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CHAPTER 1

INTRODUCTION

CATALYTIC FROCESSES.

Catalytic processes are of tremendous importance in the
medern industrialized =zociety. Altogether, they account for
as much as 9%0% of the chemical manufacturing processes in
use throughout the world, The role of the catalyst in these
processes congists in  increasing the rate as well as
controlling the seleectivity of the chemical reaactions
invelved, Many procezs improvements result from the
discovery of better chemical routes, usually based on new
catalysats.

Heterogeneous c¢atalysis is widely applied in the petroleum
industry <cevering reactions such as cracking, catalytie
reforming and ecatalytie hydrotreating. The catalysts
applied for these reactjions are zeolites or silica-aluminas,
alumina-gupperted metal catalysts and alumina=supperted
metal sulfide catalysts respectively.

The fastest growing group of catalystas (predicted rate
about 13% per vear) is that of the hydrotreating catalysts
{1). fThe increased need for a more efficient utilization of
the various fossil fuel feedstocks, requiring more severe
processing of still heavier feedstocks, made that sulfids
catalysts are or will become within a few vyears, the fost
important of all catalyst systems with close te 1/4 of the
total world catelyst market (2).
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HYDROTREATING.

In the petrocleum vrefining industry, ecatalytie hydrogen
treating ecan be defined as the contacting of petroleum
feedaztocks with hydrogen in the presence of suitable
catalyst and under suitable operating conditions to effect
conversion to low meoleécular weight hydrocarbens, to prepare
the feedstocks for further conversion downstream, and te
improve the guality of the finished producta {3,4). In Fig.
1 the 1lecation of hydrotreatment units in relatienship to

other major refinery process operations is depicted.
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Fig. 1 Location of hydrotreating (H) units in refinery flow

scheme (4).



Quite a number of reactions oe¢cur during the process which
in principle can be subdivided into twe clasges,
hydrogenation and hydrogenolysis reactions, These are in
turn subdivided into the following reactions :

a. hydrocracking or C-C bond eleavage

b. olefin and arcmatic saturation

c. hydrodesulfurization or C-5 bond cleavage (HDS)

d. hydrodenitrogenation or C-N bond cleavage (HDN)

e. hydrodeoxygenation or C=0 bond cleavage (HDO)

f. hydrodemetallation or C-Me bond cleavage (HDMe)

The relative shortage of crude oil, the increased
processing of coal and tar sand-derived liquids (kigh inm §,
N and metal content), and the definite trend towards
complete elimination of the residual oil fractions caused by
the declining market for heavy fuel olls, give a strong
incentive to the research and the development of the
hydrotreatment catalysts and the procegss technelogy
involved.

The study degeribed in this dissertation, is focussed on
the hydrodesulfurization reaction which fregquently iz the
most important objective of hydrotreatment.
Hydrodesulfurization involves the removal of sulfur from
S~eontaining molecules present in  the feedstoek, the
reaction being schematically as ;

R = 810 + HZ — RH + HZS

The following classes of sulfur containing compounds,
listed in order aof decreasing reactivity in
hydredegulfurization rate, are present in petroleum
feedstocks :  thiols, disulfides, sulfides, thiophenes,
benzothiophenes, dibenzothiophenes, benzonaphtothiophenes
etc. Hydrodesulfurization is applied to naphtha to prevent
poisoning of platinum metal-containing eatalysts in  the
reforming process with sgulfur and, in the treatment of
gasoline to obtain sweetened and stabilized products.
Neowadays, one of its most important objectives is the

removal of sulfur from fuels to prevent the peollution of the



atmesphere with 80, (acid rain).

SULFIDE CATALYSTS.

The catalysts applied in hydrodesulfurization processes
must be highly resistant to poisoning and aperate
efficiently under severe reaetion conditions, reguirements
which are only fulfilled by transition metal sulfides.
Historically, sulfide c¢atalysts have evolved from those
developed in prewar Germany for the hydrogenation of ceal
and coal-derived liguids. After a systematic study it was
found that metal zulfides, especially melybdenum and
tungsten sulfide were the active catalysts ({5,6). Since
that ‘time, HDS rcatalysts have evoluted to the nowadays
industrially applied catalytic ensembles composed of
molybdenum (or tungsten) sulfide promoted with cobalr (or
nickel) sulfide supported en a porous alumina carrier, The
term prometor being related te the fact that the HDS
activity of sulfided alumina-supported molybdenum ie largely
enhanced by the addition of cobalt sulfide, while sulfided
alumina-supported cobalt is considered to be inactive.

Whereas most of the knowledge on sulfide catalysts in the
past was based on rather empirical cbservations and nearly
arbitrary assumptions related to the hydrodesulfurization
process in practice, considerable fundamental research has
accumulated on thes structure and properties of sulfide
catalysts in comparatively recent time. Among the models
propased to deseribe the structure of the cobalt molybdenum
supported on alumina catalyst, are the monolayer model
(3,7.,8,9), the intercalation (eor decoration model} (10-13},
the contact synergy model (14,15) and the Co-Mo=S model
(16}, e@ach of which describes the promoter effect of cobalt
in a different way. For a review an this subject we refer
te  (3,15,17-19). Considerable work hag also been and is

done aiming to elucidate the location and gperation of the
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Fig. 2 Schematic thiophene HDS mechanism.

active sires (20-25). Figure 2 depicts a possible schematic
thisphene hydrodesulfurization mechanism over a molybdenum
sulfide catalyst. In this scheme the electrenz are
localized which in fack may not be the casa, Thiophene
adsorbs on a sulfur vacaney which agrees with the common
belief that the hydrodesulfurization reaction involvas anion
vacancies (exposed metal ions). The presence of Mo3' ions
has been indicated in ESR studies (26,27). Hydrogen is seen
to be provided by SH groups in the reaction process. After
desorption of the hydrocarbon, the & vacancy is regenerated
to complete the eycle. From the abeve mechanism it may be
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Fig. 3 Periodic HD3 activity trends for unsupperted metal

eulfide catalysts, normalized per gram (27).

argued that there is no need for the exclusive use of

molybdenum (or tungsten) sulfide to act as a catalyst. This

Wil s indeed shown in a recent study on the
hydrodesulfurization activity of unsupperted transition
metal sulfides (28), As can be seen in Fig. 3 the activity

trends for second and third zow metal sulfides vary over
more than 2 orders of magnitude and display typical velecano
type plots with periedic position. Important factors

determining the hydrodesulfurization activity seem to be in
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this respect the oceupation of the highest molecular orbital
as well as the metal-sulfur covalent bond strength (29).
bespite the numerous research efforts, much detailed
fundamental information on the structure and related
hydrodesulfurization activity of sulfide catalysts is still

lacking.

ROLE AND INFLUENCE OF THE SUPPORT MATERIAL,

Like the majority of the technelogically important
catalysts, metal sulfides are mostly suppérted on suitable
carriers. The role of the carrier is to maintain the
catalytically active phase in a highly dispersed state (high
active surface area). In industrial applications, sulfide
catalysts are usually exposed to rather extreme conditions,
invelving high operating temperatures, large catalyst beds
necessitating a high mechanical strength of the catalyst,
and processing of low—guality materials which contaminate
the active surface. To this is added the demand of a leng
lifetime or, of the possibility of repeated regeneration, so
that it is esszential for the c¢arriers employed to be of high
quality.

Most often employed as support is the gamma—-modification
of aluminium cxide, prepared such that it has a sufficiently
large surface area (150 - 300 mz/g), a suitable texture and
strong mechanical properties. An  important property of
alumina is its ability te properly disperse large amounts of
metal sulfides {up to 20 wt%). Another impertant type of
carrier for sulfide catalysts are the amorphous
aluminosilicates {(to which scmetimes other oxides are added)
(6,30). Beeause of their increased acidity relative to
alumina, these materials serve as carriers in hydrotreatment
processes where hydrecracking is necessary.

The wuse of alumina as a carrier material for sulfide

catalysts, however, has a consgiderable drawback, in that the



alumina surface causes uvhwanted metal-support interactions
which lower the hydrodesulfurization activity of the
catalyst. In this respect it was ochserved that amall
amounts of molybdenum (up to 3 wtk MoDB) are very atrongly
adsorbed on the alumina surfacre such that high sulfiding
temperatures are needed to obtain a complete conversion inte
their active =zulfide form (31). Under normal sulfiding
conditions this fraction may vremain oxidic and as &
consequence its activity will be low. Even more pronounced
ig the interaction with the cobalt and nickel promotor ions.
These are known to react with the alumina surface to form
CeAl,0, {NiAl,0,4) or oeccupy octahedral or tetrahedral sites
inside the alumina latice {3,32), which wmakes them
catalytically inactive. Many studies have been carried out
aimed at reducing the aetive phaze-szupport interaction.
Amenyg these studies are those using deoped alumina carriersz,
which allewed some regulation of the active phase-support
interaction (33-35).

In their study on the influence of the support, de Beer
et al. (36-38) gongluyded that any suppert with a high
specific surface area (V- and Tl -Al;03, 5i0, or carbon) ia
acceptable for hydrodesgulfurization catalysts, indicating
that there is neo need for the exclusive use of alumina as a
suppert. They feund that subsatantially more active
catalysts could be prepared on the legs reactive SiOz
support material for the cobalt and nickel premoter
sulfides, provided that the conventional preparation methed
was modified somewhat. In this respect it was cong¢luded
that even carbon, being an inert suppeort material, should be

perfectly suitable as support.

CARBON AS A SUPPQRT FOR SULFIDE CATALYSTS.

Amongst the vast number of papers and patents on

hydrodesulfurization that have appeared after the second



world war, those dealing with carbon-supported sulfide
catalysfs are scarce (39-56), despite the fact that the
application of carkon carriers was usually reported to lead
to interesting rasults, both from the practical and
fundamental peoint of view.

The advantages that have been claimed for carbon-supported
catalysts are 1

- Application of a material as inert as carbon results in
less complex catalysts, since even after mild sulfidation,
all transition metal compounds present in the pregursor
gtate will be converted into their sulfide state.

= The inert carbon support material =seems very useful in
studies on  the true catalytic properties of well-dispersed
poorly erystallized metal sulfides, wunperturbed by strong
interactions with the support.

=~ Carbon=zsuppeorted sulfide catalysts have high
specific hydrodesnlfurization activities compared to
alumina-supported catalysts, espeaially at low active phase
contents (¢f. Fig. 4).

- Due to the faet that carbon has weak adsorption
properties for hydrocarbens such as aromaties, the coking
propensity on carbon-=supported catalysts is gonsiderably
lower than on correspoending alumina-supported systems. In
this reasapact, carbon-supported catalysts should be less
susceptible to deactivation by coke formation.

— The expensive catalytic metals are readily recoverable
from spent catalysts by simply burning off .the carbon
gupport.

But in their appligcation as a suppert for sgulfide
catalysta, carbon materials do not offer advantages only.
The following disadvantages can be discerned , vigz. :

- The widely available activated carbona do have a high
internal surface but, the major fraction of this area ia in
narrow mesopores and mestly in micropores. Due to diffuaion
limitations for reactant and product molecules, the fraction

of the «catalytically active phase, that is deposited in
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‘these pores during catalyst impregnation, will be of little
utility in the HDS process and in fact be wasted.

- For . most carben materials enlarging the mesc- and
macropore sStructure will be at the expense of their
mechanical preperties, and will therefore have a poor

erushing etrength, compared te alumina aupports.
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- Although on a «c¢arbon surface a whole variety of oxygen
functicnal groups is located (cf. Fig. §), the nature and
the concentration of these groups are frequently such that
they are insufficient te create apd maintain a high active
phase dispersion during e¢atalyst preparation and under
sulfiding conditions.

~ And finally, carbon-supported catalysts cannot be

regenerated in the same manner as alumina~supported systems.

1 | | T
4000 3000 2000 1500 1000

wavehumber

Fig. % Fourier transform infrared spectra of a Norit

activated carbeon sample (57).

em~1 .

3500 0OH streteh vibration with weak H-bridge
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groups
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1643 methylene vibration
1608 C=0 in chilnone configuration
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SCOPE AND OUTLINE OF THIS INVESTIGATION.

In view of the published advantages of carbon as a support
material for sulfide catalysts and congidering that they may
outweigh the disadvantages, especially when attention is
paid to minimize the latter, it was decided to start a
aystematic study on the relation between the structure and
catalytic properties of carbon-supported sulfide catalysts.
The present investigation canm be sobdivided in two parts :
one part, whic¢h includes chapters 2-3, is devoted to the
structyure and catalytic activity of various metal sulfides
supported on activated carbon 3 while the second part,
comprising chapters 6-9, 1is focussed on the influence of
textural and surface properties of various carbon supports
on the final properties o©f the catalysts.

In chapters 2 and 3, the results on activated carbon
supported molybdenum catalysts are discussed, Dynamic
oxygen chemisorption measurements (DOC) were carried out to
detect the amount of active surface areay X=ray
photoelectron spectroscopy (XP&) was used to measure the
digpersion of the catalyst, Temperature programmed
sulfidation (TPS), and thiophene hydrodesulfurization (HDS)
were measured to study catalyst sulfidation and catalyst
activity. A comparison is made with the corresponding
alumina=supported catalysts.

Chapter 4 is devoted to the study of activated
carbon=supported cobalt catalysts and the role of Co in
Co-Mo promotad systems. This includes XPS8, TPS and
thiophene hydrodesulfurization activity measurements.

A comparative study of the thiophene hydrodesulfurization
properties of first, gecond and third row metal sulfides
ranging from greup VI to group VIIXc supported on activated
carben is reported in chapter 5. XPS& has been used to
calculate catalyst dispersion and te identify the sulfide
phases present. A comparison 1is made with unsupported

systems, and alumina supported systems.



In chapter 6 the interaction of the oxygen functional
groups present at the ecarbon suxface with the impregnated
molybdate iens is presented, Fourier transform infrared
spectroscopy and XPS are applied for the detection of the
different oxygen groups present, while TEM, DOC and XP$ are
vaed to study catalyst diaspersion.

In chapter 7 the poisoning effect of phosphate (which is
frequently present in carbon supports) on the HDS capability
of activated carbon supported molybdenum catalysts is
digeusged.

Chapters 8 and 9 are dedicated to the preparation and
evaluation of carbon support materials with optimal textural
and mechanical properties. Chapter 8 deals with carbon

black composites and chapter 9 with carbon covered alumina.
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CHAPTER 2

CHARACTERIZATION OF CARBON AND ALUMINA-SUPPORTED MOLYBDENUM
SULFIDE CATALYSTS BY MEANS OF DYNAMIC OXYGEN CHEMISORPTION
AND THIOPHENE HYDRODESULFURIZATION ACTIVITY.

ABETRACT

pynamic oxygen chemisorption measured in situ at 333 K and
thiophene hydrodesulfurization were usged to study the
guantity and specific activity of catalytic sites present in
sulfided Mo/¢ and Mo/Al,03 catalysts. The molybdenum
sulfide phasze in the Mo/C ratalysts was found to posses a
high density of only one type of site with a high turn-over
freguency. Comparison of particle size data, obtained from
XPS measurements, with oxygen chemiserption measurements
indicated that 4/5% or 2/5 (according to the model) of the
molybdenunm surface atoms in the Mo/C ecatalysts can be
regarded as potential asites. The Al,0z-zupported mo Lybdenum
phase had a lower site density and different types of sites
seemed to be present at low and high molybdenum
concentration. The decline in activity with run-time of
both  Me/C  and Mo/Al,05 catalysts was not reproduced by the
oxygen chemiscrption capacities. Thus initial deactivatieon
cannot ba caused by sintering of the active phase or by pore

blocking.
INTRCODUCTION
Catalysts based on molybdenum sulfide are currently in

large—scale use for the removal of sulfur and nitrogen from

a variety of petrcleum feedstocks. Commercial catalysts



typically contain Als03 as a carxier material for the active
components (1). Recent laboratory-scale studies (2-9) have
shown that application of a relatively inert carrier 1like
carbon may result in improved catalyvats. Advantages claimed
for carbon=-gupported sulfide catalysats include high activity
per Mo atom, especially at low active phase contents. At
preaent it iz not clear whether this improved activity is
caused by an increase in number of active sgites, as a result
of a better diaspersion or a more faveourable morphelogy of
the molybdenum sulfide phage formed on the carbon carrier,
or by an enhancement of the activity per site, 1In the
present investigation it waaz attempted to gain more insight
into this matter by means of combined dynamic oxygenp
chemisorption (DOC) and hydredesulfurization (HDS) activity
megsurements, an approach that has been demonstrated to be
very usgeful in similar studies of sulfided Ni/Al,04
catalysts (10,11), unsupported MoS; (12), and sulfided
Mo/Al,04 catalysts (13,14). X-ray photoelectron
gpectroscopy was applied to measure the dispersion of the Mo
gulfide phase in the Mo/C catalysts, In addition the impact
of run time was studied on the chemisorption capacities of
both Mo/C and Mo/A1203 catalysts.,

EXPERIMENTAL
Catalyst preparation

an activated carbon (Nerit RX3 extra) and an alumina
(Rhéne-Poulene) were used as carrier materialas. B.E.T.
gurface area and pore volume were 238 mzfg, 0.61 ml/g and
1180 mz/g, 1.0 ml/g for the alumina and ecarben suppert
respectively. Series of Mo/C and Mo/Al,0; catalysts
(1.3-14.1 wt% Mo) were prepared by pore volume impregnation
of the carrier with agueous solutionz of ammonium

heptamolybdate (Merck, min 99,9%), A1) impregnated samples



were dried in air starting at 293 K and slowly increasing
up to 383 K where they were kept overnight. Only the
Mo/Al,04 samples were subjected to a calcination treatment
at 773 K for 2 h. Ccatalyst compositions were checked by

means of atomic abserption spectrometry.
Sulfiding, activity tests and chemiscrption measurements

Catalysts sulfiding, thiephene HDS activity test and
dynamie eoxygen chemisorption measurements were successively
carried out, at atmospheric pressure, in one and the same
micro flow reactor, without intermission for sample
transter. Two different procedures were applied:

i. Mo/C and Mo/Al,03 samples (0.2 g) were sulfided in a
mixture of purified hydrogen and hydrogen sulfide (Matheson,
CP grade). The H,S concentration was 10 mol% and total
flow rate 60 ml/min. The following temperature program was
used: 10 min at 293 K, linear increase to 673 K in 1 h, and
2 h at 673 K. The freshly sulfided =zamples were purged in
purified He (0, concentration <« 10™32 ppm) for 15 min at
6§73 K and subsequently cooled to 333 K, within 30 min in a
He flow (30 ml/min). Oxygen chemisorption was than measured
at 333 X by injecting 2,19 ml pulses of a 5.20 % O0Op/He
mixture, at 3 min intervals, into the He carrier gas flow.
When effluent O, peaks had increased to constant size (less
than 1% difference batween two successive peaks) the total
0Oy uptake was calculated.

2. Ma/C and Me/Al,03 samplss (0.2 g) were sulfided
according to the wmethod described above. after this
sulfiding procedure a wmixture of 6,2 mol% thiophene (Merck,
min 99%) in purified Hy was fed to the reactor (flow rate,
50 mi/min) at 673 K. Reaction products were analyzed at 20
min intervals. Froam the thiophene conversion observed after
2 2 h run, the first order HDS rate constant (kype at t=2)
and the activity per mol Mo (guasi turn—over freguency,

QTOF) were valculated. In addition initial activity (kyps
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at t=0) was caleulated by extrapolation of the reciprocal
converesion curves (atraight linea) to zers run time. When
activity test was completed the catalyst samples were purged
and O, chemisorption was measured as described above.

This experimental set-up allowed to determine the oxygen
uptake of the freshly suifided catalysts as well as that of
catalyats whe had experienced a 2 h run time, In this way
the impact of run time on the oxygen chemisorption
capacities of the cetalysts can be studied.

XPS measurements

Mo/Cc samples were sulfided, purged and cooled to room
temperature (according to the method described under point 1
of the precious section) in a apeeial reactor (15) that
allowed transfer of the sample to a dry Ny-flushed glove box
attached to the XPS apparatus, without exposure to air, The
samples were mounted on the specimen holder by means of
double sided adhesive tape, Spectra were recorded on an AET
ES 200 spectremeter at 283 E jn steps of 0.1 eV. The C
ls peak was used as internal standard for binding energy
calibration. Intensities were calculated from the peak
areaz after linear background correction. For Mo, the

c¢ontributions of S 23 and Cp o ®ignals were zubtracted.

RESULTS

all Xxygpgr gquasi turn-over frequencies (QTOF), POC, oxygen
over molybdenum ratios (0/Mo), and turn-over frequencies
(TOF), used throughout this paper have indiees t=0, and t=2
indjicating the thiophene HDS reaction time in hours, a=
degeribed in the experimental section for proceduge 1 and 2
respectively. All the results are presented in Figs. 1 teo
7. Howaver, for the readers convenisnce the exact

experimental data are collected in Table 2, at the end of



the results section,

Carbon-supported catalysts.

Activity and DOC.

The results of the activity measurements are presgented in
Figs, 1 and 2. Fig. 1 shows that, irrespective of run time,
the activity increaszed with increasing Me content, and
prograzsively levelled off for higher Me ¢ontents. The

activity was found to decline substantially with run time.

k
HDS
X 104

% Mo ————

Fig. ) First order rate constants (kypgs n? total feed per
kg catalyst per second) versus wt% Me for the Mo/C
and Mo/Al,04 catalysts.
® = wvaluea of Mo/C catalysts caleculated after
presulfidation (=0, procedure 1)

0 = values of Mo/C catalysts calculated after 2 h
run time {(t=2, procedure 2}

X = values of MO/A1203 catalysts calculated after
presulfidation (t=0, procedure 1)

® = values of MO/A1203 catalysts calculated afrer 2

h run time (:=2, procedure 2)
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Fig. 2 Quaei Turn=Qver Frequency values (QTOF, mol
thiophene converted per moel Mo per second) versus

wt? Mo for the Mo/C and Mo/A1203 catalysts. For
symbols see Fig. 1.

In Fig. 2 the vresulting QTOF values are plotted against Mo
content. From thie figure it can be seen that QTOF values
gradually decrease starting at 4% Mo with increasing Mo
content. The relatively low QTOF values at the very low Mo
congentration samples may be related to interactions of the
Mo phase with surface phosphate impurities present on the
carbopn  gurface (16). The results obtained for the DOC
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Fig. 3 Dynamic oxygen chemisorption values (DOC,

DOC

x 104

mal O pexr

§ catalyst) versus wth Mo for the Mo/C and Mo/Aly05

catalysts. For symbols see Fig. 1.

measurements are presented in Figs, 3 and 4. The
the eurves of oxygen uptake ag a function of Mo
(Fig. 3) are similar to the shapes of the activity

content curves shown in Fig. 1. Burprisingly,

z2hapee of
content
versus Mo

however,

whereas kypg decreased with run time, the O, uptake did not.
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Fig. 4 Oxygen over Molybdenum ratios (0/Mo) versus wtd Mo
for tha Mo/C and Mo/Al,0; catalysts. For symbols

gag Fig. 1.

On the contrary, DOC,_y values were even somewhat lower than
DOCtny values, In Fig. 4 ©O/Mo ratics are plotted versus Mo
content, The curves obtained have essentially the same
shape as the QTOF curves in Fig. 2 , viz., maximum or
platean arcund 4% Mo and steady decrease for higher Mo

contenta.



As shown in Fig. 5 a linear correlation going through the
origin was found between DOC and HDS activity for the Mo/C
catalyats, provided that the data were taken at the same run
time. 'The slopes decrease with jincreasing run time as was
to be expected from the observation that activity decreased
with run time whereas DOC stayed more or less constant.
These linear correlations demenstrate that the same kind of
active site is present independent of the Mo content. TOF
values calculated from the aslepes of the curves where : 2.7
x 1072 57! and 1.1 x 1072 53 corresponding with the run
times t=C and t=2 respectively.

k
HDS
7 )(1(:)4

¥

X 104

DOC ——— 3

Fig. 5 kgpg values versus DOC values for the Mo/C and
Mo/Al,03 catalysts. For symbols see Fig. 1.
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XP3 measurements.

The XPS results obtalined for the Mo/C samples (3,0-14.1%
Ma) are presented in Table 1. The Mo 3dg/5,3/2 photo-
electron binding energlesz (BE) 4id not change significantly
over the Mo concentration vrange studied and were in goed
agreement with those measured for the MoS, ( shuchardt, min
99%) reference compound. The BE of the ] 2p3/2,1/2
photoelectrons was slightly higher than the one measured for
the pure MoS,. This effect is partly attributable to the
presance of sulfur species with BE of 164.0 eV that are
deposited on the carbon surfage during sulfidation (8). From
the Mo/ signal intensity ratics the dispersion of the
carbon—-supported active phasge could be determined. For this
purpose the model deseribed by Kerkhof and Mouliin (17) was
applied. Deviation of the experimentally determined Mo/C
intengity ratieo frem the intensity ratio predicted under
the assumption that the aetive phase forms a monolayer on
the suppoert, indicates the existence of crystallites. The
average cryatallite =size can be ecaleulated wusing the

formula:

[IMQ/ICJEXP

= A /e [ 1~ expl-e/A)]

(Tye/Icimone

with ¢ = crystallite size in nm
A = escape depth (nm) of the Mo electrons through the
Mo sulfide phase {l1.8nm)

In Fig. 6 are presented (Iy. /I.)./{Iy,/In), values versus
Mo content. They show that, neotwithatanding the high
gsurface area of the carbon carrier, the active phase was not
present as a moholayer. Thiz implies that Mo sulfide
particles were formed in all samples studied. In addition,

crystallite size increased with increasing Mep content.
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Fig. & Mo over C experimental XPS intensity ratio over the
calculated ratic for meonelayer coverage versus wth

Mo  for the Mo/C catalysts after presulfidation

(£=0).
TABLE 1. XPE RERBULTS
Einding cnergics Tntanaity Mo aulfide
{av) ratica pacticle
nize
{rm}
o Mo 3d 5 2p Yoo Tue
5/2 3/ I fa
- - - l64.4 - -
3.0 229.3 232,73 83,0 0.038 2.027 1.2
4.8 229.2 232.5% 162.8 0.062 0.047 1.1
7.0 229.3 232.4 162.8 0.098 0.061 1.8
9.9 229.3 234.4 162.8 0.141 2.088 1.8
14.1 22%.3 232.5 162.7 0.213 0,089 3.2
Mofy 229 .4 23245 162.5 - - -
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It is interesting to compare particle size data with DOC
measurenents, If Dpo¢ 1i= sensitive te surface sites, =&
linear correlation between (D/Ma)_l values and crystallite
size hags to be expected, The vresgult ghown in Fig, 7 is a
linear relation with the following parameters: (O/Mc)_l =
0.15¢ + 1,3 (r=0.997). Moreover extrapolation to 100%
digperzion (&=0, all Mo-atoms expoged at the surface) shows
that about 4/5 of the Mo szsurface atoms (assuming that one O
atom reaets with one Mo site) were detected by oxygen
chamisorption. These results c¢learly indicate that the DOC
technique can indeed be used for the detection of the active

Mo sulfjde surface area,

20 40

particle
size

Fig. 7 Molybdenum over oxygen raties versus calculated XPS
particle size (nm) for the Mo/C catalysts after

presulfidation.
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Alumina-supported catalysis,

The kype and QTOF values obtained for the Mo/Al,04 samples
are also presented in Figs. 1 and 2, Three major dif-
fevencez between MD/A1203 and Mo/C catalysts are ohserved :
(1) HPS activities measured for the MO/A1203 catalyats were
relatively low ;5 (2} a amall activity thresheld was found
for the alumina-supported series ; (3) HDS activity of these
catalysts increased almost linearly up te the highest Mo
loading. It d=2 plausible that thesze differengez muzst be
ageribed to the relatively strong interaction between Al,Og
and the active phase (8,18).

Figures 3 and 4 zhow the oxygen c¢hemisorption results.
The DOC._n and DOC,_, values overlapped almost completely
and reached a plateav around 10 wi% Mo, The lattaer
observation was in contrast te the results of the activity
measurements where a linear increase up to the highest Mo
content was ebserved. ©On the other hand the small thresheld
observed in the kype curve was also found in the DOC curves.

The correlation bestween DOC and activity data is presented
in Fig. 5. In c¢ontrast to the Mo/C catalysts no linear
corralations were found over the entire Mo concentration
range studied in the case of the Mo/A1203 catalysts. Twe
concentration regicns can be distinguished : {1) up t¢ about
& wt% Mo a linear relation appears te exist ; (2) at higher
Mo contents kype Increased more rapidly than DOC, This
clearly illustrates that the nature of the axygen
chemigorption sites present in MO/A1203 catalysta depends on
the Mo loading., In the low Mo concentratien range the
calculated TOF values are econgtant, but a factor of 2-4
lower than the correspoending Mo/C TOF values. At higher Mo
contents the TOF values gradually increase until they become
comparable with those of the Mo/C samples, This suggests
that at very high Mo loadings the active sulfide phages

supported on carbon or alumina are essentially the same.
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DISCUSSION
Oxygen chemisorption on Mo sulfide catalysts.

Oxygen chemisorption has been ghown to be an appropriate
technique for the titration of active sites on sulfides
sinece a proportionality between HDS activity =and DOC has
been established for sulfided Ni/Al,;04 catalysts (11) and
for unsupported MoS, (12)., Extensive results on a large
variety of different sulfided aystemz led, however, to a
controversy on the nature of the sites detected by the
oxygen chemisorption technigue (l9-22). The data cellected
in this paper were an effort to obtain more information on
this intriguing problem of detecting active surface esites.
In this respect the use of a relatively inert support
material such as carbon may enable one to study the surface
properties of  highly dispersed Mo sulfide unperturbed by
interactions with the support.

Most characteristic for the carbon-supported catalyst
systems waa the existence of different linear correlations
between DQC and HDS activity for the entire Mo concentration
range studied when samples were compared afterx
presulfidation or 2 h run time. It is gobviouz that a
specific linear correlation exists for every run time.
These proportionalities demonatrate that on a Mo sulfide
surface the DOC technique indeed measurés a parameter
directly related to the HDS activity of the catalyst and
furthermore that the structure of the active surface of the
MoS, crystallites remained the 2ame over the entire Mo
cancentration range and conseguently over the entire
crystallite range studied. However, the DOC technique
proved insensitive to the initial deactivation of the
catalyst. This «<¢learly indicates that some other property
of the catalyst surface, which does influence the HDS
activity, is not measured by the DOC technigue. The XP5 and
DOC data demonstrate that the oxygen uptake was proportional
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to the disperaion of the sulfide phase. Moreover, providing
that 05 adsorbs dissociatively on Mo surface atoms it was
found that almost all Mo surface atoms {(actually about 4/5
of them) are detected by means of DOC. on the other hand,
assuming that the 0; molecule reacts dissociatively on a 3
vacancy and a neighbouring SH grouwp, as proposed by
Bachelier et al. {11), our measurements nust be interpreted
to indicate that 2/5 of the total Mo surface atoms have
sulfur vacanecies. But in all this one should of course keep
in mind that Op chemisorption on sulfides may be corrosive
to Some extent, like onh metal catalyats, and that real TOF
values therefore will be domewhat larger than thosge
calculated in the results section. Whatever the exact
interaction between the oxvgen molecule and the Mo sulfide
phase we can conclude on the basis of our combined DOC - HD3
activity - XF5 measurements that DOC rasults are
propertional to a fraction of the HDS active =urface area of
the Mo sulfide phase. In this respect our resulta on the
carbon-supported systems confirm the results obtained by
Tauster et al. (12) using unsupported MoS,.

The abrupt changes around 6% Mo in the kpyg-DOC
relationship of the Mc/A1203 eatalystz point to different
types of Mo =sites at low and high concentrations. In the
low concantration range & linear proporticnality still
exists between DOC and kypes provided that the catalysias
experienced the same run time. The fraction of active
surface area Is about a factor of 2 lower in the Mo/A1203
catalysts, as Jjudged from the lower DOC valuea for the t=0
and t=2 geries. At high Me 1loadings ne proportionallity
between DOC and kypg is found, indicating that the TOF of
the sites 1is changing with Mo content, while the total
amount of sites stayese constant.

From the above results on  the Mo/C and Mo/Al,03 catalysts
we conelude that the oxygen chemisorption methed is able to
determine the fraction of active surface of a Mo sulfide

catalyst. However, DOC measures the total active surface



3101

area and differences in TOF of active sites can only be
discovered by & vcombination of DOC and HDE activity
mzasurements. In this respect we can sgay that the search
for a universal chemisorption technigue for gulfide
catalysts, which measures active sites under all conditiona,
is gtill on, Nevertheless the present DOC technigue proves

to be very useful in compariszons of catalyste.
Structure of the sulfide catalysts.

The results demonstrate that on szulfided Mo/C catalysts
MoSs-like particles are present. A large fraction {(4/5% or
2/% according to the model}) of the surface Mo atoms are
oxygen detectable sites. It is plauwsible that a certain
morphology of Mo sulfide 1s favoured on the ¢arbon support
explaining this high gite density. Azguming that the edge
area 1z the active part of the Mo sgulfide aurface, we must
zonclude that small (3 Qimensional) partieles with the major
fraction of the Mo atomz located in the edge planes, are
formed. With increasing particle =mize the amount of surface
to bulk Mo atoms decreases (decline in O/Mo ratio and XP3
intensity ratio). Nevertheless the surface structure and
thus the site density at the surface remaina unaffected
(linear correlation between Mo/0 and particle size).
Apparantly the surface structure of the MoS, crystallites is
not influenced by interacticons with the carbon support. The
observation that no meonolayer type catalysts are formed can
also be related to the weak interaction of Mo with the
carbon surface.

The results of the Mo/Al,0, catalysts are in perfect
agreement with the findings of Bachelier et al. (13) using
the same Al,Oy suppert, saying that the surface state of the
Mo phase varies according to the Mo content. In the low
concentration range a linear proportionality DOC-HDS
activity still exists, indicating that one type of Mo
sulfide phage with one type of site is £formed in this Mo
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concentration range. The low site density (0/Mo = 0.2) and
moderate TOF (0.6 «x 1072 &1 for freshly sulfided samples)
clearly demonstrate that this Mo sulfide phase differs from
the small MoS, particles observed on the ¢carbon zupport. It
is evident that the streng interaction of the Al,0; surface
with the Mo phase plays an important role in this
concentration range. Under the azsulfidation conditions
considered the majeor part of the Mo oxide monclayer remains
intact and iz econverted to a Me sulfide monolayer (23). This
"single slab" structure in ecloge interaction with the Al,04
support may acoount for the low site density observed. The
moderate TOF of this type of site must also be related to
the active phase-suppeort interactions probably leading te a
different electronic configuration of the site. Above €% Mo
the propertienality between 0O uptake and HDS activity is
continuously changing with Mo «content. This can be
explained as follows : At higher Mo contents the Al;04
support is 1leoosing 1ts grip on the Mo sulfide phase. Az 2
result part of the Mo phase becomes relatively free of
interactions with the support and formaticon of a sulfide
phase (with sites having a high TOF) comparable with the
carbon supported system will occur for this part of the Mo
agtive phase. Ag we lngreage the Mo gontent this fraction
ingreases, leading at the wvery high Mo concentration to a
situation in which the average TOF of the =sites tends to
that of the Mo/C samples,

In any case we can conclude that in contrasrc to the
Mo/Al,05 catalyats the Mo sulfide phase supported on carbon
has only one type of surface strueture not influenced by
interactions with the carbon support, The high HDS activity
of this Mo phase must be attributed partly te a higher
fraction of active surface area (site density) and partly to
a higher TOP of the type of HDS active szite.
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Initial deactivation of Mo sulfide catalysts.

This discussion will be limited to the results cbtained

for the Mo/C ecatalysts, because in these systems thexe is no

added complication cauzed by aghtive phase-support
interaction, although the same arguments can of course be
used for the Mo/Al,0, catalysts. The conditions teo be

fulfilled by an initial deactivation model, in order to be
compatible with our results, are : (1} the number of sites
detected by oxygen must essentially remain constant with run
time 3 (2} a proportionality between DOC and HDS acrivity
must be maintained over the entire Mo concentraktion range at
any given run time.

Various explanations for catalyst deactivation may be
suggeated : sintering of the active phase, pore blocking by
coke formation, polsoning of active sites, coke formation on
active sites, etc. our results definitly rule out the
possibilities of sintering and pore blacking, because in
these cases the oxygen chemisorption should have been
proportional to deactivation. ©On the other hand deposition
of sulfur or coke species in the immediate vicinity of the
Mo sites might obatruct access for the thiophene molecule or
for spill over hydregen, but not for the oxygen molecule.
¥For instance in the adsorptien mechanism proposed by Kwart
et al. (24}, the sulfur atem of thicphene is bonded to a &
ligand next to the Mo site. Formation of polysulfur species
may occur on this 5 ligand. As a result the neighbouring Mo
site becomes catalytically inaetive although it remains
accessible to the oxygen melecule, A completely different
explanation for the obsexved deactivation could be that
after introduction of the feed stream (H; + thisphene) the
freshly asulfided catalyst slowly reorganises its surface,
becauge there is less H,5 in the gas phase then during
sulfidation in H, + Hy5. In that respect it is important to
nate that the flushing procedure of the catalyst samples

prior to oxygen chemiserptien may alter the surface of the
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Mo sulfide to an important extent.

Whatever the explanation of the catalyst deactivation, it
is evident that two typea of explanations are peoasible. On
one hand deactivation may be due te a decrease in the number
of active HDS sites, while oxygen is unable te distinguish
between ac¢tive and poisened or Dblocked sites, In that case
the TOF of the active site remains conatant (e.g. 2.7 x 107%
s~%) and the apparent deerease of TOF from 2.7 x 1072 g1
(t=0) to 1.1 x 1072 871 (£=2) must be interpreted as a
decrease in the number of active sites by 60%. On the other
hand the deactivation may be due to some perturbation of the
active sites which causes & gradual decrease of thair TOF.
In that ¢ase the total number of active sites remains
unaffected, Our present results de not allow us to
distinguish between these possibilities, further research
has to be performed.

CONCLUSTIONS

We conclude that :

— The oxygen chemisorption technique on Mo sulfide
catalystz is a surface sensitive technique, which measures a
property proportional to the active aurface area, However,
changes in specific activity which occur with varying Mo
content in Mo/Al;0; catalygts or with varying run time, can
only be detected by a c¢ombination of dynamie axygen
chemigeorption and HDS activity,

- The sasurface structure of carbon-supported Mo sulfide is
independent of the dispersion (and thus aize) of the Mo
sulfide ¢rystallites. Alumina-supperted Mo sulfide catalysts
have a lower active site density than carbon supported
catalysts and different sites are present at low and high Mo

congentration.
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- Initial deactivation of the Mo sulfide catalysts 1is not

caused by sintering of the active phase or by pore blocking.

- The use of carbon as a asuppert for sulfide catalysts
enables one to study the fundamental properties of highly
dispersed sulfide particles, unpervturbed by interactions

with the support.
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CHAPTER 2

EFFECT OF THE SUPPORT ON THE STRUCTURE OF
Mo—BASED HYDRODESULFURIZATION CATALYSTS :
ACTIVATED CARBON VERSUS ALUMINA.

ABSTRACT

The structure of oxidic and sulfided Mo catalysts
supported on activated carben was studied by means of XPS,
temperature programmed sulfiding (TPS) and sulfur analysis
measurements. In the oxidie state the Mo-phase was highly
dispersed as isolated or polymerized monolayer species at Mo
loadings below 3 wt% and as very tiny three dimensional
particles at higher loadings. Upen sulfiding particle growth
took place, although the sulfide particles remained below 3.2
nm even in the sample with the highest Mo loading (14.1
wt®}. In the sulfided catalysts only Mo(IV) was detected by
¥PS, and 8/Mo stoichiometries were close to 2 demonatrating
that MoS, was the major phase present after sulfidation. TPS
patterns showed that sulfiding preceeded via a mechanism of
Q-5 substitution reactions and was complete at temperatures
belew 570 K. The higher catalyti¢ activity for Mo/C compared
to Me/Al,0; is explained by differences in the structure of
the sulfide phases present, and in the interaction between

these phazes and the regpective supperts.

INTRODUCTION

Previous laboratery studies (1-9) have ahown that the
application of carbon as a support for sulfide hydrotreating
catalysts results in improved catalyst activity compared to

the commeraial alumina~-supported systems. In a recent
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publication (4) an attempt wag made by means of combined
dynamic oxygen chemiscorption, X-ray photoelectron
spectroscopy and thiophene HDS activity measurements, to
explain the observed activity differences between activated
carbon-supported (Mo/C) and alumina-supported (Meo/Al,03) Mo
catalysts. The salient conclusion was that the observed
supericr activity of the Mo/C cetalysts, especially at low Mo
loadings, should be attributed to the presence at the carbon
surface of & Mo sgulfide phase which has beth a higher
fraction of catalytically active surface area and a higher
HbS activity per active site compared te the Mo sulfide phase
present on the Al,O3 support surface. This strongly suggests
that at lew Mo loadings the Mo sulfide phases present on
¢carbonr and alumina supports are not identical. Furthermore
it was demenstrated that at high Mo loadings the properties
of the Mo sulfide phase present on alumina tended towards
those of the Mo/C system, emphasizing that at wvery high Mo
loadings the carbon- and alumina-supported sulfide phases are
egsentially the same,

In the present study it was attempted to gain meore inaight
inte this matter by studying the sulfidation process of Mo/C
catalysts by means of XPS, temperature programmed sulfidation
{(TP8) and sulfur analysis and comparing the resulets with
those reported in the literature for Me/Al,05 catalysts.

EXPERIMENTAL

A Norit activated carbon (R¥3=exitra; BRET surface area 11850
m?/g, and pore volume 1.0 ml/g) was used as support.
Catalysts with Mo loadings ranging from 1.3-14.,1 wt% Mo were
prepared by pore volume impregnation of the carrier with
agqueous solutions of ammonium heptamolybdate (Merck, min
99.9%). Bll impregnated samples were dried in alr starting
at 293 K and gradually increasing up to‘383 K where they were

kept overnight. Cataiyst compoaitions were checked by means



of atomi¢ absorption spectrometry. Catalysts will be denoted
as Mo(x)/C or Al,05 with x=wti Mo,

XPS5 spectra of the oxidiec samples were recorded on a
Physical Elgctronics 550 XPS/AES spectrometer equipped with a
magrnesium X-ray scurce (E=1253.6 eV) and a double pass
cylindrical mirror analyzer. The powdered samplez were
pressed on a astainlezs szteel mesh which was mounted on top of
the specimen holdey, Spectra were recorded in steps of 0.05
ev. The pressure did not exceed 5 x 1078 torr and the
temperature was approximately 293 K. Spectra of the sulfided
samples were recorded on an AEI ES 200 gpectrometer equipped
with a dry purified N, flughed glove box attached to
the XPS5 introduction chamber. The catalyst samples were
sulfided in a H,5/H, flow (10 mol% HoS, total flow rate 80
ml/min) using the following temperature program : linear
increase (68 K/min) from reoom temperature up to 673 K and
holding at this temperature for twe additional houra. After
sulfidation the catalyst gamples were purged with purified He
for 15 min at 673 K and subsequently cooled within 30 min to
room temperature in  flowing He. A apecial reactor (10)
allowed transfer of the sulfided samples to the XPS
apparatus, without exposure to air., The zamples were mounted
on the specimen holder by means of double-sided adheaive
tape. BSpectra were recorded at 283 K in sSteps of 0.1 eV.
The ¢ 1z peak (284.6 oV) was used ag internal standard for
pinding energy calibration.

Temperature programmed sulfiding of the Mo (9.%8)}/C catalyst
was carried out a=z= described elsewhere {11). a2 60 myg
catalyst sample was sulfided using a mixture of 3.3% HaS8 -
28.1% Hy, - 68,6% Ar at atmospherie pressure (flowrate = 11 x
1078 mol/s), Product analysis during =sulfiding was obtained
with a mass spectrometer which registered almest continuously
the peak intensities of HaS, Ha0, Az, CHy and CO. The
latter ones were recorded to check whether gasification of
the carbon carrier would occcur. The Hp concentration was

measured using a thermal conductivity detector. The
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sulfidation was carried out as follows : the catalyst was
subjected to the sulfiding mixture for 0.5 h at room
temperature, thereafter, the temperature was increased from
room temperature up to 1270 K with a heating rate of 10
¥/min, followed by an isothermal stage at 1270 K {30 min).
Total sulfur content of some sulfided catalysts (zulfided
and flushed according to the procedure described for the KPS
measurements) was determined by combustion of the in situ
sulfided catalysts in an 0, flow (150 ml/wmin) at temperatures
starting from 673 K and rapidly (30 min) increasing up to
1420 K. The emerging 50, and 503 were trapped in two vessels
containing an ice-cooled aquecus solution of H30, (1%). From
the ameunt of a 0.1 M NapBy05.10H;0 solution needed to
neutralize the sulfurie acid, the teotal sulfur content was

calculated.

RESULTS

Tn Table 1 the %P3 data are collected for both the eoxidic
and sulfided Meo/C catalysts. The Mo 3d3/2 and 3dg/; binding
gnergies remained constant over the whele Mo loading
range congidered (232.5 and 235.7 eV for the oxidic
catalysts and 229.3 and 232.5 for the sulfided catalysts) and
acrrespond closely to the values reported for Moby and MoS;
model compounds (12). In Fig. 1 typiecal XP3 spectra are
shown. Clearly, in the oxidic state only Mo(VI) is observed.
Computer curve fitting of the Mo 3d signal for the sulfided
samples is shown, indicating the presence of only one type of
Mo phase with parameters identical to MoS,;- The Mo-over-C
photoelectron intensity raties were used to measure the
degree of disperzion of the Mo phase on the support.
Theoratical intensity ratio's were calculated according te
the catalyst model described by Kerkhof and Moulijn (13),
assuming that the Mo phase is exclusively present as isolated

or polymerized meonelayer species. It is worth mentioning
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Fig. 1 Typical Ma 365/2,3/2 XPS photoelectron signals of
activated carbon supported molybdenum catalysts in

the oxidic state (a) and in the sulfided state (b).
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Table 1 : ¥P3 and chemical aulfur
analysia results of Mo/l catalysts

oridic atate gplfide state fa)
catalyst Mo Mo chemical
composition pacticle pacticle aulfur
=ize wixe analyaia
Lng ng g, 5
WtR Mo L {rm} i,; (mm} e Mo
1.3% Mo 0.014 - - - - -
3.0t Mo 0.040 - 0,027 1.2 1.69 1.638
4.,8% Mo 0.052 1.0 0.047 1.1 1.71 1.76
7.0% Mo 0.073 1.0 Q.061 1.8 1.20 -
.9.9$ Mo .17 z1.0 ©.088 1.8 1.95% -
14.1% Mo 0.147 1.4 0.09% 3.2 1.99 -

(n) %xPg data according to {(4).

that the average pore wall thickness of the support (0.89 nam)
is considerably smaller than the escape depth of the € 1ls and
Mo 34 photoelectrona through carbon material {1.35 and 1,4 nm
reapectively (14}). 1In this respect XPS8 can be congidered as
a bulk technique, able toe detect =signals of underlying
support layers (or pores}. In Fig. 2 the
experimentally determined XP3 intensity ratioa are plotted
against catalyst composition for both oxidic and sulfided
samples together with the theoretical ratio predicted for the
monolayer type active phase dispersion.

In the oxidic atate the Mo phaae appears to be
monelayer=like digpersed up to approximately 3 wt% Mo, The
observed deviation froem linearity above about 3 wt% Mo
peints te the formation of asmall three-dimensicnal particles.
Calculations according to the model of Kerkhof and Moulijn
(13) =how that the average thicknesz of these particles iz
zmaller than 1.0 nm for the 4,8=, 7.0=, and 9.9 wti% Mo
samples and egual to 1.4 nm for the 14.1 wt% Mo sample,
demopnstrating that the Mo dispersicon is high in all samples.
Clearly, during the sulfidation procedure applied, some
particle growth takes place asz can be concluded from the
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Fig. 2 Experimentally determined Mo-to=C XPS intensity
ratios versus wt% Mo of Mo/l catalysts for :
{a) monolayer-like catalysts
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lower XPS intensity vratios of the sulfided samples compared
te the oxidic samples. As can be zeen from Table 1, particle
sizes increase up to 3.2 nm with ineresasing Mo loading. The
sulfur over Mo sSteoichiometries calevlated {(14) £from  the
relative ¥P3 intensity raties, were found te be high,
ezpecially at the low Mo loadings. However, as
shown in Table 1, after subtractien of the amount of
elemental sulfur (Iz/I, = 0.003) observed after sulfidation
of the carbon support itself, the S/Mo ratios are slightly
below 2 (3,0, 4.8 wt¥ Mo) or nearly equal to 2 (7.0, 9.9,
14.1 wt$% Mo). Evidently, for the low Mg loadings , these
S/Me ratios are subjected te a vather large uncertainty due
ta the low =ignal intensities and the relatively large
correction for the amount of elemental sulfur. Also included
in Table 1 are the S/Mo stoichiometries caleulated from the
chemical sulfur analvsis. Again the amount of sulfur
retained on the pure carbon support (0.6 wty 8) as determined
in a separate experiment was subtracted. The 8/Mo ratiocs so
ohtained are close to the ones measured by means of XPS.

In Fig. 3, the TPS patterns recorded for the Mo (2.3)/¢
sample and the pure ¢arbon suppert sample, are given. At
room Ltemperature the carbon support adsorbs 0,38 10_3 mol
H,8 per g carbon (1.2 wt% 8), half of which is deserbed
immediately after the temperature is increased. Thus about
0.6 wrg § (0.1 x 1073 mol Hy8 pex g carben) is retained on
the carbon support, which i=s in perfegt agreement with the
chemical sulfur analysies results. In the case of the Mg
(2.9)/¢ cartalyst, sulfidation starts already at room
temperature. During the isothermal =stage 2,28 mol Hs5 are
consumed per mol Mo, although clearly part of the H,5
congumed 1is Just adsorbed on the support. During the
temperature increase three processes can be discerned, viz.:

~ Hy8 desorption (0.04 mel HyS/mel Me) from the carrier at
low temperatures,
- Further sulfidatien of the catalyst in the temperature

region from room temperature up to approximately 570 K as was
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Fig. 3 TPS patterns of a 3.9 wt# Mo/C sample (a) and the
pure activated carbeon (Norit RX3 extra) (b).
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noticed from the H;0 production and HoS consumption
(0.60 mol H,S/mol Mo),

- Hy3 production (0.72 mol HyS/mol Mo) at approximately’ 530
K coupled with a H; consumption {1.03 mol Hz/mol Mo).

The final H;S balance thus reached ia 2.12 mol Hp8/mol Mo.
If one subtracts the amount of HpS =till adsorbed by the
pure support at high temperatures (0.19 x 1077 mol H,8/y
carbon), a HyS5/Mo ratio of 2,0 is obtained. This agrees
very well with the XP8 results, It is noted that
sulfidation is complete at approximately 570 K, since no
variation in Hp%, Hy or HyO ig obgerved at higher
temperatures, Interesgtingly, up to the higheat temperature
recorded, no gasification to CHy or CO of the carbon support
was observed, demonstrating that MoS; is not a catalyst for

gasaification of the activated carbon support,

DISCUSSION

The XPS data show that in the oxidic Mo/C catalysts the Mo
phase is very highly dispersed, either in the form of
isolated meolybdare ions or two-dimensional polymolybdate
patches (up to 3 wt% Me) or as small three—dimensicnal
particles (above 3 wt% Mo). From these results it appears
that the carbon surface haz approximately 0.17 relatively

2 surface area, (corresponding

strong adgorption sites per nm
to 3 wt% Me) able to chemisorb the Mo ions present in the
impregnation seolution . Thiz rezult was confirmed by an
experiment in whiech the amount of Mo chemisorbed on the
support surface wag measured by passing an agueous seclution
containing 1 wt% ammoniumheptamolybdate over a bed of the
carbon support particles for a sufficiently long peried. It
appeared that in this way 2.8 wt% Mo could be chemiscrbed on
the carbon sucface, in ¢lose agreement with the value
mentioned above. The finding that the pH of the effluent

selution increased during chemiserption frem 5 (pH of the



ammoniumheptamolybdate selution) to 7, indicates that
adsorption of the molybdate species occurs due to the
electrostatic atrtraction between the positively charged
carbon surface and the molybdate anions. This type of
interaction is consistent with the work of D'Anielle (15) and
Wang {(16), from which it was cencluded that the adsocrption is
dietated by the extent of surface charging. This
adsorption-interaction process and the part which oxygen
functional groups play in it, is discussed in more detail
elsewhere (17). At support surface loadingz higher than 0.17
Mo at/nm? (*3 wt3 Mo) small three-dimensional particles are
formed, indicating that with the presently applied solution
pH the chemisorption sites on the «c¢arbon surface are
saturated.

During sulfiding some sintering of the active phase takes
place, even at the low Mo loadings where small
three-dimensional sulfide particles are formed, Clearly,
this observation points to a certain mobility of the Mo phase
during sulfiding, indicating that neo streng interactions
between the active phase and the support (as encountered for
the alumina-supported systems) are present, neot even at low
Mo surface leadings. Neonetheless the carbon surface
stabilizes the small sulfide particles sufficiently since no
bulky =ulfide particles arce observed. Probakly, most of the
sintering will take place during the actyal sulfiding (0 for
5 substitution) of the catalyst, since then at leaat part of
the bridging oxygen atoms between support and aetive phase
are replaced by sulfur atoms. The sulfidation process of
Mo/C catalyats can be described in analogy with the
sulfidation Mo/Al,03  catalysts (11). Low~temperature
sulfiding occurs through simple 0-8 asuvbstitution reactions on
the Mo{(VI} ion. No overall H, consumption is observed aince
the net reaction iz Mo{VvI) - 02™ 4 Ha8 — Mo (VI) - 5% + H;0.
Reduction of Mo(VI) to Mo(IV) takes place through rupture of
Mo(vI) sulfur bonds under formation of elemental sulfur.

Again neo Hy is consumed. The elemental sulfur produced
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adsorbs on the support surface and is reduced with Hy to Hp8
at 530 K resulting in the sharp H38 production and H,
cangumption peaks in the TPS patterna, The guantitative TES
regults are in good accordance with this model for the
sulfidation. The amount of Ho3 produced around 530 K may
seem somewhat low (0,72 H35 wersus 1.03 Hy), but it should be
realized that the recorded change in Hy& concentration may be
the S um af a negative (consumption) amd a positive
(production) contribution. And in the range 400-570 K a
tegative and a positive Hy8 contribution clearly overlap (cf.
Fig. 3). as found by means of ¥P3 and total sulfur analysis
measurements, the S/Mo ratio of the final sulfided state of
the Mo phase is very close to MoS,.

It is interesting to compare our findings of the Mo/C
catalysts with those reported for the Mo/Al,03 system. There
i& consensus of opinien that in the oxidie precursor state up
te high surface loadings, Mo is deposited on the alumina
surface as a monolayer of (poly)melybdate ions (16). This
is in contrast to the Mo/C carbon system where above 0,17 Mo
at/nm? already small three-dimensional particles are present,
The structure of sulfided Mo/Als04 catalysts has been much
debated, Recently, however, EXAFS (18), IR (19), XPS (20),
Raman (21) and ©P5 (11} measurements produced evidence that
the Mo phase is present as a MoS,-like "two-dimensional®
single alab structure. The present study shows that small
three-dimensicnal MeS, particles are present in the sulfided
Mo/C catalyst gsystems. Furthermore, Arnoldy et al. (11)
showed that for a geries of MQ/A1203 cetalysts two sulfiding
regions could be discerned, viz. a low temperature sulfiding
region similar to that in the Mo/C =ystem and a high
temperature sulfiding region (above 550 K up to more than
1000 K} which is completely missing in the Mo/C TPS patterns.
In addition, jt was shown that the high temperature zulfiding
wasg more important at low Mo leadings, whereas with
increasing Mo loading the low temperature sulfiding gained in

importance. These obgervations were explaimed in terms of



hetercgeneity of the interaction between the Mo(VI) ions in
an oxidie¢ surrounding with the Al,04 suppert. Increased
interaction with the support (low Mo loadings) increases the
sulfidation temperature. Clearly, these ztrong interactions
of the aective phase with the suppert are not present in the
carbon-supported catalysts of this study, thus unhampered
formation of MoS, particles takes place at low temperatures.
It becomes clear from these results that different Mo-sulfide
structuras are formed “on alumira and carbon supperts due to
differences in interaction between the MoS,; phase and the
support surfaces, viz. a aingle slab monolaver strongly
interacting with the support an  alumina, and small
three—dimensicnal particles essentially free of interaction
with the support on carbon.

The guestion remains how to explain the difference in HDS
activity observed for these two Mo sulfide phases (4) on the
asis of their different cenfigurations. Or =stated
ctherwise, ginee carbon-supperted catalysts =due to the
inert character of the carbon carrvier- exhibit identical
catalytic features as unsupported sulfides (22}, how can one
understand that the interaction with the alumina support
lowers the HDS activity of deposited Mo-sulfide?
Unfortunately, detailed informatien on the nature of the
interaction between Mo3s and alumina is difficult to dexive
and as a conseguence still lacking. Although it is generally
accepted that Mo—0-Al bridging structures exist and are
respons=ible £for the strong interaction in sulfided Mo/Al;03
catalysts, the relative abundance of thase species in
sulfided Ma/Alzos remains much debated. massoth (23)
conciuded that each Mo atom was bonded with an oxygen of the
Al,0; substrate. Schrader and Cheng (21) obtained consistent
results with the Masscth model by means of in situ Raman
spectroscopy measurements. Arneldy et al. (11), on the basis
of TP5 experiments on Me/Al,03 catalysts pointed to the
possibility of Mo-0-Al bridges to the Mo3, phase, albeit that

the Mo—0 interactiom was not given the credit of a full bend.
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EXAFS results (18) on the other hand demonstrated that the
interactions between the MaS3,; phase and the alumina support
take place via Meo=S=-Al bridges, with only a small amount of
Mo-0-al bridges (less than 10% of all Mo atems). Finally
Candia et al. (24) suggested that preferentially the Mo edge
atems are bonded te the alumina support by oxygen-metal
linkages, due to the more reamctive nature of the Mo edge
plane compared te basal plane atoma.

The net effect of the strong interaction with the alumina
will be a nearly optimal dispersion of the Mo-sulfide phase,
but alse a charging of the Mo atom through the
Mo—0-AlL linkages., This will most probably lead to a
polarization of the metal-sulfur bond increasing its bond
strength., Now, it has been shown that changes in metal
sulfur bonds largely influence the catalytic activity.
Pecoraro and Chianelli (25) have derived that in order to
achieve highly active HD3 catalysts the metal-sulfur bend
strength should be Intermediate, allewing both S vacancy
formation as well as metal-sulfur bond formation through
adsorption of the S-containing molecule on an exposed metal
atom. In this respect, the Me-sulfur bond strength of pure
MoSs appeared to be higher than the required optimal range.
Baged on theoretical considerations Harris and Chianelli (2&)
suggested that more active weatalysts should have a high
degree of metal-sulfur covalent bond strength. and
finally, using carbon-szupported transition metal catalysts it
has been shown (22} that the lower the charge on the metal
atom of the sulfide, the higher the HDS activity was, It may
be clear from the above results that the strong interactions
with alumina will have a negative effect on the HDS activity
of the deposited Mo sulfide. Due to the absence of such
strong  support interactions when using carben as a support
material, higher HDS activities are obtained for Mo/C
catalyats compared to Mo/al.0s systems. Based on the
foregoing findings it may be argued that it is possible to
increase the HDS activity of alumina-supported catalyats by
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gliminating or reducing the =strong support interactions.
This may be accomplished by increasing the sulfiding
temperature such that the Me=0-Al bonds responsible for the
interaction are sulfided and/er broken. This has been
studied by Candia et al, (24) for Co promoted Mo/Al,05
catalysts., They observed that a Co-Mo-3 phase {refered to as
type I) interacting with the alumina suppert was present
after relatively low sulfiding temperatures and that this
type I phase could be transformed by increasing the sulfiding
temperature in a type II Co~Mo-$ phase which is essentially
free of interactions with the alumina, and has a much higher
HDS activity.
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CHAPTER 4

CARBON-SUPPORTED COBALT SULFIDE CATALYSTS : STRUCTURAL
ASPECTS AND THE ROLE OF CO IN SULFIDED Co-Mo CATALYSTS.

ABSTRACT

The thicphene hydrodesulfurization activities of cobalt
sulfide catalyats supported on activated carbon  were
meaaured in a flow microreactor operating at atmospheric
preasure. The <¢obalt c¢ontent was varied between L.3 and
L3.3 wt% Co and the oxidie precursor catalysts were dried
aceording to three different procedures. Seruetural
characteristics and degree of Co phase dispersion in both
the oxidie precursor and the sulfided state of the catalysts
were obtained by means of X-ray photoelectron spectroscopy
(XP3). Catalyst sulfiding wasz =tudied via temperature
programmed sulfidatien (TPS).

The oxidic ceobalt phase present in the precurscr catalysts
was found to be inhomogeneususly dispersed over the garbon
carrier surface, Dispersion decreased significantly with
inereasing cetalyst drying temperature and during catalyst
gulfidation. Under the TPS conditions applied, complete
sulfidation of the oxidic¢ precursor catalysts was achieved
at temperatures below 570 K. XPS vresults pointed to the
presence of a CogS8g~like species in the sulfided catalysts.
However, sulfur was found to be in excess of the amount

necgssary to produce stoichiometrie Coglg

The catalysts demonstrated very high hydredesulfurization

activiriea which were by far superior to thoge of
corresponding carbon- or alumina~supported molybdenum
catalysts. Comparizson of the activity of carbon-supported

Co-Mo with that of optimally dJdispersed cobalt sulflide on
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carbon, demonstratez that the so-called promotor effect in
sulfided Co-Mo catalysts is primagily caused by the
excepticnally high cafalytic activity of cobalt sites and
shows that the role of MeS; in these catalysts is mainly to

function as a support for optimally dispersed cobalt ions,
INTRODUCTION

The increasing need for efficient removal of avlfur,
nitrogen and metal contaminants from various petreleum and
coal feedstocks has been a continuous drive for the
development of the aso-called hydrotreating catalysta.
Industrially, thease catalysts consist of molybdenum or
tungsten sulfide promoted by cokalt or nickel; supported on
a high aurface area alumina. Numercus efforts aiming teo
clarify the structure and related HDS activity of thase
complicated catalyst systems, resulted in different
gtructural models, in which egpecially the role and the
chemical state of the Co or Ni promotor ions in the sulfided
catalysts reéemained much debated. Evidence was found by
different authors for the preszence of (o metal (1,2),
CoMo,8, (3), Coal,0, (4), Cog8z (5), Co edge intercalated in
between the MoS, layers {6,7), and a Co-Mo-3 phase with Co
ocupying edge positions in the Mosz—like structures (8).

Different explanations have been suggeated in  the
literature to deseribe the observed catalytie synergy in
Co=-Mo ¢atalysts in terms of the variety of chemical
structures proposed for the prometor ions. It was thought
that the promotor ions would =stabilize the Mo oxo-sulfo
nonolayer as proposed by Schuit et al. (4). In the model
described by Voorhoeve (6) and by Farragher and Cossee {7)
it was asgumed that the pseudo—intercalated promoter ions in
between syeccessive layers of MoS; or WS; brought about a
reorganization of the WSy or MoS; surface resulting in an
incraasa of active sites for hydregenation and HDS

reactiona. Yet in ancther model proposed by Delmon and



coworkers Cog8g and MoS, exist in close interaction with
each other. In this "remote control medel"™ Hy is
digesociatively adsorbed on Co sulfide and subseguently
transferred to the MoS; surface where it reacts with
adsorbed d-containing meoleculss {9,10). However, Topsge
and coworkers clearly demonstrated that the HDS activity was
tzlogely related with the presence of a distinct Co-Mo-§
phase, containing Co ateoms at the edges of MeS; like
structuregs. Although the nature of the active sites present
in this Co-Mo-8 was cbserved to be different from that in
unpromoted MoS, {(11,12), it has not been eatablished whether
the Co atoms are the active sites or whether the neighboring
Mo atems also play & direet role in the HDS reaction (13).
811 the theories mentioned above assume no appreciable HDS
activity for the promotor sulfide phase itself, Reecently,
the correctness of thisg presupposition was, however,
gquestioned by de Beer c¢.s8. (14,15) on the basis of high
thiophene hydrodesulfurization activities measured for
carbon—supported [~} and Ni =sulfide catalysta. They
coneluded that the pessibility of Co or Ni sulfide acting a=s
catalysts instead of promotors for the MoS; phase deserves
more attention. Therefore the pregsent study attempis te
further elucidate some aspects concerning the praparation,
structure and related HDE activity of carbon-supported Co
catalysta. Comparison with results obtained for Co=Mo
promoted catalysta providez further inaight into the nature
of the active sites for hydrodesulfurization in these
promoted catalysatas. S&tructural information on the catalyst
ayatem was derived from X-ray photoelectron spectroscepy

(¥P8) and temperature programmed sulfidation (TPS).

EXPERIMENTAL

Catalyst preparation
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The carrier used was a2 Norit activated carbon (RX 3 extra)
with a surface area of 1190 m2/g and pore volume of 1,0
ml/g. This support was washed by the wanufacturer with HC1
in order to reduce the impurity content (e.g. wt% Fa =
0.011, wt% P043“ = 0.026). It was used agz received, A
series of Co catalysts (1.3 - 13.3 wt$% Co) was prepared by
pore velume impregnation of the ocarrier with agqueous
solutiona of Co(N03)2.6H20 (Merek, "for analysis"), In
order to study the influence of the drying procedure the
impregnated catalvsts were subdivided inte three portions
each of which was dried according to a different procedure

1. at 233 K above P,0c {about 2 wesks were needed)

2. at 293 K above Pp0; (same ag procedurs 1), followed by
heating in air at 383 K overnight

3. starting at 293 K and slowly (2 h) raising the

temperature up to 383 K where it was kept overnight.

With reference to these drying procedurea, catalyst
samples will be denoted as Co(x)/C(293 K}, Co{x)/C{293-383
K), or Co(x)/C(383 K). In this notatien (x) represents the

wt% Co, which was checked by means of atomic absorption
spectroscopy using & Perkin-Elmer 300 ARS spectrometer.

Co promoted carbon-supported Mo catalysts (2.1 wtk Co -
6.7 wt% Mo and 3,1 wt% Co - 8.0 wtk Mo} were prepared hy a
two—-step pore volume impregnation procedure. The Mo phase
was introduced firsr using an  aguegus =olutien of
ammoniumheptamolybdate. Subsegquently, the @samples were
dried at 383 K for 16 h. Apprepriate amounts of Co in the
form of cobalt nitrate were added to the Mo/C catalysts by
impregnation, followed by drying at 383 K in air. Pracursoer
catalyst compositions were checked by nmeans of atomie

absorptien spectrocacopy.
Sulfidation and catalytic activity measuyrement

Catalyst samples (0.2 g) were gulfided in situ in a
mixture of purified Hy and H,8 (10 mols Hy5, flowrate &0
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ml/min). The following temperature program was applied : 10
min at 293 K, linear increasae to 673 K in 1 h, and 2 h at
673 K. After sulfidation, the reaction mixture consisting
of 6.2 mol% thiophene in hydrogen was introduced at a
flowrate of 50 ml/min. The temperature and pressure were
673 K and 1 atm respectively. The reaction products were
analyzed by on-line gas chromatography. The reacticen
censtants for HDS and hydrogenation amd the HDS activity per
mol Co (QTOF or Quasi Turn Over Freguency value) were
caleulated using conversions measured after 2 h run time and
asgsuming first order reactien in thiophene HDS and in the

conaecutive butene hydrogenation,
X—ray photoelectron spectroscopy

KPS spectra of the oxidie Co/C sample were recorded on a
Physical Electronics 550 XPS/AES gpectrometer equipped with
a Mg anode and a dowuble pass cylindrical mirror analyzer
operating at a pass enexrgy of 25 eV, The gamples were
pressed in a stainless grid. The measuring t{emperature was

292 K and the pressure did not execeed 5.1078

torr. Spectra
of the sulfided samples were recorded on a BAES ES 200
spectrometer equipped with a Mg ancode and a spherical
analyzer operating at 50 eV pass energy. In corder te aveid
contact of the =sulfided catalysts with air, a special
zulfiding reactor was used (16) which allowed tranzfer of
the samples to a Ny flushed glove box attached to the XP3
apparatus without exposure teo air. After sulfiding, carried
out as described above, the samples were flushed with
purified He for 15 min at 673 K, subsequently coocled to toom
temperature in 0.5 h, and finally transferred intc the glove
boX. The measuring temperature was 283 K and pressure
better than 1.107% torr. all spectra (precursor and
sulfided samples) were recorded in steps of 0.1 eV and the C
ls zignal of the support (284.6 eV) was used as internal

standard for binding energy calibration.
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Temperature programmed sulfiding

TE8 waa carried out in the apparatus described in detail
elsewhere (17). A catalyst charge of 45 mg was sulfided
using a mixture of H,%, H, and Ar {(molar ratio 3.3 : 28.1 :
68.8) with a flowrate of 11 x 107% pol/s at atmospheric
pressura. Product analyeis during sulfidation wvag
accomplisched by means of a mass spectrometer which monitored
almoat continuously the peak intensities of H;0, Hy5 and Ar.
After removal of Ha0 and Hy8 from the gas mixture the Hy
concentration was measured using a thermal conductivity
detector, The sulfidation was carried ocut as follows : The
catalyst was subjected to the sulfiding mixture for 0.5 h at
room temperature, thereafter, the temperature was increased
up to 1270 K at a rate of 10 K/win followed by an isothermal
stage at 1270 K (30 min).

RESULTS
Catalvtic properties

Catalytic properties measured for the Co/C =amples, the
Co-Mo/C catalysts and a commercial Co-Mo/Al,0; catalyst
{Kerjen, 124-1.5E, 4% Co O - 12% MoO3) are given in Table 1.
The HDS activity of the carbon support itself was below the
detection limit. The rate constants for thicophene
HDS of the Co/C samples are represented graphically in
Fig. 1@ and compared to corresponding activities for Mo/C
catalysta (18). An increase in HDS activity iz observed for
the cobalt catalysts up to approximately 7 wt% Co
irreapective of the drying procedure appliied. Further
increase of the Co content slightly decreaszes the activity
for the 293-383 K and 383 K dried samples, while a further
improvement in activity is noticed for the 2%3 K dried



62

fable 1 ; Catalytic properties of sulfided Co and Qo-Mo catalyats.
Catalyst Activity reaulta
compeoaition
(we) kyps * 103 prof* & 103 kyyp ® 10
(m3/kg.a) {mocl thiophene/mel Co.a) (m?/kg.s)
Co Mo **2G3 K 293-383 K 381 K 293 K 293-383 ¥ 383 X 293 K 292=383 K 353 K
1.3} - 4.5 4.3 3.8 22,6 21.6 1%.3 .2 4.4 3.8
3,86 - g.1 7.3 6.2 i3.e 12.4 1G6.6 8.7 7.4 €.6
7.06 - i0.0 .6 7.9 2.4 8.1 7.4 13.1 2.7 8.7
10.05 - 10.3 8.7 7.7 7.1 5.7 5.1 10.% 10.9 0.2
13.34 - 16.7 8.1 7.6 5.3 4.0 3.7 10.7 6.6 10,6
2.1 12.2 38 2
3.1 17.7 ag .3
3.1 8_Qwew 4.1 8.7 3.8
* QTOF atands for Quasi Turn-Qver Freguency
** rafers to drying temperature (see experimantal soction)
*EE alumina-supported Co-Mo (Ketjen, 124-1,58)
samples., In general, over the entire Co loading range

studied the
Co/C

The
behaves

show a

(293-383
than the Co/C (383 K)
hydregenation
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Fig, 1 Thiocphene  HDS reaction rate constants (kypgs
m3/kg.3) for carbon-supported Co sulfide catalysts
dried according to different procedures (see
experimental section). The activity of
corresponding carbon-gupported Mo sulfide catalysts

(18) are included for comparison,

Structure of Co phase in oxidic and sulfided catalysts

¥P3 spectra were recorded for the entire Co loading range
of the cCo/C (293=-383 K) catalysts, whereas the influence of
the drying precedure on the XPS ¢haracteristies was studied
enly for the highest Co content samples. Whatever the
drying procedure applied or the Co content of the catalyst,

a typical speetrum of Co 2p as presented in Fig, 2a is
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Fig. 2 fTypical Qo 293/211/2 XPS spectra of exidic precuraor
Co/C catalysts (a) and sulfided Co/C catalysts (b}.
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observed for all oxidic catalysts, Thig spectrum which has
been corrected for X-ray satellites (k a 3'4), shows the
main 2p =ignals at 781.3 and 797.1 &+ 0.1 eV and the rather
pronounced shake-up satellite lines shifted approximately
5.5 eV towards higher binding energy. From the intensities
of the N 1z and Co 2p photoelectron signals measured for the
samples with the highest Co content & N/Co atomic ratio of
1.7 could be calculated for the 293 K dried catalyst and a
ratio of 1 for the 293-383 K and 383 K dried samples, by
using the elactron escape depths published by Penn (19) and
the creoss sections published by Scofield (20).

After sulfidation, in all samples the Co phase has the
spectral characteristics presented in Fig. 2b. The binding
energies meagured for the Co 2Zp sighals were 778,2 and
793,33 ev £ 0,2 eV, The 8§ 2p peak binding energy varied
between 162,7 and 162,8 eV, Accordingly, the difference in
binding energy between the Co 2p3/2 peak and the 5 2p peak
is 615.5 + 0,2 ev, This wvalue ia slightly lower than the
values 615,7=616,2 eV measured by Alstrup et al. (21) for
the CogSz reference compound. From the experimental Co 2p
and § Zp intensity ratics, atomic sulfur-to-cobalt ratios
were calculated, taking inte aeccount differences betwean
sulfur and ccbalt with respect to the mean free path of
electrons through cobalt sulfide particles (19},
cross-section (20), and dJdetector efficiency (22). After
subtraction of the amount of elemental sulfur formed during
sulfidation of the carbon suppert itself (IS/IC =
0.003), 8/Co ratics ranging frem 1,3 to 1.5 were obtained
for the catalyst samples. ‘These values exceed the
stoichjometric gulfur-to-cobalt ratie of CogSg (0.89),
indicating an excess of sulfur. In Fig, 3 a typical 5 2p
2ignal of the c¢atalyste is presented. Baszides the
contribution of s27 (162.7 eV), sulfur species with binding
energies located arcund 167 eV (probably representing

oxidized sulfur species) seem to be present,
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Fig. 3 Typical s 293/2’1/2 XP8  spectrum of sulfideqd Co/C
catalyats,

Repartition of the oxidic and sulfided Co phase on the

carbon surface

Besides structural information, quantitative XPS enables
one to obtain information on the state of dispezrsion of the
cobalt phase deposited on the carbon =surface. A  model
described by HKerkhof and Moulijn (22) was used for this
purpose. In order ¢to determine the dispersion, the

experimental Co 2p/C ls intensity ratio is compared with the
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theoretical value predicted by the Kerkhof-Moulijn model
which assumes monolayer coverage of the carrier surface by
the deposited catalytic phase. The theoretical values were
caleulated using Scofield's cross zections (20), assuming
the detector efficiency teo depend on the reciprocal value of
the electreon kinetic energy (22), and using the electron
mean free paths according to Penn (19), In Takle 2 the
experimental and theoretical intensity ratios are collected.
The following features can be discerned :

- The experimental intensity ratios for the 293-383 K dried
catalysts in the oxidic state are in exceas of the
theoretical values eszpecially at low Co loadings.

- The intensity raties of the sulfided catalysts are
clearly lower than those of the carresponding oxidic
samples.

- Up to approximately 7 wt% Co an increase in the intensity
ratio of oxidic and sulfided Co(x)/C(293-383 K} samples is
observed. At higher (¢ loadings no increase of importance
is noticed.

- The drying procedure influences the intensity ratic. 1In
the oxidic state the 293 X and 383 K dried Co(132,3)/C
samples have a lower intensity ratie than the 293-383 K
dried sample, while in the sulfided satate the seguence is
253 K»293-383 K»383 K.

Table 2 : Quantitative XPS results of Co/C catalyata

Catalyst deying [IQO/IOJEKP [ICO/IC]wmonulaycr
tamparature
wtk Co (K) oxidie sulfided
1.31 293=383 Q.11 Q.042 0.069
3.89 . 0.71 Q.31 .21
7.06 " 0._85 .43 0,40
10.05 " Q.35 Q.40 0.80
13.34 " ¢.9l1 0.48 .84
13.34 293 0.71 Q.57 .84
13.34 383 Q.63 0.43 .84

* caleulated according to (22)
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In the calgulation of the theoretical <Co-te-C intensity
ratic uniform monolayer coverage (optimal dispersion) of
the carbon surface by ths (¢ phase haz been assumed, and
therefore these ratics must be considered as the maximum
values which can be reached for homogeneous samples at a
given (o content. Since the experimentally determined
intensity raties are higher than the theoretical cnes it iz
cancluded that the depeosited Co phase iz not uniformly
deposited on the support surface, and that a considerable
enrichment of the Co in the pores located at the cuter side
of the support graines has occured. This certainty applies
to the Colx)/C{(293-383 K} catalyst series and most likely
also to the Co(13.3)/0(29%3 K) and Co(l13.3)/C(383 K) samples.

Sulfidation of Co/C catalysts

Tn Fig. 4 the TPS pattern of the Ce(13.3}/C (203-383 K)
catalyst is shown. Ne gualitative nper guantitative
differences were observed in these TP3 patterns when a
different drying procedure (293 K or 383 K) was applied teo
the catalysts. The TPS pattern of the carbon support itself
showed only a minor adsorption of H,S at room temperature
{(0.38 mol Hy5 per g support) of which half was desorbed as
soon as the temperature was increased (23), In case of the
Co/C catalysts a considerable Ho8& consumption is observed at
room temperature. Fer mol Co 0.85 mol Hy3 is consumed.
With increaszing temperature an additional consumption of
1.19 mol H,8 per mol ¢o takes place. At the end of this
stage (473 K) the total amount of H,3 consumed is 1.84 mol
per mol Co. Finally between 473 ¥ and 573 K a  sherp Hp3
produrtion peak coupled to a Iy consumption is obszerved
(0.54 mol H48 and 0.66 mol Hy per mol Co). Sulfidation is
complete at this stage (573 X) and correspeonds to a total
uptake of 1.3 mol Hy5 and 0.66 mwol Hy per mel Qo. If one
subtracts the amount of H,3 still adsorbed by the pure
carbon suppert at high temperatures (0.19 =x 1073 mai H,8/9
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Fig. 4 TPS patterns of Co{l3.3)/C (293-383 K) catalyst,

¢carbon) as was measured in a separate experiment (23), a
HyS/Co ratio of 1.23 is obtained. Note that the H,S
congumption corresponds very c¢losely to the atomic 5/Co
ratic determined by means of XPS.
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DISCUSSTION
Morphology of carbon-supported cobalt catalysts

The typical XP5 spectrum of the oxidic catalysats cannot be
matched with that of Col or Co304 reference compounds (24)
(difference in asattelite characteristics, and in Co 2p3/5
B.E. whiech iz 780 eV for both Co oxides=). Instead, the high
Co 2p binding energy and the nitrogen—to-cecbalt atomic ratio
suggesat that the cobalt is2 present as a mixed nitrate-coxide
compound, the nitrate content being dependent on the drying
procedure applied. Increasing the drying temperature to 383
K leads to a lower nitrate content. This is in accordance
with the finding that gradual heating of the catalyst led to
evolution of nitrous oxides starting at 353 K (25). S&imilar
chservations were made by Groot at al. {26) who studied Fe/C
ratalvats, They concluded that iron nitrate
(partially) decomposed during drying at 293 K and that the
decomposition products are not (completely) desorbed from
the carbon surface leading teo iron (III) oxide particles
interacting with nitrate anions.

Az ¢an be judged from the high XPS8 Co-to-C intensity
raties, the oxidic¢ cobalt phase is inhomogenecuely dispersed
on the carrier surface yielding a considerable enrichment of
Co at the outer surface of the support grains. This efface
is probably less pronounced in the 293 K dried samples
{lower XPS intensity ratic). For the 383 K dried sample the
low XPS intenaity ratio muszt be related to severe sintering
of the Ceo particles. Again, similar effects were observed
for the iron on carhon catalysts (26), namely inhomogenecus
dispersion and zintering of the oxidie iron particles with
inereasing drying temperature.

It is obvious from the above results that the interaction
between the oxidic Co phase and the carben surface is very
weak. This can be explained as fellows. Due to the

slightly acidic nature (pH=5,25) of the <Co-nitrate
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impregnation solution the carbon sgsurface becomes partly
protonated, Begcause of electrostatic vepulsion, therefore,
ne  adseorptien of co?t ions will take place during
impregnation. We checked this by passing an aguecus cobalt
nitrate (2 wt®) solution at a flowrate of 60 ml/min over a
celumn of carbon support particlas while constantly
monitoring the pH of the effluent solution. Por the first
180 ml of solution a pH increase from 5.25 to almost 7 was
registrated, indicating that the ecarbeon surface becomes
protonated, Thereafter, the pH decreases sldwly towards its
original value, By means of atomic adsorption spectroscopy
it was determined that only a negligible amount of Co
(0.1 wt$) was chemisorbed on the support particles,

These results agree with the findings of D'aAnjelle (27),
whe studied the adsorption of Qo anions {Co(CNs)a_f
C00x33‘ and Co(EDTA)”] on alumina, He suggested that the
adaorption was an electrostatic process, the Co anions being
adsorbed only on a peogitively charged surface, In view of
these results, inereasing the pH of the ceobalt nitrate
soluticn should result in moere homogeneously dispersed
catalysts. This is however, hampered by the precipitation
of Co(0H); around pH=7. On the other hand, impregnation
with CG(NH3)62+ in ammoniacal solution seemz worth trying,

In the sulfidation patterns of the precurszor Co/C
catalysts three regions can be observed : a room temperature
sulfiding regien, low-temperature sulfiding up to around 470
K and H,8 production around 530 K. It is interesting to
compare our TFS results with those obtained for Co/A1203
catalysta (28). sSulfiding of Co/Al,05 catalysts occurs both
in a s8o-called low-temperature {up to 750 ¥) and in a
high=temperature (730-1200 K) region, and proceeds via 0O-5
exchange reactions. The {oxy-) =zulfides formed by 0-3
exchange might reduce via cleavage of Co-5 bonds resulting
in the formation of elemental sulfur. This sulfur is easily
reduced by H, under production of H;S in a fast ceonsecutive

reaction catalyzed by Co. As a zxesult no sharp H38



production peak was obgerved in the TP3 pattermns of
Ce/Al, 0,5 catalyats. From a comparison of our Co/C results
with those obtained for Co/Al,03 it is concluded that :

- Strong cobalt-support interactions are absent in Co/C
catalyats (because no high temperature peaks are present)
and conseguently sulfidation is fast and complete at
570 K.

— 8ulfidation of Co/C catalysts proceeds via ©-5 ezxchange
reactions similar as observed for Co/Al,05 catalysts. But
sin¢e the sulfidation reactions take place at rather low
temperaturea the elemental sulfur produced is accumulated
and not reduced to HyS until the temperature is raised to
about 500 K,

Upon sulfidation sintering of the Co phase takes place.
This has also been reported for Mo (23) and Fe (26) based
catalysts uaing the same carbon suppert, and reflects the
rathar weak interaction of the carbon surface with the
deposited metal ions. In the final sulfided state catalyst
dispersion seems to be better for the 293 K dried samples
than for the 293-383 K and the 383 K dried samples. In
accordance herewith, the thiophene HDS activities of the
catalysts decreasze with the drying procedure in the
following erder : 293 K » 293-383 K » 383 K.

Co/C catalyats show very high HDE activities compared to
conventional alumina=supported systems {(see Table 1). In
view of this high HDS activity it is important to get some
insight inte the structure of the Co sulfide phase present
on the carbon suppert. It has been stated (22) on the
basis of thermodynamical considerations, that CogSg is the
predeminant phase present atfter sulfidation of unsupported
o catalysts. Due tos the weak interaction with the carbon
support the Co phage in Co/C catalyats will rezemble very
mueh to the Co phase in unsupported catalysta. This strongly
suggests that Cog8g should form upon sulfidatien of Co/C
catalysts. On the other hand it has been shown (13) that the

activity per surface ecobalt atom for unsupported CogSg is at
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least 30 times lower than the activity per cobalt atom for
Qo/¢ catalysts. In this respect Mdssbauver/results (13} of a
sulfided 1% Co/C catalyat indicated the presence of Co in
different surreoundings which correspond, however, c¢lose to
those observed for the various bulk Co sulfides. Although
it is difficult te =23sign the Co 2p XPS spectral features to
a specifie Co sulfide, the measured Line shapes and binding
energies of the Co 2p signals of the Co/C catalyets seem to
point to the presence of a CogSg-like species. The & 2p
lines are consistent with 52'species although the line
width (FWHM = 2.6 eV) points to the presence of other 8
species. Remarkably high &/Co ratios, as measured by XP5 and
TPS, are obtained Ffor the catalysts. This resgult remains
intriguing in view of the TPS findings which demonatrate
that the catalyst can dispose of excess sulfur by HyS
production {sharp H»8 production peak in TPS at 530 K which
temperature is well below the actual sulfidation
temperature). gimilar observations were made for Fe/C
catalysts {26) where XP3 pointed to the presence of Fes,
while 5/Fe ratios reached values well above 2. In view of
the fact that Cc catalyzes sulfur reduction (28) it seems
likely that the excessa gulfur (with raspect to
stoichiometric CogSg) produced during sulfidaticen is
depeosited on the carbon surface and resists conversion to
Hs8. In this respect it has been shown that microporous
materials especially microporous carbong are known
catalysts for the oxidation of Hy2 to elemental aulfur, and
that they can adsorb considerable amounts of this elemental
sulfur prodoced (30-32). Due te the fact that asulfur Iis
trapped in the microperes of the substrate it resists
evaporation and reduction to HyS by Hp. For instance. it
has been shown (32) that even at 623 K 0.25 g sulfur could
be adsorbed per g ¢arbon on an activated c¢hareeal having a
micropore volume of 0.45 ml/g (the micropore volume of the
Norit RX 3 extra carben ig 0.50 ml/g). Sulfur was found

to be chemisorbed at the carbon surface, especially at
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temperatures above 673 K (33). This sulfur desorbs as C3,
and Hy;5 only when the carbon 1is heared in nitrogen up to
1270 K. In this respect, the broad XPS sulfur signal might
indicate the presence of sulfur species with a higher
valence state than 2- (binding energy of s = 184 ev)
representing deposited sulfur pelymere in the micropores of

the carbon support.
Catalytic properties of cobalt sulfide

Until recently, cobalt sulfide was believed to possess
only peor HDS properties, Ip contradiction herewith, de
Beer c.s. (14,15) prepared highly active carbon-supported
cebalt catalysts giving cobalt sulfide the full credit of an
outstanding HDS catalyast. They argued that the so-called
synergetic effeect of Co-Mo catalysts eould be due to the
activity of cobalt rather than malybdenum. In this respect
molybdenum sulfide should be regarded ag a “"support" for the
cobalt phase, enabling optimal dispersion of the Co phase.

The intrinsic HDS activity of optimal dispersed cobalt
sulfide can be estimated from the present resulta. This hasa
been done in Fig. 5 where reciprocal QTOF values of the low
loading catalysts are plotted versus mol% Me. For
comparigsen the correaponding values of Mo/C catalysts (18)
prepared on the same carbon support are included, Tha
reasen for plotting the reciprocal QTOF valuez along the
vertical axis 1s that in this way straight lines are
obtained which can be easily extrapolated. If instead QTOF
values were plotted, hyperbelie curves are obtained which
are difficult to extrapolate. The intercept obtained after
extrapolation to O mol% Me ({(=2ee Fig. 5) gives a fair
indication of the catalyrie aectivity of 100% or atomically
dispersed metal sulfide. In fact the QTOPF (Quaszi Turn-Over
Frequeney) value is the product of the actual turn-over
frequency of the active sites (mel thiophene c¢onverted per

gite per secend) multiplied by the fraction of atoms which
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Fig. 5 Recipraocal OTOF  values versus mol® Me forx
carbon=supperted Co sulfide catalysts dried
according to different procedures (see experimental
section) and corresponding carbon-supported Mo

sulfide catalysts (13).

ara located at the surface (which is commonly referred to as
the dispersion of the eatalyst) multiplied by the fraction
of surface atoms whieh are the aectually active sites.
By extrapolation te 0 mol® metal the dispersicn factor is
sliminated. Hence, the extrapclated value represents the
HDS activity per metal surface atom which in fact is a
minimum value for the actual turn-over frequency. For the

Ceo/C wcatalysts dried according te the different procedures
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the same intercept is found, as 1s to be expected since they
all <¢optain the same cobalt sulfide phase (only the
dispersion is different). In this way we obtained intrinsic
HDS activities of 5 x 1072 mel thiophene converted per mol

~3 mol/mol.s for cobalt, or

molybdenum per second and 33 x 10
nearly a aeven-fold higher activity for cobalt sulfide than
for moelybdenum sulfide.

The question remains, however, whether the high HDS
activity observed for «cobalt can explain the so-called
promotor effect in Co-Mo catalysts, For thig purpose the
two Co=Me/C catalysts were prepared and evaluated for their
thiophene RDS activity. These c¢atalysts have Co/Mo atomic
ratios of 0.51 (2,1% Co - 6.7% Mo) and 0.63 (3.1% Co - 8.0%
Mc), corresponding to catalyst compositions which show a
distinet promotion effect (according to (15) the maximum
activity for ecarbon-supported ecatalysts is obtained at Co/Mo
raties around 0.6}, Upon addition of e¢obalt to Mo/C
catalysts an increage in the thiophene HDS rate constant
was observed from 2.5 x 1073 ro 12,2 x 1073 (2.1% Qo - 6.7%
Mo) and from 2.8 x 1072 to 17.7 x 107° (3.1% Co - 8.0% Mo).
According to the findings of Topsge and coworkerxs
(8,11,12,13), the C(o=-Mo/C catalysts should contain large
amounts of the typical Co-Mo-3 phase. If the activity of
these catalysts is expressed per mel Co present, nearly the
same activity (38 x 1073 mol/mol.2) as that mentioned above
for optimally dispersed cobalt sulfide i3 obtained (cf.
Table l). Hence, these results strongly sSuggest that the
activity of highly dispersed cobalt can explain the obaserved
premotion effect of Co=-Mo/C catalysts. The observed
kHYD/kHDS ratios of the Co-Me/C catalysts (1.3 and 1,2)
which is very close to that observed for the Co/C catalysts
(1.0) corrcborate this £indings. Furthermore, it folows
from the above that Mo5 4 should be regarded as a support for
the catalytically active Co species, the beneficial property
being that it allows atomic (100%) dispersicn of cobalt, a
property which 13 clearly not fulfilled by the carbon
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support.

ft is interesting t¢ compare these findinga with the
results obtained by Topsege and coworkers (8,12,13)
deseribing the Co-Mo-3 wedel. Az in the case of
alumina-supported catalysts, Mssbauer studies (13) have
shown that Co-Mo-3 is present in sulfided Co-Mo/C catalysts
and that catalytiec activity could be related to the amount
=33 Co-Mo-8. The salient £findings of these Méssbauer
studies are that the basic structure of the Co=-Mo=S phase
consists of MoS, with cobalt atems atomically dispersed at
the edge planes and that the active sites are mogi likely
located on the Co atoms, although the neighbouring Mo atoms
may also play an active rele in the HDS process.

Qur results prove, for the first time, that the active
sites for hydrodesulfurization of thiophene in Co-Mo
catalysts are definitely located on the Co atoms, excluding
a major contribution to the HDS agtivity of neighbouring Mo
aroms. Furthermore, they <c¢orroborate on the atomie
dispersion of cobalt through interaction with MeS,. In this
respect, it becomes clear that the role of Me3, is of
secondary importance {improved dispersion} since the
intrinsic activity of the surface Co atoms in sulfided Co/C
catalysts equale that in Co~Mo/C ¢atalysts. Moreover, it
may be argued that, if «c¢obalt sgulfide catalysts can be
prepared on a carbon suppoert whiech has surface properties
such as te create a high degree of Co dispersion at
relatively high <Co loadings, sne ecan dispose of the
expensive Mo, "support".

A final remark concerns the Co-Mo/Al,03 catalyst. As can
be seen in Table 1 the activity of this catalyst is much
lower than that of the corresponding (3.1% €o - 8,0% Mo)
Co-Mo/C catalyst, suggesting that a strong interaction with
the alumina suppert lowers the HDS activity of the Ce-Mo-S
phase. In this respect, it has been shown (34) that the
intrinsic activity (per Co atom present as Co-Mo-8) is

increaszad considerably when CO‘MO/A1203 catalysrs were



sulfided at temperatuyres above 873 K instead of 673 K. It
was suggested that in the high temperature sulfided
catalysts the Ce-Mo=5 phase-alumina support interactions
were less important, Hence, as cah be concluded from the
results presented in thisz study, the beneficial properties
of using carbon az a support material is that the most

active type of Co-Mo-5 phase is present im the catalysts.
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CHAPTER 5

CARBON SUPPORTED TRANSITION METAL SULFIDES.

ABSTRACT

First, second and third row transition metal sulfides
ranging from group VI te group VIII ¢, supported on
activated carbon were evaluated for their ability to
catalyze the hydrodegulfurization of thiophene at
atmospherie pressure. X-tay photeelectron spectroscopy was
used to measure the ehemjcal state and te obtain an
indication of the dispersion of the supported sulfide
particles, Second and third row elements display volcano
curves with catalytie activity varying over more than an
order of magnitude and maxima occuring at Rh  in the second
and Ir in the third row, First row elements show a
twin-shaped pattern with maximum activity located at Cr and
Co. The resemblance of these experimental activity trends
with those previogusly reported for unsupported transition
metal sulfides demonstrate the advantage of carbon supports
in studies on the intrinsie eatalytic properties of amall
sulfide particles. A correlation between the catalytie
activity of szecond and third row elements and the shift in
%P5 binding energies between metal and metal sulfide phases
was found. Superior c¢atalysta have low binding energy
shifts and pregerve a high degree of metal character under

gulfiding conditions,

INTRODUCTION



row trangition metal sulfides Pecoraro and Chianelli (1)
demonatrated that the dibenzothiophene HDS activity measured
at 673 K and 31 bar was related to the pesition of the metal
in the periodic table. Typical volcanc type plots with
pericdic pesitipn were obtained for =second and third row
elements with maxima occuring near Ru and O0Os. First row
transitien metal sulfides were found to be relatively
tnactive. However, thesse results were in striking contrast
te reported thicphene (2) and dibenzothiophene (3) HDS
activities measured at 623 K, 1 bar and 513 K, 1 bar
respectively, for alumina-supported trangition metal
sulfides. Nea systematie variation in HDS activity with
periodic peosition was ohserved. Cr, Co, Mo, Ru, Pd and
especially Pt were mentioned to be the most active metals.
The digcrepancy between the above findings with unsupported
and alumina supported sulfide catalysts might be due to the
reactivity of the alumina support towards the transiticn
metals, as well as to differences in textural properties
between the unsupported metal sulfides. Recgently, carbon
materials have received inereased attention as supports for
catalyst systemz. ©On carbon carrciers higher active phase
efficiences can be obtained than on alumina supports because
unfavourable atrong metal-suppert interactions are avoided,
while none the less high ac¢tive phase dispersions are
abtained. Ancther advantage elaimed for the carbon
supported catalysts is that fundamental properties of well
dispersed supported particles can be studied (4),

The presgent paper comprises the results of a systematic
study on the catalytic HDS activitiez of transition metal
(ranging from group VI to group VIII ¢ )} sulfides supported
on activated earbon. Information on the atructure of the
sulfided catalysat system= is obtained by XPS. A general
comparisen with the data reported for unsupported and

alumina supported transition metals sulfides is included.
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EXPERIMENTAL
Catalysts

The catalysta were prepared by pore volume impregnation of
a Neorit activated carben (RX3 extra, surface area 1190 mzlg,
pore volume 1,03 ml/g) with appropriate solutions of
transition metal salts, 1TIn order to adequately compare the
different catalysts, the congentration of the metal salt
solutions was adjusted in such a way as obtain a final metal
(Me) loading of 0.5 Me atoms per nm? suppert surface area.
Because of the differences in atomic weight, the weight
percentage of active metal therefore ranges from 4.9% (Cr}
to 16,3% (Pf) in the different catalyst samples. fthe first
two aolumns of Table ! pregsent the catalyst samples prepared
and the precursor salts (chemiecal pure grades) used. For
uniformity purposes the chloride precurser metal salt was
chosen in most gases and aguecus solutions were uzed for the
majority of the impregnations. Exceptions were Ru, P4
(concentrated HCL solutions).

Activity weasurements

Catalyst wsamples (200 mg, 0.2-0.5 mm particle size) were
presulfided in situ in a H2§/H2 gasflow (10 meols Hy5, &0
ml/min ) with the following temperature program : & K/min
increase from 293 K to 673 Kand 2 h at 673 K, Foellowing
the sulfidation the gasflew was switched to the reaction
mixtuyre : a 6.2 volk thiophene in H, gasfloew. The flowrate
was 50 ml/min, reaction temperature 673 K and pressure 1
bar. Thiophene conversion was measured at different time
intervals by on=-line gas chromategraphy, First ordar rate
constants for both thiophene HDS and the ¢onsecutive butene
hydregenation were calculated after 2 2 h run as described

elasewhere (4).
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XPF3 analvyais

KPS spectra of the sulfided catalysts were recorded on an
AEI E3 200 spectrometer. After sulfidation of the catalysts
according te the procedure described above, they were purged
with purified, He for 1/4 h at 673 K and subsequently within
0.5 h gooled to room temperature in flowing He. A special
reactor (5) was used which allowed tranzfer of the szamples
to a dry Np-flushed glove box attached to the XPS apparatus,
without exposure to air, Samples were mountad on  the
specimen holder by meanz of double sided adhesive tape.
Carpbon (ls), metal (2p,3d or 4f) and sulfur (2p) signals
were recorded in steps of 0.1 eV (second and third row metal
aulfide catalysts) or 0.2 eV (first row metal sulfides).
3can timeg were varied according to the intensity of the
signalas. The C ls peak was used as internal standard (284.6

eV) for binding energy ecalibration.

RESULTS

In Table 1 the raw conversion data, as well as the rate
constants for the hydrodesulfurization and hydrogenation
calculated after 2 h run time are collected. Since
deactivation after 2 h run time is estimated to be less than
1% thiophene conversion decrease per hour, the activity data
reported in Table 1 are taken from reasenable stabilized
catalysts. Pilotting the catalyst activity against the
position of the metal in the periodic table vields typical
voleano type curves for second and third row slements {(cf.
Fig. 1). &econd and third row elements of the szame group
have about the same BDS activity. Furthermore the volcane
type plots show some asynmetry due to a more pronounced
decline in activity at the right side (Ft, PBd) of the
curves. Maximum activity is located at Rh and Ir. HDS

activity for first row transition metal sulfides shows a
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Fig. 1 Periodic trends for the rates of HDS Me/C catalysta.

Table 1 & Activity measurements of Me/C catalyata

Catalyatg Praauyragy Thicphena kElDS x 103 kHDS ¥ 10°
metal salt converaion () [ (m*/ke.2) (m3/xg.8)
4.9% or/c Cr{NOy}q.9H40 1] 10.8 48.2
5.2% Mn/e | Mnel,.dHs0 <1 0.1 -
5.3% Fe/C Fetly GHL0 33 ia 7.5
5.6% Co/C Colly. 2Ha0 44 4.9 4.5
5,6% NiJ/C Nilhp.GHp0 24 2.6 4.0
8.3% Mo/ (MH, ) gHa505,.4H30 25 2.7 8.0
9.2% U/ RUCl 3 78 14.6 6.3
9.3% Rh/G RAGCL 3. 80 a2 23.%9 112.1
2.6% rA/C PaCly 34 3.9 14.3
15,98 wW/e (HHg) g W0y 5. BHD 17 1.9 12.5
15.7% RAe/C NHARcoq 61 8.9 10.9
16.0% Qs/C (:)54:13 LT 10.3 8.9
16.1% 1/t RyTEChg. XHo0 96 il.6 320.3
16.3% Pt/C HaPelle GHI0 44 5.6 47.5




twin=shaped pattern, with Fe, Co and Ni following
approximately a similar curve as the secend and third row
elements but a factor 2-6 lower in activity. Mn  had very
low activity, while surprisingly Cr was the most active
first row element and the only firat row transition metal
sulfide that had a higher activity than the corresponding
second and third row sulfides.

The butene hydregenation capability of the carbon
supported trxansition metal sulfides behaves analecgous to the
HDS activity ; volcane type plots for second and third row
sulfides, with maxima located at Ir and Rh, and a
twin-shaped curve for the firset row elements with Cr and Fe
as the most active catalysts. In general, the hydrogenation
activity increases frem first to second to third row
elements.

In Table 2 XP3 data of the catalyst samples are presented,
while in Fig. 2 the 2p, 3d and 4f metals photoelectron
amignala are shown, arranged in first (2p), sacond (34) and
third (4f) row elements. Because of the wide range in
transition metal sulfide bkinding energies, spectra are
plotted relative to the corresponding binding energies of
the metals, The sulfidation procedure applied clearly
converts the precursor metal salts inte their metal sulfide
form. Neo chlerine of the precursor salts was retained en
the sulfided catalysts. The messured metal binding energies
indicate that +the feollowing metal sulfides were mainly
present : CQrsS3, MnS, Fed, Coglg. NigSy., MoEs, RhpSi, pd3,
W85, ReS,, PtS (6-8). No XPS literature data could be found
on Ru, Ir or O0s sulfides. However, since the measured
binding energies are about 1.0 eV {Ru, Ir) higher in energy
than those of the ¢corresponding metals, it is evident that
also Ru and Ir are in a positive valence state coordinated
by § ligands, The major part of the 5 Zp peak arises from

the presence of 52_ zulfide ions coordinated to the metal
ions : but there is also a contribution from elemental

sulfur (164.0 eVv) which is produced during sulfidation.
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Fig. 2 XP5 spectra of sgylfided Me/C ecatalysts plotted
relative to the metal binding energies. For Ru only
the 3d5/2 line was resolved from the ¢ ls signal and
for the Oz catalyst an arbitrary shift of 1 ev

relative to the metal B.E. was chosen.

Except for the case of Fe this 89 contribution is small.
The measured 3/Me ratios (Table 2), corrected for the amount
of sulfur formed in a blank experiment with the pure carben
support, are fairly c¢lose to the stoichiometries expected
for most of the stable sulfides, although the elemental
sulfur produced by the catalysts is included in the measured
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Table 2 : XPE remults of Me/¢ catalyats

Catalyst Hetal 2 Ip _I._L‘E Eﬁ.. Particle E phagns
binding kinding In Ine size Me pregent atfter
anerdles anargian {nm} aultidatiaon

cr 575.1/984.4 | 162.% G.147 | 0.2381 0.5 1.5 Crofig
Mo §40.7/652.0 1¢l.2 0,186 | 0,192 0.5 1.4 Lt

Fu 710.0/723.4 1€2.7 0.121 | 0.239 1.5 2.8 E'eSx"SO
AL} FIR.L/793.4 162.8 0.204 | 0.085 .o 1.1 Cogsg
nNi 56513.2/870.8 162.8 0.225 | 0.092 [+ 0.94 N:ia.ER
Mo 229372324 1628 0.078 [ 0.342 2.0 1.9 Mg,y
Ru## znl.o/ - 163.3 - - - - Rus
Rh 308,2/312.9 163 .2 0.094 [ 0.179 2.5 1.5 Rhfg
Pd 336.4/341.6 162.% 0,111 | 0,087 2.5 Q.93 Fag

W 32.8/ 4.9 162.% 0.136 | 0.42% - 2.5 W54

Re 42,3/ 14.8 163.0 .08l | 0.30) 2,0 .0 Redy
0a S1.5/ 54.1 163.2 £.215 ) 0.113 - g.82 o8&,
Ir GL.&6/ &4.5 163.1 0.231) 0,180 - 1.5 Its, (no 1%
Pt 72.5/ 75.8 1634 0.087 | 0.146 3.5 1.3 Pts

* AME/ 7‘5 caloulated according to
Mol N om B/ g [(dn Eg - 2.3)/(1aE - 2.3)]

** Due to the vicinity of the € la peak no peak areas could be calawtated For Ta,

ratios. Mostly this contribution will be small except for
Fe. A shoulder in the &5 2p signal located around 169 eV
(5042') was obgerved only for Cr, Fe and Co, pointing te the
reactive nature of these sulfides towards traces of oxygen
still present in the glove box, To obtain an indication on
the dispersion of the catalysts we have used ¥PS intensities
to caleulate the particle sizes. The c¢aleculations were
carried out according to the catalyst model described by
Kerkhof and Moulijn (9). For the third rzow, ©0s and Ir
sulfideg the experimental metal over carbon intensity ratios
were larger than the theoretical values predicted for
monolayer coverage. It is very probable that the
distribution of the sulfide phase on the carbon support is
not uniform due to an enrichment of this phase at the outer
surface of the support Jgraines. Az a ¢gohsequence  no

particle sizes could be calculated for these catalysts. For
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Pt, Re, first and second row elements, patticle sizes could
be calculated, Since almest no information is available on
electron mean free paths (A) through transition metal
sulfides, we estimated Aon the basiz of photoelectron
kinetic energy : A- Epin 0.75 (10). &although, the particles
of the first row . metal sulfide catalysts were found te be
smaller (average 1.0 nm) than the second and third row metal
csulfide particles {average 2.5 nm), all sulfide <catalysts
seemed well dispersed. In view of the difficulties in XP3
particle size determination of the present catalysts the
reported data should be considered as indications rather
than absolute values. Absolute particle sizes can only be
obtained in combination with complementéry technigues such
as high resolution transmission electron microscopy or
selective gas chemiscrption. When +the HDS activities are
normalized for the caleulated particle sizes the periedic
trends for HDS changes onrly slightly (cf. Fig. 3).

Rh
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Fig. 3 Periodic trends <for the rates of thiophene HDS of
Me/C catalysts, normalized on 0.5 nm particle szize
(1l00% disper=ion).
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DISCUSSION

SBince the XP3 metal peak positions and the major sulfur
peaks were close to those of the correaponding stable
sulfides we conclude that, during the sulfidation procedurs
applied, the metal saltsz are c¢completely converted to the
metal sulfides, The relative HDS activities of the carbon
supported sulfide {Me/C) catalysts correlate very well with
those reported for the unszupperted sulfides (1), although
completely different test conditions were applied ; high
pressure (31 bar) HDS of dibenzothiophene at 673 K for the
unsupported systems and atmeospherie thiocphene (673 K) HDS
for the Me/C catalysts, Especially for the gecond and
third row elements, where the typical voleano ecurves with
periodic position were obtained, the asimilarity is striking.
This onc¢e more, strongly suggests that the HDS activity of
Me/C catalysts is related to the presence of metal sulfides
formed on the carbon and not of metall carbidez nor metal
intercalates. Differences in periodic HDS activity trends
between the unsupported sulfides and Me/C catalysts are the
locations of the maxima at Rh and Ir for the Me/C aystems
instead of Ru and Oz for the unsupported catalysts and the
slight agymmetry in the veleane curves for the Me/C
catalysts. In general for the first row elements the same
features were found asg for the unsupported systems, vizm.
waximum and lowest activity for Cr and Mn respectively, Fe,
Co  and Ni sulfide e¢atalysts supported on carbon showed,
however, an appreciable HDS activity whereas the unsupported
syatems were relatively inactive. In thisz respect it must
be mentioned that Pecoraroe and Chianelli (1) have used
unsgupported first row sulfides having low surface areas, Aa
a consequence the activities of these sulfides are probably
underestimated relative to thoge of the second and third row
elements. On the other hand, when corrected for particle
size the activity of the first row Me/C catalysts decreases

relative to second and third row elements {(e¢f. Fig. 3).
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We conclude that the resvlts cobtained with the sulfided
Me/C catalysts confirm the earlier reported (1) cenclusion
concerning the unsupperted sulfides : viz. the primary
effect 1in HD3 by transition netal sulfides ig the
"electronic" effect which iz related teo the position of the
element in the periocdie¢ table, Thig impliesz that the
crystal structure of the sulfides is of secondary
importance, and thus that HDS activity 1s neot related to
sulfides having a layered structure. In fact it may be
argued that transition metal sulfides function as the well
known Bireh reductor syatem in organic chemistry : organic
molecules are reduced in potassium or sedium in ligquid
ammonia by electrons and are subsequently protonated. The
same might held for the reduetion of sulfur and nitrogeén
containing molacules in  HDS and HDN reacticons, since
transition metal sulfides in theilr substoichicmetric state,
as present under working conditlons are geod conductors and
their zyurface iz full of 8H groups which supply protons,

At this point we want te emphasize the relative easge with
which the results on the carbon-supported sulfide gatalysts
were obtained. Nothing more than a simple pore volume
impregnation with the appropriate metal’ =alt =soluticn,
followed by drying and sulfidation of the ¢atalyst precursor
was involved. fThis advantage will become even more apparent
when promoting effects are studied, for the preparation of
ungupported promoted transition metal sulfides causes =zevera
problema with proper mixing of the two elements and
obtaining samples with reasonable surface areas.

It is tempting to relate the observed periodic trends for
HDS to some c¢hemical or physical parameter. In a recent
study Harris and Chianelli (11,12) compared X molecular
orbital ¢aleplations of Messn_ complexes with catalyéic
properties for HDS, They identified that the orbital
occupation of the highest oceppied molecular orbital (HOMO)
together with the metal=sulfur covalent boend strength were
impertant facters which determine catalytic activity. They



suggested that binding of an organic sulfur molecule with
its ring sulfur atem to  an exposed metal atom (active site)
depends on rhe ability of the metal te bond covalently with
sulfur through combined sigma and p interactions, It is=

interesting te note that these theoretical galculations
indicate that maximum activity is located at Rh and that the
volcane plots are asvmmetric. These features are strikingly
well reproduced in ocur experimental results.

For the secend and third reoew elements we are able to
relate the experjimental HDS activities with the observed
chemical shift of the metal sulfides. Recall Fig. 2, where
the metal photoelectron sigrals of the catalysts are plotted
relative to their corresponding metal binding energies. It
iz this core level shift, 6 B, of the 3d5/2 or 4fg,4
photoelectrons of the metal sulfide relative to their metal
valence atate which shows a remarkable correlation with the
catalytic aectivities of the corresponding sulfides as is
shown in Fig. 4. Highly active sulfides have small chemical

shifts. Only ReS, formg an exception.
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Fig. 4 Correlation ketween the chemical shift ( 4E) and HDa

agtivity for second and third row Me/C catalyaste.
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The question arisea why this correlatien holds. In order
to answer this we have to consider the origin of the core
level shift. In metal sulfidez the meteal and sulfur
orbitals combine to form a valence electron distribution
whieh is such that there is a small positive charge on the
metal atom. As & result all inner core levels of the metal
atom will experience a small energy shift proporticnal te
the charge on the metal atom. Low chemigal shifts will be
obtained for those tranaition metal zulfide catalysts which
have remaved as much sulfur ligands as posaible, creating a
sulfur deficient highly reduced sulfide, and for those where
the valence electrons in the metal sulfur molec¢ular orbitals
maintain their metal character. It may be clear from these
observations that highly active transition metal sulfides
preserve their metallic character in the sulfide phase under
reaction conditions. These conclusiens agree very well with
the theoratical calculations of Harriz and Chianelli
(ll:12). For the second row elements the number of d
electrons in the HOMO is highest for Ru and Rh sulfides
because enly the 2t;, level is ocecupied in a low spin
configuration, whereas for Pd sulfide the 3e, level is
cecuplied, Locking at the <charge distributions of these
antibonding energy levels it can be sesn that in the 2t2g
level the electreons are leocalized primarily on the metal
atom (69% for Ru) while the 39g level 18 quite diffuse.
Therefore, sulfides with high occupancy of the 2t2g lavel
will have low chemical shifts, while occupation of the BQg
level will inerease the chemical shift of the sulfide.
Highly active catalysts have high occupancy of the 2t2g
level,;, while less active =sulfides have the 3eg level
occuplied, which is completely consistent with the predicted
chemical shift-aetivity relation. Also the finding that the
more active catalystg have covalent metal-sulfur bonds isg
compatible with our results, since increassd c¢ovalency or
metal sulfur d-p mixing is equal to increased metal

character of the electrons in the bonding energy levels.
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It is challenging to incorporate the abeve findings in an
explanation of the observed dJdifferences in the catalytic
activity of alumina and carbon supported transition metal
sulfides, Tt i3 well known that alumina interacts strongly
with the depozited sulfide phazes probably through
interactions of oxygen anions with the transition metal
caticens. This will cause an extra charging of the
tranaition metal singe oxygen is a harxder ligand than sulfur
with less covalent chavacter. Baged on the above discussion
it must be econcluded that the activity of alumina supported
catalysts will be lower than those of the corresponding Me/C
catalysts, and this iz indeed what the experimental results
ghow. (4,13). The aluminz support-metal sulfide interaction
seems to be largest for gsecond and third row group VIII a, b
elemants since espegially their activity is lowarsd
considerably relative to the ¢arbon supported or unsupported
catalysta.

CONCLUSTONS

= By means of XP5 apalysis it is demonstrated that, under
the conditionsz applied, sulfiding of the activated carbon
supported traneition metal chloride, nitrate or oxide
catalysts wused 1in this study results in the formation of a

transition metal sulfide phage.

- 1t is=s clearly established that, nothwithstanding
differences in testing conditions, the ralative HDS
activities of these carbon supported sulfide catalysts, are
very much the same as the relative HDS activities measured
by Pecorare and Chianelli (1) for unsupported sulfides. In
beth cases typical veleano ghaped c¢urves were obtained for
the second and third row metal sulfides while first row
elements show a twin-shaped c¢urve, This implies that small

gulfide particles deposited on a carbon surface evidently
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nave the same catalytic properties for HDS reactions than

bulky wasupported particles.

- For second and third row sulfides HDS activity iz feund
toe correlate with the chemical shift between metal and metal
sulfide. This indicates that high activity <c¢atalysts
preserve best their metallic character ¢ither through sulfur
deficiency and/or thigh metal character of the valence

molecular orbitals.
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CHAPTER &

THE ROLE OF THE CARBON SURFACE OXYGEN FUNCTIONALITY ON THE
DISFERSION OF CARBON BLACK-SUPPORTED MOLYBDENUM CATALYSTS.

ABSTRACT

Four carbon black samples differing in surface area, pH
and surface properties (ocxygen functionality) were pore
volume impregnated with aguecus molybdate solutisns as to

2 support surface

achieve & Mo loading of 0.5 Mo atoms per nm
aresa., Digpersion measurements obtained by means of X-ray
photoelactron spectrogscopy, dynamic oxygen chemiscrption and
transmission ¢lectron microscopy, indicated the presence of
highly dispersed molybdate in all precursor samples, which
upon sulfidation was converted into molybdenum zulfide with
a particle size varying between 3.5 and 13.5 nm dependant an
the type of <¢arbon black support. To explain these
dispersion differences the interaction between molybdate
ions and the carbon surface was studied by means of FTIR and
XF5. No majer changes were observed in the oxygen
funetionality of the carbon black upon loading with
molybdate. Seowpe minor changes were, however, obhsarved by
meang of FTIR which c¢ould point to a chemical reaction
between an aryl ether functional group and the molybdate

iona.

INTRODUCTION

Refining of oil fracticns often involves conversion of the
hydrocarbon fraction to JQifferent forms. in one such
conversion, hydreodegulfurization, the concentration of
sulfur components in the hydrocarbon feedstock is reduced =zo

that, when the product Is eventually combusted, less sulfur
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oxides will form, and hen<e enviromental pellution will
ke reduced. Te thisz is added that it 1is very often
desirable to remove gsulfur in order to prevent poisoning of
downstraam catalysts. Hydrodesulfurization (#DS) haa been
carried out suceezfully on an industrial scale for decades,
over catalysts comprising Mo or W sulfide promoted with Co
or Wi sulfide, supported on a porous alumina carrier. The
increased world wide industrial application supplies a

continuous drive to a better underatanding of these complex

catalyst aystem and to search for improved catalytic
ensembles. in this respect it has been shown that
carbon-supported catalysts, wunder the reaction conditions

applied, ahowed higher HDS activities [1,2], coupled to
lower coking propensities {3,4] than alumina-supported
systems. Moreover, the carbon-supported transition metal
valuables ean be easily recovered from spent catalysts by
burning off the carbon carrier, These interesting
properties of carbon-~supported sulfide catalysts were the
outset of research, aimed at elucidating the structure and
related HDS activity of these catalyst syatems [2,4-10].

The present paper focusses on the interactien of the
carbon  surface with initially deposited molybdate ions,
which forms the precursor state of the catalyst. It
presents a contribution te the unraveling of the role that
carbon surface oxygen functicnality might play with respect
te the dispersion of the precursor ¢atalyst and of the
dispersion of the actuallly active state of the catalyst
obrainmed after sulfidation. While on the commercially
applied alumina support the exposed surface hydroxyl groups
gerve as adsorption =sitea for the melybdate ions in a
condensation reaction [11], a more complex situation is
encountered in case of carbon-supported catalysts due to the
variety of oxygen functiecnal groups present on the <arbon
surface. in addition, a sharp distinetion among the
different functional groups <annot be made =ince they

electronically interact with each other through the aromatie
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carbon substrate. In this study Fourier transform infrared
spectroscopy {FTIR), X-ray photoelectron spectroscopy (XPS)
and thermo gravimetric analysiz are uzed to measure the
amount and relative congentration of the various oxygen
functional groups, The dispersion of the deposited
molybdenum phase wag «¢ongidered of primary importance,
Therefore, quantitative XPS intensity analysis of the Mo and
c photoelectron signals, selective dynamic oxygen
chemisorption (DOC) on tha Momsulfide phase, and
transmizsion electron microscopy (TEM)} analysis, were used
to study the dispersion. Four types of carbon blaeks
differing in surface area and oxygen functionality were
applied as carrier materials, The uze of carbon blacks was
based upon the following considerations :

(i) Scattering in the FTIR spectra is kept to a minimum
gince the =size of the carbon black particles (13-30 nm)
zlthough fuszed inte larger aggregates ( 500 @ nm), is
signifieantly smaller than the infrared wavelengths of
interest (2,520 p m) [12]. fThis allows the measurement of
accurate and reproducible spectra.

(ii) Carbon blacks are used as substrate particles in the
preparation of carbon black composite materials which are
considered Lo be promising materials for their use as

supports for hydrodesulfurization catalysts [10].

EXPERIMENTAL
Catalyst preparcation

Four commercial carben blacks were used asz support
material : Monarch 700, 1100, 1300, and Ketjen EC, the
properties of which are collected in Table 1, The carbkon
blacks were impregnated (pore volume impregnation) with
agueous sclutions of ammonium heptamolybdate (Mercek, min
99%). Since the main conecern of this study is to evaluate
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Takle 1 @ Carkan Llaock praopavtian

sumple af* Sppy poce (£l
volume
(nm) tod/e) (ml/g})
Monaceh 700 L8 A00 [ 8
Monarch 1100 14 240 1.4 7
Monaran 1300 13 S60 1.7 2.5
Xevjen BC 30 1210 4.4 W%

* mecan diameter of the primary carbon black particles,

according to the manufacturer.

** sccording to the manufacturer.

the interaction of the carbeon surface with the Mo phase, the
catalysts were prepared in such a way that the sSupport
surface loading (approximately 0.3 Mo atoms per nm2
support surface area) was kept constant. Although this
results in catalysts with different wth Mo, it allows a fair
comparison te be made among the different carrier surfaces
with resapect to their ability to disperse the Mo phase.
After impregnation the catalysts were dried starting at room
temperature and slowly inmereasing (about 3 hr) up te 383 K
where they were kept overnight.

Conversion of the oxidig precursor catalysts into their
catalytically active sulfided state was accomplished by
gulfiding in a #y5/Hy flow {10 mol% H,%, total flow rate &0
ml/min) using the following temperature program : linear
increase (6 K/min) from room temperature wp te 673 K and

helding at this temperature for two additional hours.
Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were obtained with a Bruker IFS 113v, single
heam Fourier-transform apectrophotometer using a globar
{siC) as infrared source and a HgldTe detector operating at
liguid nitrogen temperature. In view of the reactivity and
absorption capacity of carbonm surfaces, care wag taken to

avoid artefacts in the spectra that result from
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contamination. Spectra were recorded of the pure carbon
blacks as well as of the precursor catalysts, in order to
detect possible c¢hanges in  the spectral characteristics
arisging from molybdate deposition, FPrior te FTIR
measurement the samplez were dried at 393 K overnight in
air, together with the KBr reference material. KBr pellets
used for FTIR analysis contained 0.25° or 0.125 mg carbon
black or catalyst digpersed in 125 mg KEBr. Theze
digpersions were prepared from a ground and homogenized
standard sample (0.50 mg carbon or catalyst per 125 mg KBr)
via dilutien and homogenization (grinding in an agate mortar
for 10 min). Disks (13 mm) were pressed at 10,000 kg/cm2 in
vacuum (10 torr) and mounted in the evacuated sample
compartment of the spectrophotometer. A blank KBr (Merck,
"Uvasol fur Spactroscopie") disk was used az a rveference.
Typieally, 512 scans were run in both the reference and
zample beama at a resolution of 4 cm~l. The transmission
gpectra of the samplesg were cbtained by dividing each data
point of the spectra by the ¢orresponding data peint of the

reference KBr spectrum. Spectra were recorded in duple.
X-ray photoelectron spectroscopy (XPS)

XPF3 spectra of the carbons and precursor catalysts were
recorded on a Physical Electronics 550 XPS/AES spectrometer
equipped with a magnesium X-ray scurce (E=1253.6 av) and a
double paass cylindrical wmirrer analyzer. The powdered
samples were pressed on a stainlesa steel grid which was
mounted on top of the specimen holder, Spectra were
recorded in steps of 0,05 eV, The preasure did hot aexceed 5
x 107% torr and the temperature was approximately 298 K,
Spectra of the sulfided gatalyats were recorded on an AE] ES
200 spectrometer edquipped with a purified Ny flushed glave
hox attached to the XPS introdyction chamber. After
sulfidation, asz described above, the catalyst samples were
purged with purified He for 15 min at 673 ¥ and Subsequently
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coocled within 30 min to room temperature ia flowing He. A
special reactor [13] allowed transfer of the sulfided
samples to the XPS apparatus, without exposure to the air.
Samples were mounted on the specimen holder by means of
double sided adhssive tape. Spectra were recorded at 283 K
in steps of 0.1 eV, The C ls peak (284.6 eV) was used as

internal standard for binding energy calibration.
Dynamie exygen chemisorption (DOC)

After in situ sulfiding of the samples according to
the procedure praviously described, tha oxXygen
chemisorption of the pure sulfided carbon black supports and
the sulfided catalyst samples was measured at 333 K by
injecting 2.19 ml pulses of a 5.20 % Qy/He mixture at 3 min
intervals into the carrier gas flow, When effluent Q; peaks
had increased teo  constant size (le=ss than 1% difference
between twoe successive peaks) the total 0O, uptake was

calculated.
Transmission electron microscopy (TEM)

TEM measurements were ¢arried on a Jecl 200 CX top entry
stage microscope. rhotographs were taken at different
magnifications up to 630,000 times. Further enlargements
were made photographically. Samples were prepared by
applying 2 slurry of the aulfided catalysts in aleohol on to

a carbon coated copper grid, and evaporating the aleohol.
Therme gravimetrical analysis (TGA)
Weight losz of carbon samples upoﬁ heating in a N,

atmosphere were determined in a Mettler thermobalance up to

temperatures of 1173 K.
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RESULTS
Dispersion of precurser and sulfided catalysts

The dispersion of the molybdenum phasze was measured by
means of XPS in case of the precursor catalysts and via XPS,
pOC and TEM measurements in case of the sulfided catalysts.
Molybdenum particle =size can be determined from the Mo/C
photoelectron intensity ratio as outlined by Kerkhof and
Moulijn [14], In their model the catalyst is thought toe
consist of sheets of support with cubic active phase
crystallites of dimension ¢ deposited on both sidea. The
thickness of the sheets (t) is estimated from the density
( p) and the surface area (s} of the support : t = 2(ps)7 L.
It is assumed that the electrons leave the sample in a
direction perpendicular to the surface and that =a
Lambert-Beer type law is wvalid. Theoretical intensity
ratios can be caleculated for monclayer dispersion of the Mo
phase on the different supports, taking into account the
photoelectron transparancy of the support sheets. Deviation
of the experimentally found Mo 3d/C ls intensity ratio from
the «<calculated moneolayer ratio, indicates the presence of
crystallites, the average =ize (e} of which «can be

caloulated according to =

(Tyo/Iclexp
———————— =k /e [1 - exp(-a¢/A )]

[Tno/ ToTmono

with e = crystallite size
A = escape depth of Mo 3d electrons through the
Mo oxide (precursor catalyst) or Me sulfide phase
{sulfided catalysts)
In Table 2 the qguantitative XP8 data of the precursor and
sulfided catalysts are eollected, It c¢an be seen that for

the precurscor catalysts the particle sizes are small.



Table 2 ; Quantitative XPS data of carbon black-supported Mo catalyata
suppoct Wtk Mo theoeaticel I,./In oxidia state sulfided atate
ror maaolayar Mo Mo
GOy g [Tyo/Iplayp  pavticls [IpefIotayy particle
zize (nm)} aize (nm)
Hoenarch 700 1.4% 0033 0.027 0.6 0.01a G5
Menarch 1100 1.70 0,088 0.026 -7 0.0l4 3.2
Monarch 1300 4.06 0.057 G.050 0.4 2,025 3.5
Ketjen EC 7.08 0.09%9 G.u8? 2 n,013 13.5
Especially the Monarch 1300-supported catalyst is nearly

monolayer-like dispersed.
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Table 3 : Dynamic oxygen chemisorption on carben black-aupperted Mo sulfide catalysta.

auppott vt Mo total axydeh uptake oxygen uplake o
Qxygen uptake of the auppert of Mo-sulfide Mo

{me) 0O/g9 cat = 10y {mol ofg suppart = 104) {me) OFfg cat x 104)
onarch 700 1.45 0.54 0,19 Q.35 .23
onareh 1100 1.79 0.86 Q.37 0.50 .28
onareh L300 406 1.97 q.49 1.51 0,34
etjen EC 7.08 1.48 Q.83 0.74 Q.10

suppert. Hence, comparisen of the dispersion data derived
by means of XPS and DOC gives an indication of the
homogeneity of the sample, In Table 3 the DOC results of the
sulfided catalysts are collected. The values have been
corrected for the oxygen uptake of the carbon black
supports, which were determined in ageparate experiments.
The 0/Ma ratios are a measure for the dispersion of the
catalyst, viz., the higher this ratie, the higher catalyst
dispersion. As can be judged from these O/Mo ratios, a
clear digpersion difference is noticed among the catalysts.
Very interestingly, the DOC dispersicons correlate with those
measured by meana of XPS., This is graphically depicted in
Fig. 1, where (O/Mo)_l values are plotted against XPS
particle alize. From the linear correlation it appears that
the Mo sulfide phase 4is indeed homogenecusly dispersed on
the carbon surface. Hence, the caleulated XPS particle
zizes can be considered as being reliable,

as a last check on the dispersion of the catalysts we
performed TEM measurements of the sulfided Menarch 1300 and
Ketjen BC catalysts, Being the catalysts with the highest
and lowest dispersion, respectively. 1In case of the Monarch
1300=~gupported catalyast no partiale contours could be
discerned in the micregraphs, while for the Ketjen
EC-supported catalysat large particles were chaerved,
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B_
4—1
T T T T T T n
2 -] w0 4
particle sizeé nm
Fig, 1 Do¢ Me/0 raties versus XPS particle gige for
zulfided carbon black-supported Mo gulfide
catalysts, The estimated accuracy of the

measurements is indicated.

Figures 2 and 3 are typiecal micrographs of Mo-sulfide
particles on Ketjen EC support, taken at different
magnifications. Figure 2 shows the presence of large
particles (4 = 10-40 nm), while _Fig. 3 shows a high
resolution mierograph of a typical particle. The overall
hexagonal symme try of MG, ig clearly observed,
Furthermore, the graphitie layers of the carbon support can
ke noticed, and also lattice fringea in the particle
approximately 0.32 nm apart can be observed. These very
probably correspond to different layers of Mo ateoms in MoS,

viewed perpendicular to the basal planes.



Elaectron micrograph of

sulfided Mo/Ketjen EC
catalyst {mag. 64000 x).

Electron micrograph of

sulfided Mo/Ketien EC
catalyst (mag. 1008000 x) showing a Mo3, crystallite.
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Surface oxygen functionality on carben black supports

A measure of the total amount of oxygen functionality on
the carbon black supports was made by means of therme
gravimetrical analysis (TGA). In Fig. 4 the TGA curves are
depicted. Feor Monarch 1300 considerable weight loss is
noticed, although a large part (approximately 8 wt%) seems
to be due to water evaporation from the pores. Ketjen EC
has a very low oxygen functionality as can be judged from
the low weight loss. This finding was confirmed by element
analysis (combustion method) which indicated 927.1% ¢ ; 0.9%
H; 1.0% N and 1.0% O for Ketjen EC.

s}
4
2
1
8 -
%
weight
loss
16
3

| I T
673K 1073 K
temperature g

Fig. 4 Weight loss of carbon black supports upeon heating in
N?, {TGA).
{1) Menareh 700 ; (2) Mconarch 1100 ; {(3) Monarch
1300 ; {(4) Ketjen EC.
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The Fourier transform Iinfrared absorbance spectra of the
carbon blacks are presented in Fig. 5. The spectra consist
of small signals in the 800-1800 e~ region superimposed
upon a broad background whi¢h is almost a linear function of
the wavenumber. This background should be attributed to the
intrinsic absorption of the particular carben black rather
than to scattering [12]. Furhtermere, the apparant
background of the different samples obeys Beer's law in the
concentration tange studied, Unlike in other studies [}2,17]
ne moisturs peaks were detected in the 3200-3600 em 1
ragion, In order to extract the spectral features
superimposed on  the absorption background 2 linear baseline
with endpoints at 1800 and 800 em™! was substracted, The
resultant spectra are shown in Rig. 6. Twe bands are

sbgerved, centeared ar 1720 em™! ana 1600 cm“l. and a broad

envelope ranging from 1000 to 1500 ew 1. These bands in the
reselved spectra alse obey Beer's law in that the magnitude
of the absorbance {peakheight) ig linear with the
coneentration of carbon klack in the sample {0.25 or 0.125
mg carbon black per 125 mg KBr).

An obvicups feature of the spectra is that the bands are
all wvery brezd, which iz probably due to the range of
different electronic enviroments of a given functional
group. Remarkably, the spectral features of Ketjen EC are
the most intense in spite of ita low amount of funetieonal
groups, In the literature [12,17,18] the observed bkands are
related to the following absorption phenomena :

1720 em~l : 0=0 stretching freguencies of lactone,
aldehyde and mogt probably carboxylic
acid,

1600 em™l : skeletal modes of the arcomatic¢ carben
structure, enhanced by the presence of
surface oxygen groups,

1000-1500 cm™t : C-0 stretching fregquencies of carboxylic
acid, phenol, ethers, ete, and to bulk
abgorption proceases ¢f the ¢arbon black.
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Fig., 5 FPFTIR spectra of carbonblack samples.
(1) Monareh, 700 ; (2) Memarch 1100 3 (3) Monarch
1300 5 (4) Ketjen EC.
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Fig. & Baseline resolved carbon black FTIR spectra in the

1800-800 em~! range.

(1) Monareh 700 : (2) Monarch 110C ; (3) Monarch
1300 1 (4) Ketjen EC.
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In view of these assignments the following conclusions
can be drawn concerning the differvent carban blacks :

- Ketjen EC seems to have & gpecifie carbon structure,
diffarant fron other cacben blacks, which demonstrates high
IR abzerption in spite of a very low content of oxygen
functienal groups. Perhaps the highly graphiti¢ character,
the electrical conductivity nature or the hollow shell
particle atructure [12], detarmine these spectral features.

= The intensity of the 3pectral features of Monareh 1300,
1100 and 700 are proporticonal te the amount of oxygen
functionality.

- Monarch 1300 has a high content of carboxyl groups
(intensze 1720 em™ band) which is consigtent with the low pH
value of this black (pH=2.5) and the considerable weight
loss in the low (<700 &) temperature region of the TGA
pattern, which 1 associated with the decompesition «f
carboxyl groups inte QO5.

The ¢ ls XPS spectra of Monarch 1300 and Ketjen EC carbon
blacks are presented in Fig. 7. Extensive studies
[20-24] on the € ls core level binding enexgy shifts of a
wide range of compounds have demonstrated that these
shifts tend teo occur in groups, The following shifts in
binding energy £for carben=-otygen structures have been
cbserved : C-0,4E = + 1.6 eV ; C=0, AE = + 3.0 eV, and COOQ,
AE = + 4,0 = 4.5 eV, all relative to an aromatic carbon
atom not attached to oxygen, having a binding energy of
284.6 ev.

The overall € ls signals of Monareh 1300 and Ketjen EC are
very much alike, showing typical asymmetric tail structures
@en  the high binding energy side. Apart from the
contribution arising from the carbon-oxygen gtructures,
electron excitation [25] or interband transitions have bheen
reported to contribute to the tail structure. Menarch 1300
has the most intense satellite structures which is
consistent with its high amount of exygen funetionality.
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Fig. 7 C ls photoelectron signals of Monarch 1300 (1) and
Ketjen EC {2) carbon black.

Changes in oxygen funetionality on carbon black supports

after catalyst impregnation

In order to determine the changes in the FTIR ab=orbance
spectra of the impregnated precursor catalysts cempared to
the pure carbon blacks, the spectra recorded for the
catalyzts were substracted by means of the computer from
those reeorded for the unleaded e¢arbon blacks. In Fig. 8
the difference spectra (0.25 mg sample per 125 mg KBr) are
presented for the Ketjen EQ, Menarch 1100 and Menarch 1300
gamples. The difference spectra were found to be
reproducible. Generally speaking, ne¢ large differences in
apectral characteristics of the precursor catalysts compared

ro the pure asupports could be noticed, indic¢ating that no
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wavenumber cm™!

Fig, & FTIR difference spectra : ammoniumheptamolybdate
(agueous sgelutions) impregnated carbon black minus
unloaded carbon blacks.

(1) Monarch 1100 ; (2) Monarch 1300 ; (3) Ketjen EC,

large variatiens in the carbon surface oxygen functicnality
occurs upon impregnation with molybdate ions. However, the
following features can be discerned from Fig. 8 :

- For all samples studied a negative peak is present in the
=1

s2ems to be present around 1600 cm 1. This points to a

difference spectra around 1700 cm while a positive peak
shift of the 1600 em™! band in the catalysts relative te the
unlcaded carbon blacks.

~ For all samples a positive peak is present areund
900 cm_l.

- For the Monarch 1100 and Monarch 1300 gsamples a positive
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peak appears around 3400-3450 em™t in the difference
spactra.

The normalized difference spectra (precursor catalyst
minus pure support) of the C ls pheteelectron signal for the
Monarch 1300 and Ketjen EC =sample show no noticeable
difference in the tail structure of the C 1z peak of the
precuracr catalysts compared to the unleaded asupports. This
implies that XP3 detec¢is no major changes 1in the carbon
surface oxygen functionality of the carbon blacks upon
addition with molybdate iong,

DISCUSSION

It haz been shown that the dispersion of carbon-supported
particles largely depends on the surface properties of the
carben gubstrate. Walker and co-workers [26,27] observed a
diasrincr difference in asize distribution of platinum
particles supported " on a graphitized carbon black
subjected to varying levels of carbon burn-off. Dispersion
was found to increase with the extent of prior gasificatioen
of the carbon support. They propogsed that the effect of
gagification increased the heteregeneity of the carbon
surface which raised the peotential energy barrier for
platinum diffusion. Interestingly, the active carbon
surface atoms appeared to influence metal dispersion rather
than the oxygen functionality. In a comparative study on the
properties of iron-based catalysts supported on different
types of carbon substrates Greet et al. [28] observed a
diztingt variatien in dispersion of the iron sulfide
particles, the general trend being that on the more inert
support the lowest degree of dispersion was obtained.
Ehrburger et al. [29] observed that the surface area of iron
phthalocyanine particles depesited on carbon substrates was
higher on a heterogenecus carbon having both basal and edge

planes at its surface than ¢en a homogeneous carbon, the
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surface of which was composed only of basal planes.
Furthermore, they concluded that the oxygen. complexes
associated with the edge carbon atoms act as anchering sites
for the iron phthelocyanine particles and ensure a higher
state of digpersien, Finally, it was recognized by Vissers
et al, [10] that molybdenum szulfide was better dispersed
on an activated carbon support than on the more inert carbon
black ecomposite supports. A number of oxidative treatments
which resulted in an increase in the concentration of oxygen
functional groups; applied to a carbon composite support,
resulted in & higher activity of the c¢atalyst compared to
that of the untreated carbon-supported catalyst.

The available evidence indicates that two aspects of the
carbon surface, namely the concentration of active carbon
surface atoms and the presence of oxygen functicnal groups
can have an important influence on the catalytic properties
of carben-supported catalysts. The active carbon swrface
atoma are made up of defects, dislocations or
discontinuities in the carbon layers coreating edge atoms
with & high teandency to chemisérb other elements such as
oxygen and hydrogen to form functional groups. These
active carbon atoms or the oxygen groups could serve aas
anchor sites for the catalytic metal ionag added to the
carbon. Upon activation or oxidation of the carbon the
amount of active carbon surface and as a conseguence the
amount of oxygen functicnality increases and an improvement
in active phase dispersicn is observed.

In the present study an attempt was made te describe the
interaction of melybdate ions with ecarbon black surfaces.
From the dispersion measurements it became clear that the
molybdate ions were highly dispersed on the carbon surfaces
which indicates the existence of ar sufficiently strong
interaction between both phases. However, upon sulfidation
particle growth took place especially for the EKetjen ECQ
supported sample, which suggests that the interaction is

insufficient to maintain a high degree of digpersion during
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sulfiding and reactien conditions. This situation is
clearly different from that observed for alumina-supported
catalysts where upon sulfidation the Mo oxide monelayer
formed after impregnation and calcination is converted into
a2 "single =lab" Mo sulfide layer without loss of dispersicn
losa [30,31].

Comparison of the TGA results with the dispersion
measurements indicates ‘that dispersion is best for carbon
blacks with high oxygen functicnality, suvggesting that
oxygen funetionality is an  impertant factor which controls
the interaction between Mo and the carbon  suppert. Our
attempts to unravel the role of the oxygen functionality
were based on the supposition that, if a chemieal reaction
takes place between the molybdate ions and a specific oxygen
group, a change in the spectral characteristics of the
impregnated compared to the unleocaded carbon blacks will
become apparant. ¥PS measurements, however, indicated
nearly identical spectra for the precurser catalysts and the
unleoaded ¢arbon  blacks. The FTIR measurements, howevewr,
indicated some minor differences. The appearance of the 900
cm~! band in the IR spectra of the precurscer catalysts can
be ascribed to Mo=0 vibrations, which is congistent with the
spectrum of ammoniumheptamclybdate described in the
literature [32]. Evidently, this band provides ne
information on a possible interastion between molybdate and
the carbon surface, on the other hand the appearance of
3400 cw~! band and the shift of the 1600 cm'l band of the
precursor catalysts relative to the unloaded carbon blacks
supply some evidence of a possible interaction between both
phases. Before interpreting these results the significance
of the spectral differences presented in Fig. 8 need to be
discusased. There is little doubt about the reliability of
the 3400 cm™l band for several reasona. Firstly, the
reproducibility of this band ag measured 1in duple
experiments was very satisfactory. Secondly identical

spectral features (except for the magnitude) were observed
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for this band at the two different sample concentrations
(0.125 and 0.25 mg sample per 125 mg KBr), And thirdly, the
abaorbance of this band (approximately 0.03 abasorbance
units) 1is well above the limits of detectability which is +
0.005 absorbance units according to Mosher and prest [12],
and leower than ¢ 0.01 absorbance units according to our
duplo measurements. The shift of the 1600 cr™1 band is
¢clearly less pronounced ; although the repredacibility was
found to be satisfactory even in the different sample
concentrations, the absorbance of this band in the
difference spectra (+ 0.01 absorbanee units) (Pig. 8) is at
the limit of detectability. Furthermore, this shift can
alsc be cavsed by a Christiansen effeer [33,34] if the
particles (fused conglomerates of the primary carbon black
pacticles) of the precursor catalysts and unloaded carbon
black differ considerably in size.

Keeping in mind the abeove <onsiderations concerning the
religbhility of the difference spectra, the following
suggestions regarding the interaction of melyhdate with the
carbon black surfaces can be made. Consider firet the shift
of the 1600 cm ! band. A& was peinted out by Morterra and
Low [18] via oxidation of a carben with 1602 and 1802, the
1600 cm™! band must be agsigned to an aromatic C=C
vibration. It was suggested that an oxidized layer which iz
mainly formed by ether-like bondg ¢rosslinking the avromatie
substrate gives the polyaromatic network encugh dipole
moment change Auring vibration to make the C=C mode IR
active. 1In view of these results, our measurements indicate
that depoaition of wmolybdate on the carbon surface
influences this C=C vibration, either indirectly by changing
the properties of the ether~like bonds, or directly by
deposition of the molybdate aniens on the aromatic carkon
surface, In the latter casze the presence of oxygen
funetionality on the carbon surface is not reguired since
the interaction is based on a weak electrostatiec attraction

between molybdate and the underlying arcmatic =substrate.
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Thia in turn could explain the high dispersion of melybdate
on the low oxygen content but highly graphitic Ketjen EC
suppert. Furthermore, the possibility that such type of
adsorption interaction does ogeur iz corroborated by the
finding that considerable sintering of the Mo phase Ltakes
place during sulfidation of all carbon bklack-supported
catalysts due to the high wmobility of this Mo phase at
sulfiding temperatures,

However, in order to explain the difference in sintering
behavior of the Ma phase ameng the different carbon black
supported catalysts the presence of stronger interaction
sites has to be assumed for the Monarch based samples. In
this reapect the 3400 cem ! band which is present only for
the Monarch samples and totally absent in case of the Ketjen
EC sample might give an Aindication of the nature of the
interactison. The appearance of the 0O-H stretch vibratien in
the precuraor Monarch-supported catalysts cannot be caused
by O-H greups linked to molybdate since then one would
expect an  intense 3400 en™l band in the spectra of the
Ketjen BC based catalyst since this sample has the highest
amount of Mo. Therefore, it is concluded that the 3400 em™1
band must be attributed to the formation of O-H bonds on the
carbon surface, The appearance of such bopds upen
interaction of molybdate ione with the carben surface
functicnality can be visualized as a reaction between a
carbon surface aryl ether group and the molybdenum aniona
as depicted in Fig. 9.

In this mechanism ¢-O-#o bridging bonds are formed which
enaure a much strenger metal=gupport interaction, Hence, it
is suggested that 1ess sintering of the Mo phase will occur
when suech interactien sites are present, However, the
stability of the ether bond whieh ie known to react only
with hot concentrated acids, guestions such an interaction
mechanism. On the other hand it would account for the
proton consumption which has baan observed during

¢hemiszorption of molybdate on activated carbon [7].
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Fig. 9 Possible mechanism of the interactiona between
molybdenum aniong and an wether-like carbon surface

functional group.

Summarizing our results we can conclude that ne major
changes in the oxygen functionality of the carbon blacks
o¢turs upon impregnation with melybdate ions. Only by means
of FTIR some minor changes waere observed which could point
to a chemical reaction between aryl ether functienal group
and the molybdate ions. In view of these results it would
be interesting to determine whether the acstive carbon
surface atoms instead of the oxygen functionality determines
the dispersion of carbon-supported sulfide catalyats,
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CHAPTER 7

INFLUENCE OF PHQOSPHATE ON THE HDS ACTIVITY OF
CARBON-SUPPORTED MOLYBDENUM SULFIDE CATALYSTS.

ABSTRACT

Activated carbon supports which coentained variousg amounts
of phosphate, were prepared via pore volume impregnation,
drying and sulfiding with a constant amount of molybdenum
sulfide common for industrial applications. The thiophene
HDS activity of the catalysts was found to decrease
drastically with increasing amount of phosphate present.
Extraction results peinted to the formatien of a
12-molybdophosphate speciez in the precursor catalysis.
Upon sulfidation e¢nly MefS;-like species sould be detected in
the catalysts, irrespective of the amount of
12-molybdophosphate present in the precursor catalysts.
Dynamic oxygen <chemisorption as well as quantitative XPS
measurements indicated no variatien in size of the Mo5,
particles for catalysts with different phosphate loadings.
Thus, the poisoning effect of phosphate on the HDS activity
of Mo/C catalysts cannot be explained in terms of dispersien
variations or incomplete asulfidation. Hence, it is
coneluded  that the 12-melybdophosphate complex acts as a
precursor for a low activity species eonsisting of

MoS, particles alectronically influenced by phosphorus.
INTRODUCTION
alumina-supported molybdenum oxide or sulfide catalysts

and the cobalt or nickel prometed systems have been widely

examined with respect to their hydrodesulfurization (HDS)



capabilities. Although these conventional catalytic
engembles are achtive and stakle for hydrodesulfurization
reactions, the future needs for a more efficient utilization
of the various fossil fuel feedstocks reguire that catalysts
of yet higher activities and stabhilities are to be
developed.

It was reecognized in the past that phosphate added to the
above described catalystas acts as a promotor for
hydrodesulfurization (1-9), hydro- denitrogenation (2,4),
and hydrodematallization (5) reactions. Moreover,
pnhozphorus also provides iIncreased strength and heat
stability of the alumina gupport (10,11)}. Ooriginally,
phosphoric acid was added to increase the sclubility of the
precursor metal salt in the impregnation solutiens, the
advantage Dbeing that with a aingle impregnation astep.
catalysts can be prepared with metal compositions ctmman
for induestrial applications (2,3,12). Hence, the promotion
effect of pheoaphate on the HDS activity of alumina—-supported
catalysts was explained in terms of a more unifeorm
dispersion of the metal compounds on  the support surface
(2,32,7,8). In case the phosphate was incorporated into the
alumina support pricr to a conventional impregnation with a
metal salt soluticon, the observed promotion effect is more
difficult to explain. 1In this respect, it was =zuggested
that the function of phosphate is to inhibit the formation
of catalytrically inactive nickel (cobalt) aluminarte {13), or
to affect the repartition of the melybdenum phase (&) in the
catalysta.

In striking contradiction herewith, it was demonstrated
that phoszphate in carbon-supperted molybdenum-based HDS
catalysts should be regarded as a poison, able to
drastically lower the HDS activity of the catalysts
{(1l4-1a) . Thia dual character of phosphorus iz very
intriguing, the mere so0 because the chemistry by which it
Acts as A promotor on one hamd, or as a poison on the other

hand, has not bheen firmly established,
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The present study aims to =shed more light on this problem
by avaluating the properties of phosphate containing,
activated carbon=-supported Mo catalysts. A @aseries of
catalysts samples with varying phosphate content and nearly
constant Mo content were prepared and tested for their
thicphene HDS3 activity. X-rav photoelectron spectroscopy,
31p s0lid state NMR and dynamic oxygen chemisorption were

uzed te characterize the catalysts.

EXPERIMENTAL
Catalyst preparation

The support used was an activated carbon (Horit RX3 extra.,
B.E.T. surface area 1190 m2/g and pore volume 1.0 wl/g).
Various amounta of phosphaté were added by immersing the
support in Hy0-H3POy solutione with different H3PO,
concentrations. After refluxing for 1 h,; when meost of the
phogphate was chemisorbed by the carbon, the aamples were
filtered off and dried at 383 K. The phosphate content was
determined according to a standard procedure (17).

Catalysts were prepared on the phosphate-containing carbeon
supports by pore velume impregnation using aguecus solutions
of ammonium heptamolybdate such as to obtain a constant Mo
loading of approximately 0.5 Mo at nm™ 2 (8.0 wt% Me). The
exact catalyst composition was checked by meana of atemic
absorption spectroscopy. After impregnation the catalysts
were dried in air, starting at 293 K and increasing up to
383 K ip 1.5 h where they were kept overnight. ¢atalysts
are denoted as Mo-P(x)/C with x being the wt% of phephate in
the catalysts.

Catalyst activity measurements

Activities for thicphene hydrodesulfurization (HD3) were



mgasured in a microflowreactor operating at 673 K and
atmospheric pressure. The feed congisted of a 6.2 vol%
thiophene in H, flow, the flowrate was 50 wl/min and the
catalyst charge 200 mg. Data points were taken at different
time intervale and analyzed by on=line gas chromatography.

The conversion of thiophene after a 2 h run was taken to

calculate the firast order rate constant for
hydredesulfurization and the rate constant for the
congecutive butene hydrogenation reaction (l8). Prier to

activity measurement the catalysts were presulfided in situ
in a Hy8/H; flow (10 mol% H,5, total flow rate 60 ml/min)
using the following temperature program ; linear increase
from 293 K to 673 K over 1 h, followed by an extended
sulfiding at 673 XK for 2 h,

Catalyst charactarisation

Soime catalyst samples were characterized wusing the
following techniques :

(1) 1In situ dynamic oxygen chemiserption (DOG) was carried
out in order teo obtain a measure for the active surface
area of sulfided catalysts as has been deseribed elaewhere
(19). After sulfidation according to the procedure
described above the samples were purged in purified He (0,
content << 1072 ppm) for 15 min and subsequently cooled
within 30 min to 333 K under flowing He. Oxygen
chemisorption was measured at 333 K by injecting 2.19 mi
pulzes of a 5.2% Oz/He mixture, at 3 wmin intervals, inte the
He carrier gas f£low. When affluent 05 peaks had increased
to congtant size, the total O, uptake was calculated,

(2) XZPS spectra of the oxidie samples were recorded on a
Physical Electronics 550 XPS/AES spectrometer eguipped with
a magnesium X-ray source (E<1253.6 eV) and a double pass
eylindrical mirror analyzer. The powdered samples were
pressed on a stainless steael mesh which was mounted on top

of the speecimen holder. Spectra were recorded in steps of
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Q.05 ev. The pressure did not exceed 5 x 1078 torr and
temperature was approximately 293 K, Spectra of the
sulfided samples were recorded on an AEI ES 200 spectrometer
squipped with a purified N, flushed glove box attached to
the XPS3 introduction chamber, After sulfidation according
to the procedure described above the catalyst samples were
purged with purified He for 15 min at 873 K and subsequently
cooled within 30 min to room temperature in flowing He. A
special reactor (20) allowed transfer of the sulfided
samples to the XPS apparatus, without expesure to air, The
s2amples ware mountad on the specimen helder by means of
double-sided adhesive tape. &pectra were recorded at 283
K in ateps of 0.1 e¥. The C la peak (284.6 eV} was used as
internal standard for binding energy calibration.

(3) 3lp_s01id =tate MAS NMR spectra were recorded on a
Bruker CXP-300 spectrometer, Typically 0.12 g of sample
was used, and 90 pulaes were applied at 1214 MHz at 20 =
intervals. 40 FID's were accumulated in 2 K data pointa
zero—filled to 8 K, £f£ollowed by Fourier tranaformation {(line
broadening 25 Hz). The chemical shift is measured with
respect to 80% phosphoric acid. No crosspolarization was
applied.

{4) Determination of the amount of extractable phoaphate
was c¢arrcried out as follows : x g sample was refluxed for 1 h
in a solutien eontaining 10 times x ml Hy0  and  x ml
coneenrtrated HCIL, After filtratien, 10 ml of a standard
(17) ammonjumheptamolybdate-ascorbic acid solution was added
to the extract. In this way the blue melybdophosphate
complex is formed, the concentration of which can be

determined photometrically.
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RESULTS

In Table 1 the catalyst compesitions and the HDS activity
test results are collected. It =should be noticed that
0.026% P043_ was present on the pure carben support, in
apite of the faect that it had been industrially washed with
HCL. It is 2een that by adding small amcunte of phosphate,
the HDS activity of the «catalystse drops tremendously until
ultimately in the highest pheosphate ¢ontent zample a 90%
decrease in activity isa measured. In agreement with
previous publicaticons (l4-16), these results e«learly show
that pheaphate, even when present in very small
concentratrions, has a severe poisoning effect on the
thiophene HDS activity of Mo/C catalysts. The butene
hydrogenation capability seems less affected by phosphate

only a decrease of about 40% iz measured for the Mo-P{2.7}/C

sample.
Tabla 1, Catalytle Properties of Me~F(x)/C catalyata.
Catalyat composition Aotivity
Hydrodesulfurization Hydrogonation
wid oy web e kupg * 207 otor x 103 kgyp * 108
(mafkg.a) Wel thiophana (ma/kg-n)
mpl Mo, 4
Q.02 783 .7 N 8.0
Q.10 8.32 Z.4 a1l 7.6
Q.17 2.06 z.0 2.6 7.0
Q.28 .46 1.8 2.2 5.9
Q.47 8.80 1.3 1.6 5.2
0.66 9.20 1.1 1.3 4.4
2.7 7.40 0.3 0.4 5.2

At first it is important to estaklish whether in the
precursor catalyet the molybdate ions interact with
phosphate to form molybdophosphate species or whether
molybdate and phosphate exist as separate phases on the
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carbon surface. In order to distinguish among the two
possibilities the amount of HCl extractable phosphate in
the Mo-P(x)/C catalysts waa determined. Phosphate which is
present as a molybdophosphate complex is not extracted in
this way (12,17). Neo phosphate could be extracted £rom the
catalysts except for the Mo-P(2.7)}/C sample where 2.08 wt%
PO, 3"
experiments it becomes clear that a molybdephosphate is

was found to be extractable. On the basis of these

actually formed in the c¢atalystsa, The atoichiometry of
this complex can be estimated from the extraction results
of the Mo-B(2.7}/C sample, where it was found that 0,62 wt%
P043_ combine with 7.4 wt3% Mo, or a Mo to P ratio of
approximately 12. Interestingly, this wvalue correasponds
very ¢losely with that of known molybdophosphate complexes
(P04M012036)3_. Furthermore, 8ince no phoaphate could be
extracted unless it is in excess relative to the amount
required to form the l12-molvbhdophosphate complex
(Mo—P(2.7)/C), 1t can be concluded that the complex forming
reaction is fast and complete.

The presence of this 1lZ2-molvbdophoaphate complex in the
precursovr catalysts wasg examined by means of
3lp_gz5lid state NMR measurements. TIn Fig. 1 the spectra of
the li=molykhdophosphoric acid (H3(PO4M012036).H20 {Janssgsen
Pharmaceutica) reference compoynd togather with
the P(3)/C (precursor sample for the Mo-P(2.7)/C sample)
and Mo-P(2.7}/C Bamples are depicted. While the
l12-molybdophosphoric acid shows a sharp peak around —Zppm,
the P(3)/C sample has a rather broad signal around —4ppm.
Upon addition of Mo (Mo-p(2.7)/C zample); the P 2ignal,
when compared to the signal of the unlcaded support
(P{3)/C), broadens and shows a slight shift towards a lower
ppm value., Although these spectral changes are small, they
are not conflicting with the farmation of the
l2-molybdophosphate complex since the latter spectrum can be
understood to contain ¢ontributions of the
l2=-molybdophosphate complex and phoaphate, deposited on the
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~

Fig.

i

3lP-MAS--solid state NMER apectra of
1 : 12-molybdophosphate acid

2 1 BP(3)/C

3 : precursor Mo-pP(2.7)/C catalyst.
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carbon surface. (It is to be noted that this sample
contained excess phosphate).

In order to study the effect of phosphate addition on the
properties of precursor and gulfided Mo/C catalysts a
comparative XPS and DOC gtudy was performed using the
catalysts with the lowest and highest phosphate content as
reference gamples. The results are collected in fable 2.
Surprigingly, the data obtained for both zamples are
essentially similar. Thus 1in the precurscr state only
highly dispersed Mco(VI) is present while the actually active
sulfided =state contains small MoS;-like particles which
according teo the DOC reszults have a high fraction of active
surface area. These results seem t¢ bhe ¢conflicting with
the HDS ac¢tivity data measured for these catalysts, Because
the P 2p XPS signal was estimated to be very weak, no

attempt was made to measure ite intensity.

Table 2 : Catalyst charagterization

Mo(7.93) = P{D.02}/0 Mo{7.40) - B[2.7)/¢

l. Xes

a. oxidic state

Mo 3&5/2‘3/2 B.E. {eV) 232,58 235.7 232.6 235.8
Ine/Ig 0,095 0.088
particle =ize <1.¢ nm 1.0 nm

b. =sulfided satate

L] 365/2’3/2 B.E, (av) 22%.3 232.4 229 .3 232.4.
E 2p E.E, (aV) 162.8 162.8
Tuo#Io 0.078 0,066
pacticle gize 1.8 nm 2.0 nm
5/Mo atomic ratis l.90 1.986

2. DoC

Oo/Me ratis G, 24 0.22
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RISCUSSION
Precursor catalyst

The rezults of the extracticn {and 3lpogolid state NMR )
Measurements show that the phosphate present on the carbon
surface dnteracts with the melybdate ions and forms a
l2=melybdophosphate complex, mest likely acecording to the
following reaction :

7 P00 4 12(NHg)g Mog0y,.4Ha0 + 7287 —
7 (NHg) 5[ PO4(MO) 3046} 1. 12H,0 + 51 nH,™

Such a complex consists of four groups of three MoOj3
octahedra with the P atom located in the center of the
complex, tetrahedrally surrounded by oxygen (21).
Evidently, although our findings point te the formaticon of
this particular complex, other types of molybdophosphate
speclies cannot be fully execluded.

The preasnce of molybdophosphate complexes were not
abserved by means of XPS, the cbviocus reasons being @

- That ne shift in Mo 3d binding energy is to be expected
since Mo 1is octahedrally surrounded by oxygen in  the
melykdeophosphate complex as well as in the ieopelymelybdate
structures.

= That the size of rthe molybdophosphate complex is
comparable te that of the iscpolymolybdate species (e.g.

6
M0702d )+

Sulfided catalyst

Previously {15,16), we assumed that Mo-P(x)/C catalyets,
due to the formation ef molybdophosphate complexes, were
difficult to sulfide or non-sulfidable at all. In this way.
the low HDS activities of thege catalysts could be
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explained. Clearly, these assumptions must be rejected on
the bazis of the present KPS results, The XPS peak
shapes, binding energies and §/Mo ratio provéd that a
MoS;-1like phase is present in both the low and the high
phosphate content samples, Apparantly, P is not sulfided
since the 8/Mo ratio i3 remarkably close to 2 for the
Mo-$(2,7)/C c¢atalyst. Furthermore, guantitative XPS and
oxygen chemigerption analysis do not shaw a difference in
molybdenum sulfide particle size and amount aof
oxygen=detectable Mo surface sites batween sulfided
catalysts with l1low and high phosphate content. Yet, these
catalyats demonstrate a tremendous difference 1in HDS
activity. These puzzling results indicate that the
poisoning effeet of phosphate on the HDS activity of
carbon-supported Mo catalysts is more complicated than
thought before,.

Evidently the low activity of the gulfided
Mo-P(x)/C catalysts can only be explained if an intimite
cantact exists betwean the MoS; phase and the phosphate
iens. In this respect it is Jlogic to assume that the
l2-molybdophosphate c¢omplex acts as a precuracr for such a
phase. In Fig. 2 the HDS activity expressed per mel Mo
(oTOF value} is plotted versus the calculated relative
amount of 12Z-molybdophosphate present in the precursor
catalysts, assuming that a complete reaction takes place
between the phesphate and molybdate ions to form the complex
{in agreement with the axtraction results).
Interestingly, a linear relationship is observed, indicating
that the HDS activity of Mo-P{x)/C «c¢atalysts can be
described as the sum of two aectivities, namely :

OTOF (x10%) = 3.7 (1 - f£,,5) + 0.4 £p
with fy,p being the fraction of Mo present in the

l2-melybdophoaphate configuration.

The above relationship contains some interesting features.
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QTOF 2 -
x10

T 1
50 100

7 molybdophoshate

Fig. 2 Thiophene HDS activity per mol Me {QTOF value
expressed in mel thiophene per mol Mo per second) of
sulfided Mo-P(x)/C catalysts as a function of Mo
present in tha precursor catalyests as

l2=molybdophosphate.

indeed, one has to keep in mind that the amount of
12-molybdophosphate is a characteristic of the oxidic
precursor catalysts while the HDS adtivity is measured for
the sulfided szamples. Therefore, in view of the linear
correlation it must be concluded that 1 phesphate melecule
Xille the aecrivity of 12 MoS5; units (QTOF value decreases
from 3,7 1072% te 0.4 x 10'3). The cbservation of this 12
Mo to 1 P stoichiometry which apparantly also holds for the
sulfided catalysts iz intriguing in view of the fact that
considerable asintering of the Mo phase occurs during

conversion from precursor to sulfided state. Hence, this



135

suggests that during sulfidatien of a l2-molybdophosphate,
phophorus remains in centact with its surrounding Mo atoms.

Unfortunately, besides the indication of a 12 Mo to 1 P
stoichiometry, it is not possible with the present results
to obtain detailed information on the astructure of the
Mo8,-P species. More research efforts will also be needed to
explain how P interacts with the surrounding MeS; phase, and
as such decreasea the «capability for hydrodesulfurization.
Evidently, based on the DOC results and the observation that
small amounts of phosphate have a tremendous effect on the
HDS activity of Mo/C catalysts, it is not likely that the
poisoning effect of phosphate can be explained in terms of
segregation of phesphate to the MoS, edge planes, phyzigally
blocking the active gites for the reactant molecules.
Rather an interaction altering the electronic structure of
the active sites has to be visualized. In this respect, P
can be present either as a p3- depant in the MoS, phase or
as phosphate in intimite contact with MoS,. In the latter
cage, P-0-Mo bridging bonds might form on exposed Mo edge
atoms, thus leading to a situation analogous to the Al-O0-Mo
bonds in sulfided Mo/Ala0, catalyats., This strong
metal=-phesphate interaction might lower the HDS activity of
the MoS, phase in a manner similar as the strong
metal-alumina suppert interaction lowers the HDS activity of
Me/Ala04 catalysts (23-25).

Finally, in view of the results obtained in this study, it
is unlikely that in alumina-supported catalysts Mo-P spacies
are formed, since this would lower the HDS activity of the
catalyst instead of promoting it. The strong interaction of
alumina with phosphate ions, resulting in the formation of
AlPO, species (11,22}, apparently prevents formation of such
complexes on alumina. In this respect the addition of
phosphate might prevent deposition of molybdate on the
strong adsorption sgites of the alumina surface. This could
explain the promoting effect since strong metal-support

interactions must be avelded in order to obtain highly



active catalysts (23-25}.

CONCLUSIONS

The thiophene HDS activity of ecarben-supported molybdenum
sulfide catalyats decreases drastically upon additien. of
phosphate. It was shown that in the precursor catalysts a
12-molybdophosphate complex was formed via reactions of the
phosphate with the impregnated molybdate ions. In the
sulfided catalyats only well-dispersed MoS,-like particles
could be detected irrespective of phosphate content. It was
suggested that the 12-molybdophesphate complex iz a
precursor fer & MoS;-P phase which has poor catalytic

properties.
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CHAPTER 8

CARBON BLACK COMPOSITES AS CARRIER
MATERIALS FOR SULFIDE CATALYSTE.

ABSTRACT,

Yarisus carbon blacks, differing, amongst others, in
particle size and aurface area, were used to prepare carhon
black composites by mixing the carboh particles with a
pelyfurfuryl aleohol binder and subsequently carbonizing the
binder material at elevated temperatures, Textural
properties of the composites were found to vary according to
the carbon black subsztrate properties, The compozites
demonstrated promising textural properties (B.E.T.
gurface area ranging from 120-730 mz/g 7 % mescporosity

ranging from 50~%0 %) for use as gaupports for sulfide

catalysts. Me sulfide catalysts were prepared on the
composite supports and evaluated for their thiophene HDS
activity at atmogpheric preasure, Due to the inert
character eof the compeogite anrface, sintering of the

Mo-phase took place during sulfidation as was observed by
X-ray photoelectrron spectroscopy. Therefore, the composites
were subjected to several oxidative treatmentz to inecrease
their surface heterogeneity and thus their affinity towards
the deposited Mo-phage., A HNC; treatment demonstrated the

most promising results,

INTRODUCTION

Hydroprocesazing of petroleum based feedstocka over

zatalysts such as cobalt sulfide promoted molybdenum sulfide



139

supported on porous Al,Qz, has been carried cut for ovar
sixty years now. Such applications include sulfur remcval
(hydrodeaulfurization (RDS) )}, nitrogen removal
(hydrodenitrogenation), and product quality improvement
{hydroconversion). In the future more and more conversion of
heavy inte light oil fractions will be needed in Western
Burope Lo meet the surplus of heavy fracticons. In order to
meet these reguirements, 'a new generation of transition
metal sulfide catalysts are needed with higher activities,
bettér selectivity to desired products, and greater
resistance to poisons.

In this respect the usze of carbon as a support is of
particular interest, since recently {(1,2,3} it was found
that Mo-based carbon-supported catalysts had mueh higher HDS
activities than the corresponding alumina-supported
catalysts. Interestingly, when supported on carbon, the
promotor Co and Ni sulfides showed higher (Co) or equal (Ni)
HDS activities than Mo or W disulfide {(4,5). Furthermore
the application of carbon-gupported sulfide catalysts for
the conversion of residua (high in metal content), would
make it possible to easily recover the transition metal
valuables from spent catalysts by burning off the carbon
carrier, In addition, it has been shown that carbon
supports have lower coking propensities for anthracene than
alumina supperts (6). FPor alumina-supported Mo catalysts a
correspondence between thiophene HDS activity and reactions
which result in c¢arbon depogition was observed (7). The
rate of carben deposaition on carbon-supported catalysts
appeared to be insensitive to the nature of the metal,
whereas HDS activity was not. Consequently, it seemed
posasible to  enhance HDS aétivity without an attendant
increaze in coking propensity. In this respect,
carbon-supported catalysts should maintain their HDS
activity over extended periedas of wperation.

However, most carbon materials have an important drawback

in practicle applications, namaly their pore structure



merely conaists of mieropores inaccessible for large
sulfur=containing molecules preaent in industrial
feedstoecks, For most carbon materials enlarging the meso-
and macropore structure will be at the expense of their
mechanical properties, vesulting in materials with poor
crushing strength. One possible way to circumvent these
problems is the use of c¢arbon covered alumina (CCA) as
gupport material (8), which is prepared by covering the
Al,03 surface with a thin layer of carbon (deposited via
hydrocarbon pyrolyses) prior to impregnation of the
trangition metals.

In the present paper a completely different approach is
presented , which describes the application of carbon black
compogite type carrier materials (dencted ¢BC) for HDS
catalysts. These carbon materials which can be prepared
raelatively easily, have little microperosity and an
extensive mesoporesity with a narrow and adjustable pore
size distribution (9). The HDS performance of Me sulfide
catalysts supported on CBC supperts iz evaluated. In
addition, various treatments were applied on the carbon
supports in order to modify the carbon surface affinity
towards the depeogited active phase. Furthermore X-ray
photoelectron spectroscopy was used to determine the degree

of Mo dispersion In some Ma/CBC catalvsts.

EXPERIMENTAL.
Preparation of carbon black composites,

CBC type supports ware prepared according te a methed
degcribed by Schmitt et al. {9). Partially polymerised
furfurylalcohol (PFA) that was used as organic binder
material was prepared as follows : a sclution centaining 200
ml furfurylaleohel, 200 ml Hy0 and 1 m) concentrated Hp50,

was heated at 363 K for 10 min under stirring. A polymericg



141

phase {(PFA) precipitates. Commercially (Cakbot, Ketjen)
available carbon blacks with different properties (Table 1)
were selected as= substrates. FPreparation of carbon black
composites was performed by dissolving 10 g of PFA in 100 ml
of acetone. To this aclution 40 - 60 g carbon black was
added. After thorough mixing, the resulting composition was
heated overnight at 383 K to volatize off the acetone
present. The reszulting carbsnacdasus bedy was heated
{pyrolyzed) under flowing N; teo 923 K in 1 h and kept at
this temperature for an additional heur. In the f£ollowing,
the carbon black composites will be denoted by the type of
carbeon black and the ratio carbkon black cover binder which is

given in parentheses, e.g. SAF-(4),

Table 1 : Properties of carbon blagka

carbon black particle diamcter¥| pove velume SpEr
(nm} {ml/g) (n?ry)
Shr 25 1.01 13a
Monargh 1300 13 1.66 673
Monarch 1100 14 1.37 261
Menarch 700 18 1.9 20z
Ketjen EC 30 4.4 1010

* according to the manufacturer.

Textural properties.

From the N5 adsorption-desorption isotherms determined at
77 K on a Carlo—Erba sorptomatic 1800, the surface atrea and
the pore size distribution were ecalculated by using the BET

equation and the Kelvin egquation rvespectively.
CBC treatments,
Four different treatments were applied :

1. HCl treatment : 5 g CBC wag added to a selution of 15
ml concentrated HCL in 200 ml  H,0. After boiling for 1 h
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the carbon was filtrated and subsequently washed with
boiling H,0 until the effluent pH was about 7. The carbon
wag then dried overnight in aiy at 383 K,

2. KMnQy + H3504 treatment (10) : 10 g CBC was added to
100 wml aqueous solution containing 0.2 M KMno, and 2 M
H480,4. After estirring for 25 min the carbon was filtrated
and washed with cold and hot (363 K) Hp0 until a pH of about
7 was reached. The carbon waz subseqguently dried overnight
in airx at 383 K.

3. Moisr air treatment (11) =: 5 ¢ composite was placed in
a quartz reactor and heated to 558 K. An air water-vapour
mixture (total preassure 1 atm, pH2D = 17 torr), generated by
bubbling air through distilled water maintained at 293 K,
was passed through the carbon bed at 200 ml/min for 20 h.

4. HNO3 treatment (11} : A suspension containing 5 g
composite in 50 ml concentrated HNO, was heated te 353 K for
a 10-12 h period. Thereafter the carbonaceous material
was washed until neutral pH indication of the effluent wash

water, and dried overnight in air at 383 K.
Catalysat preparation.

The various CBC samples were impregnated (pore veolume
impregnation} with an aguegus golution of ammonium
heptamolybdate (Merck, min 99%)., In order teo compensate for
variations in surface area of the various supports used, the
concentration of ammenium heptamolybdate was adjusted in
such a way that for each catalyst the suppert surface
loading was approximately 0.5 Mo atoms per nm?. After
impregnatien the samples were dried in air, stavting at 293
¥ and slowly inererasing up to 383 K where they were kept

overnight.
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Activity measurements.

Catalysts (200 mg) were presulfided in aitu in a HpS/H,
flow (10 mol% Hs&, total fleow rate 60 ml/min) using the
following temperature program : linear increase from 293 XK
te 673 K in 1 h and holding at this temperature for twe
additional hours, After sulfiding, a flow {50 ml/min} of
thicphene (6.2 mol%) in Hy was led over the catalyst at 673
K and atmospheric¢ pressure. The conversion of thiophene to
butane, butenss and HyS weasured after a 2 h run was taken
to calculate the activity per mel Mo (QTOF = Quasi Turn-Over
Freguency, expressed in mol thiephene ¢onverted per mol Mo

per gecond).
XP5 measurenments

XPS aspectra of the oxidig precursecr samples were recorded
on a Physical Electronics 550 XPS/AES spectrometer eguipped
with a magnesium X~-ray source (B = 1253.,6 2v) and a double
pass cylindral mirrer analyzer. The powdered samples were
pressed on a stainless steel megh which was mounted on top
of the =zpecimen holder. Spectra were recorded in steps of
0.05 V. The pressura did not exceed 5 x 1075 torr and
temperature wag approximately 293 K. Spectra of the sulfided
samples were recorded on an AEY E5 200 spectrometer eguipped
with a dry Ny-flushed glove box attached to the XPS
apparatus, After sulfidation according to the procedure
described above, the catalysts were purged with purified He
for 1/4 h at 673 K and =subsequently coecled within 0,5 h teo
room temperature in flowing He. A special reactor (12)
allowed transfer of the sulfided samples to the glove box,
without expesure to airxr. The samples were mounted on the
specimen holder by means of double-sided adhesive tape.
Spectra vere recorded at 283 K in steps of 0.1 eV,
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RESULTS AND DISCUSSION.
Textural properties of CBC supports.

CBC =support materials are formed by binding the carbon
black particles together in packed relationship with a
carbeon binder (PFA). The use of such binder improves the
mechanical properties of the final CBC wmaterial because
pyrolyzed PFA is in fact a glassy ¢arbon known for ita
cutstanding mechanical properties (13). An  important
variable in the preparation is the £filler (carben
black)-to-binder (PFA) ratio. Varying this ratioc allows
materials differing in surface area and pore size
distribution to be obtained. A series of CBC's with the
filler tc binder ratio varying from 6 to 1 was prepared
using the SAF carbon black, In fTable 2 the textural
properties are collected. Evidently, at the high SAF/PFA
ratio the composite resembles very much the original carbon
black, while with decreasing ratic the carbon molecular
sieve character (13) (micropores) of the carbonized PFA
becomes apparemt. It is clear that although the SAF-(1)

sample has a higher mechanical strendgth, the aim to produce

Table 2 7 Peoperties of SAF coempoaltes

Eurface azca SaF-{g)* FAF=(a]) SAP-(3) SAF-{1}
(n?/a)
Sgpr 134 152 148 229
5 micropores 54 76 &1 176
{rzl.5% nm)
5 memo * MaGEo 20 78 &7 59
pores
{r*1.5 nin)

# numbara in parcntheaes ceprtesent carkon blagk over binder ratio's
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& carbon suppert with extensive mesoporosity is obviously
not met by this sample. Therefore in the present study
filler to PFA ratiog were kept between & and 4. Az a
result, the COBC texture is to a large extent dependent upon
the original properties of the carbenr black used, since the
intergtices in between the acarben black spheres form the
pores of the cCBC (9], Variation in carbon black sphere
properties (see Table 1) will, thus lead to CBC's with
different pore size distributiona. In fTable 3 the results
obtained for the various CBC supperts prepared are
summarized, and in Fig. 1 the pore gize distributions are
presented. For comparison also a commercial A1203 support
(Ketjen, grade B) and an activated carbon (Norit RO3) have
been included. These results show that, depending on the
carbon black substrate used, it is possible to prepare CBC
type carrier materials with a largely varying texture., Very
important in this respect is the carbon black sphere size
(Table 1} which controls the pore siZe distribution in
CBC's. Large carbon black spheres (SAF, Meonarch 700) lead
to a pore size distribution in the resulting CBC ¢entered

around larger pores, while small carbon black particles lead

Table 3 : Propavties of composites

duppert Sgpp T surface area pore
(mzfg) in meag= ang valume
magropores (rr1.5 nm)| (ml/g)
Sap-(4)* 132 50 Q.78
Monatghn  700-(4) iz0 70 1.06
Monarch 1100-(4) 130 40 0.9
Monarch 1300=(6) 458 a0 1.05
Ketjen BC-(5) 726 73 1.7
Alg03 270 21 1.a8
(Ketien, grade B)
Nerit RO3 active 1950 25 Q.75
carkon

* numbarz in parenthescs repyesent carbon black to binder ratio's
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Fig. 1 Pore size distributions of carbon black cemposites.

1 : SAF-(4) 2 : Manarch 7Q00=(4)
3 : Monarch 11Q0-(4) 4 : Monarch 1300-(6)
5 : Ketjen EC—(5) 6 2 Y -Al,0n grade B
7 Norit RO3 activated carben.

to CBG's with asmaller pores (Menarch 1100, Meonarch 1300).
The CBC prepared using Ketjen BC carben black iz an
exceptional sample, showing very high porosity due to the
hellow shell structure (14) of the carbon black partieles.
These hollow shell particles form large cavities, but the
pores are of the inkbottle type as was concluded from the
hysteresis curve of the nitregen adsorption-desorption

izsotherms.



In view of their use as supports for HDS catalyats, it i=s
impertant to note that the composites indeed have much more
favourable textural properties than activated carbon, i.e.
most of the poreg are in the transitional region aince they
arise from the geometrical ocuter surface of the carbon black
particles, whereas the micropore region is most developed in
the case of activated carbons. Purthermore, it zeems
possible to prepare composite carrier materials having bi-or
trimodal pore size distribution by braperly mixing carbon
blacks with different particle sizes. Finally the
mechanical strength of the CBC can be selected by varying
the ratie filler (carben black) over carben-yielding binder
(PFa).

Thicphene HDS activity of Mo/CBC catalysts.

The regults of the thiophene activity tests are collected
in Table 4, Thicphene, having small molecular dimensions,
is able to penetrate in the major part of the pore system of
the catalyst ingluding most of its mieroperes. The reported
activities should therefore be regarded as a measure of the

fable d : Thiophene HDS activity <f He/CBC catalysts

catalyst® eatalyat activity
¥ 107
(mol thiaphana/mol Mo.a}

1_1% Mo/EAF-(4)3*

1.0% Mo/Monarch 700-(4)
0.8% Mo/Monarch 1100-(4)
2.4% Mo/Monarch 1300=(6)
4.7% Mo/Katjen EC~(5)
2.1% Mo/Rly0y

T.4% Mo/Norit RO2

[ R P T T
RO T R I -]

¥ wth Mo was chooden In such & way as to
atain a surface loading of 8.5 Mo a:oma/nmz.
** of. Taklea 2 and 3.
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intrinsic activity of the catalyst (related teo the active
phase dispersion), irrespective of the textural properties
of the support. Bvidently: the textural characteristics
will be of prime importance when hydroprocessing of
industrial feedstocks is concerned.

As shown in fTakle 4, Me/CBC catalysts demonstrate
intrinsic HDS activities varying between 1.0 and 2.5 x 1073
mol thiophene <converted per mol Mo per second ; values that
are intermediate between the HDS activity reported for the
correspending alumina-— and activated carbon-supported
catalysts. These findings demonstrate once more that
sulfides supported on catrben carriers are more effective in
catalyzing the hydrogenolyzis of sulfur-bearing molecules
than the corresponding alumina-supported systems (1-5,8).

The observation that Me/CBC ¢catalysts are less active than
the correspending activated carbon supported catalyats
deservesz further attention. Due to the preparation methed
(pyrolyais at 923 K) , the surface of the composites has low
oxygen functionality. This is demenstrated in Fig. 2 which
shows the weight Jloss due te the evolution {as 00, and co)
of thermally unstable oxygen functional groups as determined
by thermo gravimetric analysis (heat treatment in Ny up teo
1173 k), Since, for the pure carbon blacks (except Monarch
1300) no weight 1leoss was recorded in the &873- 1173 K
region, and pyrelysis of the composites was carried out at
923 K, it is evident that the weight loss observed for the
CPBC materials in the 873-1173 K temperature regien (cf. Fig.
2) is due to further carbonization of the binder, instead of
to loss of cxygen functisnality at the carben esurface. This
low oxygen content reflects the inert character of the
carbon surface (15). Az a conseqguence the precursor
molybdate ions will be weakly bended to the composite
surface. 1In the oxidic precursoy =ztate the molybdenum phase
might =till be reasocnably dispersed, but duving sulfiding
{up te 673 X the Mo ions become mobile and will start

migrating over the carbon surface to form rather large MoSp
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Fig. 2 Thermo gravimetric analysis of carbon black
composites. Weight loss measured while heating the
zample in Ny up to 1173 K.

1 : 3ar-(4) 2 ; Monarch 700-(4)
3 @ Monarch 1100=(4) 4 : Momarch 1300-(4)
5 : Ketjen EC-(5)

particles. The resulting low dispersien explains the
differences in HDS activity between CBC and activated carbon
based catalysts. in order to wverify this sintering
behaviour, XPS apectra were recorded befere and after
gsulfidation for two Mo/CBC catalysts. The Mo 338 over ¢ 1a
signal intensity ratio was used to calculate particle =zizes
according to the catalyst model deacribed by Kerkhof and
Mouliin (16), wusing Scofield's e¢ross section (17) and the
electron escape depth according te Penn (18). Az can be
seen from Table 5 the particle sizes calculated for the




Table 5 1 XPS raaults

Catalyac* oxidie atate -;Ulflded ftate
Lpd T particla*+ o/ o particle**
Aaize size
2_4% Mo/Monarch 1300-(4)*+n 0.0213 1.,7nm 0.0L10 5, "nm
4.7% Mo/Katjan BC-{5) 0.0364 2.0nm 0,022 S.2nm

" wtt Mo was choocsen {n Auch & way aan ko obtain a auctacs leading of 0.5

M& atoms /l-.m2 -

*+ XA of Mo elestrena passing theough the Moy (Mo3s) phase was caleulated

(18} o be L,% nm (1.8 nm}.
ww4 of . Tables 2 and 3.

oxidic catalysts are abeut 2.0 nm while for the sulfided
samples particle sizes of 5.5 and 5.2 nm were calculated,
Theze values are a factor 3 larger than the corresponding
particle sizes (below 1.0 nm and 1.8 nm respectively (3))
calculated for a 0.5 Mo atoms/nm® activated carbon supported
catalyst, demonstrating the difference in dispersion of the
catalysts supported on the two types of supports.

L considerable difference in catalytic activity was
measured among the various CBC-supperted catalysts {see
Table 4). Interestingly, a correlatien seems to exist
petween the HD® activity of the CB(-supported catalysts and
the amount of porosity (BET surface area) of the supperts.
At present, we are not able to elucidate whether this
correlation has a chemiecal or physical basis. A tentative
explanation for the existence of the correlation may be that
sintering of the molybdenum phase is hampered on the more
ruggedly shaped carbon surfaces {corresponding to larger
surface areas) due to the physical barrier of the ecarbon
surface on a microscopie scale.

In an attempt to medify the surface affinity of the CBC

carrier towards ths active Mo phasze, in order to limit



Table & : Thiophene HDE activity of moditied
compoaita supported catalyats,

catalyst* ¢atalyst activity
(mol thiophana/mol Mo.a)

1.l% Mo/SAF-(4)**

1.1% Mo/EAF={4) H,S0,-KMno,
1.1% Mo/SAF={4) Hel

1.0% Mo/SAP-(4) steam

1.1% Mo/SAF-(4) HNO,

[ERE SRR
LU

* wthk Mo was chossen in ouch A way as to
obtain a surface loading of 0.5 Mo atoma/nmz.
** of, Tables 2 and 3,

sintering at sulfidation and reaction conditions, different
oxidative treatments were applied on the SAF composite and
evaluated for their effeet on the HDS activity of supported
Mo. As can be seen in Table 6, the H;S80,-KMn0, treatment
had a negative effect on catalytic activity, which is very
likely due to the faect that the carrier was Jlargely
contaminated by Mn (24 wt%). All other treatments of
the supports, especially the HNO3 treatment which increased
the oxygen funetionality tremendeusly and is known to induce
pits In the carbon gurface (19), regulted in higher HDS
activities of the c¢atalysts. These ohservations sguggest
that the in¢rease in oxygen functionality or surface
heterogeneity, brought about by the oxidative treatmepts had
a pesitive effect on both the extent and preservation of the
active phase disgpersion. This is in accordance with the
findings of Walker c.=, 20 whe cbserved a decrease in the
average particle size of Pt particiles deposited on an
oxidized c¢arbon support relative to the partiele size
measured on the unoxidized support, Ehrburger (21) observed
a similar effect when depositing iron phtalocyanine on an
oxidized and nenoxidized carbon black, The specific effect

of oxygen functionality on Mo active phase dispersion will



be digcussed elsewhere (15).

In conclusion, the present study has shown that by using
carbonized polyfurfurylalcohel and carbon black particles
carbon blagk composites can be prepared with pores
predominantly in the transitional region. These CBC's have
cutstanding textural properties for use as supports for
hydrotreating catalysts. Their surface however, appeared to
be too inert to create and maintain a high degree of
dispersion of the Mo phase under sulfiding and reaction
conditians, Oxidative treatment of the suppert prior to
impregnating of the active phase may overcome this drawback.
Qur work has thus shown that it is peossible to prepare HDS
catalysts based on carbon supports with the textural
properties required and allowing a reasonable degree of

dispersion of the active phase.
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CHAPTER 9

CARBON-COVERED ALUMINA A3 A SUPPORT FOR SULFIDE CATALYSTS.

ABSTRACT

Carben-covered alumina cdarrier materials (10-35 weight %
carbon deposited ) were prepared via pyrolysis (873-973 K)
of cyclohexene or ethene on the surface of a gamma—alumina,
and evaluated for their uyse as supports for cobalt sulfide
‘hydrodegulfurization catalysats. Promiging textural
properties were obtained for the samples prepared : B.E.T.
surface areas up to 334 mzfg, meso— and macropore surface
areas reaching values of 190~270 mz/g and narrow pore size
distributions in the 2.5-10 nm pore radius range. XPS
measurements shewed that +the alumina surface was not
uniformly covered, probably due to diffusien limitatione of
the carbon forming hydroecarbons. The coverage could be
improved ( maximum value reached was 77% } by increasing the
amount of carbeon deposited as well ag by an additicnal high
temperature (1073 K) treatment. The thiophene hydro-
desulfurization activity of Co sulfide supported on the
prepared carbon-covered aluminas was found to incrzease
linearly with increasing alumina surface coverage by carbon.
A three-feold ingrease in activity compared to Co/Al 504
catalyets Was obtained, demonstrating the effective
shielding by the carbon layer which reduces or eliminates
the strong metal-alumina interactions. Oxidizihg the
carkon surface pricer to the intreoduction of cobalt led to a

furthey improvement of the catalytic activity.



INTRODUCTLON

Alumina-supperted suliided cobalt molybdenum catalysts are
currently used for hydrodesulfurization {RDS) .
hydrodenitrogenation (HDN), and several other important
hydrotreating applications (1). JInterest in these catalyats
has increased dramatically in the last few years, not only
because of their application in the production of synthetie
fuels but also because of their importance in the treatment
of heavy c¢rude oil and resids. Mest of the studies
published in the literature concern the characterization of
the strueture of the metal sulfide or the precursor metal
oxide phase in connection with the alumina carvier (2).
Considarably less attention has been given to the impact
that different support materials may exert on the metal
sulfide characteristics. The exclusive use of alumina
supperts in hydredesulfurization ¢atalysts is intrigeing
because the reactive alumina surface causes unwanted metal
oxide-support imteractions which lower the HDS activity of
the catalyst. Eapecially the promotor ions Co and Ni react
upon  galeination with the alumina support and occupy
octahedral or tetrahedral sites in the extearnal layers of
the suppert or even form CoAls0,(NiAl,04). Extenaive
studies by Burggraf et al. (3) resulted in a model which
describes the competition between formation ¢f a tetrahedral
species, by diffusion of the metal don into the AlyDg
spinel, and formatien of an octahedral species at the
support surface. only at high wi% metal the corresponding
metal oxide (NiQ, 00304) ig formed. It is evident that the
poor HDS activity of sulfided to- or Ni oxide/A1203
catalysts is at least partly due to the strong interaction
between Co and Ni iens and the alumina support, as a result
of which a considerable fraction of these cations is not
accdeszsible to the reactants. alse the morphology of the
sulfide phase induced by interaction with the alumina

support may be such that a low density of HDS sites with
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poor turn-over frequeney is attained at the surface of the
metal sulfides. Sueh a situation has been obsarved for Me
sulfide/A1203 catalysts {4). Numerous studies have been
carried cut aimed at preparing more effective catalysts via
reduction of the active phase-support interaction.
Bacheliger et al. {3) observed for Wi0/Al403 catalysts that
lowering of the caleination temperature as well asz raising
the sulfiding temperature led o higher thisphene
conversions. The use of alumina doped with alkali earth
cations as a suppert has been studied by Lycourghiotis et
al. (6,7). Some regulation of the active phase-carrier
interaction could be chtained with these doped supports,
2% ana wMg2* which inhibit

the reaction between Coz0, and Aly05 to CoAl,0, and the
2+

especially with depes such as Be
dissolution of Co into the Al,05 layers. Hewsver, to our
knowledge ne data have heen reported which demonstrate that
application of these doped supports results in higher HDS
activities. 1In contrast harewith, substantially more active
Co catalysts have been prepared on the less reactive 510,
support (8), and recently it has been =zhown that Co angd Ni
are aven more active (Ce) or equally active (Ni) than the
corresponding Mo-based catalystz when they are supported on
relatively inert carbon carriers (9,10). Thus, application
of a material as inert as carben offers the advantage that
all transition metal compounds present in the precursor
state will be gquantitatively converted into their active
sulfide form.

Most of the ¢arbon materials applicable as support for HDE
catalysts have, however, either extenasive microporosity or
have poor mechanical properties . For catalytic reactions
inveolving large molecules the micropores are of little
utility since part of the transition metals will be
deposited in these pores, in effect, be wasted. Mot
mesoporauns  carbons on  the other hand have either poor
crushing strengthe, low bulk densitiez or a teo low surface

arsa. One poadibility Lo circumvent thege drawbacks
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consists in the application of carben bklack <ompesite
carrier materials (11). knother approach is presented in
this paper and is based on the covering of the Al,05 surface
with a thin layer of carben prior te impregnation of the
transition metals. In this way the favourable c¢arbon
surface properties (guantitative conversion of tHe precursor
metal salts into their highly active sulfide form) are
combined with the optimal textural and mechanical properties
of the al,03; support. The present study reports the
preparation and evaluation of these carbon-type supports
denoted cCarbon-covered Alumina (CCA). Attention will be
paid to variatrions in textural preoperties and degres of
alumina surface coverage with increasing carbon deposition,
to the effect that different carbon forming hyvdrocarbens
have on the above propertieg, and to the thiophene
hydrodesulfurization activities of Co/CCA catalysts. Cobalt
was chosen as active fase because the difference in HDS
activity between Co/Al,0; and Co/C catalysts is very large
(Much larger than that for the corresponding Me catalysts).
Technigues used were 13C solid state NMR, TGA, XFS, and HDS

activity measurements.

EXPERIMENTAL
Preparation and pretreatments of the supports.

The method used to prepare the carbon-covered alumina
supports was adopted from Youtsey et al. (12), and consisted
in pyrolysing a hydrocarbon on the surface of a high surface
area alumina. Two types of hydrogarbons were sgelected
cyclohexene (Fluka, purity > 99%) and ethene (Hoekloos,
purity *» 99%), Preparation consisted of heating 1.2 g of
alumina {Ketjen, grade B) in a guartz reactor up to the
reaction temperature at a heating rate of 10 K/min under
continuous N, flow of 18 ml/min, and keeping at this



temperature for an additicnal 0.5 h. It was cbhserved

that identical results were obtained when the corresponding

boehmite was applied as. starting material, hence in most of

the experiments bhoehmite was used. After preheating under

N? the gas flow was switched tee a mixture of NZ and the

hydrocarben to be pyrolysed, Total flowrate was 20 ml/min,

After completion of the reaction the samples were ceocled to

room temperature under flowing Np. Different CCA samples

were prepared, uszing the hydrocarbong wmentiened above, by

presaure, the pyrolysis

I Table 1

varying the bydrocarbon partial

duratieon, the reaction
togyether

are listed. The

temperature or the
with the resulting amount of
will be denoted

hydrocarbon

conditions applied

carbon deposited, samples

ag C-x or E-x, indicating the type of used
and the amount of carbeon depoajited
total cca

CCA mamples were subjected

{Cyclohexene or Bthene ),
based on weight of the

type

(x=weight percentage

sample). Some cyclohexene

Table 1 : Preparation eenditiona of GQCA samplea
hydeaanrbon hydrooarbon pycolysis run weight® notation*w
uaed partial femperature time pereaentage
presuCe carbon
(Twrr} $:3) {n) (%)
cyclonasens 26 898 3.0 11 c-11
TE 873 B.0 20 c-20
78 894 6.0 16 a8
T4 273 6.0 35 C-35
ethene EL:] 503 6.5 10 E-10
76 vy G.Z 15 Ew s
74 308 .5 20 E-20
76 273 6.5 25 E-2%
76 983 6.5 27 E-27

4 Ohtalned by meaguring the weight lose of the CCA samples when heated in
4 continuous air flow wp to 1023 K (16 K/min heating rate) in a Therma
Gravimetric Analysia apparatua.

** 0 o0 B o#lands [o0 eyeloheawne or ethene—prepared ; number represents

weight percentage carbon.



to a heat treatment in order to improve the degree of
alumina surface coverage. This involved heating the sample
up te 1073 K (heating rate 10 K/min) under continuous ¥,
flow for geveral hours. For experimental details zee Table
2. Furthermore on a cyclohexene type az well as on an
ethene type CCA sample already subjected to a heat
treatment; an eoxidative treatment was applied in crder to
increase the surface heterogeneity of the carbon deposit.
In the oxidative treatment the CCA samples were subjected to
a Ny flow saturated with water vapour (pH20 = 17 torr}. For

experimental details see Table 2.

Table 2 : freatments applied to ¢ca zamples

Aatiple treatment® temporagure time netatien
(®) () final aample+*
c-20 H 1073 24 C-20=H
¢-28 H 1073 9.5 G-27-H
c-28 Hvo 1073(4) D.5{H} C-27-00
773(0) 43(a)
E=2% K+0 1073(H} 3(H) £-20-HO
1073 (0} 20}

H,O atandd for Heat or Oxidative treatment respegtively.

*® Since dyying the treatments variations in carbgn eontent might

ocoRy,  the weight percentage carbon was meaaured after the
trea;ment. Especially the ethens=—prepared GCA zample had lost a
conalderable amoaunt  of Carbon, probakly due to tha high
tamperature during the oxidative traatment.

Texture, XP3 and 13C-MA5-NMR experiments

Surface characteriastics of the supports were studied by
means of the adsorption-desorption igotherms of Ny at 77 K
measured on a Carlo-Erba sorptomatic 1800 apparatus. The
surface areas of the various samples wér@ calculated using
the BET equation, pore size distributions in the meso pore
range were determined using the Kelvin eguation assuming a

cylindrical pore model. Prior to the actual measurementsa
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the samples were outgassed at 423 K in vacuum (1.3 =x 10-7
torr}). Total pore volumes were measured by water titration.

X-ray photoelectren spectroscopy wag used to measure the
surface characteristics of the CCA supporta. The
measurements were carried out on a Phyaical Electronica 550
XPS/AES spectrometer equipped with a magnesium X=ray
source (E = 1253.6 eV) and a double pass cylindrical mirror
analvzer. The powdered samples were pressed on a stainless
steel mesh which was mounted on  top of the specimen holder.
C 1s and Al 2p photoelectron signals were cellected in ateps
of 0.05 eV, Data acquizsition time wag wvaried aceording to
the intensity of the signals. The intensity of a given
photoalectron peak was calculated from the peak area after
corraction for inelastic backscattered electrons. The
pressure during the measurements did net exceed 5 x 1078
torr and the temperature was approximately 283 K. In some
cases a specimen neutralizer {low energy electron gun) was
uged to atudy the inswlating or conducting properties of the
CCA sgamples.

13C—MAS—NMR apectra were recorded on a Bruker CXP-300
spectrometer. Typlcally 0.12 g of s¢lid gample was used.
30 pulses were applied at 75.476 MHz at 20 =5 intervals. 400
FID's were accumulated in 2K data points zero-filled to
8%, followed by Fourier transformation (line breoadening 100
Hz ). ©No crosspolarization was applied, The chemical shift

is measured with regpe¢t Lo TMS,
Catalyst preparaticon and activity measurements.

The various CCA samples were impregnated (pore volune
impregnation) with aqueecus solutions of cobalt nitrate
(Merck, "for analysis"). The support surface loading
wag kept in the range of 0.4-0.7 Co atoms per nm2 gupport
surface avea. After impregnation the samples were dried in
air starting at 292 K and =slowly increasing te 383 K where

they were kept overnight. The catalysts were not
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subjected to a calcination procedure. Prior te the activity
measurements the catalysts were sulfided in situ in a HZS/HZ
flow (10 mol% H,%5, total flow rate &0 ml/min} using the
following temperature program : linear increase from 2923 K
to 673 K in 1 h and holding &t this temperature for two
additional hours. after sulfiding, a flow (50 ml/min) of
thiosphene (6,2 mol%) in H, was led over the catalyst at 673
K. Thiophene conversion (typically between 4=-6%) was
measured at different time intervals by an=line gas
chromatography. First order rate c¢onstants for thiophene
AD8 were calevlated after 2 h run, and used to obtain the
HDS activity per mel Co (indicated as QTOF value = Quasi

Turn-Over Freguency).

THEORY

When depoasiting earbon on the alumina surface, the
textural and surface properties of the preoduct CCA material
depend not only on the carbon content but alsc on the way in
which carben is deposited on the alumina. Consider for
instance the B.E.T. surface area of CCA carriers. This will
be given by the formula :

Seoalm?/g) = Wap. S0 (A=£) + Wa.8g

where 8,1/ 5., £, Wpq and W, stand for the surface area of
the alumina ‘(m2/g Alzoj), the surface area of the carbon
deposit (m2/g ¢); the fracticon of the alumina surface
covered by carbon, the weight fraction alumina in the CCa
sample, and the weight fraction carbon in the CCA sample,
respectively. It ecan be easily understood that if the
deposited carbon structures have greater surface areas than
the fraction of the alumina which they cover and the
volume-to-surface ratio is small, then the surface area of

CCA samples can easily surpass that of the original alumina
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(for instance 1if the carbon is deposited as small
hemispherical particles). However, if carbon is layed down
ag a moneolayer or if Fflat epitaxial multilayer patches of
carbon are formed, the surface area of the resulting CCA
gample (normalized on a per gram basis} will decrease with
ingreasing amount af carbon deposited. Thus given the
weight fraction carbon deposited and the surface areas of
the CCA samples it is possible to get some indication of the
carbon morphology.

Another very important parameter related to the carbon
morpholegy of CCA-type supperts 1s the degree of carbon
coverage {(f) of the alumina sgurface. An indication of this
characteriatic can be obtained by comparing the
experimentally derived CCA pore size distrikbutions with the
ones calculated under the assumptions that the carbon iz
uniformly depeosited (£=1) over the entire alumina
surface and that the pores are cylindrical. These pore size
distributions man be obtained as follows : The pore volume
vi(ccA) associated with a pore radius ri(CCA) of a uniformly
{thickness d)}) carbon-covered alumina support is calculated
from the experimentally derived pore  volume  V;(Al)
associated with a pore radius r;(Al) [equal to r;(cca) + d)]

of the alumina support by the formula =
vileer) = vi(al) [1 - a/r;(a1)12%.

This wag done over the entire pore radius range (1.5-100 nm)
taking sufficiently small pore radii intervalz. 1In this way
the complete pore size distribution was caleulated for CCA

gamples with a 0.5 and 1.0 nm thick (d) uniform carbon layer

deposited on the alumina surface. These are depicted in
Fig. 1 together with that of the original alumina.
Comparison of the experimentally obtained pore =size

distributions of the various cchA  samples with the
theoretical cnes representing uniform carbon coverage, can

give an indication of the carbon deposition in a certain
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Fig, 1 Experimentally determined pore size distribution of
Al1503; (a) and theoretically determined pere size
distribution of CCA  samples assuming complete
alumina surface coverage by a ;arbcn layer of 0.5 nm
thickness (b) corresponding te 19.5 wt% ecarbon and
1.0 nm thickneszs («) corresponding teo 32.7 wrg

carbon.

pore radius range.

A more direct measurement of the average degree of carbon
coverage of the alumina surface can ke cbtained by XPS
meagurements. The theoretical calculations predicting the
¥XPE intensity ratio of a catalyst phase deposited en a
porous carrier material outlined by Kerkhof and Moulijn
(13) , were used to calculate the degree of alumina surface
coverage of our CCA zamples. We used the model in itz most

general form (equation 10 of ref 13) which caleulatez the
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fraction of the electrons (€ 1z and Al 2p) pasaing through
the aupport layers as well as through the deposited carbkon
layers. The experimental intensity ratios for a given
weight% carbon of the CCA samples were computer fitted to
the theoretical ones using the surface coverage (f£) as

variable, The XPS paraneters used are collected in Table 3.

Table 3 : XPS parameters

oy 0.848 5 1072 EHw 2.97 am
Dt 1.032 x 10%% Appet e 166 nn
Ta1tt 0.573 hpprrer 1.35 nm
AL 1 kqa;**" 1.40 nm
N 1.8 9/ml Aazal®™™*  1.63 nn
* Catantor afficiencies = Ekin'lA

**  Croan aactiong accocding to ref. 14.
**%  Zuppoert layer thichness t = 2/ Pay-5a1-
¥hww Blagtron eacape depths according to raf, 15,

RESULTS

General aspects of the CCA szamples,

All ©CA samples were dark black with the exception of the
¢-11 and E-10 samples which were greyish. Another aspect of
the carbon deposzit on the alumina 1is the electrical (and
thermal}) conductivity of CCA samples compared to the
insulating properties of alumina. an indicatieon for the
presence of conducting and insulatring domains on the surface
of the CCA samples was obtained by XPS. puring XPS data
acquisgition, the insulating part of the sample tends to
acquire a steady-state positive charge of a few eV's, while
the conducting domains remain neutral. As a resuplt Iwo
peaks will appear in the spectrum, Low energy electrons
from a flood gun were supplied te the sample to neutralize
the <charge eof the insulater parts. By changing the energy

of these eslectrens a distinetion between insulation and
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condueting phases of the sample can be made, since the peaks
of the insulater parts will meve relative to these of the
conducting parts. Inr the low carbon content samples a major
inzulating character of both the A1 and the C aspectral peakse
wasz obzerved. Increasgsed carbon content lowered the ¢harging
effects until in the high carben content samples (wtd C »

25) oenly c¢onduetive properties were observed. A larger

fael

200 100

ppm

13
Fig. 2 C~MAS-NMR gpectra of a c¢yclohexene— {C-20-H) and
an ethene-prepared (E-27) cca sample.
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contribution of insulating phase was observed for the
cyclohexene btype samples compared to ethens type samples of
equal carbon centent. The heat treated cyclohexene type CCA
supporte behaved comparable te ethene type samples. To get
some structural information of the carbon depesit, 130 maz-
NMR spectra were recorded of an ethene-~ (E-27) and
cyclohexena—- (C-20-H) prepared =ample {cf. Fig. 2). DBoth
spectra are similar, viz., only one brocad peak
proportional to the carbon content, located at 110 ppm is
obzerved. The chemical shift indicates clefinic or aromatic
character (592 hybridisation) of the carbon atoms, although
the chemical shift is somewhat lew for this class of
compounds (120-150 ppw). The spectra meagured of an
activated carbon (Norit R¥3 extra) and a2 cavbon black
(Mgnareh 1300) were, however, similar to those described for
the CCA zamples.

Texture and surface propertiss of CCA samples.

Oyelohexene—prepared samples.

In Fig. 3 the pore size distributions of asome cyclohexene
type samples and of the pure Al,05 reference sanple are
plotted. As gan be seen the pore size psak shifts towards
lower radius and decreases in height with increasing amount
of carbon deposited. Compariscon of these experimentally
found pore size distributions with the correspending ( same
wtit C) thecoretical distributions for the uniformly deposited
carbon samples as outlined in the theeretical section,
indicates that in the prepared CCA samples : (i) the pore
size peaks are lower, (ii) the peaks have their maximuam at
lower pore radius and (iii) a considerable amount of pore
volume is present in pores with radii smaller than 2.0 nm.
Phese reasults already indicate that carbon coverage of the
alumina suzfaece is not uniform. It seems as if more carben
is deposited in the wider pores than in the narroW pores of

the alumina. This is c¢onfirmed by the cbservation that the
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Fig. 3 FPora gize digtributions of Aloy04 and twe
cyclohexene~prepared (C=11, C-28) CCA samples.

N4 adserption - desorption hysteresis curve, which indicated
mainly eylindrical pores for the alumina wmsample, changes
with increasing carbeon deposition towards the inkbottle
type. In Table 4 surface area distributicons, pore veolumes
and XP5 results are listed. A decrease in pore volume with
increasing ¢arbon depeosition can be noticed. On the other
hand surface areas remain remarkably high. The micreopeore
surface area of these CCA szamples has increased relative teo
the alumina sample, which indicates that small pores (e.qg.
cracks) are present in the carbon layer. Compared to
activated carbons, however, the CCA type carbon materials

demonstrate high mesoporosity combined with relatively low
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Table 4 : Textural and suvfmge propertles of COA asupports

aupport Spgp R % pONe Xpg alumina
rrl. 6 nm | migroparas Yo Lluing Ia/Igy surfacy
(mzfg) (mglg) {xr<l.5 nm) ml/y coverahe
al;04 270 257 5 ]

*e-11 304 283 17 1.6 - -
Qm20 - - - 1.4 0.5 0,14
£-28 304 210 3l 1.0 2.4 Q.37
C€-35 - - - 1.1 - -
E-10 - - - 2.1 - -
E-15 334 274 14 2.0 1.0 0.1%
E-20 304 235 23 2.0 1.8 .37
E-Z5 - - - 1.8 Q.65
E-27 276 214 22 1.8 3.6 0.77

C-20-d 264 202 2z 1.8 1.7 Q.34

C-27-u 269 152 29 1.1 2.9 0.51

C=27-HO 299 215 28 1.1 2,8 0.4%

E-20-HO - - - 1.0 2.3 0.68

NORIT RX3 1180 250 79 1.0
extra

* suppert notation of, Table 1 and zZ,

micreoparosity.

As was expected the € Ls/Al 2p XPS intensity ratio
increases with increasing ameunt of carbon deposited. Very
striking are the relatively low alumina surface covarages
especially for the leow carbon content samples. However,

with increasing carbon deposition the surface coverage seems

to increase.

Ethene-prepared samples.
fig. 4 shows the gorresponding pore size distributions of

the ethene type CCA sawples including also the pure alumina
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Fig. 4 Pore gize distributions of Al,0y and three
ethene-prepared (E-15, E-20, E-27) CCA samples.

support. The same features found for the eyclohaxena-
prepared CCA samples apply for this aeries of CCA samples :
ghift in pore radiua peak and decrease in height of this
peak with increasing amount of carbon deposited, as well as
a considerable amount of porosiry iP peres with radii
gmaller than 2.0 nm. It iz neticed however, that the pore
size peaks of the ethene type samples -remain somewhat
higher compared to those of the corresponding
cyclohexene type samples, which already indicates that the
carbon is more uniformly spread over the alumina surface .
In Takle 4 the textural data of the ethene type CCA's are
collected. Very striking ig the high pore volume of these



samples, Although this «can be attributed toc the formation
of macropores, since no increase in meze= or micropore
volume was observed for these samples compared to
corresponding cyclohexene type =samples, this result remains
intriguing., Perhaps the preparation of the carbon-covered
aluminag with ethene as hydrocarbon causes & conglomeration
of the precursor alumina particles with the pyrolyzed carbon
substance as binder, inducing an extra macropore volume,
The B.E.T. surface area of the samples gradually decreases
Wwith inereasing amount of carbon deposited. This again
points to a more uniform type of coverage, although
sufficient roughness of the carbon deposit (e.g. cracks)
muzt be present in order to explain the high surface aresas.
The micropore surface arsa remainas about 20% of total
surface area, whigch 1s low compared teo activated carbons.
The XPS resultz are alse collected in Table 4. With
ingreasing carbon  content the ¢ ls/Al 2p intensity ratio
increases. The surface coverage increased drastiéally with
increasing carbon content. Intersstingly, the ethene type
gamples have surface coverages twice as high as cyclohexene-
prepared samples of the =ame carbon content, reaching a

value of 77% in the highest carbon content sample.

Treatments on cyclohexene-~ and ethene~prepared samples,

In the previous paragraphs it was demonstrated that the
alumina surface coverage waz not uniform, especially not for
ayclohexene-prepared samples. In order to improve this,
two cyclohexene type CCA (C-20,0-28) samples were subjected
to a heat treatment which was expected to cause spreading of
the carbon over the alumina and simultanecusly elimination
of the microperes {ecracks) in the «carbon layer. This
technique has been reported to be uwseful for modifying the
nature of the pore system in glassy cerbon samples (16). As
a result of the heat treatment only some miner changes in
the carbon content of the samples were observed, indicating

that esgentially no carbeon was lest during the heat
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treatment. Thus a straightforward comparisen can be made
between =20, C-20-H and C-28, ¢-27-FH (# stands for heat
treatment). A= shown in Table 4 surface coverages increase
markedly upon heat treatment but still remain below uniform
coverage. 'The textural properties of thege ‘heat treated
samples undexge only miner changes compared to untreated
samples, viz., a slight decrease 1in =surface area and some
increase in pore volume and height of the pore size peak is
noticed (more uniform type coeverage). It is to be expected
that the carbon surface of the CCA prepared samples and
especially those which were subjected to the heat treatment
are very inert. As a conseguence the dispexsion of the
carbon-supported Co phase will ke poor. In order to  improve
on the affinity of the carbon surface of the CCA samplaes
towards the Co phase, a steam oxidation procedure was
applied. Twe =mamples were oxidized (C=27-H and E-25-H),
whiekh had been subijected to a heat treatment first. Since it
is to be expected that the stream oxidation procedure
applied will causze some loss in carbon due to gasification,
the carbon content of the oxidized samples was measurad. It
was found that no c¢arbon loss had occurred for the C=27-H
sample (thus denoted ¢-27~HQ), but considerable gasification
had occurred on the E-25~F sample since only 20 wt% was
found (E=20=HO). The latter should therefore be compared
with the E-20 sample. Both oxidized samples szhow a high
degree of alumina surface coverage, indicating that the

oxidation treatment leaves the coverage intact.
Catalytic properties of CCA-supported Co-zulfide catalysts.

In Table &5 the amount of Co in CCA-suppeorted sulfided
cobalt catalysts (Co/CCA) and the corresponding catalytice
activities per mol Co {QTOF in mel thiophene «converted per
mal Co per &) are ¢ollected, Table 5 also inecludes the
HDS aectivities measured for Co sulfide catalysts supported

on al,03 and activated carbon. As c¢an be noticed, a very



Table % : Catalytle proparties of Co/CCA gatalysata

support weight % groF x 0%
o (mol thiophene/mol Co.al
3\1203 1,3 0.7
*2-11 0.8
c-2¢ 0.8
Cn3B 1.8 1.2
c-35 1.6
B-10 1.5 1.1
Bml 1.2
E=20 1.5
En2% 1.3 l.a
B-27 2.0
Cc-20-H 1.3
C=27-H4 1.4 1.6
C=-27-HO 2.1 1.8
E=20=HO 1.0 2.4
Worit RX23 10.05 5.1
cxtra

Y suppsrt notation ¢f. Table 1 and 2.

striking 1large discrepancy in HDS activity exists between
the alumina=- and activated-carbon supported catalysts as was
reported earlier (%,10). The HDS activity of the aulfided Co
on cyclohexense type CCA catalysts increases steadily with
increasing amount of earbon present in the CCA carrier.
This leads to an ac¢tivity in the (-35 sample which is twice
as high as that of the corresgponding pure alumina-based
catalyst. Co catalysts deposited on ethene type CCA
supports behave analogous to the cyclohexene type seris,
namely a &teady dncrease in activity is observed with
increasing amount of ¢arbon in the support. However, the

athene type catalysts are more active than the corresponding
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QO Cyclohexene -type

; # Ethene-type

wt%carbon

Fig. 5 HDS activity per mel ¢Co (OTOF value) of sulfided
Co/QCA c¢atalysts plotted relative to the weight$
carbon of the support,

(same wt% carbon} catalysts based on cyclohexene type
supports, In Fig. 5 the HDS activity behaviour of the
Co/CCA catalysts is shown as a function of the wt% carbkon
present in the CCA carrviers. Fig. 5 suggests that the HDS
activity behaviour of the sulfided Co/CCA catalysts is
closely related to the degree of alumina surface coverage by
carbon. This is ewphasized by the obgepvation (Table 5)
that the HDS activity of Co sulfide on the C-20-H and C-27-H
heat treated supporta is conaiderably higher than that of Co

sulfide on the ¢=-20 and =28 supports (Recall that as a
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result of the heat treatment spreading of the carbon on the
alumina surface woccurred, increasing the degree of gurface
coverage). Finally, it can ke 8een that the c¢atalysts
prepared on the heat treated and subseguently oxidized
suppoarta, have a high activity. In order to see more
clearly the effect that a heat and oxidative treatment of
the CCA supperts has on  the HDS activity of a supported
cobalt catalyst, one should compare the HARS activity of the
following series of catalyests 1 (i) Ce/C=28, (Co/C-27-H,
Co/C-27-HO  (ii)  Co/C-20, Co/C-20-H  (iii)  Co/E-20,
Co/E-20-HO. As can be seen in Table 5 both the heat
treatment and the oxidative treatmant have a positive effect

on the HDS activity of supported cobalt catalysts.

DISCUOESION

Pyrolytic «carbons have been applied in different research
areas. Most of the related literature deals with the
deposition of pyrolytic carbon inte porous carbon substrates
{commonly c¢alled infiltraticn) ir  order to  obtain an
appreciable densification of the carbon material. Numerous
theorieg have been propesed in this respect to describe the
machanism, kinetics and the satructure of pyrolytic carbon
formation generally at high temperatures (> 1273 K) (17).
The salient conclusions of these studies with regard to the
present study ave 3 (i) below 1473 K and at low hydrocarbon
partical pressure a high~density layered pyrolytic carbon is
produced {density = 2g/ml) with an arematic character : (ii)
the growth of pyrolytiec carbeon in the pores of an aggregate
can be treated in a manner analogous to the oxidation of
porous carbons with gases. In order to obtain a uniferm
carbon deposition the temperature and the reaction rate
should ke kept low. In the field of chromatography pyrelytic
carbon-coated silieca particles were prepared and evaluated

faor their use as adsorbents in gas=liguid chremategraphy
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(18,19). It was found (18) that deposition of up to 15 wtk
carbon did net reduce the surface area significantly,
suggesting that the effect of surface area decrease dus to
pore plugging is compenzated by the effect of the surface
area incerease due to the porosity of the carbon coating. In
the production of aluminivm chloride from alumina or
bauxite, the depositien of pyrelytic carben on the oxide
surface was studied in view of its reductive properties on
the chlorination of the alumina or bauxite (20). General
conclusions of this work regarding the CCA properties ware
that depezition of carben on alumina (using acetylensa,
ethene or ethane diluted in N,) at a temperature of 1073 K
progeeds slowly and that up te abour 10 wt% carbon deposited
the surface area of the CCA sample increased or remained the
same relative te the pure aluwina sample. In the patent by
Youtsey (12), applied in the present study a2z a guide for
CCA preparation, the conductive properties of the final
material were of interest and no information was included cn
the textural or coating characteristics ¢of the CCA samples,
Depending on the amount of carbon deposited it was found
posaible to prepare semi-conducting or conducting CCA
samplez. The reagen £for this was the high density of
conjugated double bends in the carbon depeosit. Finally, in
the literature only one example was found in which CCA=type
materials were used as supports for HDS eatalyats (21). The
impetus bkehind the application eof this support was to
neutralize the acidity of the alumina support. No data on
the support nor catalyst properties were given in the paper.
Despite the above cited research effoerta, no clear pieture
of the textural and sgsurface properties of CCA=type materials
and their relation with process parameters such as amount of
carbon deposited, pyrolysis temperature, pressure and
hydrocarbon used, has emerged, Thus, we have found it
important to characterize these CCA properties since they
are of vital interest when using CCA materials as supports

for catalyst systems.
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It wag cobserved that the textural properties of the CCA
samples were largely dependent on the amount of carbon
depozited as well as on the type of hydrocarbon used for the
pyrolysis. Az a general chservation we can conclude that
presently prepared ¢¢a samples had narrow pore size
distributions situated in the 2.5-10 nm pore radius range,
combined with meso- and macropore surface areas reaching
values of 1%0-270 mz/g. The micropore surface area never
exceeded 30%cf the total B.E.T. surface area, It was
suggested from inspection of the pore size distributions
that mere carbeon was deposited in the larger pores of the
alumina than in the narroew pores, indicating that no uniform
coverage of the alumina surface by carbon was obtained.
This was confirmed by the XP3 measurements. In addition
they indicated that the alumina surface coverage increased
with increasing carbon depeosition and was much higher for
the ethene type CCA samples than for the cyclohexene type
samples, From these results two general conclusions can be
drawn, Firatly, the rate of diffusion of the
carbon-yielding hydrocarbon influences carbon depositien.
Secondly., carbon deposition oeecurs on exposed alumina
surface, rather than on carbon, The latter concluszion is
based on the observationm that the alumina surface coverage
inereaszed with increasing carbon depositiocn. In  order to
suppreas the diffusion preoblems we prepared cyclohexene type
CCA samples at Jlower temperatures (788 K). The surface
coverages measured were, however, egual to those of the
correasponding samples prepared asz degcribed in Table 1. 1Tt
might be argued that application of methane as
carbon-yielding hydrocarbon could result in a Dbetter
alumina surface coverage. However, these methane type CCA
samples would reguire high preparation temperatures in order
to obtain sufficient carbon deposition within a reasonable
time pericd. At these temperatures cne would be confronted
with the problem of the stability of the alumina support.

The heat treatment experiments peoint te a remarkable
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inerease in alumina surface coverage at a given carbon
content. Durind the prolonged pyrolysis hydrogenation of
the carbon coating will take place, The resulting product
will adhere much better to the surface and as a consequence,
the alumina surface coverage will be improved, Thaze
experiments confirm the concluaion that the carbon
preferentially deposites on the alumina support rather than
agglomerates.

HDS activity of Co/CCA catalysts increased with increasing
carbon deposition on the support; in both the cyclohexene
and ethene-prepared CCA supports, It became clear that the
degree of alumina asurface coverage is the main factor
determining catalyst activity. Az shown iIin Fig. 6 a
correlation can be found between the alumina surface
coverage and the activity of a supported Co catalyst for the
unoxidiged CCA samples. This eatalytic behavior can be
explained as follews, During impregnation'the Co 1iona can
get attached either to the uncovered alumina surface or to
the carbon surface of the CCA suppert. Two conditions have
to Dbe fulfilled in order that a linear correlation holds
between aetivity and alumina surface coverage : (i) the
distributien of the Co phase between the alumina and
carbon surfagea must be proportional te the mutuwal ratio
of the two surface areas, and (ii) the Co phases deposited
en the alumina and carben surface have to be considered as
individual non jnteracting entities with QTOF wvalues of 0.7
x 1073 g71 apa 2.5 x 107® &7l (extrapelation in Fig. 6 to
£=0 and f=]1 respectively). These conditions seem reasonable
in view of the fact that the amount of Co deposited is low
compared to the available support surface areas. Thus the
resulting QTOF value of Co deposited on an unoxidized CCa
material having an alumina surface coverage f is given by
the formula :

QToF (x 10%) = 2.5 £ + 0.7 (1 - £}
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Fig. & HD3 activity per mol Ce (QTOF value) of sulfided
Co/CCA catalysts versus the degree of carbon

coverage of the alumina surface as measured by means
of XPA.

The intrinsic activity of Co deposited on the unoxidized
carbon layer (2.5 x 1074 5'1) iz lower than the value
reported for activated carbon supparted Co phase (2.1 x 10'3
=1, probably due to a difference in Co dispersion. More
asintering of the Co phase will take place on the highly

inert pyrolytic carben surface which has very few anchorage
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zites for the o phaase. This is emphasized by the
experiments in which the carbon surface of CCA samples was
oxidized, shewing a considerable increase in activity of
deposited Co  catalysts (cf. Table 5 and Fig. 6).
Bxtrapeclation of the HDS activity of Co catalysts deposited
on these oxidized CCA supports to £zl results in a QTOF
value of around 3,0 x 107° sL.

Summarizing our results we conclude that the CCA materials
combine several favourable properties for use as supports
for sulfide catalysts. The textural properties are such
that the major part of the pore radii are located in the
2.0=20 nm range, while microporosity never exceeds 30% of
the total BET surface area. The carbon ceating effectively
shields the reactive alumina surface from the catalytic
phage, Hence, due to the abaence of strong metal-zupport
interactions, catalysts can be prepared with vremarkably
higher HDS activities compared Lo the conventicnal

alumina—supported catalysts.
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SUMMARY AND CONCLUSIONS

Hydrotreatment =} patroleum feedstocks comprisging
reactions such as hydrodesulfurization (HDS) and
hydrodenitrogenation {HDN) has become of increasing

importance in the last decades. The stringent prescriptions
concerning the amount of sulfur and nitrogen contaminapts in
ecologically acceptable gas: liquid and solid fuels as well
as the inereasing need for processing of still heavier and
dirtier feedstock supply a continuous drive to the research
and development of hydrotreating catalysts and the process
technelogy involved, The nowadays commereially applied
catalysta consist of molybdenum (or tungaten) sulfide
promoted with gobalt (eor nickel) sulfide supported on a
perous alumina carrier. Only in comparatively recent times,
detailed fundamental information on the structure and
related catalytic properties of these complicated catalytic
ensembles has been derived. Thus, it became clear that
there was ro need for the exclusive use of alumina as a
support material for these sulfide catalysts. Oon  the
contrary, it was found that aubstantially mere active
catalysts could be prepared on relatively inert carbon
support materials. Tn addition, it was suggested that the
use of carbon supports enables ene to study the true
catalytic properties of well-dispersed meta) gulfides.,

These findings were the outset of the research presented
in this study which contains the results, both from a
fundamental and practical point of view, concerning the use
of carbon substrates as support materials for hydrotreating
or more specifically, HDS catalysts. Due to the fact that
in the literature not very much attention has been paid to
this subject, it was decided to explore the properties of
these carbon-supported catalysts in a wide context. The
present investigation ¢an ke subdivided in two parts : the
first part, cemprising chapters 2 to 5, is focussed on the
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structure and catalytic properties of the metal sulfide
phase (especially Mo and Co) supported on a Neorit activated
carbon 3 bthe second part comprising chapters & to 92 is
focussed on the influsnce of the textural and surface
characteristics of varicus carbon supports on the dispersion
and catalytiec properties of deposited Mo and Co catalystas.
The main techniques applied were : atmospherxic thiophene HDS
experiments, i-ray photoelectren spectroscopy, dynamic
oxygan chemigorption, Fourier transform infrared
Spectroscopy. pore size distribution measurements and
temperature programmed sulfidatien.

Preparation of the carbon-supported catalysts involved a
standard pore volume impregnation with agueous solutiong of
the appropriate metal salts, followed by drying. 1In this
precurgoy state the Me phase supported on activated carbon
was found to be highly dispersed as isclated or polymevized
menclayer species at Mo loadings below 3 wt% and as very
tiny three dimensional particles at higher loadings. In
contrast herewith, the precursor Co phase in activated
carben—-supported Co catalysta appeared to be inhomogenecusly
dispersed on the carbon surface, vyielding a congiderable
enrichment at the cuter surface of the support pavticles.
An explanation for this dispersion was that during
impregnation the ecarbon surface becomes poaitively charged
due to adsorption of protons from the solution. As a result
the molybdate anions present in the solution adsorb on the
carben surface due to electrostatic attractien.
Cobalt cations on the contrary are not adsorbed because of
electrostatic repulsion. Hence, the inhomogeneous dispersion
of Co is understood to result from transport of the Co
solution to the outer part of the support grains during the
drying procedure.

Upon sulfidation in & 10% HpS in Hy mixture, the precursor
Mo and Co phases were gquantitatively converted into their
sulfide phases, viz. MoS; and Cog3g. sulfidation, which was

complete at temparatures below 573 K, proceeded via a
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mechanism of 0-8 subsatitution reactions and by reduction via
c¢laavage of part of the metal-5 bonds. Furthermore, the
digpersion of the catalysts significantly decreased during
sulfidation. Thesa findings demenstrate the weak
interaction of the carbon surface with the deposited
catalytic phase, a situation which is clearly completely
different from that observed for alumina-supported Mo and
especially Co catalysts where strong metal-support
interactions are present neceszsitating high sulfiding
temperatures (»700 K} in order to ohtain complete
sulfidation of the precursor catalysts.

The thiophene HD3 activity of activated carbon-supported
sulfided Mo catalysts was found te be much higher than the
corraspending activity for alumina-supported Mo catalysts.
Dynamic oxygen chemisorption measurements indicated a
higher fraction of active sulfide surface area and & higher
turn—over freguency of the siltes for the carbon-suppeorted Mo
catalysts compared to the alumina-supported ones, It was
concluded that the interaction of the alumina oxygen anions
with the Me atoms in the sulfide caused an extra charging of
the Mo atomg which lowerad their capability for
S~hydrogenoclysis, Experimental evidence suppoerting this
finding was found 4in a correlation between the catalytic
activity of second and third row metal sulfides supported on
activated carbon, and the shift in XP8 binding enerygy
between metal and metal sulfide phases, which demonstrated
that superior catalysts have a2 small charge on the metal
atom in the gulfide phase (preserve a high degree of metal
character).

The activated carbon-supported sulfided <o catalysts
demongtrated very high HDS activitiea which were by far
suparior to those of corresponding carbon=- or
alumina-supported molybdenum catalysts. Extrapolation to
optimal atemic dispersion indicated that Co atoms had a
seven~fold higher HDS activity than optimally dispersed Mo,
Compariscn of these activity data with those obtained for
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carbon-supported (Co-Mo =shows that the so-called promotor
affect in sulfided Co-Mo «catalysts i3 priwmarily caused by
the exceptionally high catalytic activity ef Co =sites and
that the role of MeS; in these catalysts is mainly te
function as a support for the atomic dispersion of the Co
atoms on its asurface. The latter finding is in complete
agreement with the Co-Mo-5 model described by Tepsge and
soworkers, In this respect, it would be of interest to see
if the above conclusion regarding the role of Qo asg prometor
atom also applies when Mi instead of Co ig added or when W
sulfide instead of Mo sulfide is used, and furthermore
whether it also holds for other reactions and reactants.

The atmospheric thiophene HDPS activities measured for
carbon-supported transition metal sulfide catalysts ranging
from group VI to group VIII ¢ resembled very much the HDS3
activities reported for the corresponding unsupported
sulfides. Typical volcane curves were cbtained for szecond
and third row metal sulfides when activity was plotted as a
function of the periodic positioen of the transition metal.
Maximum activity was measured for Rh in the second and Ir in
the third row., Firat row elements showed a twin-shaped
pattern with maximum activity located at Cr and Co. In
this regard it would be interesting to see whether the same
relation betwean activity and periodic position holds for
other catalytic reactions such as hydrodenirrogenation,
hydrodeoxygenation, and aromatiec hydrogenation.

The above described findings of the carbon-supported
catalysts, show that due to the weak interaction of the
carben surface with the deposited catalytic phases, these
catalysts show some remarkable properties which are very
different from those observed for alumina-supported systems.
Upon sulfidation, unhampered formation of the actually
active metal sulfide phase is achieved at low temperatures.
Thiz metal sulfide phase ig free of strong interactions with
the support and as a consequence shows a remarkable high HDS

activity. Hence, the advantages of carbon as a support



material are that the true catalytie¢ properties of
well-dispersed metal sulfides present in their mest active
form can be gtudied, and that by ecomparison with
aluminawsupportéd catalysts the effect of strong
metal-support interactions on the structural and catalytic
properties of the metal sulfide phase can be identified.

The role of the earbon surface oxygen functicnality on the
dispersion of the Mo phase was studied by means of Fourier
transform infrared spectroscopy (FTIR) and ¥PS on carbon
black-supported Mo catalysts which differ in Mo dispersion.
This study was based on the suppesition that, if a chemical
reaction takes place between the molybdate ions and a
specifi¢ «arben surface oxygen group, a change in the
gpectral characteristics of the impregnated compared to the
unleaded carbon blacks will become apparant. Some evidence
was found in the PTIR spectra of the samples with the
highest Mo dispersion that the molybdate ions interact with
carbon surface aryl-ether functional groups. However, since
ne major changes were observed in the XPS and FTIR spectra
of the impregnated compared to the unloaded carbon black
samples, it was suggested that the role of the oxygen
functional groups on the dispersion of the catalysts might
be of secondary importance, Then, the presence and amount
of reactive carben surface atems could be the major factor
influencing the ac¢tive phase dispersion.

The thiophene HDS activity of activated c¢arbon-supported
Mo catalysts was found to decrease drastically with
increasing amount of phosphate present on the carbon
surface. Thus, in order to obtain highly active Mo
catalysts supported on carbon, the phesphate impurity level
of the e¢arbon should be kept low. It was shown that
phosphate combines with molvbdate bo form a
l2-molybdophosphate complex in the precursor catalysts.
Upon sulfidation this complex readily «¢onverts inte a
Mo3,-F species which has poor HDS properties. The exact
nature by which phogphorus influences the MeS, phase remains
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unknown for the moment, but additional XPS and 1P solid
state MAS NMR measurements on sulfided phosphorus containing
Mo catalysts wight clarify this. Nevertheless in view of
the above results it c¢an be concluded that in phosphate
containing alumina-supported catalysts, where a distinct
promotion effect of P on the HDS aetivity is obgerved, no
MoS,-F species are formed.

Sinece activated carbkons are essentially micrepeorous, and
therefore of little wse as= support for HDS catalysts under
industrial econditions, two types of mesoporous carbons,
carbon blag¢k composites and carbon covered alumina were
prepared and evaluated with respect to their textural and
surface proparties for use as carrier materials for sulfide
catalysts. Pore size distributions of the composites could
be varied by selecting carbon black substrates differing in
primary particle size. Promising textural properties were
cbtained for the conposites prepaved (BET =surface artea
ranging from 120-730 m2/g with predeminant perosity in the
megoporous range). Howaver, it was found that reascnable
dispersionz of the Mo phasze were obtained only after the
composites had been subjected to an oxidative treatment to
increaze their surface heterogeneity and thus their affinity
towards the deposited Mo phase. Carbon covered alumina
carrier materials were prepared via pyrolysis of cyclohexene
or ethene on the surface of a gamma-alumina, Narrow pore
size distributions were obtained in the 2,.5=10 nm porsa
radius range and meszo- plus macropore surface areas reached
values of 190-270 mz/g. he alumina surface coverage was
not uniform but a value of 77% could be reached for a 27 wt%
¢ on alumina sample. The thiocphene HDS activity of Co
sulfide supported on the prepared carbon covered aluminas
wazs found to increase linearly with ingreasing alumina
surface coverage by carbon; demonstrating the shielding of
the carbon layer to reduce or eliminate sktrong
cobalt-alumina support interactions. Oxidation of the
carbon surface prior to introduction of cobalt led to an
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improvement of the HDS activity. It was found, however,
that .the catalytic aetivity of the Mo and Co catalysts
supported on the carben black composite and carben covered
alumina supports, rcespectively, were lower than those
measured for the corresponding catalysts based on the
activated carbon suppert. Thus it becomes clear that the
possible advantage of carbon black ¢eomposites and carbon
covered alumina with regard to a more eoptimal pore size
distribution is= not prominent, at least when thiophene is
employed as a probe molescule for HDS and that further
development work is necessary before carbon black composites
or carbon covered alumina's ¢an be used in the industry.
overlooking the results daseribed in the present
investigation it iz obvious that the carbon-supported
sulfide catalysts contain interesting as well as promising
properties both from a fundamental and practical point of
view. Tt is evident, that by ecarefully balancing the
textural and suvrface properties of carbon supports, the
research afforts on this type of catalysts will pay-off in

the near future.
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SAMENVATTING EN CONCLUSIES

Ontzwaveling en ontstikstoffing van aardoliefracties
(hydrotreating) is de 1laatate decennia in belangriike mate
toegencmen. De strenge eisen wat betreft het =zwavel- en
etikstafgehalte in ecologisch aanvaardbare gasvormige,
vloceibare en vaste brandsteffen als mede de toenemende
noodzaak vesr het verwerken van zwaardere oliefracries
hebben het onderzoeks- an ontwikkelingaswerk van
hydrotreating katalysatoren en de daarbij behorende proces—
technolegle in sterke mate gestimuleerd. De heden ten dage
commercieel gebruikte katalysateren bestaan uit molybdeen-—
(of wolfraam=) sulfide gepromoteerd met kobalt— (of nikkel)
sulfide aangebracht op een poreuze aluminiumoxide drager.
Gedetailleerd fundamenteel inzicht in de structuur en de
hieraan verbenden katalytische eigenschappen van deze
ingewikkelde katalysatorsystemen heeft men pas recenteliik
verkregen. Hieruit bleek dat het exclusieve gebruik van
alumina als dragermateriaal voor sulfidische katalysatoren
niet noodzakelijk was. Integendeel, het bleek dat
katalysatoren met gen aanmerkeliijk hogere activiteit konden
worden bereid indien kool als dragermateriaal werd
aangewend. Tevens werd gesuggereerd dat het gebryik wvan
kool als dragermateriaal het mogelijk maakte om de ware
katalytische elgensgchappen te bestudaren van goed
gedispergeerde metaalsulfide deeltjes.

Deze bevindingen waren de start wvan het in dit
proefechrift beschreven onderzosk welk fundamentele zowel
als praktische resultaten bevat aangaande het gebruik van
kool als dragermateriaal voor hydrotreating, of meer
specifiek, oentzwavelings-(HDS) katalysatoren. Gexzien het
feit dat er in de literatuur niet veel aandacht besreed werd
aan dit onderwerp, werd besloten de eigenschappen van
sulfidische katalysatoren op kool te bestuderen in een brede

context, De resultaten kunnen dan ook in twee delen worden



ingedeeld : het cerste deel {(hoofdstuk 2 tot en met 5) bevat
de resultaten me t betrekking tot de structuur an
katalytische ejgenschappen van metaalsulfide deeltjes (in
het bijzonder Mo en Co) gedragen op een Norit aktieve kool 3
het tweede deel (hoofdstuk & tot en met 9) beschrijft de
invlged van textuur en oppervlakte-eigenschappen van
verschillende kooldragers op de disgpersie en katalytische
eigenschappen van Mo en Co katalysatoren aangebracht op de
diverse dragers. De volgende technieken werden toegepast 3
atmogsferische thiofeen ohtzwavelingsexperimenten, rontgen-
fotoelectronspectroscopie, dynamische zuurstof chemisorptie,
Fouzier transform infrarood spectroscopie, poriedistributie
bepalingen en temperatuur geprogrammeerde inzwaveling.

De kcol-gedragen katalysatoren werden bereid door middel
van een standaard porie-volume impregnatie van de drager met
een waterige metaalzout oplossing, gevelgd door drogen.
Voor de gedroogde actieve kool-gedragen Mo kataly=zatoren
bleek de Mo fase zich goed gedispergeerd te bevinden aan het
kooloppervlak hetzij ales geisoleerde of gepolymeriseerde
monelaag plakjes bij Mo beladingen baneden de 3
gewichtasprocent en als zeer kleine drie dimensionale
deeltjes bij hogere beladingen. In tegenstelling hiermee
bleek dat in gedroogde katalysataren van Co op actieve kool
de Co fase inhomogeen verdeeld was over het drageropperviak
en zich voornamelijk aan het .buitenappervlak van de
dragerdeeltiea bevend, Een verklaring hiervoor werd
gevonden in het feit dat het kooloppervlak tijdens de
impregnatieatap protenen adsorbeert en hierdoor positief
geladen wordt. Dit resulteert in een adsorptie van de
molybdaatanionen uit de impregnatieoplossing. Cobalt
cationen worden echter niet geadsorbeerd ten gevolge van de
electrostatische repulsiekrachten. De inhomogene dispersie
van Co wvelgt dan ook uit het feit dat transport van de Co
oplosging plaats vindt naar het buitenoppervlak van de
dragerdeelties tijdens de droegprocedure,

Inzwaveling van de gedroogde Kkatalysatoran in een 10%
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st/u2 mengsel resultesrt Iin een kwantitatieve omzetting van
de metaalzouten in hun sulfide vorm : Mo3, en QogSg. Deze
inzwaveling was beéindigd bij temperaturen beneden de 5373 K
en verliep door middel van 0=3 substitutie reacties en
reductie via het breken van een deel van de gevermde
metaal-5 bindingen. Daarenboven trad sintering op van de
actieve fase gedurende de inzwaveling. Dere bevindingen
wijzen op een geringe interactie tussen het keooloppervlak en

de katalytisch actieve fage, een situatie die duidelijk

verschilt wvan die in alumina- gedragen systemen, waar
sterke me taal-drager interacties aen hoge
inzwavelingstemperatuur (>700 K) vereisen wil men de

gedroogde katalysatoren velledig inzwavelen,

De thicfeen~ontzwavelingsactiviteit van Mo-gulfide
katalysatoren gedragen op actieve kool bleek vele malen
hoger dan de overeenkomstige activiteit van Mo systemen op
alumina. Dynamiache zuurstofehenisorptie experimenten
duiden op een lagere fractie van het actief =sulfide
oppervliak en een lagere turn-over freguency van de sites
voor alumina katalysatoren vergeleken met de kool gedragen
gystemen. De conclusie was dat de interactie tusgen de
zuurstofanionen van het alumina en de Mo atomen in het
sulfide ren extra lading op de Mo atomen met zich meebracht,
waardoor de ontzwavelingsacapaciteit van deze Mo atomen
verkleind wordt. Een experimenteel bewijs hierveoor werd
gevonden in de correlatie tussen katalystische activiteit
van tweade en derde rij overgangsmetaalsulfiden en de
verschuiving in XPS-bindingsenergie tussen het metaal en
metaalsulfide, welke aantoonde dat katalysatoren met een
hoge ontzwavelingsactiviteit slechts een geringe lading op
het metaalatoom in het sulfide hadden (hoge mate van
metallisch karakter).

Cobalt sulfide katalysateren op actieve kool bleken sen
uitermate hoge ontzwavelingsactiviteit te bezitten, welke
beduidend hoger was dan die van de oversenkomstige Mo

katalysatoren op kool of alumina. Bij extrapolatie naav
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cptimale atomaire dispersie bleek de ontzwavelingsactiviteit
van Co atomen zeven maal groter te =z2ijn dan die wvan Mo
atomen. Ben vergelijking met de aetiviteit van Co-Meo
katalysatorsystemen tocnde aan dat het zogenoemde
promotoreffect in deze Lkatalysatoren het gevolg ia van de
hege ontzwavelingsactiviteit van sites gelokaliseerd op Co
atomen en dat de rol van Mo, in deze katalysatoren beperkt
blijft tot het optimaal dispergeren van de Co atomen aan
zijn oppervlak. Dit laatste is in oversenstemming met de
resultaten wvan het Co=Mo=S model van Topsge en medewerkers,
In deze context 1lijkt het interessant om na te gaan of de
bovenstaande ¢onclusies aangaande de rol van Co in
gepremoteerde katalyzatoren ook van toepassing is wanneer Wi
i.p.v., C& als promotor wordt toegevoegd, of wanneer W
sulfide i.p.v. Mo sulfide wordt aasngewend, alsocok bij andere
reacties dan HDS,

De thiofeen~-HDS=agtiviteiten gemeten bij atmosferische
druk voor overgangsmetaalsulfide katalysatoren op kool,
gaande van groep VI tot en met greep VIIT ¢, geleken sterk
op de HDS=activiteiten beschreven in de literatuur voor
overeenkomstige ongedragen sulfides, Typieche klokkurven
werden verkregen wanneer de activiteit werd ultgezet t.o.v.
de positie van het overgangsmatrasl in het periodiek systeem.
De hoogste activiteit werd gemeten veor Rh in de tweede rij
en Ir in de derde rij. De overgangsmetaalelementen van de
eerszte rij vertoonden een verloop met een dubbel maximum,
met Cr en Co als meest actieve elementen. In dit opzicht
zou het interessant zijn om na te gaan of dezelfde relatie
tussen activiteit en plaats in het pericodiek svateem ook
voor andere katalytische reacties :zgals ontstiksteffing,
entzuurstoffing en arcmaat-hydrogenering geldt,

Uit de resultaten beschreven in het voorgaande blijkt dat
kool-gedragen sulfidische katalysatoren, made dank =zij de
zwakke interactje tussen het kooloppervlak en de actieve
fase, wuwitzenderlijke katalytische eigenschappen bezitten
welke duidelijk verschillend =zijn van die van alumina-



gedragen aystemean. Tijdens het inzwavelen kan de
sulfide- fase =zich onbelemmerd vormen bij relatiet lage
temperaturen. De gevornde metaalsulfide fase vertoont geen
aterke interactie met de dragexr en heeft daardoor een hoge
ontzwavelingsaetiviteit. De voordelen die verbonden =zijn
aan het gebruik van kool als dragermateriaal zijn dus, dat
de ware katalytische activiteit van goed gedispergeerde
metaalsulfide deeltjea in hun meeat actieve vorm bestudeerd
kan worden en dat door een vergelijk te maken met alumina
gedragen systemen, de invleoed van de sterke metaal-drager
interactie op de structuur en katalytische eigenschappen van
een metaalsulfide fase geldentificeerd kan worden,

De invloed van de =zuurstofhoudende functionele groepen op
de dispersie van Mo op roet katalysatoren (met verschillende
Mo dispersies) werd bestodeerd met behulp van
Fourier-transform infrarcodspectroscopie (FTIR) en rontgen-
fotoelactronspectragcopie. Het witgangspunt was dat indien
ar een chemische reactie zou plaatravinden tusgen de
molybdaationen en een specifieke zuurstofgroep aan het
kooloppervlak, dit een verandering in de spectra van de
zuurstofhoudende groepen van de gedroegde katalysateoren ten
opzichte van de onbeladen roeten zou teweegbrengen, In de
FTIR spectra van de katalysatoren met de hoogate Mo
dispersie werden aanwijzingen gevenden die duiden op een
reactie tussen molybkdaationen en aryl-ethergroepen van het
kooloppervlak. FEchter omdat de spectrale wijzigingen eerder
minimaal waren, bestaat de mogelijkheid dat de
zuurstofhoudende greoepen van het kooloppervlak geen directe
invloed op de dispersie van de Mo-fase uitoefenen, In dat
geval zouden de reactieve oppervilakte-koolstofatomen een
bepalende rol voor de Meo—dispersie kunnen spelen.

Ean =terke daling ir de katalytische activiteit wvan

koal=gedragen Mo-katalysatoren werd waargenomen bij
toenemende hoeveelheid foafaat aanwazig op het
kooloppervlak. De hoeveelheid fosfaat-onzuiverheden in

kooldragers dient dan ook laag te ziin wil men hoge
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ontzwavelingsactiviteiten bereiken. Het aanwezige fosfaat
reageaerde met de geimpregneerde molybdaationen onder de
vorming wvan een l2-molybdeofosfaat complex welk bij
inzwaveling werd omgezet in een MoS,-P deeltje met een lage
ontzwavelingsactiviteit. De manier waarop focfar de
activiteitr van een MoS, deeltje verlaagt werd niet helemaal

31P vaste stof

duidelijk ; hierin zouden aanvullende XFS en
MAS~NMR metingen aan de sulfidische Mo-P katalysataren
opheldering kunnen brengen. Ex kan echter wel geconcludeerd
worden dat in fosfaat bevattende Mo katalysatoren op
alumina, waarin in tegenstelling tot de kool gedragen
systemen een stijging in activiteit met fosfaatgehalte wordt
waargenomen, geen MoS;-P deeltjes gevermd worden.

Gezien het feit dat actieve kool voor het merendeel
microporeus is en daardeer niet echt geschikt is als drager
voor sulfidische katalysatoren onder industriéle condities,
werden twee soorten mesoporeuze koel, composieten en met
kool bedekt alumina, bereid en geévalueerd op hun
hoedanigheid als drager voor sulfidische katalysatoren. Het
bleek mogelijk de poriestraalverdeling van composieten te
vari&ren door roetdeeltijes te gebruiken met verschillende
primajire deeltjesgrootte. De textuureigenschappen van de
compogieten waren veelbelovend (BET oppervlak wvan 120-730
mz/g hoofdzakelijk gelegen in het mesoporiéngebied). Het
bleek echter nocdzakelijk de composzieten vooraf aan een
exidatiebehandeling te onderwerpen om zodoende de
opperv]akte~heterogeniteit te verhegen en dus de affiniteit
vaor de Mo fase, om redelijke Mo digpersies te verkriijgen in
de katalysatoren. De me £ kool bedekte alumina
dragermaterialen werden bereid via de pyrolyse van
eyclohexeen of etheen aan het alumina-oppervlak, De bearejide
preparaten vertoonden navwe poriestraalverdelingen in een
gabied met een poriestraal gelegen tussen 2.5 en 10 nm en
met een mesc —en macroporie-oppervlak van 190-270 m2/g. De
bedekking van het alumina-oppervlak door kool bleek niet
uniform. Een bedekkingsgraad van 77% werd bereikt voor een
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preparaat dat 27 gewilchtaprocent kool bevatte. De
thiofeen=ontzwavelingsactiviteit van Co-splfide aangebracht
op de met kool bedekte alumina dragers bleek lineair toe te
nemen met de bedekkingagraad wvan het alumina-oppervlak,
Hieruit blijkt dat het koollaagje voldoende af=zcherming
biedt en zodoende de sterke interactie tussen het kobali- en
het alumina-~opperviak gedeeltelijk of volledig elimineert.
De katalytiszche activiteit van de Mo- en Co-katalysatoren
aangebracht op de composiet en met kool bedekte alumina-
dragermaterialen bleef echter beduidend onder het niveau van
de overeenkemstige actieve kool gedragen katalysatoren. Dit
wijst erop dat de mogelijke voordelen van de composieten en
de met kool bedekte alumina dragermaterialen met bhetrekking
tot de betere textuureigenachappen, niet echt vooraanstaand
zijn gezien de ontzwavelingsactiviteit van de hierop bereide
katalysatoren, en dat verdere ontwikkeling noodzakelijk is
alvorens de compeosieten of met kool bedekt alumina
industrieel toepasbaar ziijn.

Terugblikkend op de resultaten beschreven in dit
proefschrift, kan gesteld worden dat de sulfidische
katalysatoren gedragen op kool zowel fundamenteeal
interessante als praktisch veelbelovende katalvtiache
eigenschappen bezitten. Het ig duidelijk dat door een
juiste keuze van textuur- en cppervlakte-eigensgchappen van
de kooldragermaterialen, de onderzoekszinspanningen aangaande
dit katalysatorsysteem praktiseh bruikbare resultaten =zal

opleveran,
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Tot slot maar eigenlijk op de eer=te plaats wil ik Ingrid
bedanken voor de steun die ik aan haar heb gehad tijdens de

afgelopen vier jaar.
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richting wetenschappelijke B.
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Antwerpen (Rijksuniversitair Centrum Antwerpen en
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Stellingen behorende bij het proefschrift van J.P.R. Vissers

1. Bet verdient aanbeveling om de combinatie van dynamische
zuurgtofchemisorptie en rontgen-fotoelectronspectroscopie,
waarmee men ingicht kan verkrijgen over het al of niet
homogeen gedispergeerd zijn van metaalsulfide deelties op
een koolstofdrager, ook te toetsen aan katalysateren zoals

cobalt- en ijzersulfide op koolstof.

2, Bij hun “"herinterpretatie"” van het infrarvoodspectrum van
CuCl.CyH, op basis van berekeningen aan Cu+.C2H4, waarin
Cu dyz CsH, * backdonatie ecnbelangrijk blijkt te ziijn,
heuden Merchan et al, exr onvoldoende rekening mee datECu+

geen goed model veooy CulCl is.

M. Merchan, R. Gongalez-Luque, I, Nebot=Gil and F. Tomas,
Chem. Phys. Lett. 112, 412 (1984).

3. De bewering van Raesky, dat de door hem gemeten
gauche-trans konformerenverhouding in de vlceistoffase wvan
methoxy dichlarsfosfinoxide, CHBOP(O)ClZ, kan worden
verklaard gebaseerd op versehillende statistische
gewichtsfactoren veor de onderscheiden konformeren, is

onjuist.
O.A. Raesky, J. Mol, Struct. 19, 275 (1973).

4. Gezien de slechte reproducesrbaarheid en het moeilijk te
bepalen eindpunt, verdient het aanbeveling de "Tellertest”
methode welke het ontvettend vermogen van een detergent
bepaalt, nlet als aanvaardingscriterium voor detergenten

te gebruiken.

Belg. ¥Mil. Spec. betreffende de prosfmethoden voor zepen
2n detergenten (1972).



De bewering van Murrel en CGarten als =zou Fel”

moneoatomair
verankerd =ziin aan de coordinatief onverzadigde sites van

de Ti0, drager, is onvoldoende onderbouwd.

L,.L. Murrel and R.L. Garten, Aappl. Surf. Sei. 19, 218
(log4).

De conclusie als zouden kleine {1 nm) MoS, deeltjes in
gesulfideerde Mo/Al,05 katalysatoren aanwezig zijn, is
niet in overeenstemming met de EXAFS resultaten welke

duiden op een zesvoudige zwavelomringing van het Mo atoonm.

3.5. Clausen, H. Topsce, R. Candia, J. Villadsen, B.
Lengeler, J. Als-Nielsen and F. Christensen, J. Phys.
Chem. 8%, 3868 (1581).

Bij de interpretatie van de textuureigenschappen van met
koolstof bedekte poreuze materialen, dient rekening te
worden gehouden met dJe structuureigenschappen van het
koolatof en de wijze waarop het koolstof =zich aan het

opperviak bevindt.

R. Leboda, Chromatographia 13, 549 (1%80].
4,p. Alder, H. Geisser, A. Baiker and W. Righarz, " 1o0sth

AL ME Annual meeting, New Orleans, 1979", p. 337 (1279).

Door te stellen dat badminton sen tweederangs tennis ia,
laat men duidelijk =zijn gebrek aan kennis (en kunde)

omtrent bheide sporten blijken.

Aangezien de creativiteit van een greep groter is dan de
som der individuele creativiteiten van de groepselementen,
is samenwerking in wetenachappelijk onderzoek een absolute

nesdzaak.




10. Wanneer politici beweren dat nueleaire bewapening de enige
manier is om de vrede te bewaren, bedcoelen ze eigenlijk de

"eguwige vrede".

26 maart 1988



