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Thiophene hydrodesulfurization and butene hydrogenation have been determined for MoOy/y-
ALO;, WO4/y-Al,Og, and Re.0/y-Al,O; catalysts, using a micro-flow reactor operating at atmo-
spheric pressure. Catalysts have been prepared by various methods, viz., ion exchange, gas-phase
adsorption, dry and wet impregnation of y-Al,O; as well as impregnation of boehmite. The catalysts
have been prepared on a surface coverage basis.

The catalysts were characterized by X-ray diffraction, surface area and pore volume measure-
ments, and temperature-programmed reduction (TPR). MoOy/y-Al,O; and WO,/y-Al,O; catalysts
prepared by dry and wet impregnation give essentially the same results.

A correlation exists between the reducibility of oxidic MoOy/y-Al;03 and WOy/y-AlO; catalysts
prepared by dry and wet impregnation, and the hydrodesulfurization activity of the sulfided sam-
ples. The higher the reducibility, the higher the hydrodesulfurization activity. This correlation also
holds for MoOj/y-Al,O; catalysts prepared by other methods, viz., ion exchange, gas-phase adsorp-
tion, and impregnation of boehmite, and for Re,O,/y-Al,O; catalysts prepared by dry impregnation.

Butene hydrogenation activity of sulfided MoGy/y-Al,O; and WO,/y-Al;O; catalysts also corre-
lates with reducibility. This correlation is qualitatively the same as that found for hydrodesulfuriza-
tion. For Re,O,/y-Al,O; catalysts this is not the case. The ratio between hydrodesulfurization
activity and hydrogenation activity decreases in the order W — Mo — Re.

TPR is a time-saving screening technique for unpromoted well-dispersed hydrodesulfurization

catalysts.

INTRODUCTION

Supported oxides and sulfides of molyb-
denum and tungsten are well known for cat-
alyzing a great variety of reactions. The de-
velopments in petroleum- and coal-refining
technology in the last two decades have
brought the application of the sulfides for
reactions referred to as hydroprocessing to
a high level of economic importance. Some
examples of these reactions are desulfuriza-
tion, denitrogenation, deoxygenation, hy-
drogenation, and hydrocracking of petro-
leum compounds. During hydrodesul-

! Author to whom correspondence should be ad-
dressed.

furization extra hydrogen is always con-
sumed due to the hydrogenation of unsatu-
rated hydrocarbons. This is often undesir-
able, since it leads to loss of expensive
hydrogen. On the other hand, in the future,
hydrogenation and hydrocracking will be-
come more important because the need for
clean fossil fuels has extended to heavy pe-
troleum fractions and to coal. As a result,
there is great demand for catalysts having
better properties for the hydrogenation of
these heavy feeds and of coal and coal-de-
rived liquids. In this respect W-based cata-
lysts have been reported to have better
properties than Mo-based catalysts (/).
Therefore in this study MoOg/y-Al,O5 and
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WOy/v-ALO; have been compared. It must
be emphasized that whereas industrial cata-
lysts usually contain Mo and Co or W and
Ni, only unpromoted catalysts have been
studied here.

As a result of a considerable number of
studies a reasonable model of the structure
of the oxidic precursors of unpromoted cat-
alysts has been achieved (2-24). It is clear
that, in general, the oxidic catalysts consist
of a monolayer of molybdenum or tungsten
compounds on the carrier. It has been sug-
gested by Gajardo (/7) that also multilayers
can be formed. At high transition metal
contents bulk compound formation has
been observed, viz., molybdenum or tung-
sten trioxide and aluminum molybdate or
tungstate.

It has been reported that the transition
metal content of the catalysts influences the
relative amounts of the various species
(8, 12, 13, 21). This is the reason why in
this study the active-phase concentration
has been varied to a large extent. In order
to compare the catalysts correctly, the vari-
ation in metal compound concentration ex-
pressed as the average number of metal at-
oms per unit area of the support is kept the
same for all series. The catalysts have been
prepared via dry and wet impregnation of a
high-purity vy-alumina; the drying and
calcining procedures were the same for all
catalysts.

In general, the aim of structural studies is
to correlate structural information with cat-
alytic activity. Such an effort seems quite
reasonable when the structure of the cata-
lysts does not change essentially during
pretreatment and catalytic action. For
MoQy/y-Al,O3 and WOs/y-Al,O; catalysts
this applies perhaps to reactions like me-
tathesis and polymerization of olefins.
However, in the case of hydrodesulfuriza-
tion the situation is different. It is well
known that due to reduction and sulfidation
the monolayer is more or less destroyed.
Consequently the structure of sulfided cata-
lysts should preferably be studied under ac-
tual (in situ) reaction conditions. Mainly
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due to experimental limitations such in situ
studies of the structure of sulfided catalysts
have been performed considerably less of-
ten than studies on the oxidic analogues.
Therefore, it is particularly useful to de-
velop a technique, which, although applied
to oxidic catalysts, gives information on the
catalytic properties of the corresponding
sulfided systems. Since, during the trans-
formation of the oxidic precursor into the
sulfided state, reduction is essential, it is
logical to study the reduction characteris-
tics of the oxidic catalysts.

In principle reducibility can be deter-
mined in several ways. The most common
techniques are isothermal reduction and
temperature-programmed reduction (TPR).
TPR gives essentially a fingerprint of the
reducibility and reflects the reduction kinet-
ics of the system studied. Consequently it is
to be expected that results will be influ-
enced by variations in experimental condi-
tions such as the nature of the reducing me-
dium, preconditioning of the sample, and
the heating rate. However, when each ex-
periment is performed under the same con-
ditions, as has been the case here, TPR
gives useful information on the reduction
characteristics of comparable samples. Nag
et al. (25) have characterized hydro-
processing catalysts by temperature-pro-
grammed desorption (TPD), reduction, and
sulfiding. They have shown that these tech-
niques give useful information on inter alia
the sulfiding step. However, the correlation
between reducibility and hydrodesulfuriza-
tion activity was not systematically studied.

In the present study reduction data, ob-
tained from TPR experiments, are com-
bined with activity data (thiophene hydro-
desulfurization and butene hydrogenation)
of the sulfided catalysts. It will be shown
that a correlation exists between the reduc-
ibility of the oxidic precursors and the cata-
lytic activity of the sulfided catalysts. Also
Mo-based catalysts prepared by other
methods (liquid-phase adsorption, gas-
phase adsorption, impregnation of boeh-
mite) and some Re,O;/y-Al,O; catalysts
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(having completely different reduction
characteristics (26)) have been studied, to
investigate a more general validity of this
correlation.

It is to be expected that reduction kinet-
ics for highly dispersed monolayer-type and
ill-dispersed bulk or bulk-like species will
not be the same. In this paper, therefore,
only catalysts containing highly dispersed
active material are considered. The same
argument holds for catalysts which contain
more than one metal, e.g., Co-Mo/y-Al,O3
catalysts. For this type of catalyst, cobalt
species, being easily reducible, probably
accelerate reduction of the molybdenum
species (27, 28). The influence of these pa-
rameters, variation in the degree of disper-
sion and promoting, is presently under in-
vestigation.

It is recognized that the conditions ap-
plied for testing catalytic activity are cer-
tainly different from industrial conditions.
However, the application of a small mole-
cule like thiophene is preferable in this fun-
damental study, because the structural fea-
tures are obtained with TPR, a technique
measuring the reactivity towards the small
molecule hydrogen.

EXPERIMENTAL

Catalyst preparation. Catalysts were pre-
pared by impregnation of y-Al,O3; (Ketjen
000-1,5E, pore volume 0.51 cm3g~, surface
area 213 m’g™!, particle size 180-300 um)
with aqueous solutions of ammonium hep-
tamolybdate (Merck, min 99%) or ammo-
nium metatungstate (Koch-Light, min
99.9%). Wet and dry impregnations were
carried out using 5.5 and 0.51 ¢cm? solution
per gram of carrier, respectively. The im-
pregnated samples were dried at 393 K (16
h) and calcined under fluidizing conditions
at 823 K in dry air (2 h).

The preparation methods for catalysts
prepared via adsorption (6), gas-phase dep-
osition (6), and impregnation of boehmite
(29) have been published previously.

The Re,O,/y-Al,O; catalysts were pre-
pared by dry impregnation using aqueous
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solutions of ammonium perrhenate (Dri-
jfhout, 99.9%) followed by drying at 383 K
(16 h).

X-Ray diffraction. The X-ray diffraction
patterns have been recorded on a Philips
PW 1050-25 vertical diffractometer.

Specific surface area and pore volume
measurements. The specific surface area
and pore volume of the catalysts have been
determined according to the BET method
on a Carlo Erba Sorptomatic (nitrogen ad-
sorption at 78 K; area of adsorbed N,:
0.1627 nm%*molecule N,). Pore volumes
have been measured also via water titra-
tion.

Transition metal content determination.
Mo and W content of the samples has been
analyzed by means of atomic absorption
spectroscopy (AAS) (Perkin-Elmer 300
AAS), X-ray fluorescence (Philips 1410 X-
ray spectrometer) using a borax fusion
technique (30), and temperature-pro-
grammed reduction; Re content was deter-
mined only by AAS and TPR.

Temperature-programmed reduction. A
catalyst sample containing approximately
0.2 mmol of transition metal ions was re-
duced in a stream of a hydrogen/nitrogen or
a hydrogen/argon mixture (flow rate 12.5
pmol™) from 473 to 1333 K at a constant
heating rate of 5 K min™! in a quartz tube
(inner diameter 4.5 mm).

Reduction leads to a decrease in hydro-
gen concentration, which was detected by a
thermal conductivity cell (Fig. 1). Before a
measurement the sample was preheated in
air (773 K, 1 h), in order to be sure that all

gas purification | detector

hydrogen
consumption

& :programmer
b :temp controlier

F1G. 1. Scheme of TPR apparatus.
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species were fully oxidized, and cooled un-
der vacuum to 473 K.

The Hy/N, mixture (Hoekloos, 99.9%, H,
mole fraction 0.67) and the Hy/Ar mixture
asgy 2g (Matheson, RP, H, mole fraction 0.69) have
eicicd  So been purified with a deoxygenation catalyst
(BASF, R311) and molecular sieves (Merck

3A).

Activity measurements. Hydrodesulfur-
ization experiments have been carried out
in a micro-flow reactor at atmospheric pres-

8EET  °g sure. The reactor was a quartz tube (inner
se~-~ < diameter 8 mm), and all other parts of the
equipment consisted of stainless steel. A
detailed description has been published pre-
viously (3/).
nore 8% Prior to the activity test the sample (nor-
e-wz e mally 0.5 g) was presulfided in situ in a mix-
ture of hydrogen and hydrogen sulfide at
Ihng = atmospheric pressure. The H,S concentra-
- - tion was 10 mol%, total flow rate 42
umol™!. The temperature was increased to
TMne Yo 673 K by the following program: 10 min at
Sonw S 295 K, linear temperature increase to 673 K
in 1 h, isothermal at 673 K during 2 h. After
11 9% this sulfiding procedure a mixture of hydro-
g gen (Hoekloos, 99.9%) and thiophene
(Merck, min 99%), with a thiophene mole
[0 E p fraction of 6.2 mol%, was fed to the reactor
at a flow rate of 35 umol™'. Reaction prod-
ucts have been analyzed by gas chromatog-
eeRd =¥ raphy. Hydrodesulfurization (HDS) activ-
£ ity and butene hydrogenation activity were
- calculated from analysis data obtained after
==RS 8% s runs of 2-h duration.
e e 3 RESULTS
dvzZs S¥ % g Transition Metal Content
% é The composition of the catalysts is
LY8® 8, | & shown in Table 1. The values are the aver-
e-om  e< E iv. age of the results from X-ray fluorescence,
§§ g atomic absorption spectrometry, and tem-
“s § .: 3 g perature-programmed reduction. On the av-
k5 s & = 3g erage the data of these methods agree
e 2 | 5. within 10%.
gE &E $ 5 SE
£8 qf sda X-Ray Diffraction
ot

X-Ray diffraction (XRD) patterns only
showed diffraction bands of the carrier.
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This means that, indeed, all catalysts are of
the monolayer type.

Surface Area and Pore Volume

The BET surface areas and pore vol-
umes, as determined by water titration, cal-
culated per gram of catalyst, as well as per
gram of carrier in the catalyst, are shown in
Table 1.

Temperature-Programmed Reduction

The TPR patterns of MoQO;, Aly(MoQ,)s,
and MoOy/y-Al,O; catalysts, prepared by
dry impregnation, as well as those of WOQ;,
Al,(WOy);, and WO4/y-Al,O; catalysts pre-
pared by dry impregnation, are shown in
Fig. 2. The patterns of the catalysts pre-
pared by wet impregnation are similar to
those for the dry-impregnated catalysts and
are therefore not shown. Between 900 and
1200 K some reduction of the carrier takes
place. The area of this carrier peak de-
creases with increasing transition metal
content of the catalyst. It should be noted
that this decrease is due to the fact that the

Hﬂ—v—v—v——r—v—!—ﬁ
P~
Alx{WO4)3
Alp{MoOg4) 3
| 2 -
W-atomsmms WO3/y ~Aly0:
M003 Y 2Y3
Mo-atoms/nm?2 451
8 aa MoOz/y -Al,04
‘g 21 5 1,82
5 8
: }k ‘
0,
Q g 0.92
: :
Y f 0.45
0.20
022
0.09

[}

° [+]
7 b ————r—r—v{
500 1000 r 500 1000 T

_R..b '—7-.

Fic. 2. TPR patterns of Al (MoO,)s, MoO;, and
MoOgy/y-Al, O catalysts prepared by dry impregnation,
as well as of AL(WO,);, WO, and WO,/y-Al,O, cata-
lysts prepared by dry impregnation.
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absolute amount of transition metal in the
samples has been kept constant (approx 0.2
mmol). Thus with increasing transition
metal content the sample size and conse-
quently the amount of carrier decreases.
Figure 3 shows the TPR patterns of
MoOg/y-Al, O3 catalysts prepared by liquid-
phase adsorption at various pH values
(Figs. 3a—c) and by gas-phase adsorption

Mo-atoms/nm?2
196

e
A
jk\/zm\
¢ 4,68
139
C
Cc) J\/\
ha b
£
3
[7)]
c
(@]
o
o~
I
0,05
| a
500 700 900 11oo_ I__..
K

FiG. 3. TPR patterns of MoOjy/y-AL;O; catalysts pre-
pared by liquid-phase adsorption at pH = 9, 6, and 1
(a,b,c), gas-phase adsorption (d), and a Ketjen cata-
lyst, type 120-3E (e).
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(Fig. 3d). In addition, the TPR patterns of a
commercial catalyst (Ketjen 120-3E) are
shown (Fig. 3e). The TPR patterns of cata-
lysts prepared via impregnation of boeh-
mite (29) are shown in Fig. 4. In Fig. 3,
TPR patterns are shown of Re,O,/y-Aly,O4
catalysts and of NH,ReO,.

Thiophene Hydrodesulfurization Activity

Figure 6 shows for the molybdenum and
tungsten catalysts the relation between
thiophene hydrodesulfurization activity and
the surface coverage. Due to their rela-
tively large error the points corresponding
to conversion levels below 0.5% have not
been included. The reaction rate constants
for hydrodesulfurization have been calcu-
lated on the basis of simplified kinetics. In
this comparative study, it is assumed that
the reaction is first order in thiophene. The
application of a more complex Kinetic
scheme will not significantly change the rel-
ative order of activity of the catalysts. Thus
Faps = ki1 Cq, where

rups = reaction rate [(mol thiophene con-
verted (kg catalyst)™! s7Y)],

k, = first-order reaction rate constant
[(m® thiophene converted (kg cata-
lyst)™ s7)],

Mo-atoms/nm? MoOs/ - Al O,

b N

g

£

© 2,27

=

142
0,75
= 700 900 1100 o0

—

FiG. 4. TPR patterns of MoOy/y-Al,O; catalysts pre-
pared by impregnation of boehmite.
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H,-consumpt ioN ——ee—

NHReQ,

Re-atoms/nm?
0,5

Re,0, /y-ALO,

F1G. 5. TPR patterns of NH,ReO, and two Re,O,/y-
Al,O; catalysts.

C; = concentration of thiophene in the re-
actor [(mol thiophene m™3)].

It is reasonable to expect that r and & are

. dry impregnalion of J-AixOy
@ o wet impregnation of }-Alx03
A ligud phase adsorption
impregnation of Boehmite
{ Ketien 120-3E

Ky *

3t laa3
m*mol”s™ 10 104

a

05+

WO, /Y.ALO,

1 2 3 4 5
surface coverage

‘metal atoms /nm-

FI1G. 6. Reaction rate constant for the hydrodesulfur-
ization of thiophene as a function of the average carrier
surface coverage for presulfided catalysts.
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proportional to the active-site concentra-
tion. This concentration cannot easily be
determined, but the simplest model is that it
is proportional to the metal concentration.
Therefore, to correct for the variation in
active-site concentration, the HDS activity
of each catalyst is expressed as the reaction
rate constant divided by the number of
moles of transition metal per kilogram of
catalyst: k& = k/[mol transition metal (kg
catalyst)™' s~1] (Fig. 6, Table 1). In Table 1
also the k; values for the rhenium catalysts
are given. Generally the activity, which de-
clines with time, is fairly stable after 2 h;
therefore, reaction rate constants have
been calculated based on thiophene conver-
sions measured after 2 h. However, qualita-
tively the same picture is obtained when
another time is chosen.

Hydrogenation Activity

The reaction rate constant, k,, for the hy-
drogenation of butene can be calculated
from the product composition. For this cal-
culation it is assumed that butene is a pri-
mary product from the hydrodesulfuriza-
tion of thiophene and that its hydrogenation
to butane is a first-order consecutive reac-
tion. Thus ryypr = ky Cg, Where

raypr = reaction rate [(mol butene con-
verted (kg catalyst)™! s™1)],

k, = reaction rate constant [(m? butene
converted (kg catalyst)™! s7%)]
concentration of butene in the reac-
tor [(mol butene m~3)].

Cs

The hydrogenation rate constant divided by
the number of moles of transition metal per
kilogram of catalyst ( k3) is plotted as a func-
tion of the carrier surface coverage (Fig. 7).
k;, values for the rhenium catalysts are given
in Table 1.

DISCUSSION

Surface Area and Pore Volume
Measurements

Surface area and pore volume measure-
ments (Table 1) indicate that, in general, im-
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3 x ¢ MoOg/Y-ALO;

ky 21

mimol's 1072

WO, /1-ALOs

® gry mpregraton of }-AO3
© wel moregnaton of J~AbO3
hiquid phase adsorption
‘ impregnation of Boehmile

Q Ketjen 120-3€

1 2 3 4 5
surface coverage

metal atoms /nm’

FiG. 7. Reaction rate constant for hydrogenation of
butene as a function of the average carrier surface cov-
erage for presulfided catalysts.

pregnation and calcination have only
slightly affected the y-Al;O; texture.

Liquid-phase adsorption at pH = 9
results in a significant reduction in surface
area in spite of a relatively low surface cov-
erage. This is due to some dissolution of the
carrier. At pH = 6 and pH = 1 no such
effect is observed.

The surface area of the catalyst prepared
by gas adsorption is strongly decreased,
which is due to the severe preparation con-
ditions (873 K, § days).

The preparation method via impregnation
of boehmite (29) is apparently less repro-
ducible than the y-alumina impregnation
method in the sense that no reasonable rela-
tion between molybdenum content and sur-
face area exists.

Temperature-Programmed Reduction

MoOQOgy/yAl,O3 catalysts prepared by im-
pregnation of yAl,03 (Fig. 2). TPR pat-
terns of these catalysts and of MoO; have
been published previously (2/). The MoO,
pattern reported here differs from the pat-
tern in Ref. (21). The difference is caused
by the application of another reducing gas
mixture, viz., Hy/Ar, instead of Hy/N,. Us-
ing Hy/Ar, the formation of molybdenum ni-
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tride from molybdenum metal atoms and ni-
trogen is avoided. This reaction leads in the
case of Hy/N, to a negative TPR peak after
the reduction of molybdenum trioxide to
the metal. At high temperature the nitride is
decomposed resulting in an extra (positive)
TPR peak. For the catalysts and aluminum
molybdate this is not observed; Hy/Ar and
H,/N, give similar TPR patterns.

It can be seen from Fig. 2 that the reduc-
ibility of the MoQOjy/y-Al,0; catalysts is con-
nected with surface coverage. The average
reduction temperature decreases with in-
creasing surface coverage. This shift may
reflect the heterogeneity of the y-alumina
surface. It implies that the interaction be-
tween Mo species and the carrier is
stronger at lower surface coverages. It is
also possible that the shift is caused by dif-
ferences in degree of aggregation, which in-
creases with surface coverage (32).

From TPR alone it cannot be decided, at
present, whether lower reduction tempera-
tures are related to an increase of aggrega-
tion or a decrease of interaction. It can also
not be excluded that both explanations are
valid because, when the interaction be-
tween Mo species and the alumina surface
is stronger, the degree of aggregation might
be lower. At higher contents an additional
TPR band, which can be ascribed to a Mo
compound having another structure, is ob-
served at a lower temperature. This band
may also be considered as indicative for the
formation of a second molybdate layer on
top of the, not yet completed, first mono-
layer. Since the interaction between these
two layers will be weaker than that between
the first layer and the carrier, it is conceiv-
able that it is reduced at a lower tempera-
ture.

MoOgy/y-Al,O3 catalysts prepared by
other methods. As can be seen from Table |
the pH of the liquid phase has a large influ-
ence on the molybdenum content of the cat-
alysts prepared by liquid-phase adsorption.
Figure 3 shows that at comparable surface
coverage the TPR patterns are similar to
the patterns of the catalyst prepared by dry
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and wet impregnations (Fig. 2). The cata-
lysts prepared by liquid-phase adsorption
have been described as monolayer catalysts
(6). If the low-temperature reduction band
is ascribed to the building up of molybdate
layers, it is clear that also this method does
not lead to a full monolayer of molybdate
species on alumina. This applies also to the
catalyst prepared by gas-phase adsorption.
Due to the preparation method used, the
average surface coverage in this catalyst is
7.7 Mo atoms/nm? at a MoO; content of
11.7 wt% MoQ;. Although this value is
above the theoretical monolayer value
(about 6 Mo atoms/nm? no bulk com-
pounds are observed by XRD or Raman
spectroscopy. This observation supports
the assignment of the low-temperature band
to reduction of multilayers. The TPR pat-
tern of the commercial catalyst also resem-
bles the patterns of the other catalysts. It is
evident that the molybdate in this catalyst is
less well dispersed; a considerable amount
of the molybdate is reduced at a low tem-
perature.

It can be seen from Fig. 4 that prepara-
tion of the catalysts via impregnation of
boehmite also does not give rise to funda-
mental changes in the TPR patterns.

WO3/v-Al,O5 catalysts. In the TPR pat-
terns of the WOy/y-Al,O; catalysts (Fig. 2)
essentially only one broad reduction band is
observed for all catalysts. Reduction, being
very difficult at low W contents, becomes
easier at increasing W content. The fact
that, at comparable surface coverage, the
reduction of the tungstate species is less
easily performed than that of the molybdate
species may reflect a stronger interaction
between these species and the support.
This is also evident from the observation
that in these catalysts a second (low-tem-
perature) band is never observed. As stated
above, this may be considered as an indica-
tion that, up to a surface coverage of 5 W
atoms/nm?, the monolayer is completed be-
fore a second layer is formed. Apparently
the preparation method, viz., dry or wet
impregnation, has no significant influence
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on the structure of the catalysts, since the
TPR patterns at comparable surface cover-
age are similar.

Re,0;/v-Al, O3 catalysts. The reduction
characteristics of the Re,O;/y-Al,O; cata-
lysts deviate from those of MoOy/y-Al,Os
and WOgy/y-Al,O3, as has been reported be-
fore (26). As can be seen from Fig. 5, the
TPR pattern of the catalyst with a surface
coverage of 0.5 Re atoms/nm? resembles
the pattern of NH,ReO,. This has been ob-
served also in the Raman spectra (33) and it
may be due to a weak interaction between
the Re compounds and the carrier. At very
low surface coverage (0.05 Re atoms/nm?),
apart from a band at 900-1200 K due to
reduction of the carrier, two Re bands are
present in the TPR pattern. The relatively
high reduction temperature indicates a
stronger interaction between the carrier and
the Re-surface compounds.

Thiophene Hydrodesulfurization Activity

MoOgy/vAl O3 catalysts. As shown in
Fig. 6, the efficiency for thiophene hydrode-
sulfurization, being very low at low surface
coverage, increases markedly with increas-
ing Mo content and levels off at a surface
coverage of 4-5 Mo atoms/nm? for the sul-
fided catalysts prepared by dry and wet im-
pregnations of y-Al,O3. This is rather close
to the coverage where theoretically a full
monolayer is reached (area per Mo atom:
0.17 nm?) (6).

These results are qualitatively in good
agreement with measurements on prere-
duced initially oxidic catalysts (34). They
may reflect both the heterogeneity of the y-
alumina surface as well as a strong interac-
tion between the oxidic molybdenum com-
pounds and the carrier. Therefore,
especially in the low concentration range,
the formation of MoS,, which is almost gen-
erally accepted to be the actual active
phase (33), is hampered.

It is striking that at comparable surface
coverage, variations in preparation method
do not affect HDS activity.

WO34/yAl, O3 catalysts. As can be seen
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from Fig. 6, WO3/y-Al,O4 catalysts are con-
siderably less active for thiophene hydrode-
sulfurization than the corresponding MoO,/
y-Al, O3 catalysts. The shapes of the two
curves, however, are similar. This indicates
that we are dealing with essentially the
same system. The difference in HDS prop-
erties is most likely caused by the fact that
the oxidic tungsten species are more
strongly bonded to the support, and thus
less readily sulfided (reduced), as has also
been concluded from the TPR patterns.

Re;,04/y-Al, O3 catalysts. The efficiency
of sulfided Re,0./y-Al,Oj is strikingly high
(Table 1). Moreover, the efficiency does not
seem to depend very much on the surface
coverage.

Butene Hydrogenation Activity

Figure 7 shows that the activity increases
with surface coverage and that Mo-based
catalysts are more active than the corre-
sponding W-based catalysts. From compar-
ison of HDS and hydrogenation rate con-
stants it can be concluded that WOg4/y-Al,O,4
catalysts are relatively better hydrogena-
tion catalysts than MoOs/y-Al,Oz. This is

. dry
90 wet

6

WO,/Y-AlO,
.

MOO,/1-ALO,

o

1 2 3 4
surface coverage

metal atoms/nm?

F1G. 8. Ratio between reaction rate constant for hy-
drogenation of butene and hydrodesulfurization of
thiophene as a function of the average carrier surface
coverage, for MoOy/y-Al, O3 and WOy/y-Al,O; cata-
lysts, prepared by dry or wet impregnation.
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shown in Fig. 8, where the ratio between
the rate constants for hydrogenation and
HDS is plotted as a function of the average
surface coverage. These relatively better
hydrogenation properties have been re-
ported earlier by Ahuja er al. (36) and de
Beer et al. (37). The Re,O,/y-Al,O3 cata-
lysts, however, behave quite differently;
hydrogenation activity is very low with re-
spect to HDS activity (Table 1). Thus, the
application of Re,0,/y-Al;O; catalysts may
be preferable in processes requiring high
hydrodesulfurization selectivity. On the
other hand, when, e.g., in the case of heavy
feeds, hydrocracking and hydrogenation re-
actions during hydrodesulfurization are re-
quired, WOy/y-Al,O; catalysts are to be
preferred.

Correlation between Hydrodesulfurization
and Hydrogenation Activity and
Reducibility

In order to correlate activity and reduc-
ibility both have to be quantified. HDS ac-
tivity is easily defined by means of the reac-
tion rate constant k; from Table 1.
Reducibility can be characterized in several
ways, e.g., the temperature of reduction
onset or the average reduction temperature.
In this study the reducibility is arbitrarily
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characterized by the temperature at which
50% of the transition metal species is re-
duced; other characterization methods lead
to the same conclusions.

In Fig. 9 the activity for HDS is plotted
as a function of the average reduction tem-
perature. It is clear that a correlation exists
and that the Mo- and W-based systems be-
have analogously and are complementary.
HDS activity increases with decreasing re-
duction temperature. This suggests that re-
duction of the transition metal compounds
is a crucial step in the transformation of the
oxidic precursor catalyst into the sulfided
catalyst. The markedly high reaction rate
constant for Re,O,/y-Al,O; catalysts (Table
1) corresponds very well with their good
reducibility. TPR thus appears to be a
promising technique which can be applied
for a preliminary screening of the oxidic
HDS catalysts.

In Fig. 10 the relation between the reac-
tion rate constant for hydrogenation and the
average reduction temperature is visualized
for the molybdenum and tungsten catalysts.
Clearly also the hydrogenation activity in-
creases with decreasing reduction tempera-
ture. This is consistent with the fact that in
hydrogenation the oxidation state is an im-
portant parameter (38); generally better hy-
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F1G. 9. Relation between the reaction rate constant for hydrodesulfurization of thiophene of sulfided
MoOy/y-Al;03 and WOy/y-AlL,O; catalysts and the average reduction temperature.
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F1G. 10. Relation between the reaction rate constant for hydrogenation of butene of sulfided MoQy/y-
Al,03 and WO4/y-Al;O; catalysts and the average reduction temperature.

drogenation properties are related to low
oxidation states.

CONCLUSIONS

1. For MOOa/'Y‘AlgO;; and WOs/'}"Ale;;,
catalysts prepared by dry and wet impreg-
nations give essentially the same results.

2. Acorrelation exists between the reduc-
ibility of oxidic MoOg/y-Al;0; and WO,/y
Al,Oj; catalysts prepared by dry and wet im-
pregnations, and the hydrodesulfurization
activity of the sulfided samples. The higher
the reducibility, the higher the hydrodesul-
furization activity.

3. This correlation also holds for MoO,/
y-Al,O3 catalysts prepared by other meth-
ods, viz., ion exchange, gas-phase adsorp-
tion, and impregnation of boehmite.

4. Butene hydrogenation activity of sul-
fided MoOy/y-Al,O3 and WOy/y-Al;,O; cata-
lysts also correlates with reducibility. The
correlation is qualitatively the same as that
for hydrodesulfurization. For Re,O;/y-
Al,O; catalysts this is not the case.

5. The ratio between hydrogenation ac-
tivity and hydrodesulfurization activity de-
creases in the order W — Mo — Re.

6. TPR is a time-saving preliminary
screening technique for unpromoted well-
dispersed hydrodesulfurization catalysts.
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