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Phosphorus-containing Mo sulfide catalysts supported on y-Al,O; and activated carbon were
evaluated for their thiophene HDS activities. Phosphorus was added as phosphoric acid to the
carrier material prior to the molybdenum component. The thiophene HDS activity of the carbon-
supported catalysts was strongly decreased by phosphorus, while alumina-supported catalysts
were not poisoned by phosphorus when present at moderate contents. The structural characteris-
tics and degree of dispersion of the sulfided carbon-supported catalysts were determined by X-ray
photoelectron spectroscopy and dynamic CO chemisorption. The cause of the phosphorus poison-
ing could not be related to a decrease in active phase dispersion or to incomplete sulfidation of the
oxidic precursor catalyst. CO chemisorption revealed that in a phosphorus-containing catalyst
anion vacancies were blocked. It was suggested that phosphorus poisoning can be related to
phosphine (PH;), created by reduction of phosphate, probably during the presulfiding treatment.
The poisoning effect can be explained as resulting from the adsorption of phosphine on the anion
vacancies. The fact that alumina-supported catalysts are not poisoned by phosphorus can be
explained by the strong interaction of phosphate with the alumina support. Due to this strong
interaction, phosphate will not be reduced to phosphine under the sulfiding and reaction conditions

applied. © 1988 Academic Press, Inc.

INTRODUCTION

Alumina-supported molybdenum oxide
or molybdenum sulfide catalysts and pro-
moted Co-Mo/AlL,O; and Ni-Mo/ALO;
systems have been widely investigated with
respect to their ability to catalyze hydro-
treating reactions such as HDS and HDN.
Efforts have also been made to improve
their catalytic activity by finding appropri-
ate secondary promoters.

Phosphorus, present as phosphate, can
be considered to be one of the most effec-
tive modifiers to the above-mentioned cata-
lysts; in fact, it appears to be a component
in a number of commercial catalysts. In the
literature, phosphate is described as a pro-
moter for hydrodesulfurization (/-9), hy-

I Present address: Esso Benelux, Antwerp Refinery,
Polderdijkweg, 2030 Antwerp, Belgium.

drodenitrogenation (2-4), and hydrode-
metallization (5) reactions,

In addition to promoting the catalytic ac-
tivity, other beneficial properties have been
ascribed to the phosphate additive. It has
been said to provide increasing strength
and heat stability to the alumina support
(10, 11). Usually, phosphoric acid is added
to increase the solubility of the precursor
metal salts in the impregnation solutions,
the advantage being that promoted cata-
lysts can be prepared with a single impreg-
nation step (/-3, 69, 12, 13). The promo-
tion effect of phosphorus on the catalytic
activity is tentatively explained as resulting
from an improved dispersion of the precur-
sor metal salts on the support. More specifi-
cally, because of the high solubility of the
metal salts in the phosphoric acid-contain-
ing impregnation solution, the deposition of
large crystalline aggregates on the support
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surface is minimized (-3, 6-9). Neverthe-
less, the promotion effect of phosphorus on
HDS activity is not really understood, and
the structures of phosphorus-containing
catalysts have not been fully elucidated.

It is also known (2) that large amounts of
phosphoric acid (larger than 12 wt%) ad-
versely affect the activity of the catalyst for
both HDS and HDN reactions. This poi-
soning effect of phosphorus is likewise not
understood.

In striking contrast to alumina-supported
catalysts, it was demonstrated that for car-
bon-supported molybdenum sulfide cata-
lysts, phosphorus should be regarded as a
severe poison, as it drastically reduces the
HDS activity of the catalysts even at very
low phosphorus contents (/4-16). This
contradictory behavior of phosphorus, be-
ing a promoter on the one hand and a poi-
son on the other, is very intriguing.

The present study aims to shed more
light on this problem by evaluating the
properties of phosphate-containing acti-
vated carbon- and alumina-supported Mo
catalysts. A series of Mo catalysts with
varying phosphorus content and nearly
constant metal content was prepared and
evaluated for their thiophene HDS activity.
X-ray photoelectron spectroscopy and dy-
namic CO chemisorption were used to
characterize the catalysts.

EXPERIMENTAL
Catalyst Preparation

A. Alumina-supported catalysts. Phos-
phorus-containing catalysts, supported on
alumina (Ketjen Grade B; BET surface
area, 270 m? g~!; pore volume, 1.9 cm? g™!),
were prepared by a stepwise pore volume
impregnation method in which aqueous
phosphoric acid (Merck p.a.) was added
first, followed by the active metal salt
component, ammonium heptamolybdate
(Merck p.a.). After the impregnation step,
the catalysts were dried in air (16 h), start-
ing at 293 K and gradually increasing the
temperature to 383 K (3 h) where they
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were kept overnight. Finally, the catalysts
were subjected to a calcination treatment at
823 K for 2 h in air. A series of catalysts
was prepared, containing a nearly constant
amount of Mo and varying amounts of
phosphate.

B. Carbon-supported catalysts. The sup-
port used was an activated carbon (Norit
RX3-Extra; BET surface area, 1190 m? g~1;
pore volume, 1.0 cm® g~1). Three different
procedures have been applied for introduc-
ing phosphorus into the catalysts.

1. The carbon support was immersed in
an aqueous solution of H;PO,. After reflux-
ing for 1 h, when most of the phosphate was
chemisorbed by the carbon, the samples
were filtered off and dried overnight in air
at 383 K. Catalysts were prepared on the
phosphate-containing carbon supports by
pore volume impregnation using aqueous
solutions of ammonium heptamolybdate. A
series of catalysts containing a constant
amount of Mo as an active metal compo-
nent, and having varying amounts of phos-
phate was prepared. After impregnation,
the catalysts were dried in air, starting at
293 K and increasing the temperature to 383
K over 3 h, where they were kept over-
night. The carbon-supported samples were
not subjected to a calcination step because
this is detrimental to the dispersion of the
active phase.

2. The carbon support was impregnated
(pore volume impregnation) with an aque-
ous solution of molybdophosphate (H;P
(M03049)s- HO, Janssen Pharmaceutica).
This complex will in the following be de-
noted 12-MPA. One catalyst sample was
prepared by pore volume impregnation
with 12-MPA on a carbon support which
already contained some phosphate (which
was introduced according to procedure 1).
The catalysts were dried overnight at 383 K
in air.

3. After sulfidation of the phosphorus-
free Mo catalyst, prepared by pore volume
impregnation in a fashion similar to that de-
scribed before (procedure 1), an aqueous
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solution of phosphoric acid was added to
the sulfided catalysts by pore volume im-
pregnation in a nitrogen atmosphere. This
catalyst was dried overnight under flowing
nitrogen at 293 K. It should be noted that
the catalytic structure does not change sig-
nificantly as a result of this impregnation
procedure. We checked this by impregnat-
ing a sulfided Mo catalyst with pure water
and measuring its thiophene HDS activity.
The HDS activity turned out to be nearly
the same as those of the parent Mo cata-
lyst, indicating that no significant change in
catalyst structure occurred.

The metal and phosphate contents of
the precursor catalyst were determined by
means of atomic absorption spectroscopy
(Perkin—-Elmer 3030 AAS spectrometer)
and a standard analysis procedure (/7), re-
spectively.

C. Catalyst notation. In this article, cata-
lysts will be denoted as Me(x)/(Y + P(z)), in
which x represents the weight percentage of
Mo, and 7 the weight percentage of phos-
phate. Y denotes the type of carrier, Al for
alumina and C for carbon (preparation pro-
cedures 1 and 2). The carbon-supported
catalyst prepared by procedure 3 will be de-
noted MoS,/C) + P. In Table 1, the differ-
ent catalysts are shown schematically.

Catalyst Activity

Catalytic activity for thiophene HDS was
tested in a micro-flow-reactor operating at
673 K and atmospheric pressure. Catalyst
samples (0.2 g) were sulfided in situ in a
mixture of H,S/H, (10 vol% H,S, flow rate
60 cm® min~'). The following temperature
program was applied: starting at 293 K, the
temperature was linearly increased at a rate
of 6 K min~! until 673 K, followed by ex-
tended sulfidation at 673 K for 2 h. In the
case of catalysts prepared according to pro-
cedure 3 (see section on catalyst prepara-
tion), the extended sulfidation at 673 K was
carried out for only 0.5 h. At 673 K a mix-
ture of thiophene and H, (6.2 vol% thio-
phene) was introduced, at a flow rate of 50
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TABLE 1

Schematic Representation of the Catalysts

Support Preparation Catalyst
material procedure notation
Alumina —_ Mo/(Al + P)
Carbon 1 Mo/(C + P)
12-MPA/C?
12-MPA/(C + P)
3 (MoS,/C) + P

¢ For carbon as support material, three different
preparation procedures, described in the section on
catalyst preparation, have been applied. For alumina
as support material, the conventional pore volume im-
pregnation procedure has been used.

6 12-MPA stands for the H;P(Mo;0,), complex.

cm?® min~!. The reaction products were ana-
lyzed by on-line chromatography. The thio-
phene conversion measured after a 2-h run
was taken to calculate the first-order rate
constants for HDS and the consecutive bu-
tene hydrogenation (HYD) reaction (/8).
The HDS reaction rate constant (kyps) is
calculated as

kHDS = —F/W * ln(l - X),

in which F is the total flow rate (in m3 s~ 1),
W the weight of catalyst (in kg), and x the
thiophene conversion (in %).

The intrinsic catalytic activity is ex-
pressed as a quasi-turnover frequency
(QTOF: moies thiophene converted, per
mole active metal, per second).

X-Ray Photoelectron Spectroscopy (XPS)

XP spectra of the oxidic samples were
recorded on a Physical Electronics 550
XPS/AES spectrometer equipped with a
Mg anode (1253.6 eV) and a double-pass
cylindrical mirror analyzer operating at a
pass energy of 50 eV. The powdered sam-
ples were pressed on double-sided adhesive
tape. Spectra were recorded in steps of 0.2
eV. The pressure did not exceed 6.6 X 10~°
Pa and the temperature was approximately
293 K.

XP spectra of the sulfided samples were
recorded on an AEI ES 200 spectrometer
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equipped with an Al anode (1486.6 V) and
a spherical analyzer operating at a pass en-
ergy of 60 eV. In order to avoid contact of
the sulfided catalysts with air, a special sul-
fiding reactor was used (/9) which allowed
transfer of the samples to a N,-flushed
glovebox attached to the XPS apparatus
without exposure to air. After sulfidation
according to the procedure described
above, the catalyst samples were flushed
with purified He for 15 min at 673 K and
subsequently cooled to room temperature.
The samples were mounted on the speci-
men holder by means of double-sided adhe-
stve tape. Spectra were recorded at 293 K
in steps of 0.2 eV, and the pressure was
lower than 1.3 X 1076 Pa.

The C 1s peak (284.6 eV) was used as an
internal standard for binding energy calibra-
tion and the Mo over C photoelectron in-
tensity ratios were used to measure the de-
gree of dispersion of the Mo phase on the
support.

Theoretical intensity ratios were calcu-
lated according to the catalyst model de-
scribed by Kerkhof and Moulijn (20), as-
suming that the Mo phase is exclusively
present as isolated or polymerized mono-
layer species. Electron mean free paths
were calculated according to Penn (21), and
electron cross sections according to Sco-
field (22).

Dynamic CO Chemisorption

Dynamic CO chemisorption was mea-
sured after sulfidation of the oxidic cata-
lysts in a thiophene/H; (7.9 vol% thio-
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phene) reaction mixture at 693 K. At the
end of a 24-h period needed for stabiliza-
tion, the sulfided catalyst was subsequently
flushed with Ar for 2 h at 693 K and then
measured for its carbon monoxide chemi-
sorption capacity in the reactor itself by a
dynamic method. Successive pulses are run
onto the sulfided catalyst held at 273 K until
cumulative adsorption remains constant.
For more detailed information, reference
may be made to the paper of Bachelier et
al. (23).

RESULTS
Thiophene HDS Activity

A. Alumina-supported catalysts. In Ta-
ble 2 the catalytic activities for Mo/(Al + P)
are shown. The kyps values included in this
table show that the promoter effect of phos-
phate is negligible. More importantly, how-
ever, these data clearly show that, under
the conditions used, phosphate does not
act as a poison. The butene hydrogenation
activity kgyp (expressed relative to HDS
activity, kyps) is also not significantly
changed by phosphate.

B. Carbon-supported catalysts. The cata-
lyst compositions and thiophene HDS ac-
tivities of the carbon-supported Mo cata-
lysts are shown in Table 3. It should be
noted that 0.03 wt% PO}~ was present on
the pure carbon support, in spite of the fact
that it had been industrially purified with an
HCI washing. In Fig. 1 the quasi-turnover
frequencies (QTOF) are plotted for all the
samples mentioned in Table 3. Clearly, the

TABLE 2

Activities on Alumina-Supported Sulfided Mo Catalysts

Type of Catalyst composition Catalytic activity
catalyst
wt% wt% PO; Conv. kyps X 10° kuvp
Mo PO; Mo (%) (m* kg™'s™)  Fyps
Mo/(Al + P) 7.1 0 0 6.9 0.68 3.2
7.0 1.4 0.20 7.6 0.76 3.2
7.0 1.8 0.26 7.2 0.72 3.0
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TABLE 3

Activities on Carbon-Supported Sulfided Mo Catalysts

Type of Catalyst composition Catalytic activity
catalyst4
wt%  wi% PO} Conv.  kyps X 10 QTOF x 103 kuyp
Mo PO Mo (%) (m*kg~'s™)  (mol thiophene/ Kuaos
mol Mo - s)
Mo/(C + P) 7.0 0.03 0.004 24.0 2.6 4.1 2.4
7.4 0.07 0.01 22.7 2.5 3.6 2.8
7.4 0.14 0.02 19.2 2.0 2.9 2.6
7.6 0.28 0.04 17.0 2.0 2.8 2.9
7.5 0.40 0.05 14.3 1.5 2.2 3.3
7.2 2.60 0.37 4.0 0.4 0.6 5.8
12-MPA/C 8.6 0.71 0.08 12.0 1.2 1.5 2.9
12-MPA/(C + P) 73 1.34 1.19 2.6 0.6 0.9 5.3
(MoS,/C) + P 6.3 2.60 0.42 2.4 0.2 0.3 7.6

« For catalyst notation, see Experimental section.

QTOF values of Mo/(C + P) catalysts (pro-
cedure 1) decrease rapidly with only small
amounts of phosphate, an observation al-
ready made in previous publications (14—
16). The butene hydrogenation activity
kuyp (expressed in kyyp/kgps) seems less
affected by phosphate than kyps: the ratio
kuyp/kyps increases at high phosphate
loadings. Thus, hydrogenation is still rela-
tively fast, whereas hydrodesulfurization is
strongly decreased. The HDS activity of
catalysts prepared by impregnation with an
aqueous solution of the 12-MPA complex
(procedure 2) is in line with the ordinary
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2 \ B 0 : 12-MpPa/C
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F1G. 1. QTOF values and kyyp/kyps ratios of sulfided

Mo/(C + P) catalysts as a function of the PO} /Mo
ratio in the oxidic precursor state.

Mo/(C + P) catalysts as can be seen in Fig.
1. Interestingly, introduction of phosphorus
into a sulfided Mo/C catalyst (procedure 3)
also resulted in a strong poisoning effect.

Characterization of Carbon-Supported
Catalysts

XPS measurements were carried out on
the Mo(7.2)/(C + P(2.60)) and the Mo(7.0)/
C catalyst, as well as on the pure 12-MPA
complex, in both the oxidic and the sulfided
form. The results are collected in Table 4.
The XPS results seem to indicate that the
Mo particle size of the phosphorus-contain-
ing precursor catalyst (1.7 nm) is larger
than that of the P-free Mo/C sample (<1.0
nm). This could mean that in the oxidic
state a molybdophosphate phase with a
larger particle size than that of the molyb-
date phase is formed. Upon sulfidation,
however, all the Mo particles are converted
into MoS; as judged from the Mo 3d binding
energies (229.3 and 232.5e¢V = 0.2 eV) and
the sulfur-to-molybdenum ratio of 2.2 =
0.2. The binding energies of the Mo 3d and
S 2p XPS electrons in sulfided Mo/(C + P)
are almost equal to those of the sulfided
Mo/C catalyst, indicating that phosphorus
does not influence the chemical state of
MOSz.
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TABLE 4

XPS Results of P-Free Mo/C, P-Containing Mo/C, and H;P(Mo0,0,),

Mo(7.0)/C Mo(7.2)/(C + P(2.60)) H;P(M0;0,0)4
Oxidic state
Mo 3ds,3, B.E. (eV) 232.4 235.4 232.6 236.0 232.4 235.4
Iyo/Ic 0.074 0.063
P 2p B.E. (eV) 133.8 133.8
Particle size (nm) <1.0 1.7
Sulfided state
Mo 3dsp 3, B.E. (eV) 229.3 232.4 229.3 232.5 229.4 232.6
Ivo/Ic 0.061 0.058
S/Mo atomic ratio? 1.9 2.2 1.5
S 2p B.E. (eV) 162.8 162.7 162.5
P 2p B.E. (eV) 133.8 134.1
Particle size (nm) 2.2 2.6

< The S/Mo atomic ratio was calculated after subtraction of the amount of sulfur formed due to
sulfidation of the carbon support itself (I5/Ic = 0.003).

The size of the MoS; particles present in
the sulfided Mo(7.2)/(C + P(2.60)) catalyst
(2.6 nm) is consistent with that of Mo(7.0)/
C: 2.2 nm. This signifies that in a sulfided
Mo/(C + P) catalyst the active phase dis-
persion is roughly the same as that for a
sulfided phosphorus-free Mo/C catalyst.
The P 2p binding energy in the sulfided
state of Mo(7.2)/(C + P(2.60)) is the same
as that of its oxidic precursor: 133.8 = 0.2
eVv.

To see if a molybdophosphate can be
converted into MoS,, the 12-MPA complex
was sulfided under the standard conditions
and XP spectra of the oxidic and sulfided
forms were taken. These XPS data show
that 12-MPA is sulfided to form a Mo sul-
fide (according to the Mo 3d binding ener-
gies) with a S/Mo ratio of 1.5. This value is,
however, lower, as expected for MoS,, so
possibly sulfidation was not complete. The
P 2p binding energy of the complex in the
oxidic state is the same as that of Mo/(C +
P), while in the sulfided state the P 2p bind-
ing energy is also close to the reported
value for the sulfided Mo/(C + P) catalyst.

CO chemisorption measurements were
performed on Mo(6.9)/(C + P(2.30)) and on
the P-free Mo(7.0)/C catalyst. The molar
ratio CO/Mo amounted to 0.04 for Mo(7.0)/

C but only 0.003 for Mo(6.9)/(C + P(2.30)).
Apparently, the CO chemisorption is
strongly decreased in the presence of phos-
phorus.

Formation of PH;

It is known from the literature (24) that
H3PO, and (NH4),HPO, can be reduced by
H, to PH; (phosphine) at 873 K. It has also
been reported (25) that a catalyst consisting
of H3PO, on activated charcoal is reduced
by H,, starting at 673 K and resulting in the
formation of white phosphorus. Since these
experiments show that phosphate on a car-
bon support can be reduced, possibly to
phosphine, it is instructive to investigate
this phenomenon on our catalysts. An ex-
periment was carried out in which a phos-
phate-containing carbon support (27 wt%
PO3") was reduced by H, at 673 K (3 h).
The outlet gases were bubbled through an
aqueous solution of silver nitrate, an indica-
tor for the presence of PH;. It was indeed
found that PH; had been formed. To inves-
tigate the possibility of poisoning by phos-
phine, we sulfided a Mo(7.0)/C catalyst and
after sulfidation (according to the standard
procedure) we introduced gaseous PH; in a
helium gas flow into the reactor at 673 K.
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This experiment was carried out in situ and
PH; was prepared by hydrolysis of phos-
phonium iodide. After the PH; treatment
the thiophene HDS activity was measured.
It was discovered that HDS activity had
drastically decreased: kyps was 0.2 x 1073
m? kg~! s7!, while Mo(7.0)/C generally has
a kyps of 2.6 X 1073 m3 kg1 s7'; this means
a decrease in HDS activity of more than
90%!

DISCUSSION

To explain the poisoning effect of phos-
phorus in Mo/(C + P) catalysts, a number
of explanations may be postulated:

(i) formation of a catalytically inactive
metal-phosphate complex,

(i} decrease in active phase dispersion,

(iii) incomplete sulfidation of the metal
oxidic particles, and

(iv) poisoning of the active sites.

Concerning the first possibility, the for-
mation of a molybdophosphate complex in
the oxidic precursor catalyst is not ex-
cluded. This was evidenced from the cata-
lyst prepared from 12-MPA which showed
an HDS activity similar to that of the con-
ventional Mo/(C + P) catalysts. However,
phosphorus addition to a sulfided Mo/C
catalyst (to prevent the formation of the ox-
idic molybdophosphate complex) resulted
in the same HDS activity as that of a Mo/(C
+ P) catalyst. Furthermore, XPS of a sul-
fided 12-MPA complex showed that this
complex can easily be converted to Mo sul-
fide. These experiments prove that the exis-
tence of a molybdophosphate is not at all
necessary for the P poisoning effect. The
second possibility is also not valid since
XPS showed that the active phase disper-
sion of Mo/(C + P) after sulfidation is not
significantly decreased compared to that in
Mo/C.

From the XPS results it appears that a
Mo/(C + P) catalyst is completely sulfided:
the S/Mo ratio is 2.2 and the binding ener-
gies of the Mo 3d XPS electrons in sulfided
Mo/(C + P) are almost the same as those in
Mo/C. This means that the explanation of

407

the P poisoning in terms of a reduction in
degree of sulfiding (possibility (iii)) is not
valid either. From these results it seems
that the active molybdenum sulfide phase
of Mo/(C + P) is structurally equivalent to
that of P-free Mo/C. Yet the CO chemi-
sorption capacity is strongly decreased in
the presence of phosphorus. Bachelier er
al. (23, 26, 27) have shown that a linear
correlation exists between CO chemisorp-
tion and thiophene HDS activity for unpro-
moted Mo/Al. According to Bachelier et
al., CO chemisorption can be regarded as a
means for titration of the anion vacancies,
whereby one CO molecule would be able to
detect one vacancy. Decreased CO chemi-
sorption therefore points to a decrease in
the number of vacancies.

Concerning the Mo(7.0)/C and Mo(6.9)/
(C + P(2.30)) catalysts, the decrease in CO
chemisorption (90%) is remarkably propor-
tional to the decrease in thiophene HDS
activity (85%) measured for a compara-
ble Mo(7.2)/(C + P(2.60)) catalyst. CO
chemisorption thus reveals that the number
of sulfur anion vacancies decreases when
phosphorus is present on the catalyst.
Since XPS showed that dispersion does not
significantly decrease, this can only mean
that the anion vacancies are in some way
blocked, possibly by a phosphorus com-
pound. This phosphorus compound could
be PH;, which was demonstrated to be a
possible poisoning agent. The phosphorus
poisoning effect can consequently be ex-
plained as resulting from the adsorption of
PH; on the vacancy sites of the metal sul-
fides, in this way deactivating these sites.

Thus, poisoning of the active sites (possi-
bility (iv)) seems the most likely explana-
tion for all the observed phenomena of the
phosphorus poisoning effect. It can explain
why catalysts prepared by impregnation
with a molybdophosphate complex (proce-
dure 2) are poisoned: the phosphate in the
complex is reduced to phosphine while mo-
lybdenum is sulfided during the presulfid-
ing treatment. It can also explain why a sul-
fided catalyst is poisoned by phosphorus
(the catalyst prepared according to proce-
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dure 3): phosphate is reduced during the
additional presulfiding treatment to phos-
phine. In this respect it is relevant to note
that also during the thiophene HDS run (the
feed of which contains 93.8 vol% H,) the
reduction of phosphate can occur. On the
other hand, it is observed that the initial
thiophene HDS activity (measured after a
5-min run time) of the phosphorus-contain-
ing catalysts is always lower compared with
the phosphorus-free catalysts, showing that
a part of the poisoning already occurs dur-
ing the presulfiding stage.

The XPS results show that the P 2p bind-
ing energy of the Mo/(C + P) catalyst in the
sulfided state is the same as that in the ox-
idic state. This suggests that a large fraction
of phosphorus is still present as phosphate.
On the other hand, a P 2p binding energy of
133.8 eV points to the presence of phos-
phorus as P°* or P3* and rules out lower
valencies (28). Thus, the idea of phosphine
is entirely possible.

In regard to the phosphorus poisoning, it
is noteworthy that arsenic also poisons hy-
drodesulfurization catalysts (sulfided Mo/
Al and Co-Mo/Al), as found by Merryfield
et al. (29). According to these authors, ar-
senic alters the electronic structure of the
active sites, perhaps through the occupa-
tion of anion vacancies by arsenic atoms or
clusters. The analogy between arsenic and
phosphorus poisoning can now be under-
stood, since both elements can form hy-
drides, AsH; and PH; (30). The difference
is that arsenates are much less stable than
phosphates and as a consequence AsH; will
be formed even when ALQO; is used as a
support.

In contrast to carbon-supported Mo cata-
lysts, alumina-supported Mo catalysts are
not poisoned under our reaction conditions
by the presence of phosphorus. Obviously,
no phosphine is formed on the alumina-sup-
ported catalysts. Apparently, phosphate
cannot be reduced, most probably because
it is tightly bound to the alumina carrier.
Evidence for this can be found in the litera-
ture. For instance, Gishti et al. (11) found,
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in studying the role of phosphate in oxidic
Mo/(Al + P) catalysts, that phosphate ions
interact with the surface basic sites of the
Al,Os support. Haller et al. (31) found, in
studying a high-temperature calcined Ni-
Mo/(Al + P) catalyst with Al NMR,
that phosphorus inhibits the formation of
AlL(MoO,);, because of the formation of
AIPOy species. The amount of phosphate
ions that can interact with the surface sites
of the alumina support is, however, proba-
bly limited.

When the phosphate content is too high,
part of the phosphate might not be bound to
the alumina carrier and, as a consequence,
can be reduced to phosphine during sulfida-
tion, resulting in a poisoning of the metal
sulfides. Evidence for this can be found in
the work of Muralidhar et al. (32), who
studied the effect of different additives,
among them (NH,),HPO,, on the catalytic
function of a sulfided Co-Mo/Al catalyst.
They found that (NH4);HPO, present at 0.5
wt% slightly promotes the thiophenes HDS
activity measured at atmospheric pressure
and 673 K, whereas (NH,),HPO, present at
5.0 wt% resulted in an 80% decrease in
thiophene HDS activity. It is also reported
(2) that a Ni-Mo/Al catalyst with a high
phosphate content (larger than 12 wt%
H;PO,) showed decreasing HDS and HDN
activities.

It is clear that in the case of carbon as a
support, phosphate is easily reduced to
phosphine, due to the inert character of the
carbon carrier. As aresult, phosphorus poi-
soning is large even at low phosphate con-
tents. In the case of alumina as a support,
due to the strong phosphate—support inter-
action, reduction of phosphate is nil up to
moderate phosphate contents and therefore
poisoning is absent. In fact, due to this
strong phosphate—alumina interaction,
phosphorus acts as a promoter, reportedly
by preventing the formation of catalytically
inactive metal aluminates, e.g., Al,(MoQy);
(31), and by increasing the strength and
heat stability of the alumina support (10,
11). Also, the dispersion is supposed to be
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improved when phosphoric acid is present
in the impregnation solution (I-3, 6-9).
However, if phosphate is present in excess,
poisoning might take place. Thus, the
amount of phosphoric acid used during cat-
alyst preparation should not exceed the
maximum phosphate binding capacity of
the carrier material.

CONCLUSIONS

The thiophene HDS activity of carbon-
supported molybdenum sulfide catalysts is
strongly decreased by phosphorus, present
as phosphate in the oxidic precursor cata-
lyst. Alumina-supported Mo catalysts, on
the other hand, are not poisoned by phos-
phorus at the same phosphorus-to-metal ra-
tios as used for the carbon-supported cata-
lysts.

XPS studies on the carbon-supported
phosphorus-containing catalysts showed
that the oxidic molybdenum phase can be
easily converted to the sulfide form. XPS
also showed that the dispersion of the ac-
tive phase present in the sulfided catalyst is
not significantly decreased in the presence
of phosphorus.

It is suggested that the poisoning of the
carbon-supported catalysts by phosphorus
is related to phosphine (PH;), which is
formed by reduction of phosphate, proba-
bly during the presulfidation treatment.
This phosphine might adsorb onto the anion
vacancies of the metal sulfides and thus in-
hibit the absorption of thiophene onto these
vacancies. As a consequence, the catalyst
is deactivated.

The observation that phosphorus does
not poison alumina-supported catalysts can
be explained by the strong interaction of
phosphate with the alumina support. Be-
cause of this strong interaction phosphate
will not be reduced to phosphine.
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