperfine sextuplet is present 
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only in the spectra recorded at 4.2 K, its relative magnitude 

determines the sequence in the mean iron(III)oxide partiele size. 

Moreover, it indicates that in all oxidic catalyst precursors the 

mean iron(III)oxide partiele size is below 4 nm (39). The spectra 

recorded at 4.2 K of the oxidic Fe(4.3)/C+P(z), Fe(5.4}/Al+P{z) and 

Fe(3.1)-Mo(7.7)/Al+P(z) oxidic catalyst precursors are shown in 

-Figure 4. 

-12 

oxidic 

Fe(4.3)/ C•P(z) Fe(5.4)/ AhP(z) Fe(2.8H<o(8.0)/ Al•P{•) 

\ r\n (\. 
: I I \ 
J I \Al J 

~J 1.9 

11.4 

-8 -· 8 12 -12 -8 -4 0 12 -12 -8 -4 8 12 

Doppier velocity ( ma.s·l ) 
Pigure 4: Mössbauero speatr>a roeaor>ded at 4 2 K f h • o t e o:r:idia 

aataZyst pr>eaursor>s: 

(a) Fe(4.3)/C+P{z) 

(b) Fe(5.4)/AZ+P(z) 

(a) Pe(3.1)-Mo(?. ?)/Al+P(z) 

Because no speetral contribution of a magnetic 

observed in the spectra recorded at 4.2 

Mo(8.0)/C+P(z} catalysts, these spectra are 

hyperfine sextuplet is 

K of the Fe(3.1)

not presented. From 

Figure 4 it is obvious that the speetral contribution of the magnetic 

hyperfine sext up 1 et is i nfl uenced by the presence of phosphate. It 

turns out that the mean iron(III)oxide partiele size is smaller when 

phosphate is present in the carbon- and alumina-supported oxidic Fe 

catalysts. For the supported oxidic Fe-Mo catalysts, the mean par

tiele size is already that small that even at 4.2 K hardly any spec

tral contribution of a magnetic sextuplet is observed. Hence, it can 
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only be concluded that for the Fe-Mo catalyst precursors the mean 

iron{III)oxide partiele size is not increased by the presence of 

phosphate. Besides having an effect on the partiele size the phos

phate mi ght a 1 so i nfl uence the e 1 ectron ie struc ture of the 

iron(III)oxide particles. In order to establ ish this, the spectra of 
the oxidic catalyst precursors have been recorded at 293 K on a more 

extended velocity scale. The results of the analyses are given in 
Table 2. 

Table 2. Isomershifts (IS) and electric quadrupole splittings (QS) 
obtained by computer analyses of the Mössbauer spectra re
corded at 293 K of the oxidic carbon- and a1umina-supported 
precursor catalysts. Experimental uncertainties: IS=0.03 
mm.s-1, QS=0.05 mm.s-1. 

Fe(4.3)/C+P(z) Fe(3.1)-Mo(8.0)/C+P(z) 

z IS QS z IS QS 
(mm.çl) (mm.çl) 

0 0.64 0.80 0 0.66 0.70 
0.2 0.65 0.76 0.3 0.67 0.67 
1.5 0.69 0.59 2.0 0.69 0.60 

Fe(5.4)/Al+P(z) Fe(3.1)-Mo(7.7)/A1+P(z) 

z IS QS z IS QS 
{mm.çl) (mm.s-1) 

0 0.59 0.99 0 0.59 0.99 
0.4 0.60 1.02 0.5 0.60 1.02 
1.3 0.59 1.10 2.0 0.59 1.06 

It appears that the presence of phosphate infl uences the Mössbauer 

parameters, especially the QS of the doublets. This indicates that 

the iron(III)oxide and the phosphate are in close contact. 
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Figur>e 5: Mössbaue'l' speatr>a r-eaor>ded at 29:5 K of the fr>eshZy suZfi

ded cataZysts suppor-ted on aar>bon: 

(a) Fe(4.3)/C+P(z) 

(b) Fe(3.1)~o(8.0)/C+P(z) 

B. Sulfided catalysts 

Mössbauer spectra of the freshly sulfided catalysts are presented 

in Figure 5 (carbon-supported catalysts) and Figure 6 (alumina-sup

ported catalysts). The results of the corresponding computer fitting 

analyses are given in Tables 3 and 4, respectively. From a comparison 

of the results presented in these Tables and those obtained for sul

fided Fe and Fe-Mo catalysts on carbon {40-42) and alumina (43) sup

ports it follows that the speetral contributions with the smaller 

quadrupale splittings (indicated by a dashed bar-diagram in the 

Fi gures 5 and 6) are due to sulfided iron species. Consequently, 

these contributions will be denoted as sulfidic iron species. In the 



Table 3. Isomer shifts (IS), electrical quadrupole splittings (QS) and speetral contributions 
(A) obtained by computer analyses of the Mtissbauer spectra recordea at 293 K of the 
carbon-supportea catalysts after sulfiaation at 673 K. Experimental uncertainties 
IS•0.05 mm.s-1, QS=0.05 mm.s-1, A=5%. 

Fe(4.3)/C+P(z) 

sulfidic iron species high-spin Fe2+_phase 
"Fe1_xS" "Fe-S" "Fe(II)-phosphate" 

z IS1 QSl A IS2 QSz A IS1 QSl A ISz QSz A 

(mm.s-1) (%) (mm.çl) (%} (mm.s-1) (%) (mm.s-1) (%) 

0 0.64 0.47 83 0.71 0.85 17 
0.2 0.60 0.39 55 0.66 0.90 21 1.43 1.99 12 1.50 2.50 12 
1.5 0.70 0.20 7 1.43 1. 98 52 1.50 2.48 41 

Fe(3.1)-Mo(8.0)/C+P(z} 

sulfidic iron species high-spin Fe2+-phase 
"Fe1_xS" "Fe-Mo-S" "Fe(II)-phosphate" 

z IS1 QS1 A rs2 QS2 A IS3 QS3 A rs1 QSl A IS2 QSz 
(mm.s-1) (%} (mm.s-1) (%) (mm.s-1} (%} (mm.s-1} (%) (mm.s-1) 

0 0.61 0.57 39 0.60 1.04 46 0.63 1.44 15 
0.3 0.47 0.34 54 0.60 1.04 20 1.43 1.99 17 1.50 2.50 
2.0 0.51 0.42 13 1.43 2.00 54 1.49 2.53 

A 

(%) 
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Figure 6: Mössbauer spectra r>eeorded at 293 K of the fresh'ly su'l

fided eata'lysts supported on a'lumina: 

(a) Fe(5.4)/Al+P(z) 

(b) Fe(J.1J~o(?.?J/Al+P(z) 

Tables 3 anct 4 we have indicatect the assignment of the sulfictie iron 

species to the speetral components "Fe 1_xS", "Fe-S" and "Fe-Mo-S", 

as deduced from our experiments on sulfidect catalysts (40-43). 

For the carbon-supportect catalysts it is obvious that the presence of 

phosphate infl uences the iron phases present in the sulficted cata

lysts. In the phosphate-containing catalysts, besides the sul

fictieiron species, a high-spin Fe 2+-phase is present. The speetral 

contribution of this phase increases with increasing phosphate 

content, as can be seen in Figure 5 and Table 3. From the results 

presented in Table 3 it can be concluded that the type of high-spin 

Fe2+_phase is not influenced by the amount of phosphate 
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Table 4. Isoroer shifts (IS), electrical quadrupele splittings (QS) and speetral contributions 
(A) ootained by computer analyses of the Mössoauer spectra recorded at 293 K of 
the alumina-supported catalysts after sulfidation at 673 K. Experimental uncertain
ties: 15=0.05 mm.s-1, QS=0.05 mm.s-1, A=5%. 

Fe(5.4)/Al+P(z) 

sulfidic iron species high-spin Fe2+.phase 
"Fe1_xS" "Fe-S" "Fe( I!)- a 1 umi nate" 

z !Sl QSl A ISz Qs2 A !Sl QSl A ISz QSz A 
(mm.s-1) {%) (mm.Çl). {%) (mm.Çl) (%) (mm.s-1 l (%) 

0 0.70 0.36 47 0. 70 1.10 26 1.39 1.42 14 1.44 2.16 13 
0.4 0.67 0.34 38 0.68 1.12 22 1.40 1.50 18 1.42 2.23 22 
1.3 0.65 0.52 36 0.67 1.22 15 1.31 1. 58 20 1.35 2.30 29 

Fe(3.1)-Mo(7.7)/Al+P(z) 

sulfidic iron species I high-spin fe2+_phase 
"fe1_xS" "Fe-Mo-S" "Fe( ll )-al uminate" 

I 

z !Sl QSl A ISz QS2 A IS1 QS2 A rsz QS2 A 
{mm.s-1) (%) (mm.s-1) (%) (mm.s-1) (%) (mm.s·l) (%) 

0 0.60 0. 71 55 0.61 1.22 17 1.16 1.62 11 1.31 2.34 
0.5 0.59 0.70 42 0.63 1.22 22 1.21 1.66 15 1.30 2.37 
2.0 0.60 0.66 27 0.62 1.24 26 1.17 1.64 21 1.32 2.31 

present in the catalyst. Furthermore, the presence of molybdenum does 

not influence the type of high-spin Fe2+-phase. This can be con

cluded from a comparison of the computer analysis results obtained 

for the Fe(4.3)/C+P(z) and Fe(3.1)-Mo(8.0)/C+P(z) (z> 0) catalysts. 

The question arises whether phosphate influences the type of sulfidic 

iron species. By camparing the results presented in Table 3 of the 

Fe(4.3)/C+P(z) and Fe{3.1)-Mo(8.0)/C+P(z) catalysts, no major diffe

rences in the Mössbauer parameters of the sulfidic iron species pre

sent in these catalysts is observed (the Fe(4.3)/C+P(1.5) catalyst 

has not been taken fnto account, in this respect, due to the small 

17 
21 
26 
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speetral contribution of "Fe 1_xS" as a result of which the computer 

fitting procedure for this contribution is inaccurate). Hence, it is 

concluded that phosphate does not influence the nature of the sulfi

dic iron species in the Fe(4.3)/C+P(z) and Fe(3.1)-Mo(8.0)/C+P(z) ca

talysts. The most dominant effect of phosphate is that the 

spectralcomponents ascribed to the different sulfidic iron species 

decrease strongly or even disappear completely in the phosphate

containing catalysts. 

The influence of the phosphate on the sulfided alumina-supported Fe 

and Fe-Ma catalysts is less obvious. This is related to the fact that 

in the phosphate-free catalysts already a high-spin Fe 2+-phase is 

present. From the results of the computer analyses presented in Table 

4, it can be learned that the Mössbauer parameters of the high-spin 

Fe2+_phase are not markedly influenced by phosphate. However, as 

the phosphate content increases the speetral contribution of the high

spin Fe2+_phase increases. By camparing the Mössbauer parameters 

of the high-spin Fe 2+ -phases present in the carbon- and a 1 urn i na-sup

ported (see Tables 3 and 4) catalysts it is found that different high

spin Fe2+_phases are present in these catalysts. As regards the sul

fidic iron species in the Fe(5.4)/Al+P(z) and Fe(3.1)

Mo(7.7)/Al+P(z) catalysts, no marked change in the Mössbauer para

meters occurs when phosphate is present. Hence, it is concluded that 

phosphate does not influence the types of iron sulfides, viz. 

-xS", "Fe-S" and "Fe-Mo-S", that are present in the sulfided 

catalysts. For the sulfided Fe(3.1)-Mo(7.7)/Al+P(z) catalysts, how

ever, phosphate has a remarkable influence on the composition of the 

sulfidic iron phase. It turns out that as the phosphate content in

creases, the speetral contribution of the "Fe-Mo-S" phase increases, 

in spite of the fact that the net speetral contribution of "Fe1_xS" 

and "Fe-Mo-S" tagether decreases. It also follows from Table 4 that 

the i nfl uence of Mo on the Mössbauer parameters of the iron phases 

present in the sulfided catalysts is nat affected by phosphate. Conse

quently, we refer to our study on the sulfidation of alumina-suppor

ted Fe and Fe-Mo catalysts (43) for a discussion of this influence. 
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Characterization with XPS and CO chemisorption 

XPS measurements were carried out on the following catalysts: 

Co(4.1)/C, Co(4.4)/C+P(0.3), Co3(P04)2/C (6.7 wt% Co) and 

Co(2.6)-Mo(7.6)/C+P(0.8), in both the oxidic and the sulfided 

state. In Figure 7 the Co 2p 312 spectra are shown. From the Figures 

7(a) and 7(b) it can be seen that the Co 2p 312 spectrum of the oxi

dic Co/C catalyst shows a pronounced shake-up structure, which decrea

ses strongly after sulfidation. The phosphate-containing catalysts 

all show a very strong shake-up structure in their oxidic state 

which, remarkably, does not decrease much after sulfidation (except 

for the promoted catalyst). This finding points to a different 

sulfidic structure in Co(4.4)/C+P(z) and Co 3(P0 4)2/C as in the 

phosphate-free cabalt catalyst. In fact, the clear presence of a 

shake-up structure in the sulfidic state of these catalysts indicates 

that cabalt in an oxidic surrounding is still present. The shake-up 

structure of the sulrided Co(2.6)-Mo(7.6)/C+P(0.8) catalyst, although 

small, is sl ightly more pronounced than that in the sulfided phos

phate-free Co/C catalyst. Also the Co 2p 312 binding energy of the 

farmer catalyst is shifted to a somewhat higher value than that of 

the Co/C catalyst. Since the Co 2p3; 2 binding energy of the oxidic 

Co phase is higher than that of the sulfidic one, this observation 

might suggest that the sulfided Co(2.6)-Mo(7.6)/C+P(0.8) catalyst 

still contains a small fraction of oxidic cobalt atoms. The P 2p 

binding energy in the catalysts did not change significantly after 

sulfidation, its value being about 133.8 eV. 

The quantitative XPS results are collected in Table 5. A striking 

observation in thts Table is the low Co-to-C intensity ratio of the 

phosphate-containing catalysts in their oxidic as well as sulfided 

state compared to Co(4.1)/C. According to Vissers et al. (44), Co/C 

catalysts prepared from an aqueous Co(N03) 2 sol ut ion have an 

inhamogeneaus dispersion, with the cabalt particles concentrated on 

the outside of the support grains. Apparently, in the phosphate

containing cobalt catalysts the dispersion is more homogeneous. The 
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Figure 7: XPS Co 2p3; 2 spectra of various cobaZt-contairzirzg 

aataZysts: 

{a) Co(4.1)/C+P(O) ; o:r:idia 

(b) " ; sutfidia 
(a) Co(4.4)/C+P(0.3) ; o:cidic 

(d) " ; suZfidic 

(eJ co3(Po4J2/C ; o:r:idia 
(f) " ; sulfidic 

(g) Co(2.6)~o(7.6)/C+P(0.8); ozidic 
(h) " ; suZfidia 
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Table 5. Quantitative XPS results. 

Co(4.1)/C+P(0) 8 Co(4.4)/C+P(0.3) Co 3(P04)2/C 

Oxidie state 

I col Ie 0.59 0.17 0.19 
partiele thickness (nm) b 1.0 1.9 

Sulfided state 
1co1I c 0.31 0.12 0.19 
partiele thickness (nm) b 1.4 1.4 

S/Co atomie ratioc 1. 3-1.5 0.8 0.3 

8 For the sulfided phosphate-free Co/C catalyst the XPS data of a sulfided 
Co(3.9)/C catalyst reported by Vissers et al. (44) were taken. 

d 

bBecause the Ic0/Ic intensity ratio was larger than the theoretica] monolayer 
ratio, the partiele thickness could not be calculated. 

cThe S/Co atomie ratio was calculated after subtraction of the sulfur uptake by 
the carbon support itself (Is/Ic=0.003). 

dThis catalyst contained 6.7 wt% Co. 

atomie S-to-Co ratio of the sulfided Co(4.4)/C+P(0.3) catalyst (0.8), 

is lower than that of sulfided phosphate-free Co/C catalyst (1.3-1.5 

according to Vissers et al. (44)), whereas in the sulfided 

Co 3(P04)2/c catalyst this value is very 1ow (0.3). Obviously, 

the presence of phosphate hampers a complete sulfidation of the co 

balt phase. As regards the sulfided Co(2.6)-Mo(7.6)/C+P(0.8) cata-. 
lyst, the Mo 3d 5; 2, 3; 2 XPS binding energies are exactly equal to 

those of a sulfided phosphate-free Mo/C catalyst (29,45), indicating 

that the Mo phase in the phosphate-containing catalyst is essentially 

sulfidic. Furthermore, the quantitative XPS results reveal a Mo-to-C 

intensity ratio of 0.070, which is comparable to a sulfided phosphate

free Mo/C catalyst (29). Hence, the Mo sulfide phase dispersion in 
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the phosphate-containing Co-Mo catalyst is about the same as that in 

the Mo/C catalyst. 

CO chemi sorpt ion experiments were performed on the phosphate-contai

ni ng Co ( 4. 4 )/C+P ( 0. 3) and Co( 2. 6) -Mo ( 6.1) /C+P ( 0. 6) cata lysts and 

also on the phosphate-free Co(4.1)/C and Co(2.6)-Mo(6.1)/C cata

lysts. The molar ratio CO/Co amounted to 0.25 tor both phosphate

tree catalysts, while its value was 0.15 tor Co(4.4)/C+P(0.3) and 

0.16 for Co(2.6)-Mo(6.1)/C+P(0.6). The decrease in CO chemisorption 

( 40%) observed tor the Co cata lyst is in agreement with the decrease 

in thiophene HDS activity: 50%. The correlation between CO chemisorp

tion and thiophene HDS activity is less good for the Co-Mo catalyst. 

Discussion 

Structure of the phosphate-containing catalysts 

The Mössbauer measurements revealed that the presence of phosphate 

in the oxidic carbon- and alumina-supported iron catalysts leads to 

an improved dispersion of the iron(III}oxide phase. As rega;·ds the 

oxidic carbon-supported cobalt catalysts (Co/C+P and 

Co 3(P04)2/C), the quantitative XPS results indicated the same 

phenomenon. Although the procedure of introducing phosphate into the 

carbon-supported Co and Fe catalysts was different (in the latter 

case, phosphate was introduced after the iron salt impregnat ion), it 

can be expected that this different procedure does not markedly in

fluence the final state of the dried oxidic catalyst, since no calei

nation is appl ied. A second impregnat ion step, namely, will cause a 

redistribution of the initially present oxidic particles. The net 

effect will be an impregnation salution containing both phosphate and 

metal (Co,Fe) ions. In this way, the improved dispersion can be rela

ted to the enhanced solubility and stability of the phosphoric acid

containing impregnation solution (5-7,12-15,25,26}, as a result of 

which the deposition of large crystalline aggregates is minimized. An 
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alternative explanation is based upon the earlier observations 

(41,44,46,47) that, in terms of dispersion, anions (e.g. molybdate) 

interact more efficiently with the activated carbon surface than 

cations (Me2+) and that the presence of anions at the carbon sur

face impraves the dispersion of the Me2+ ions because they serve as 

ancharing sites for these cations. In thts way the presence of phos

phate anions results in an increased inttial co2+ (Fe2+) disper

ston and a stabilization of this dispersion because the metal-phos

phate interaction will hamper the transport of metal species towards 

the outer pores of the support grains and subsequent sintering during 

the drying procedure (40). The fact that the Mössbauer experiments 

indicate that the iron(III)oxide is influenced by the phosphate is in 

l ine with this explanation. On the other hand, the Mössbauer para

meters of the oxidic iron doublets (Table 2) do not match with those 

reported for FeP04 compounds (48), implying that no typtcal Fe-O-P 

bond is formed. 

The influence of phosphate on the sulfided carbon-supported catalysts 

is irrefutable. This was best shown in the Mössbauer spectra of the 

carbon-supported Fe and Fe-Mo catalysts in which a high-spin Fe2+_ 

phase is formed in the presence of phosphate at the expense of the 

sulfidic iron species. Since it is possible that the high-spin Fe 2+

phase is rel ated to phosphate its Mössbauer parameters have been 

compared to those reported for Fe(II)-phosphate complexes. From this 

it appears that one of the doublets in Table 3 (IS=l.50 mm/s, QS=2.50 

mm/s) is the one all Fe 3(P04) 2.nH20 compounds have in common 

{49). Therefore, it might be assumed that the high-spin Fe2+_phase 

has a si mil ar structure. Wh en it is supposed that a 11 the phosphate 

is incorporated in the high-spin Fe2+_phase, the stoichiometry of 

this phase, expressed in the P04-over-Fe rnalar ratio, can be 

calculated from the speetral contributions (Table 3). For the 

Fe(4.3)/C+P(0.2) cata.lyst this P04-over-Fe molar ratio is about 1, 

while for the Fe(3.1)-Mo(8.0)/C+P(0.3) it is 0.8. Taking into account 

the inaccuracies in the determination of the speetral contributions, 

these ratios are not confl icting with the presence of a 

Fe3(P04)2-like stoichiometry (P04-over-Fe ratio is 0.67). 
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Addftional support for the presence of a "Fe(II)-phosphate" phase has 
been obtained by y-ray transmission experiments according to a pro
cedure described elsewhere (50). Oue to the replacement of oxygen by 
sulfur or by sulfur deposition on the catalyst during sulfidatfon, 
the effective mass for y-ray absorption increases and hence, the sul
fur uptake per gram catalyst can be determined from the y-ray trans
mission (50). The relative sulfur uptakes, calculated in this way, of 
the carbon-supported Fe and Fe-Mo catalysts containing varying 
amounts of phosphate, are presented in Table 6. 

Table 6. Sulfur uptake (in mg per 200 mg catalyst) for the carbon-sup

ported Fe and Fe-Mo catalysts determined from y-ray trans
mission measurements during sulfidation at room temperature. 

(Sulfur uptake by the support was 7.0 _:!__ 0.2 mg per 200 mg). 

Fe(4.3)/C+P(z) Fe{3.1)-Mo(8.0)/C+P(z): 

z S uptake z S uptake 

(mg) (mg) 

0 12.2 + 0.2 0 19.8 + 0.2 
0.2 10.0 + 0.2 0.3 14.5 + 0.5 
1.5 8.5 + 0.5 2.0 i 10.5 + 0.2 

It is obvious that the sulfur uptake decreases with increasing 
phosphate content. Th is i ndicates that the high-spin Fe2+ -ph a se is 
not a sulfidic phase, since the increase of its speetral contributton 
is accompanied by a decrease in the total amount of sulfur present in 
the catalysts. Consequently, the high-spin Fe2+_phase will be 

called the "Fe(II)-phosphate" phase. 

Bes i des the format ion of "Fe (I I) -phosph a te", the presence of phos-
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phate might also influence the sulfidic iron species. In the case of 

the Fe(4.3)/C+P(z) catalysts such an influence could not be discer

ned. However, in the Fe(3.1)-Mo(8.0)/C+P(z) catalysts a change in the 

sulfidic iron species is brought about by the addition of phosphate. 

Whereas in the phosphate-free catalyst a so-called "Fe-Mo-S" phase is 

formed upon sulfidation (41,42), in the phosphate-containing cata

lysts only "Fe1_xS" can be discerned. This indicates that due to 

the presence of phosphate, the interaction between Mo and Fe is wea

kened to such a degree that the "Fe-Mo-S" phase can not be formed. 

This is in agreement with the observation that phosphate influences 

the oxidic iron phase in the catalyst precursors. Consequently, the 

effect of phosphate on carbon-supported Fe-Mo catalysts is twofold: 

i) hindrance of the formation of the active "Fe-Mo-S" phase, and ii) 

the formation of a "Fe(II)-phosphate" phase at the expense of the sul

fidic iron species. 

From the Mössbauer studies of the Fe(4.3)/C+P(z) and Fe(3.1)

Mo(8.0)/C+P(z) catalysts, no indications were obtained that du

ring sulfidation the influence of phosphate on the dispersion is 

lost. Hence, it may be assumed that also in the sulfided carbon-sup

ported catalysts the presence of phosphate brings about an improved 

dispersion. 

With regard to the sulfided carbon-supported cobalt catalysts, 

Co/C+P and Co 3(P0 4)2/c, the XPS results are in line with the 

Mössbauer findings. From the Co 2p 3; 2 XPS peak shapes it could be 

inferred that a part of the cobalt atoms have an oxidic surroun

ding. Furthermore, the S-over-Co atomie ratio appeared to decrease in 

the presence of phosphate, and the lowest sulfur content was found 

when cobalt and phosphate were present in the stoichiometrie 

Co3(P04)2 phase. The XPS results, therefore, suggest that the 

amount of cobalt sulfide diminishes with increasing amounts of phos

phate. In th is respect, the 1 ower CO chemi sorpt ion of the 

Co(4.4)/C+P(0.3) catalyst compared to the Co(4.1)/C+P(O} catalyst 

also indicates that sulfidation in the presence of phosphate results 

in a partly different cobalt phase. The fact that the dispersion of 
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the cobalt is clearly changed in the presence of phosphate might in
dicate a close contact between the two, possibly in the farm of a 
cobalt-phosphate phase. This suggestion is corroborated by the fin
ding that the partiele thickness in the sulfided Co(4.4)/C+P(0.3) 
catalyst corresponds exactly to that in the sulfided 
Co 3(P04)2/C catalyst (1.4 nm). Concerning the chemical state of 
the phosphate additive, it is instructive to note that the P 2p XPS 
binding energies remained the same after sulfidation, indicating that 
phosphate is still present in the sulfided catalysts. 
As regards the phosphate-containing Co-Mo/C catalyst, the XPS results 
were more indicative of a sulfidic than an oxidic surrounding of the 
cabalt atoms, although the presence of a small fraction of oxidic co
balt could not be excluded. On the other hand, the CO chemisorption 
capacity of the sulfided Co(2.6)-Mo(6.1)/C+P(0.6) catalyst decreased 
considerably compared to the sulfided Co(2.6)-Mo(6.1)/C catalyst. In 
fact, this decrease was remarkably similar to that of the sulfided 
Co/C+P catalyst. CO chemisorption, therefore, reveals that the struc
ture of the sulfided Co-Mo phase is altered in the presence of phos
phate. In view of the analogy between the Co-Mo/C+P and the Co/C+P ca
talysts and, compared with the Fe-Mo/C+P and the Fe/C+P catalysts, it 
seems reasonably to ascribe the influence of phosphate on the Co-Mo/C 
catalyst also in terms of a close contact between cabalt and phospha

te, possibly in the form of a cobalt-phosphate phase. 

In case of the alumina-supported Fe and Fe-Mo catalysts, phosphate 
causes an increase in the speetral contribution of a high-spin 
Fe2+-phase, which phase is already present in the phosphate-free 
catalysts. This phase could not be identified as a "Fe(II)-phosphate" 
phase like the one present in the phosphate-containing carbon-suppor
ted catalysts. In the phosphate-free alumina-supported catalysts the 
high-spin Fe 2+-phase can according to Ramselaar et al. (43) be as
cribed to iron in close contact with the alumina support. Since a com
parison of the results presented in Table 4 with those obtained in 
the above mentioned study indicates that the Mössbauer parameters 
of the high-spin Fe 2+-phase are about the same, it follows that in 
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the phosphate-containing catalysts the latter phase can also be as

cribed to iron in close contact with the alumina. In this respect, 

the observation that at high phosphate contents the speetral contri

bution of the high-spin Fe2+_phase increases, is in line with the 

finding that the dispersion of the oxidic iron phase in the precursor 

catalyst is improved by the presence of phosphate, since an improved 

dispersion is likely to result in a larger fraction of iron atoms in

teracting with the a lumina support. The expl anation for the improved 

iron oxide phase dispersion can, analogous to the carbon-supported ca

talysts, be related to a complexing of the iron cations in the im

pregnation salution through the phosphate anions. Our findings on the 

influence of phosphate on the iron phase dispersion after sulfidation 

are in line with a recent study by Ramirez de Agudelo and Morales 

(51) on phosphorus-containing sulfided Ni/Al catalysts. These authors 

concluded on the basis of XPS results that the nickel phase disper

sion increased on phosphorus addition. 

The sulfidic iron species present in the alumina-supported catalysts 

are not influenced by phosphate, in contrast to their carbon-suppor

ted counterparts. This is clearly illustrated by camparing the effect 

of phosphate on the composition of the sulfided carbon- and alumina

supported Fe-Mo catalysts: in the carbon-supported catalysts phos

phate prevents the formation of "Fe-Mo-S" whereas this phase is pre

sent in all the alumina-supported catalysts studied. A remarkable 

effect of the addition of phosphate to the alumina-supported Fe-Mo 

catalysts is that it even causes a small rise in the speetral contri

bution of the "Fe-Mo-S" phase. 

Relation between structural aspects and HDS activity 

In case of the carbon-supported Fe and Fe-Mo catalysts it was found 

that the decrease in thiophene HDS activity is proportional to the in

crease in the amount of the "Fe(II)-phosphate" phase. At high phos

phate contents almost all the iron atoms are present in this complex 

form and, hence, the HDS activity will reduce to zero. The latter 

siti.tation was present in the Fe(4.3)/C+P(l.5) catalyst. At moderate 
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phosphate contents, part of the iron atoms will not be complexed with 

phosphate and can be sulfided into the catalytically active 

"Fel-xS" species (40). 

Concerning the Fe-Mo/C+P catalysts, besides the formation of a cata

lytically inactive "Fe(II)-phosphate phase", the HOS activity also de

creases since the formation of the highly active "Fe-Mo-S" phase is 

i nh i bi ted by the presence of phosphate. These resu 1 ts, therefore, un

ambiguously point to a poisoning nature of the phosphate additive. In 

case of the phosphate-conta in i ng c arbon-supported Co and Co-Mo cata

lysts, our results suggest a similar poisoning mechanism, namely the 

formation of a catalytically inactive cobalt-phosphate complex. In 

this respect it is instructive to note that a cobalt catalyst 

prepared from pure Co 3(P0 4) 2 shows the lewest HOS activity in 

the Co/C+P(z) series. 

The above described mechanism of poisoning by phosphate is not con

sistent with a recent study on phosphate-containing molybdenum sul

fide catalysts by Beuwens et al. (29). In this study it was found 

that the structure of the molybdenum sulfide phase in the presence of 

phosphate remained essen ti ally the same. Moreover, it was suggested 

that the poisoning behaviour is related to phosphine (PH 3), created 

by reduc ti on of phosphate. The d ifference between phosphate-contai

ning Co or Fe cata·lysts on the one hand, and Mo catalysts on the 

other hand is probably related to the stability of the metal-phos

phate compound. In case of the Mo/C+P catalysts it was shown that a 

molybdophosphate complex (H 3P(Mo 3o10) 4) could easily be con

verted into a sulfidic molybdenum phase (29), in clear contrast with 

the present study which shows that Co and Fe are complexed in a non

sulfidable phosphate structure. With respect to the Co-Mo/C+P and Fe

Mo/C+P catalysts, our results indicate that phosphate is primarily 

associ ated with the cobal t or iron phases. At high phosphate con

tents, however, it can be expected that an additional poisoning 

effect due to the reduction of non-bonded phosphate to phosphine 

may take pl ace. 

A general effect of phosphate in the catalysts described in the pre-
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sent work is the improved cabalt or iron dispersion. With regard to 

the alumina-supported catalysts this phenomenon probably explains why 

phosphate is often described as a promoter for HDS (1-18), HDN (3-

10,19,21) and HOMe (11,22) reactions. Due to this improved disper

sfon, however, at high phosphate contents a large amount of iron spe

cies are expected to be in close contact with the alumina support, as 

was observed for the Fe(5.4)/Al+P(l.3) and Fe{3.1)-Mo(7.7)/Al+P(2.0) 

catalysts. As these metal atoms might not attribute to the catalytic 

activity, this could account for the decrease in activity when large 

amounts of phosphate are present (7). 

Concluaiona 

The thiophene HDS activity of sulfided carbon-supported Co, Co-Mo, Fe 

and Fe-Mo catalysts is strongly decreased in the presence of phos

phate, whereas their a 1 umi na-supported counterparts are not po i soned 

under the same reaction conditions. Combined Mössbauer and 

XPS studies revealed that in the oxidic catalyst precursor (irrespec

tive of the support) the presence of phosphate results in a better 

dispersion of the oxidic phase. This improved dispersion can be re

lated to a close contact between the metal oxide phase and the phos

phate. In the sulfided catalyst the support material plays a dominant 

role in the interaction between the phosphate and the sulfided metal 

phase. In the case of alumina-supported catalysts phosphate does not 

i nfl uence the structure of the met a 1 sulfide ph a se. Wi th regard to 

the phosphate-containing carbon-supported Fe and Fe-Mo catalysts, a 

"fe(II)-phosphate" phase is observed in the sulfided state, which 

phase can be held responsible for the decrease in HDS activity. In 

the phosphate-containing sulfided Co and Co-Mo catalysts supported on 

carbon, the same poisoning mechanism is likely to occur. 
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Chapter 9 

FINAL CONCLUSIONS 

In this thesis a study is described of the structural characteristics 

of carbon- and alumina-supported hydrodesulfurization (HDS) cata

lysts, consisting of molybdenum, cobalt, or nick.el sulfide as active 

components. It is attempted to rel ate the structural characteris

tics of these catalysts to their thiophene HDS activity. The single 

catalyst systems, consisting of supported Mo, Co, or Ni sulfides, are 

compared to the so-called promoted catalyst systems consisting of Co

Ma and Ni-Mo sulfide phases. In this way, information is obtained 

about the ro 1 e of the Co and Ni promoters. The u se of carbon as 

support material is important in this study, since carbon, being a 

relatively inert substrate, enables one to obtain insight into the 

true catalytic properties of well-dispersed metal sulfides. Moreover, 

by cernparing the structural characteristics of carbon- and alumina

supported metal sulfide catalysts, information can be gained about a 

possible metal sulfide-support interaction which is currently one of 

the most intriguing subjects in sulfide catalysts and in heterogenous 

catalysis in generaL The present investigation can be divided into 

subjects which specifically concern the active phase components, and 

subjects which deal with the influence of the carrier material on the 

active phase characteristics. 

In chapter 2 an EXAFS study of the structure of the molybdenum sul

fide phase in a sulfiaed Mo/C and Co-Mo/C catalyst is described. The 

molybdenum sulfide phase in bath catalysts is found to have identical 

Mo-S and Mo-Mo interatomie distances as bulk Mos2, indicating the 

presence of a relatively well defined MoS2 structure. A model calcu

lation shows that the Mos2 particles contain on average 5 to 6 Mo 
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atoms (Mo/C) or 7 to 8 Mo atoms (Co-Mo/C), respectively. Camparing 

the EXAFS results of the sulfided Mo/C catalyst with those of a sul

fided Mo/Al 2o3 catalyst, containing a corresponding amount of Mo 

(chapter 5), it follows that the average MoS 2 slab size in the car

bon-supported catalyst is certainly not larger than that in the alu

mina-supported counterpart. EXAFS was not able to reveal if stacking 

of MoS 2 slabs was present. For the sulfided Mo/C and Co-Mo/C cata

lysts, a detailed EXAFS data analysis reveals the presence of carbon 

neighbours next to the Mo atoms, at a relatively short distance of 

2.1 + 0.1 Ä. This suggests that some kind of interaction exists 

between the Mo sulfide phase and the carbon support surface. A Mo-C 

interatomie di stance of 2.1 A implies that a support carbon atom is 

occupying a sulfur atom vacancy. In the presence of Co or Ni promoter 

atoms, an increase in the number of sulfur neighbours surrounding a 

Mo atom, is observed for sulfided Co-Mo/C, Co-Mo/Al 2o3 and Ni

Mo/C catalysts. This indicates that sulfided in the presence of Co or 

Ni the sulfur anion vacancies of the MoS 2 structures become occu

pied. In all Co- or Ni-promoted catalysts (carbon- as well as alumina

supported) a Mo-Co coordination is observed with an interatomie 

distance of 2.8 + 0.1 Ä. The Mo-Co coordination numbers are typical 

in the range of 0.3 to 0.7, indicating that a relatively large trac

tion of the Mo atoms are in contact with a Co promoter atom. 

Detailed information on the structure of the cabalt sulfide phases in 

carbon-supported Co and Co-Mo sulfide catalysts is obtained by campa

ring the EXAFS and XANES spectra of the catalysts with those of 

Co 9s8 and CoS2 model compounds. In the case of a Co-Mo/C 

catalyst, consisting of Co exclusively in the farm of "Co-Mo-S" (as 

evidenced by Mössbauer spectroscopy), the Co atoms are found to be 

present in a 6-fold (octahedral or trigonal prismatic) sulfur coor

dination. The Co-S interatomie distance in this catalyst is 2.21 ~ 

0.02 A, which is quite a short distance compared to bulk octahedral 

or trigonal prismatic coordinated Co sulfide, viz. 2.32 Ä (octahedral 

Co in CoS 2) or 2.33 Ä (trigonal prismatic Co in CoS), respective

ly. It is possible that because of this specific structure the Co 
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atoms in 11 Co-Mo-S" are present in a thermodynamically metastable 

state, which, as a consequence, might be highly active. In addition, 

a Co-Mo coordination is observed in this catalyst with an interatomie 

distance of 2.85 .!. 0.05 A. This distance corresponds closely to the 

Mo-Co distance of 2.8.!. 0.1 Ä measured by the Mo K-edge EXAFS. From 

the Co-Mo coordination number of 0.8, it can be inferred that appro

ximately one Co atom is in contact with one Mo atom. Based upon the 

measured coordination distances and coordination numbers, a structu

ral model for the "Co-Mo-S" phase is proposed with the Co atoms being 

located in trigonal prismatic sulfur units 1 inked to the MoS2 crys

tallite edges. A final interesting observation in this sulfided Co

Mo/C catalyst is the presence of a weak Co-Co coordination (interato

mic distance=2.55 .!. 0.05 Ä, coordination number=0.6). Since Möss

bauer spectroscopy showed that Co is exclusively present in a 

"Co-Mo-S" phase, it would follow that this Co-Co coordination is 

inherently associated with the carbon-supported "Co-Mo-S" phase. For 

the sulfided Co/C catalyst a higher sulfur coordination than measured 

for a Co9s8 st iochi ometry is found, suggest i ng that the Co 

sulfide particles in Co/C have a higher fraction of 6-fold sulfur

coordinated Co atoms than bulk Co 9s8• These findings therefore 

signify that a structural resemblance exists between Co sites in 

sulfided Co/C and those in sulfided Co-Mo/C catalysts. Moreover, a 

general correlation is found between the specific thiophene HOS 

activities of the Co sulfide phases in Co/C and Co-Mo/C, and their 

number of sulfur neighbouring atoms of Co. A high specific HDS 

activity correlates with a high (6-fold) sulfur coordination. 

Combining these results, it fellows that the formation of active 

cobalt sites (which appear to be 6-fold coordinated Co atoms) does 

not necessarily require the presence of molybdenum sulfide. Hence, 

the present work supports the theory of the cobalt sites being the 

actual active phase iri Co-Mo sulfide catalysts. 

To investigate the possible analogy between Co-Mo and Ni-Mo sulfide 

HDS catalysts, a thorough study has been undertaken on the structural 

and catalytic properties of the Ni sulfide phase in Ni/C and Ni-Mo/C 
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catalysts. The specific thiophene HDS activity of optimally dispersed 

Ni in sulfided Ni/C and Ni-Mo/C catalysts is determined by calcula

ting the differential at 0 wt% Ni, in the kHos-versus-wt% Ni cur

ve. In this way it is found that the specific HDS activity of Ni in 

Ni/C is much lower than that of Ni in Ni-Mo/C. 

A variety of techniques has been used to obtain information on the 

structure of the Ni sulfide phase in the Ni/C and Ni-Mo/C catalysts: 

XPS, EXAFS, dynamic oxygen chemisorption and chemical sulfur analy

sis. XPS reveals that the Ni sulfide phase, especially at low Ni con

tents, is highly inhomogeneously dispersed over the carbon carrier 

surface, yielding a considerable enrichment of Ni at the outer sur

face of the support grains. Moreover, oxygen chemisorption shows that 

at low Ni contents, the Ni sulfide particles are less accessible for 

02, suggesting some kind of active-phase support interaction or, al

ternatively, a covering of the active phase by the carbon substrate. 

The Ni sulfide phase in Ni/C has a Ni 3s2 structure, with a sl ight

ly higher sulfur coordination than corresponding with a Ni 3s 2 
stoichiometry. EXAFS shows that the Ni atoms in the sulfided Ni-Mo/C 

catalysts have a 6-fold (octahedral or trigonal prismatic) sulfur 

coordination. Approximately one Ni atom is in contact with one Mo 

atom at a distance of about 2.82 A. In addition, a weak Ni-Ni 

coordination (with an interatomie distance of about 2.48 Ä, and a 

coordination number of about 0.6) is present in the sulfided Ni-Mo/C 

catalyst. Hence, these results indicate that the structure of the Ni 

atoms in sulfided Ni-Mo/C is in close agreement with that of the Co 

atoms in sulfided Co-Mo/C. On the other hand, whereas the structure 

of the Co atoms in sulfided Co/C and Co-Mo/C catalysts is closely 

resembling {as regards interatomie distances and coordination num

bers), a discrepancy exists between the Ni sulfide phase in Ni/C and 

that in Ni-Mo/C. More specifically, the Ni-S interatomie distance is 

slightly but significantly shorter in the promoted Ni-Mo/C catalyst 

than that in the Ni/C catalyst. This signifies that the local struc

ture of the Ni atoms is influenced in a different way by either the 

MoS 2 crystall ites (Ni-Mo/C) or the carbon carrier surface (Ni/C). 

It is clear, therefore, that the question whether in the sulfided Ni-
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Mo/C catalysts the Ni atoms are the actual active sites, cannot be an

swered unambiquously. In this respect the use of a more inert carbon 

support than the Norit RX3-Extra used here, would be of interest to 

elucidate the catalytic and structural properties of the Ni sulfide 

phase in the single Ni/C catalyst system. The results of an attempt 

in this direction are described below. 

An important finding described in this thesis, is the fact that the 

Co as well as the Ni atoms in sulfided Co-Mo and Ni-Mo catalysts 

are present in a 6-fold (octahedral or trigonal prismatic) sulfur 

coordination. This finding can shed new light on the function of 

Co(Ni) in sulfided Co(Ni)-Mo sulfide catalysts. It would be interes

ting to perfarm EXAFS measurements on promoted Mo sulfide catalysts 

containing other first row transition metals such as Ti, V, Cr, 

Mn, Fe, Cu and Zn instead of Co or Ni. If it would appear that the 

first row transition metal promoters are permanently present in a 6-

fold sulfur coordination, it must be concluded that this specific 

structural configuration is not decisive for HDS activity. In that 

case, the promotion effect in MoS2 systems is primarily of an 

electronic nature, as has been concluded by Harris and Chianelli (J. 

Catal., 98, 17 (1986)). However, if the results would reveal that the 

sulfur coordination differs among the various metal promoters, it 

fo 11 ows that the promoter si te symmetr y mi ght be an important para

meter of the promotion effect. Since Co and Ni, which have a 6-fold 

sulfur coordination, are known to be the most effective promoter me

tals, the other promoter metals should in that case be less effec

tive, essentially because of a lower sulfur coordination (assuming 

that a sulfur coordination of 6 is the maximum value). The main impli

cation of this could be that, if it is possible to 11force 11 the promo

ter metal in a 6-fold sulfur coordination, effective promoted cata

lysts might be prepared consisting of less expensive promoter metals 

than Co and Ni, for instanee Fe or Zn. Another suggestion for future 

investigations in this area is to carry out in situ measurements of 

sulfided catalysts which have been used for various HDS and/or HDN 

reactions. In this manner fnsight can be obtained about the structure 

of the active phases under working conditions. 
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Gons i derab 1 e efforts have been made in thi s thesis to unrave 1 the 

structural properties of the so-ca11ed "Co-Mo-S" type II phase. The 

"Co-Mo-S" type II precursor catalysts were prepared via pare volume 

coimpregnation of an aqueous salution containing the Co and Mo salts 

and nitrilotriacetic acid (NTA). The role of NTA is to complex with 

bath Co and Mo so that the sulfiding behaviour of the catalysts is de

termined by the CoMo-NTA complex, rather than a CoMa-support interac

t i ve ph a se. The a 1 urn i na-supported "Co-Mo-S" type I I phase is found by 

quantitative XPS analysis · to be present as a multilayer MoS2 
structure, whereas the alumina-supported "Co-Mo-S" type I phase is 

present as a mono 1 ayer ( one s 1 ab th i ck) Mos 2 structure. Further

more, the "Co-Mo-S" type II particles show a higher number of sulfur 

neighouring atoms of Mo as well as Co, a slightly larger MoS 2 slab 

dimension (based on the number of Mo neighbouring atoms of Mo) and a 

better structural ordering, compared to "Co-Mo-S" type I particles. 

For the carbon-supported "Co-Mo-S" type I I phase, the spec ifi c thi o

phene HOS activity (per mol Co) is more than twice as high as to that 

of the alumina-supported "Co-Mo-S" type II phase. The "Co-Mo-S" type 

II particles supported on carbon are clearly structurally different 

from the alumina-supported type II counterparts. These differences 

concern a much higher number of su lfur nei ghbouri ng atoms of Co as 

we 11 as a much higher degree of structura 1 di sarder of these sulfur 

atoms in the case of carbon-supported "Co-Mo-S" type II. Moreover, 

the carbon-supported "Co-Mo-S" type II particles appear to be present 

as a mono 1 ayer MoS 2 structure, as shown by quant itat i ve XPS ana

lysis, in contrast to the multilayer Mos 2 stacking in the case of 

a 1 umi na-supported "Co-Mo-S" type I I. No di fferences are measured by 

EXAFS in interatomie distances of the Co-S, Mo-S and Mo-Mo coordina

tions for all "Co-Mo-S" type I and II catalysts studied. In addition, 

for all "Co-Mo-S" type I and II catalysts ( irrespective of the sup

port material), a linear correlation is observed between the specific 

thiophene HOS activity {per mol Co), and the number of sulfur neigh

bour i ng atoms of Co. A high number of sul fur nei ghbours corre lat es 

with a high specific HDS activity. As regards the alumina-supported 

"Co-Mo-S" type I and II catalysts, the difference in their specific 
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HDS activity (per mol Co) might, also be related to the partiele mor

phology, viz. monolayer particles (type I phase) and multilayer par

ticles (type II phase). Due to the multilayer structure, a relatively 

large fraction of active phase particles having a minor interaction 

with the alumina support surface is present, which is likely to re

sult in a higher specific activity (per active site). 

Special attention has been given to the question if carbon-supported 

Co-Mo sulfide catalysts are subject to a "Co-Mo-S" type I-type II 

phase transformation. Although a Co-Mo/C catalyst prepared by the NTA

preparation route. shows a twice as high specific thiophene HDS acti

vity than a corresponding conventionally prepared Co-Mo/C catalyst, 

our results do not allow to explain this difference in terms of "Co

Mo-S" type I and type II phases. The same appl i es for the carbon-sup

ported Ni-Mo sulfide catalyst system. 

Further studies on the catalytic properties of· "Co-Mo-S" type I and 

II phases Would be of interest, for instance, using other reactants 

than thiophene as well as other reaction conditions.· In addition, it 

would be interesting . to investigate if alumina-supported Ni-Mo 

sulfide catalysts are subject to a so-called "Ni-Mo-S" type I - type 

II phase transformation. 

Chapter 6 describes a comparison of the catalytic thiophene hydrode

sulfurization properties of Co and Ni sulfide catalysts supported on 

different carbon supports, viz. high surface area (HSA) graphite 

(Lonza HSAG-16) and activated carbon (Norit RX3-Extra). The incentive 

to make such a comparison is to evaluate the influence of the tex

tural and surface properties of carbon supports on the catalytic ac

tivity and the active phase dispersion. The activated carbon had a 

high internal surface area with the major fraction being present in 

micropores. HSA graphite, on the other hand, had a considerably smal

ler internal surface àrea, but if had much more wider pores than the 

activated carbon material. XPS results show that the Co as well as 

the Ni sulfide phases in the HSA graphite-supported catalysts are 

homogeneously dispersed over the carbon carrier surface, in clear 

contrast to the activated carbon-supported counterparts which have an 
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inhomogeneously dispersed Co(Ni) phase consisting of a considerable 
enrichment of Co(Ni) in the pores located at the outer side of the 
Norit support particles. It is found, however, that the specific thio
phene HDS activities (per mol Co or Ni) of HSA graphite-supported 
Co(Ni) sulfide catalysts prepared by using acetone or ethanol as im
pregnation media, are simtlar to the activated carbon-supported coun
terparts. This result shows that an inhomogeneous dispersion does not 
necessarily affect the thiophene HDS properties. 
The specific HDS activities of HSA graphite-supported Co sulfide cata
lysts (at low Co loadings) which were prepared by using water as im
pregnation medium, are significantly lower than those of activated 
carbon-supported Co sulfide cata lysts. By EXAFS i t is found that the 
Co sulfide particles in such a water-impregnated Co/(HSA graphite) ca
talyst are on average larger than those in a corresponding activated 
carbon-supported catalyst. Hence, this increase in partiele size can 
explain the lower specific thiophene HDS activities. The beneficial 
effect of using organic solutions (acetone or ethanol) instead of 
water for impregnating HSA graphite, can be explained by the fact 
that organic solutions have a higher affinity for the hydrophobic 
carbon support compared to an aqueous solution. This higer affinity 
probably leads to an improved dispersion of the active phases. As 
regards the HSA graphite-supported Ni sulfide catalysts, no clear 
effect on the type of solvent used for impregnation on the HDS acti
vity is observed. 
Since thiophene is a small molecule and thus able to penetrate into a 
large fraction of pores present, including part of the micropores, it 
would be of interest to use 1 arger reactants (e.g. dibenzothiophene) 
to obtain information about the presence of any active phase deposi
ted in the smallest pores. 

The thiophene HDS activities of sulfided carbon-supported Mo, Co, Co
Mo, Fe and Fe-Mo catalysts are found to decrease drastically in the 
presence of phosphate, whereas thei r al urn i na-supported counterparts 
are not poisoned under the same reaction conditions. Two different 
mechanisms, depending on the type of active compounds present, are 
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proposed to explain the poisoning effect of phosphate. With regard to 

the carbon-supported Co, Co-Mo, Fe and Fe-Mo catalysts, the presence 

of phosphate results in the formation of a "Co(Fe)-phosphate" phase 

upon sulfidation, which phase is held responsible for the decrease in 

HDS activity. The affinity of Co (and Fe) to phosphate is reflected 

in the oxidic precursor state of these catalysts, for which it is 

found that the presence of phosphate re~ults in a better dispersion 

of the Co(Fe) oxide phases. As regards the carbon-supported single Mo 

sulfide catalysts, it is suggested that the poisoning effect is rela

ted to the reduction of phosphate to phosphine {PH3), which adsorbs 

onto the anion vacancies of the molybdenum sulfide particles and thus 

deactivates the active sites. The difference between the two poi

soning mechanisms is probably related to the stabil ity of the me

tal-phosphate compound under the sulfiding conditions (H2S in 

H2) appl i ed. In this respect, it is found that upon sulfidation a 

molybdophosphate compound (Hl(Mo 3o10)4) can easily be conver

ted into a molybdenum sulfide phase, in contrast to Co and Fe metals 

who become complexed ,in a non-sulfidable phosphate structure. The 

observation that phosphate does not poison alumina-supported cata

lysts can be expl ained by the strong interaction of phosphate with 

the alumina support. Because of this strong interaction phosphate 

will not complex with Co or Fe metals nor be reduced to phosphine. By 

Mössbauer spectroscopy it is found that the dispers ion of alumi na

supported Fe and Fe-Mo oxide species in the precursor catalyst is 

improved by the presence of phosphate. For the sulfided a 1 umina-sup

ported Fe and Fe-Mo catalysts, Mössbauer spectroscopy reveals that 

phosphorus does not influence the structure of the Fe sulfide species. 
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SUMMARY 

Hydrotreating of petroleum feedstocks has become of increasing impar

tanee during the last decades, due to the stringent prescriptions con

cerning the amount of sulfur, nitrogen and metal contaminants in eco

logically acceptable gas and liquid fuels, as well as the definite 

trend towards processing of still heavier crude fractions. This has 

led to a continuous drive to the research and development of hydro

treating catalysts and the process technology involved. The nowadays 

cammerci ally appl ied catalysts consist of molybdenum (or tungsten) 

sulfide promoted with cabalt (or nickel) sulfide supported on a po

rous alumina carrier. Although in recent years detailed fundamental 

information on the structure and related catalytic properties of 

these complex catalyst systems has been obtained, many important ques

t i ons regard i ng the act u a 1 act i ve phases are still unanswered. The 

aim of this thesis is to relate the structural characteristics of the 

Mo, Co and Ni single sulfide phases as well as the promoted ensembles 

Co-Mo and Ni-Mo sulfides, to their related thiophene HDS activity. By 

using different support materials (carbon and alumina) the influence 

of the support on the active phase properties is encompassed in 

addition. A variety of techniques has been used to study the 

cata 1 yst systems: X-ray absorpt i on spectroscopy ( EXAFS: Extended X

ray Absorpt ion Fine Structure and XANES: X-ray Absorption Near Edge 

Structure), X-ray photoelectron spectroscopy (XPS), Mössbauer 

spectroscopy, dynamic oxygen chemisorption and chemical sulfur 

analysis. 

This thesis is focussed on the following questions: 

a. What is the structure and the function of the Co and Ni promoter 

sites in sulfided Co(Ni)-Mo HDS catalysts? 

b. What is the influence of the Co{Ni) promoters on the structure of 

the Mo sulfide phase in sulfided Co(Ni)-Mo catalysts? 

c. Wh at are the structura 1 d ifferences between the so-ca 11 ed 

"Co-Mo-S" type I and type II phases? 

d. Wh at is the i nfl uence of phosphorus on the structure and thi o-

phene HDS activity of sulfided Mo, Co, Co-Mo, Fe and Fe-Mo 

catalysts? 
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For a carbon-supported Co-Mo sulfide catalyst, consisting of Co exclu

s ively in the form of "Co-Mo-S", the Co atoms are found to be present 

in a 6-fold (octahedral or trigonal prismatic) sulfur coordination. 

The Co-S interatomie distance is 2.21 Ä, which is a significantly 

shorter distance than the one present in bulk octahedral or 

trigonal prismatic coordinated Co sulfide (e.g. Cos2 and CoS). It 

appears therefore that the local Co structure in a "Co-Mo-S" phase 

is rather uni que. Furthermore, in the "Co-Mo-S" ph a se approx i mate ly 

one Co atom is in contact with one Mo atom at a distance of 2.85 A. 
For the sulfided single Co/C catalyst a higher sulfur coordination of 

the Co atoms is found than expected for a Co9s8 stiochiometry, 

indicating that a structural resemblance exists between the Co sites 

in sulfided Co/C and those in sulfided Co-Mo/C catalysts. Moreover, a 

correlation is found between the specific thiophene HDS activities of 

the Co sulfide phases in Co/C and Co-Mo/C, and the respective 

number of sulfur atoms surrounding Co. A high specific HDS activity 

correl ates wi th a high ( 6-fo 1 d) sul fur coord i nat ion. He nee, these 

results support the theory that the cobalt phase could be the actual 

active phase in sulfided Co-Mo catalysts for the hydrodesulfurization 

of thiophene. 

The local structure of the Ni atoms in sulfided Ni-Mo/C catalysts is 

in close agreement to that of Co in sulfided Co-Mo/C. There is a 6-

fold sulfur coordination of Ni, a Ni-S di stance of 2.19 A which is 

considerably shorter than that in bulk 6-fold coordinated Ni sulfides 

and the coordination of Ni-to-Mo is· approximately one-to-one, at an 

interatomie distance of about 2.82 Ä. Although the structure of the 

Ni sulfide phase in sulfided Ni/C resembles that of Ni 3s2, the Ni 

atoms have a higher sulfur coordination than those in Ni 3s2• 

Interestingly, the Ni-S bond length of the Ni sulfide particles in 

Ni/C appears tó be slightly but significantly langer than that in the 

promoted Ni-Mo/C catalysts. This indicates that the local structure 

of the Ni atoms in Ni/C is different from that in Ni-Mo/C. It is 

found that the specific thiophene HDS activity per Ni active site in 

a Ni/C catalyst is much lower than that in a Ni-Mo/C catalyst. Thus, 

in contrast to Co, it seems as if the increased activity of 

Ni-Mo/C compared to Ni/C, cannot be ascribed to the Ni 
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atoms only. On the other hand, since the local structure of the Ni 

atoms seems to be influenced in a different way by the MoS2 
crystallites (Ni-Mo/C) than by the carbon carrier surface (Ni/C), a 

direct comparison of the specific HDS activity (per Ni site) between 

Ni/C and Ni-Mo/C is not allowed. Hence, the question whether the Ni 

phase in sulfided Ni-Mo/C catalysts is the actual active phase, 

cannot be answered unambiguously on the basis of the present results, 

as it could be in the case of Co-Mo/C catalysts. 

To investigate whether the catalytic properties of the carbon-suppor

ted Co and Ni sulfide phases could be inherently associated with the 

special textural and/or surface properties of the carbon support 

(Norit RX3-Extra, activated carbon), a comparison has been made 

between these activated carbon-supported Co(Ni) sulfide catalysts and 

those supported on a high surface area graphite (Lonza HSAG-16). It 

is found that the specific thiophene HDS activities (per mol Co or 

Ni) of graphite-supported Co(Ni) sulfide catalysts, when prepared 

under optima l condit i ons, are si mil ar to the act ivated carbon-sup

ported counterparts. This result shows that the thiophene HDS acti

vities of the Co and Ni sulfide phases are not influenced by the 

carbon support properties. 

As regards the MoS 2 structure, the presence of Co or Ni promoters 

in sulfided Co(Ni)-Mo sulfide catalysts (carbon- and alumina-suppor

ted) induces an increase in the number of sulfur neighbouring atoms 

of Mo. This must be related to the extra sulfur atoms accompanying 

the Co(Ni) promoter atoms. On the other hand, the Co(Ni) promoter a

toms do not bring about a change in the interatomie Mo-S and Mo-Mo 

distances compared to the unpromoted Mo/C and Mo/Al 2o3 cata

lysts. In all Co(Ni)-Mo sulfide catalysts (carbon- as well as alumina

supported) a Mo-Co(Ni) coordination is observed with an interatomie 

distance of 2.8 .! 0.1 A, and Mo-Co(Ni) coordination numbers of 0.3 

to 0.7. This indicates that a relatively large fraction of the Mo 

atoms is in contact with the Co(Ni) promoter atoms. No clear influen

ce of the Co promoter on the average MoS 2 slab dimensions in carbon-
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and al umina-supported Co-Mo sulfide catalysts compared to the unpro

moted counterparts has been observed. For the sulfided Mo/C and Co

Mo/C catalysts the presence of carbon neighbours next to the Mo atoms 

at a relatively short distance of 2.1 _!. 0.1 Ä is observed, sugges

ting an intimate interaction between the Mo sulfide phase and the 

activated carbon support surface. 

Oetailed information about the structural characteristics of 

"Co-Mo-S" type I and type II phases has been obtained. The alumina

supported "Co-Mo-S" type Il phase is found to be present as a 

multilayer MoS 2 structure, in contrast to alumina-supported 

"Co-Mo-S" type I which appears to be present as a mono 1 ayer MoS2 
structure. Furthermore, the a 1 umi na-supported "Co-Mo-S" type I I 

particles show a higher number of sulfur neighbouring atoms of Mo as 

well as of Co, a slightly larger average Mos2 slab dimension, and a 

better structural ordering, compared to alumina-supported "Co-Mo-S" 

type I particles. The specific thiophene HOS activity (per mol Co) of 

a carbon-supported "Co-Mo-S" type II catalyst is found to be more 

than twice as high compared to that of an alumina-supported "Co-Mo-S" 

type II catalyst. Thfs difference in HOS activity is reflected by 

large differences in the structure of the respective "Co-Mo-S" par

ticles: the carbon-supported "Co-Mo-S" type II particles are found to 

have a much higher number of sulfur neighbouring atoms of Co as well 

as a much higher degree of structural disorder of these sulfur atoms, 

compared to "Co-Mo-S" type II particles supported on alumina. For all 

"Co-Mo-S" type I and II catalysts (irrespective of the support mate

rial), a linear correlation is observed between the specific thio

phene HOS activity (per mol Co) and the number of sulfur neighbouring 

atoms of Co. A high number of sulfur neigbouring atoms corresponds 

with a high specific HDS activity. 

The thiophene HOS activfties of sulfided carbon-supported Mo, Co, 

Co-Ho, Fe and Fe-Mo catalysts are found to decrease drastically in 

the presence of phosphate, whereas their alumina-supported counter

parts are not poisoned under the same reaction conditions. With re-
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gard to the carbon-supported Co, Co-Mo, Fe and Fe-Mo catalysts, the 

poisoning effect of phosphate can be rel ated to the formation of a 

catalytically inactive "Co(Fe)-phosphate" phase. For the carbon-sup

ported phosphate-containing Mo sulfide catalysts, it is suggested 

that poisoning takes place because of a reduction of phosphate to 

phosphine (PH 3), which adsorbs onto sulfur anion vacancies of the 

MoS2 particles and thus deactivates the active sites. The observa

tion that phosphate does not poison alumina-supported catalysts can 

be explained by the strong interaction of phosphate with the alumina 

support. Bec au se of th is st rong interact i on phosphate wi 11 not com

plex with Co (or Fe), nor be reduced to phosphine. 
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SAMENVATTING 

Ontzwaveling en ontstikstoffing van aardoliefracties (hydrotrating) 

is de laatste decennia steeds belangrijker geworden, niet alleen we

gens de strenge voorschriften betreffende het zwavel- en stikstofge

halte in ecologisch aanvaardbare gasvorming en vloeibare brandstof

fen, maar ook vanwege de toenemende noodzaak voor het verwerken van 

steeds zwaardere oliefracties. Deze ontwikkeling heeft het onderzoeks

en ontwikkelingswerk aan hydrotreating katalysatoren, evenals de daar

bij behorende procestechnologie, in sterke mate gestimuleerd. De te

genwoordig commercieel gebruikte katalysatoren bestaan uit molybdeen

(of wolfraam-) sulfide, gepromoteerd met kobalt- (of nikkel-) sul

fide, aangebracht op een poreuze alumina drager. Hoewel de afgelopen 

jaren gedetailleerde fundamentele informatie over de structuur en de 

katalytische eigenschappen van deze complexe katalysatorsystemen is 

verkregen, zijn veel belangrijke vragen aangaande de werkelijke ac

tieve fase nog steeds onbeantwoord. Het doel van het in dit proef

schrift beschreven onderzoek is het vinden van relaties tussen de 

structuureigenschappen van de Mo, Co en Ni enkelvoudige sulfide fa

sen, evenals die van de gepromoteerde Co-Mo en Ni-Mo ensembles, en 

hun respectievelijke katalytische thiofeen ootzwavel ings (HDS) acti

viteiten. lloor verschillende dragermaterialen (koolstof en alumina) 

te gebruiken, is in dit onderzoek tevens de invloed van de drager op 

de eigenschappen van de actieve sulfide fase aan bod gekomen. Een sca

la van technieken is gebruikt om de katalysatorsystemen te karakteri

seren: X-ray-absorptie spectroscopie ( narnel ijk EXAFS: "Extended X-ray 

Absorption Fine Structure", en XANES: "X-ray Absorption Near Edge 

Structure"), X-ray fotoelectron spectroscopie (XPS), Mössbauer spec

troscopie, dynamische zuurstof chemisorptie (DOC) en chemische zwavel

analyse. 

Het onderzoek is gericht op de volgende vragen: 

a. Wat is de structuur en de functie van de Co en Ni promotoren in 

sulfidische Co(Ni)-Mo HDS katalysatoren? 

b. Wat is de invloed van de Co(Ni) promotoren op de structuur van de 

Mo sulfide fase in sulfidische Co(Ni)-Mo HDS katalysatoren? 

c. Wat zijn de structurele verschillen tussen de zogenaamde "Co-Mo-S" 

type I en type II fasen? 
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d. Wat is de invloed van fosfor op de structuur en HDS activiteit van 

sulfidische Mo, Co, Co-Mo, Fe en Fe-Mo katalysatoren? 

Voor een koolstof-gedragen Co-Mo sulfide katalysator, waarin Co 

uitsluitend aanwezig is in de vorm van "Co-Mo-S", is aangetoond dat 

de Co atomen aanwezig zijn in een 6-voudige (octaëdrische of tri

gonaal prismatische) zwavel omringing. De Co-S interatomaire afstand 

bedraagt 2.21 Ä, hetgeen een significant kortere afstand is 

vergeleken met die in bulk octaëdrisch of trigonaal prismatisch 

gecoördineerde Co sulfides, zoals Cos2 of CoS. Het blijkt dus dat 

de lokale structuur van Co in een "Co-Mo-S" fase opmerkelijke 

ei genschappen heeft. Verder is naar voren gekomen dat in een "Co-Mo

S" fase ongeveer één Co atoom in contact staat met één Mo 

atoom, met een interatomaire afstand van 2.85 Ä. Voor de sulfidische 

enkelvoudige Co/C katalysator is een hogere zwavelomringing van de Co 

atomen gevonden, dan verwacht wordt voor een Co 9s8 
stoichiometrie. Dit duidt op een structurele overeenkomst tussen de 

Co "sites" in sulfidische Co/C en die in sulfidische Co-Mo/C 

katalysatoren. Bovendien is een correlatie gevonden tussen de 

specifieke thiofeen HDS activiteiten van de Co sulfide fasen in Co/C 

en Co-Mo/C, en hun respectievelijke aantal zwavel buuratomen rond 

Co. Een hoge specifieke HOS activiteit correleert met een hoge (6-

voudige) zwavelomringing. Deze resultaten ondersteunen de theorie dat 
de Co atomen de werkelijke actieve sites kunnen zijn in sulfidische 

Co-Mo katalysatoren voor de ontwaveling van thiofeen. 

De lokale structuur van de Ni atomen in sulfidische Ni-Mo/C katalysa

toren vertoont een sterke overeenkomst met die van Co in sulfidische 
Co-Mo/C. Er is een 6-voudige zwavelomringing rond Ni, een Ni-S af

stand van 2.19 A, welke aanzienlijk korter is dan die in bulk 6-vou

dige gecoördineerde Ni sulfides, en de coördinatie van Ni-op-Mo 

is ongeveer één-op-één, met een interatomaire afstand van 

2.82 Ä. Hoewel de structuur van de Ni sulfide fase in sulfidische 

Ni/C overeenkomt met een Ni 3s2 structuur, hebben de Ni atomen 

een hogere zwavelomringing dan die in Ni 3s2• Het is hierbij inte

ressant dat de Ni-S afstand van de Ni sulfide deeltjes in Ni/C 
enigszins, maar wel significant, langer is dan de Ni-S afstand in 
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de gepromoteerde Ni-Mo/C katalysatoren. Dit wijst erop dat de lokale 

structuur van de Ni atomen in Ni/C verschilt van die in Ni-Mo/C. Er 

is tevens gevonden dat de specifieke thiofeen HDS activiteit per Ni 

actieve site in Ni/C katalysatoren veel lager is dan die in Ni-Mo/C 

kata 1 ysatoren. In tegenste 11 i ng tot Co, 1 ij kt het er dus op dat de ho

gere activiteit van Ni-Mo/C ten opzichte van Ni/C niet kan worden toe

geschreven aan de Ni atomen a 11 een. Van de andere kant moet gezegd 

worden, dat een directe vergelijking van de specifieke HDS activiteit 

(per Ni site) tussen Ni/C en Ni~Mo/C niet is toegestaan, aangezien de 

lokale structuur van de Ni atomen op een verschillende wijze wordt 

beïnvloed door de MoS 2 kristallieten (Ni-Mo/C) dan door het kool

stofdrageroppervlak (Ni/C). Daarom kan de vraag of de Ni atomen de 

werkelijke actieve sites zijn in Ni-Mo/C katalysatoren, niet ondub

belzinnig beantwoord worden op basis van de huidige resultaten. 

Om te onderzoeken of de katalytische eigenschappen van de koolstofge

dragen Co en Ni sulfide fasen mogelijk inherent geassocieerd zijn met 

de speciale texturele en/of oppervlakte eigenschappen van de koolstof

drager (Nor i t RX3-Extra, geactiveerde koo 1), is een vergelijking ge

maakt tussen deze geactiveerde koolstof-gedragen Co(Ni) sulfide kata

lysatoren en overeenkomstig katalysatoren met als dragermateriaal een 

"high surface area" (HSA) grafiet (Lonza HSAG-16). Hierbij is gevon

den dat de specifieke thiofeen HOS activiteiten (per mol Co of Ni) 

van de grafiet-gedragen Co(Ni) sulfide katalysatoren, indien bereid 

onder optimale condities, gel ijk zijn aan hun geactiveerde koolstof

gedragen tegenhangers. Dit resultaat toont aan dat de thiofeen HDS 

activiteit van de Co en Ni sulfide fasen niet noodzakelijk beïn

vloed wordt door de eigenschappen van de koolstofdrager. 

Wat betreft de Mos2 structuur is gebleken dat de aanwezigheid van 

Co en Ni promotoren in sulfidische Co(Ni)-Mo katalysatoren (koolstof

en alumina-gedragen) een toename in het aantal zwavelbuuratomen rond 

Mo teweeg brengt. Dit is waarschijnlijk gerelateerd aan de extra zwa

ve 1 atomen die de Co (Ni) promotoratomen vergeze 11 en. Van de andere 

kant, de Co( Ni) promotoratomen veroorzaken geen verandering in de 

interatomaire Mo-S en Mo-Mo afstanden vergeleken met de niet-gepro-
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moteerde Mo/C en Mo/Al 2o3 katalysatoren. In alle sulfidische 

Co(Ni)-Mo katalysatoren (koolstof- zowel als alumina-gedragen) is 

een Mo-Co(Ni) coordinatie aangetroffen met een interatomaire afstand 

van 2.8 + 0.1 Ä, en Mo-Co(Ni) omringingsgetallen van 0.3 tot 0.7. 

Dit laatste duidt erop dat een relatief grote fractie van de Mo ato

men in contact staat met de Co( Ni) promotor atomen. De Co promotor 

atomen blijken geen duidelijke invloed te hebben op de gemiddelde 

afmetingen van de MoS 2 slabs in koolstof- en alumina-gedragen Co-Mo 

sulfide katalysatoren, vergeleken met de niet-gepromoteerde systemen. 

In sulfidische Mo/C en Co-Mo/C katalysatoren is de aanwezigheid van 

koolstof buuratomen naastdeMo atomen, met een relatief korte af

stand van 2.1 + 0.1 Ä, waargenomen. Dit laatste suggereert een in

tieme interactie tussen de Mo sulfide fase en het oppervlak van de ge

activeerde koolstof. 

Er is gedetailleerde informatie over de structurele karakteris

tieken van "Co-Mo-S" type I en type II fasen verkregen. Volgens quan

titatieve XPS analyse blijkt alumina-gedragen "Co-Mo-S" type II aan

wezig te zijn als een MoS2 multilaag, in tegenstelling tot alumina

gedragen "Co-Mo-S" type I dat aanwezig blijkt te zijn als een Mos2 
monolaag. De alumina-gedragen "Co-Mo-S" type II deeltjes vertonen een 

hoger aanta 1 zwave 1 buuratomen rond Mo zo we 1 als rond Co, een iets 

grotere gemiddelde afmeting van de Mos2 slabs, en een betere struc

turele ordening, vergeleken met alumina-gedragen "Co-Mo-S" type I 

deeltjes. De specifieke thiofeen HDS activiteit (per mol Co) van een 

(geactiveerde) koolstof-gedragen "Co-Mo-S" type II katalysator blijkt 

meer dan twee maal zo hoog te zijn vergeleken met die van een alumina

gedragen "Co-Mo-S" type II katalysator. Dit verschil in HDS activi

teit wordt gereflecteerd door grote verschi 11 en in de structuur van 

de respectievelijke "Co-Mo-S" deeltjes: de koolstof-gedragen 

"Co-Mo-S" type II deeltjes hebben een veel hoger aantal zwavel 

buur atomen rond Co, even a 1 s een vee 1 hogere mate van structure 1 e 

wanorde van deze zwavelatomen, vergeleken met "Co-Mo-S" type II deel

tjes gedragen op alumina. Voor alle "Co-Mo-S" type I and II kataly
satoren (ongeacht het type drager), blijkt een lineaire correlatie 
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te gelden tussen de specifieke thiofeen HDS activiteit (per mol 

Co) en het aantal zwavel buuratomen rond Co. Een hoog aantal zwavel 

buuratomen correspondeert met een hoge specifieke HDS activiteit. 

De thiofeen HDS activiteiten van sulfidische koolstof-gedragen Mo, 

Co, Co-Mo, Fe en Fe-Mo katalysatoren blijken drastisch te dalen in de 

aanwezigheid van fosfaat, terwijl de overeenkomstige alumina-gedragen 

systemen niet vergiftigd worden, onder dezelfde reactiecondities. In 

het geval van de koolstof-gedragen Co, Co-Mo, Fe en Fe-Mo katalysa

toren kan het vergiftigend effect van fosfaat gerelateerd worden aan 

de vorming van een katalytische inactieve "Co(Fe)-fosfaat" verbin

ding. Voor de koolstof-gedragen fosfaat-bevattende Mo sulfide kataly

satoren, is gesuggereerd dat vergiftiging plaatsvindt vanwege een 

reductie van fosfaat tot fosfine (PH 3), dat adsorbeert aan zwavel

anion vacatures van de MoS 2 deeltjes en daardoor de actieve sites 

blokkeert. Het feit dat fosfaat alumina-gedragen katalysatoren niet 

vergiftigt, kan worden verklaard doordat fosfaat een sterke interac

tie met het alumina dragermateriaal aangaat. Vanwege deze sterke in

teractie zal fosfaat noch complexeren met Co (of Fe), noch geredu

ceerd kunnen worden tot fosfine. 
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1. Uit het feit dat het Fourier-getransformeerde Co K-edge EXAFS 

spectrum van een sulfidische Co-Mo/Al 2o3 katalysator een piek

verschuiving vertoont ten opzichte van het spectrum van bulk 

co9s8, concluderen Clausen et al. dat de locale structuur van 

Co in een sulfidische Co-Mo/Al 2o3 katalysator niet gelijk is 

aan die van Co in bulk co9s8. Zij hebben zich hierbij echter 

niet gerealiseerd dat deze piekverschuiving veroorzaakt wordt 

door veranderingen in piekamplitudes van de gecombineerde Co-S en 

Co-Co bijdragen in deze piek. 

B.S. Clausen, B. Lengeler, R. Candia, J. Als-Nielsen en H. 

TopsDe, Bull. Soc. Chim. Belg., 90, 1249 (1981). 

2. Een juiste bepaling van de verhouding tussen Si en Al atomen in 

het rooster van gedealumineerde zeolieten door middel van de 

gewoonlijk gebruikte technieken 29s; MAS NMR, IR en XRD is 

alleen mogelijk indien volledige vervanging van de verwijderde Al 

atomen door Si atomen is verkregen. Aangezien dit nooit het geval 

is in gedealumineerde zeolieten, Z1Jn de gemeten Si/Al 

verhoudingen altijd onbetrouwbaar en is het verschil tussen 

gemeten en reële waarden sterk afhankelijk van de voorafgaande 

dealuminerings-procedure. 

M.W. Anderson en J. Klinowski, J. Chem. Soc., Faraday Trans. I, 

82, 1449 (1986). 

B. Kraushaar, J.W. de Haan, L.J.M. van de Ven, en J.H.C. van 

Hooff, Z. Anorg. Allg. Chem., in druk. 

3. Voor de synthese van fosfaatgemethyleerd RNA is het wenselijk de 

tertiair-butyl-dimethylsilyl beschermgroep voor de 2'-hydroxyl 

te wijzigen, aangezien bij de verwijdering ervan een fluoride-ion 

in een niet-waterig medium wordt gebruikt. 

K.K. Ogilvie, S.L. Beaucage, A.L. Schifman, N. Y. Theriault en 

K.L. Sadana, Can. J. Chem., 56, 2768 (1978). 
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4. De aanname dat de pre-exponentiële factor onafhankelijk is 

van de bedekk i ngsgraad, zo a 1 s wordt aangenomen in de Redhead

vergelijking voor de analyse van thermische desorptiespectra kan 

leiden tot volstrekt foutieve resultaten voor de activeringsener

gie van desorptie. 

P.A. Redhead, Vacuum, 12, 203 (1962). 

J.w. Niemantsverdriet enK. Wandelt, J. Vac. Sci. Technol., A6, 

75 7 ( 1988). 

5. In tegenstelling tot de algemeen aanvaarde regel dat de bereiding 

van atomair schone oppervlakken dient te geschieden bij de hoogst 

mogelijk temperaturen, is het eenvoudig aannemelijk te maken dat 

een 1 angere reinigingsprocedure bij 1 agere temperaturen tot min

der problemen met oppervlakte-contaminanten leidt. 

F.C.M.J.M. van Delft, A.D. van Langeveld, B.E. Nieuwenhuys, 

Surf. Sci., 189/190, 1129 (1987}. 

6. De var i a tie in wettelijke eisen ten aanzien van het geluids

niveau van kettingzagen vormt een belemmering voor de Europese 

integratie. 

7. Ledoux et al. constateren bij reductiespectra, verkregen door 

temperatuurpregrammer i ng, een regelmatig terugkerend 1 ij oen

patroon. Dit moet worden toegeschreven aan de door hen gebruikte 

hoge opwarmsnelheid, waardoor de temperatuurinstelling van de 

oven een oscillerend gedrag vertoont. 

M.J. Ledoux, S. Hantzer en J. Guille, Bull. Soc. Chim. Belg., 96, 

855 (1987}. 
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8. Ichikawa et al. kennen een Rh-0 bijdrage in het EXAFS spectrum 

van een NaY zeo 1 iet-gedragen Rh 6 carbonyl cl u ster toe aan Rh in 

interactie met zuurstof van het drageroppervlak. Dit is hoogst 

twijfelachtig niet alleen omdat de gemeten Rh-0 interatomaire 

afstand van 2.06 A nagenoeg gelijk is aan die in een rhodiumoxide 

verbinding, maar ook omdat Van Zon et al. voor een gereduceerde 

Rh/A1 2o3 katalysator een veel langere interatomaire afstand 

van 2. 7 A vonden voor Rh in interactie met zuurstof van het 

drageroppervlak. 

J. Ichikawa, A. Fukuoda en T. Kimura, in "Proceedings of the 9th 

International Congress on Catalysis, Calgary, 1988", The Chemical 

Institute of Canada, Vol. 2, p. 569, 1988. 

J.B.A.O. van Zon, O.C. Koningsberger, H.F.J. van 't Blik en D.E. 

Sayers, J. Chem. Phys., 82, 5742 (1985). 

9. Hoe meer mensen ongelode benzine gebruiken, hoe minder mensen het 

loodje .leggen. 

10. Het feit dat dienstreizen voor ambtenaren dienen te geschieden op 

de voor het rijk voordeligste wijze en overeenkomstig rang en 

stand van de reiziger, leidt vaak tot sociaal frustrerende 

situaties. 

11. Het is merkwaardig gesteld met de Nederlandse politiek: 

zeer recentelijk is een minister de laan uitgestuurd vanwege een 

affaire die het Nederlandse volk geen financiële schade berok

kend heeft, terwijl daarentegen nog maar enkele jaren geleden een 

minister mocht blij ven zitten die miljarden guldens ongecontro

leerd in een bodemloze put heeft gestort. 




