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Tungsten-modified ultrastable Y (USY) zeolite catalysts, prepared by conventional impregnation
with ammonium metatungstate solutions at three different pHs and calcined at 350, 450, and 550°C
have been characterized by X-ray diffraction (XRD), infrared spectroscopy (IR), scanning electron
microscopy-energy dispersive X-ray analysis (SEM~EDX), and acidity and surface area measure-
ments. They have also been evaluated for hydrodesulfurization (HDS) of thiophene and subsequent
hydrogenation (HYD) of butenes in both oxidic and sulfided states. The incorporation of tungstate
ions in the USY followed by calcination at high temperature was found to cause a small loss of
crystallinity, particularly for the catalysts impregnated at acidic pH. In this case, the EDX and N,
adsorption results indicated that most of tungsten was inhomogeneously deposited outside the
zeolite cavities, but without forming WO, species that could be detected by XRD. This location
of tungsten and the increased acidity after sulfidation with H,S generated a substantial increase in
HDS activity relative to the parent USY, and the appearance of HYD activity. Conversely, in the
catalysts prepared at basic pH. a large part of the tungsten is inside the zeolite cavities, most
probably in the supercages. This tungsten location and the loss of acidity resulted in a very low

HDS activity and no HY D activity for both calcined and sulfided catalysts.

INTRODUCTION

In recent years great efforts have been
made to develop new hydrocracking cata-
lysts having increased activity for hydrode-
sulfurization (HDS) and hydrodenitrogena-
tion (HDN) reactions in order to satisfy the
needs of processing low-quality crude oil.
In these catalysts the cracking functionality
is mainly provided by a zeolitic component
and the hydrogenation (HYD) one by sul-
fided tungsten (or molybdenum) promoted
with nickel (/-5). The tungsten is generally
added to the crystalline component (zeolite)
by the same method as used for amorphous
catalyst supports (alumina, silica—alumina),
viz., by impregnating the zeolite with am-
monium tungstate solutions.

Since impregnation is not a simple pro-
cess, it is expected that, as occurs for the
conventional alumina-supported tungsten
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or molybdenum hydrotreating catalysts, the
procedure and conditions used for the prep-
aration of zeolite-based tungsten catalysts
will also significantly affect the catalyst sur-
face, and therefore its catalytic properties.
The preparation of tungsten-based catalysts
by impregnation is known to be complicated
by the possible presence of different tung-
state species in solution. However, studies
on zeolite-based tungsten catalysts are very
scarce in the scientific literature, the major-
ity concerning the activity and selectivity of
hydrocracking of polycyclic aromatic feeds
(4) and quinoline HDN (5). The effect of
the pH of the impregnation solution on the
location of WO, in extrudates of WO,/Y
zeolite and their catalytic behaviour for
1-hexene cracking have been reported only
recently (6). No effects of either impregna-
tion pH or calcination temperature on the
crystallinity of the zeolite were revealed.
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Previous studies on molybdate-impregnated
Y zeolite catalysts showed, however, that
both Mo loading and calcination conditions
caused changes in the zeolite structure (7)
and that the thermal treatment affected the
location of Mo ions in the zeolite (8, 9).
In the present work we examine the in-
fluence of the impregnation pH and subse-
quent calcination temperature on the sur-
face structure and activity for thiophene
hydroconversion of WO,/USY zeolite cata-
lysts. This could be helpful for understand-
ing the catalytic behaviour of more complex
catalysts in hydrocracking processes.

EXPERIMENTAL
Catalyst Preparation

UltrastableY (USY) zeolite was prepared
by repeated sodium exchange of zeolite
NaY (Linde LZ-Y52), Si/Al = 2.5, with
aqueous solutions of NH,NO; at 35°C for
12 h followed by steaming at 650°C for 3 h.
The USY zeolite sample obtained had a Si/
Al ratio of 3.5 and 30% of extra framework
Al species.

Catalysts with 10 wt% WO, were pre-
pared by impregnation of the USY zeolite
with aqueous solutions of ammonium meta-
tungstate (AMT) at three different pH val-
ues: 2.7, 5.6, and 11. The pH was adjusted
to the appropriate value by adding HNO; or
NaOH solution. The zeolite/solution vol-
ume ratio was §. Complete elimination of
water was performed in a rotary evaporator
by heating at 36°C under reduced pressure
for 3 h. The impregnated samples were
dried at 110°C and then divided into three
portions, which were calcined at different
temperatures (350, 450, or 550°C, respec-
tively) in air for 4.5 h. The catalysts are de-
noted as W-x(7), where x is the pH of im-
pregnation and 7T the final calcination
temperature, i.e., W-5.6(550) means that the
WO,/USY catalyst was prepared at pH 5.6
and calcined at 550°C.

Additional reference catalysts were pre-
pared as follows. The catalyst designated
USY-11 was a sample of USY treated with
NaOH solution at pH 11 for 3 h, then dried
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in a rotary evaporator and finally calcined
at 550°C for 4.5 h. The catalyst denoted as
W-2.7(550)-E was a W-2.7(550) sample
leached with dilute ammonia solution (9) to
extract partially the WO;, then filtered, and
calcined also at 550°C for 4.5 h. A mechani-
cal mixture of USY and 10 wt% WO, was
prepared by ultrasonic dispersion in isopro-
panol solution; it was dried and calcined
as for the previously leached catalyst. The
catalysts studied are listed in Table 1.

Physicochemical Characterization

The surface area (Sggr) of the catalysts
was determined by nitrogen adsorption
(BET method) at —196°C in an ASAP 2000
apparatus from Micromeritics Instrument
Co. The p/p, range used for the BET plot
was 0.005-0.1. In all cases correlation coef-
ficients higher than 0.999 were obtained.
The N, adsorption—desorption isotherms of
some representative catalysts were inde-
pendently performed using the same appara-
tus. The samples were pretreated at 140°C
for 18 h under vacuum (10~° Torr) before
isotherm acquisition.

X-ray diffraction (XRD) measurements
were made with a Philips PW Diffractometer
using Ni-filtered Cu K« radiation. Unit cell
size was determined by ASTM procedure
3942-80 using Si as an internal standard. The
estimated standard deviation was +0.02 A.
The degree of X-ray crystallinity was esti-
mated from the intensities of five major re-
flections in the region 20 = 10°-45° relative
to the original USY zeolite calcined at com-
parable temperature. Signal attenuation by
tungsten was not corrected for.

A Nicolet ZDX Fourier Transform infra-
red (FTIR) spectrometer was used to obtain
spectra in the skeletal vibration region
(1400-400 cm™') using the conventional
KBr disk technique. The absorbance ratio
of the bands at 591 and 457 cm™! is used as
a parameter to estimate the crystallinity of
zeolites (10).

Scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX) microanaly-
sis were carried out in an ISI DS-130 micro-
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TABLE 1

Physical Properties of the Samples

Catalyst Surface Crystallinity (%) Unit cell
area —_— parameter
(m* g™h XRD IR? a4y (A)
USY zeolite 717 100 100 24.52
W-2.7(350) 5§32 66 108 —
W-2.7(450) 628 50 11 —
W-2.7(550) 632 60 97 24.48
W-5.6(350) 598 68 — —
W-5.6(450) 612 90 — —_
W-5.6(550) 625 87 97 24.50
W-11(350) 144 81 —
W-11(450) 258 60 — —
W-11(550) 298 79 110 24.57
W-2.7(550)-E 333 — — —
USY + 10 wt% WO, 575 88 — —
USY-11 870 118 — 24.60

“ The 0.005-0.1 p/p, range was used.

» Based on the intensity ratio of the bands at 591 and 457 cm™' relative to that for

the USY.

scope equipped with a Si/Li detector and a
Kevex 8000-11 processor. The samples for
morphological study were coated with a
gold film, and those for analytical study
were pressed into wafers and then coated
with a carbon film.

Surface acidity of catalysts was measured
potentiometrically by  titration  with
n-butylamine in acetonitrile using an Ag/
AgCl electrode. The details of the experi-
mental procedure are described elsewhere
.

FEvaluation of Catalytic Activity

Hydroconversion of thiophene was per-
formed in a flow microreactor operating at
atmospheric pressure. Thiophene was fed
(11.8 x 107% mol min™!) by bubbling H, (40
ml min~') through a bubbler containing lig-
uid thiophene at 0°C. The catalyst (300 mg,
particle size 25-35 mesh ASTM) was packed
in the reactor and presulfided with a mixture
of 5 vol% of H,S in H, at 400°C for 3 h.
Samples of the effluent gas were analyzed
with an on-line gas chromatograph, using a
3 m X §in. O.D. column of n-octane Porasil

C. Because most catalysts suffered deacti-
vation, reaction was followed for about
3.5 h, when the activity had decreased to
a more or less constant level. Thiophene
conversion was calculated from the ratio
converted thiophene/initial  thiophene;
coked thiophene, therefore, was included
in this calculation. Coke deposited on the
catalysts was not determined. The pseudo-
first-order rate constant for HDS (kys) was
calculated at different reaction times by the
equation: kyps = F/W (In 1/(1 — x)), where
W is catalyst weight, F is the feed rate of
thiophene, and x is the fractional conver-
sion. The selectivity for hydrogenation
(HYD) of butenes to butane, expressed as
the ratio kyyp/kyps. was calculated accord-
ing to the method of Okamoto et al. (12).

RESULTS AND DISCUSSION

Effect of Tungsten Incorporation on
Zeolite Structure and Tungsten
Location

The cunit cell size of the sample USY was
24.52 A.
All X-ray diffraction peaks appearing in
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FiG. 1. Infrared spectra of catalysts (a) W-2.7(350),
(b) W-5.6(550), (¢c) W-11(550). (d) parent USY, and (e)
mechanical mixture 1:1 of USY and NaY zeolites.

the diffractogram of the starting USY zeolite
were also present in the patterns of the
W-loaded USY catalysts, but remarkable
variations in the relative intensity of some
peaks were observed. Peaks different from
those of the USY zeolite were, however,
not detected in any W-loaded catalyst, irre-
spective of the calcination temperature.
Moreover, no increase in the background
due to amorphous material was observed.
The peak intensities of the catalysts were
generally lower than those of the USY zeo-
lite, except for the W-11 samples in which
the peaks with d-spacings of 5.35, 3.26, and
2.77 A were more intense. Since these
peaks did not coincide with the major ones
of WO, , viz.,at 3.84,3.76,3.65, and 2.62 A,
WO, if present, would be amorphous and/
or small grained.

On the other hand, the IR spectra (see
Fig. 1) can neither prove the presence or
absence of a WO, phase since this com-
pound exhibits a broad band with maximum
at ca. 814 cm™!, which is very close to the
symmetric external stretching vibration of
TO, tetrahedra of the USY zeolite.

We relate the observed increase in inten-
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sity of the above XRD peaks of the W-11
samples to a redistribution of Na* ions and/
or alumination changes rather than to a dis-
tortion of the structure caused by interac-
tion of the tungstate anions with the zeolite
framework. Changes in framework Al are
suggested by comparing the unit cell param-
eter. a,, found for the catalysts (Table 1).
Thus, the catalyst preparation at pH 2.7,
followed by calcination at 550°C, had a small
decrease (0.16%) in the unit cell parameter
relative to the USY zeolite, which suggests a
slight shrinkage of the framework by further
dealumination, caused possibly by the acid
medium (/3) during impregnation and sub-
sequent thermal treatment. On the contrary,
the catalyst preparation at pH 11 led to a
significant increase (0.20%) in the unit cell
parameter, indicating framework realumi-
nation (/4), which may be caused by the
NaOH addition (/5-18) to adjust the im-
pregnation pH to 11 during the preparation.

Further support for this conclusion comes
from the IR results (Fig. 1 and Table 2). For
the W-5.6(550) and W-2.7(550) catalysts, the
position of their bands practically did not
change or shifted only slightly towards
higher wavenumbers in comparison with the
parent USY zeolite. In contrast, all the
bands of the W-11(550) catalyst, except that
atca. 457 cm™! (corresponding to T—O bend-
ing) which is insensitive to framework com-
position (/9), were generally less intense
and sharp, and shifted significantly towards
lower wavenumbers with respect to the
USY zeolite. This decrease in intensity and
sharpness, and general shift of the bands,
indicate some loss of crystallinity and that
Al has been reinserted into the zeolitic
framework (/4-17). Such realumination is
also proved by comparing the band posi-
tions of the W-11(550) catalyst with those
of the mechanical mixture USY = NaY (Ta-
ble 2). In addition, the band atca. 724 cm ™',
relative to the symmetric Si—-O-Al, was rel-
atively more intense in the W-11(550) cata-
lyst than in the USY zeolite. These changes
are consistent with the observed increase in
the unit cell parameter.



210

CID ET AL.

TABLE 2

Position of the Infrared Vibrational Frequencies of the W-Modified Ultrastable Zeolite Catalysts
Calcined at 550°C

Catalyst Asymmetric Symmetric Bending

stretch stretch (cm™)

(cm™! (em™)
USY zeolite 1172 1050 814 ~735 591 513 457
W-2.7(350) 1172 1050 815 ~740 594 512 455
W-2.7(450) 1171 1053 815 ~735 591 St 457
W-2.7(550) 1177 1050 818 ~732 596 S14 45§
W-5.6(550) 1172 1052 818 ~735 393 S13 457
W-11{550) 1140 1028 791 ~724 578 507 456
USY + NaY« 1148 1030 788 ~726 577 507 452

@ Mechanical mixture, approximately 1: 1.

Figure 2 shows the spectra of the W-2.7
catalysts calcined at different temperatures.
Calcination did not modify qualitatively the
spectrum, affecting only the intensity and
sharpness of the bands which increased
markedly after calcination at 550°C, indicat-
ing a higher degree of ordering of the frame-
work. Similar behaviour with calcination
temperature was observed for the other cat-
alysts prepared at pH 5.6 and 11.

The data of Table 1 indicate that X-ray
crystallinity decreased apparently by ca. 40,
15, and 20% for the 550°C-calcined W-2.7,
W-5.6, and W-11 catalysts, respectively, in
comparison with that of the parent USY ze-
olite. For the 350°C- and 450°C-calcined cat-
alysts the losses of crystallinity were
roughly similar to those of 550°C-calcined
catalysts. This partial breakage of the crys-
tal structure, apparently larger for the cata-
lysts prepared at pH 2.7 (and also for the
most acid catalyst; see Table 5), is due to
the interaction of tungstate anions with the
zeolite framework, which seems to be fa-
voured by the acidic hydroxyl groups of the
zeolite, as was also found for Mo-containing
Y zeolite catalysts prepared also by impreg-
nation (8, 9, 20). These losses in X-ray crys-
tallinity were not, however, parallel to those
estimated from IR results (Table 1) which,
as found in other studies (8, 2/, 22) were
lower than those obtained from XRD, due

in part to X-ray absorption by the W and
also to the higher sensitivity of XRD to long
range order. The variation in crystallinity as
estimated by FTIR was =10% for all cata-
lysts. In line with this, the surface area
losses of the W-2.7 and W-5.6 catalysts cal-
cined at 550 and 450°C, in comparison with
the parent USY =zeolite, were about
12-15%:; and for the corresponding samples
calcined at 350°C the losses were higher,
about 26 and 16%, probably due to an in-
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F1G. 2. Infrared spectra of the sample W-2.7 calcined
at (a) 550°C, (b) 450°C, and (c) 350°C.
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Fi16. 3. Adsorption-desorption isotherms for N, at
—196°C on samples (a) USY, (b) W-2.7(450), and (c)
W-11(450).

complete dehydration of the samples and
partial blockage of pores by undecomposed
bulky tungstate species at such a low
calcination temperature. However, for the
W-11 catalysts, the losses of surface area
were apparently very high: 58% for the sam-
ple calcined at 550°C, and 78% for that cal-
cined at 350°C. This contrasts with the rela-
tively high crystallinity, according to both
XRD and IR results, that the W-11 samples
maintained. This apparent discrepancy sug-
gests that the observed marked decrease in
their surface area is mainly associated with
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adecrease of the sorption capacity by partial
occupation of the interior of the zeolite cavi-
ties and/or blockage of their access by tung-
state anions (at low calcination temperature)
and WOs;-like species (at high calcination
temperature).

Further light on these two possibilities
comes from the comparison of the N, ad-
sorption—-desorption isotherms shown in
Fig. 3 and the data calculated from them,
given in Table 3. Tungsten incorporation at
acid and basic pH clearly decreased sorp-
tion capacity of the USY zeolite, and also
changed the shape and the extent of the hys-
teresis loop which is generally exhibited by
dealuminated zeolites (23, 24). The USY ze-
olite presented a typical H4 hysteresis loop
(25), corresponding to a microporous sam-
ple having also a slightly developed slit-
shaped interparticulate mesoporosity, as in
a face-to-face arrangement of crystalline
materials. The W-2.7(450) catalyst pre-
sented an apparentiy more developed hys-
teresis loop. The desorption branch of this
isotherm, with almost no N, desorption in
the 0.9-0.5 p/p, range, is more alike to a
type H2 (formerly type E) hysteresis, ob-
tained with ““ink-bottle™” pores; the adsorp-
tion branch suggests a more rigid system
than the expandable one described above
for the USY zeolite. Furthermore, it is noted
that the mesopore size distribution, as de-
duced from numerical analysis of the ad-
sorption data by the Barret-Joyner—
Halenda (BJH) method (26), is the same for
both catalysts (see Fig. 4). These textural

TABLE 3

Pore Volumes and Average Pore Diameter from N, Adsorption [sotherms

Sample Micropore Total pore Average pore
volume volume diameter
(em® g™ {cm* g™ (A)
usy 0.265 0.374 21
W-2.7(450) 0.219 0.290 21
W-11(450) 0.115 0.157 18

24
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FiG. 4. Pore volume distribution for samples (a)
USY. (b) W-2.7(450), and (c) W-11(450).

characteristics of the W-2.7(450) catalyst
suggest then that a layer of tungstate may
be deposited on the catalyst surface, causing
a random aggregation of the particles and
then giving rise to ink-bottle porosity. In
contrast with this, for the W-11(450) catalyst
the hysteresis loop was almost undetectable
and appeared to be of the H4 type, as for
the USY zeolite, and the total pore volume
had about half the value of the two other
catalysts. Both microporosity (Table 3) and
mesoporosity below 200 A pore size (Fig.
4) of the W-11(450) sample underwent an
important decrease as compared with the
two other catalysts. This marked difference
in porosity and, consequently, in surface
area among the catalysts indicates that in
the W-11(450) catalyst (and probably also in
the 550°C-calcined one) a substantial part of
its void volume is occupied by tungstate,
filling up or blocking the micropores corre-
sponding to the zeolite supercages.

The SEM-EDX results provided more in-
sight into the homogeneity of the tungsten
distribution and its location in the zeolite.
Direct examination at high magnification of
the 550°C-calcined catalysts did not reveal
substantial differences in particle size (0.5-1
pm) and morphology between the starting
USY zeolite and the W-loaded catalysts
which could suggest the presence of any
WO, particle. Only crystals and agglomer-
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TABLE 4
Average WO, Content Determined by SEM-EDX

Catalyst Average Standard
WO, deviation,
content o (wWt%)
(wt%)
W-2.7(550) 9.2 1.7
W-5.6(550) 11.9 5.5
W-11(550) 1.2 0.4

“ Calculated from W L, X-ray line intensity.

ates with the characteristic polyhedral
shape of Y-type zeolite were observed. This
observation is consistent with the XRD and
IR results. However, the EDX spectra re-
vealed that catalysts differed significantly in
the W La and LB line intensities, as Fig. 5
illustrates. The W M« main lines cannot be
used because they overlap those of Si Ka.
Table 4 shows semiquantitative values of
the average WO, content of a surface area
of ca. I cm? for 550°C-calcined W-loaded
catalysts, and the standard deviation (o)
corresponding to the microanalysis of five
randomly selected spots (ca. 1 um?), which
gives information on the tungsten disper-
sion. Although these values may have a cer-

INTENSITY (a.u)
—
»

FIG. 5. SEM-EDX spectra in the region 6-10 keV
for catalysts (a) W-2.7(550), (b) W-5.6(550). and (c)
W-11(550).
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tain error by the strong overlapping of the
Si Ko and W Ma lines, they nevertheless
allow one to make a relative comparison
of the W distribution on the catalysts. It is
interesting that the EDX average W con-
tents measured for the W-2.7(550) and
W-5.6(550) catalysts were very similar to,
and slightly higher than, respectively, the
nominal W composition, but their o values
were considerably high. By contrast, the
EDX average WO, content of the W-11(550)
catalyst was extremely low (ca. 1%) in com-
parison with the nominal 10 wt% WQO,, but
o was relatively low. These data clearly in-
dicate that in the catalysts prepared at pH
2.7 and 5.6 tungsten was preferentially lo-
cated at the external surface of the USY
zeolite, and inhomogeneously distributed.
Whereas in the catalyst prepared at pH 11
only a minor amount of W (ca. 13%) was in
the outer surface and evenly dispersed, the
majority of W may be inside the zeolite par-
ticles, probably in the supercages as the
sorption data also suggest, since it was un-
detected by EDX. A similar observation us-
ing EDX has also been made previously for
zeolite Y extrudates impregnated with am-
monium metatungstate (AMT) at different
pH (6).

The reason for this difference in W loca-
tion lies fundamentally in the known control
exerted by pH on the size of the tungstate
species in solution (27, 28), as previously
suggested (6, 29). At pH <7 the AMT con-
tains predominantly polymeric species such
W,,0% . These species are too large (ca.
20 A)to enter the supercages of Y-type zeo-
lite (13 A), and, therefore, they will remain
(adsorbed and/or deposited) on the external
surface after impregnation and drying. On
the contrary, at pH >7 the dominant mono-
meric WO3 ™ species are able to enter, to
some extent, the supercages of the USY
zeolite. causing then a reduction in the mi-
cropore volume as measured by the N, ad-
sorption isotherm.

In line with this, the amount of WO, ex-
tracted by basic leaching was found to be
higher for the W-2.7(550) catalyst (ca. 519%)
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than for the W-11(550) catalyst (ca. 31%),
indicating that W might be more accessible
and weakly bound to the zeolite in the for-
mer catalyst than in the latter one. These
differences in leachable W reflect the differ-
ences in W distribution and location among
the catalysts.

Effect of Tungsten Incorporation on
Surface Acidity

Table 35 lists total acid site concentration
and acid strength of both oxided and sulfided
states of the W-loaded catalysts calcined at
550°C, and for the calcined USY and USY-
11 reference samples. The total acidity of
the W-11(550) catalyst was practically equal
to the extremely low one of the alkali-
treated USY zeolite. Therefore, the in-
creased acidity of the W-5.6(550) and
W-2.7(550) catalysts cannot be associated
with the incorporation of oxotungsten spe-
cies. The new acid sites may be hydroxyl
groups of the zeolite, formed during the im-
pregnation at acid pH by incorporation of
protons. Furthermore, according to the ini-
tial electrode potential (Table 5) the acid
sites on the W-2.7(550) and W-5.6(550) cata-
lysts are much stronger than those on the
USY zeolite.

Upon sulfidation an increased acid site
density and comparable acid strength re-
sulted for the W-2.7(550) and W-5.6(550)
catalysts, while for the W.11(550) catalyst

TABLE §

Surface Acidity of Catalysts

Catalyst Total acidity (meq.  Acid strength®
n-butylamine g™y ——4m8M——
Sulfided
Oxided  Sulfided
USY zeolite 1.32 3.86 V.s.
USY-I1i <0.1 — —
W-2.7(550) 2.19 5.51 v.s.
W-5.6(550) 1.67 4.88 V.S,
W-11(550) <0.1 <0.1 V.W.
“v.s. = very strong acid sites:; v.w. = very weak
acid sites.
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no variation was detected. This increase in
catalyst acidity upon suifidation, also pre-
viously observed in NiNaY catalysts (30),
can be attributed, to some extent, to the
dissociative adsorption of H,S on certain
sites of the zeolite lattice. It was suggested
that this dissociative H,S adsorption over
NaY zeolites involves certain Na* cations
at the walls of the supercages (3/). A similar
mechanism involving Ni>* cations was also
proposed for sulfided NiNaY zeolites (30).
In the present case, it is tentatively sug-
gested that the heterolytic dissociation of
H,S could also proceed on other cations
such as the cationic aluminum species pres-
ent in the W-2.7(550) and W-5.6(550) cata-
lysts. This dissociation was not observed on
the W-11(550) catalyst, possibly due to the
realumination which occurred in such cat-
alyst.

Effect of Tungsten Incorporation on
Catalytic Activity

The variation with time-on-stream of thio-
phene conversion on sulfided samples of
550°C-calcined W-loaded catalysts, and on
other reference catalysts, is shown in Fig.
6. On most catalysts the activity decreased
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F1G. 6. Conversion of thiophene at 350°C on sulfided
catalysts: (A) W-2.7(550), (@) W-5.6(550), (V)
W-2.7(550)-E, () W-11(550), () USY, and (O) me-
chanical mixture USY + 10 wt% WO;.
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FiG. 7. Conversion of thiophene at 350°C on the
catalysts (D) W-5.6(450), and (@) W-5.6(550) in (---)
calcined and (——) sulfided state.

very rapidly. Similar activity decays were
observed with non-sulfided or calcined sam-
ples, and also on the W-loaded catalysts cal-
cined at 450°C, as Fig. 7 illustrates. Deacti-
vation by coking, with a mass balance
initially very low (30-58%) and after 3 h
time-on-stream close to 100%, was a com-
mon feature of all the catalysts studied.
However, the relative decay appears to be
higher for the USY zeolite and its mechani-
cal mixture with WQO,, the W-11 catalysts,
and for calcined samples; in these catalysts
the activity drops 95-100% over 2.5 h,
whereas for the W-2.7 and W-5.6 catalysts it
only decreased 75-85% over the same time
period. Such differences in deactivation rate
are associated with the nature of the active
sites present in the catalysts and of the reac-
tion products, as described below.
Significant changes in product selectivity
were observed among the catalysts. Table
6 shows the product distribution for the
550°C-calcined catalyst samples. Thus for
the W-2.7 and W-5.6 catalysts, the major
products were butenes (I- and 2-butenes,
and butadiene) and n-butane, accompanied
initially by minor amounts of propylene and/
or traces of lighter hydrocarbons (C; and
C,). These cracking products, more abun-
dant for the W-2.7 catalysts, practically dis-
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TABLE 6

Conversion for the Hydrodesulfurization of Thiophene and Product Distribution at 350°C over Sulfided Catalysts

Catalyst Time Conversion Product distribution (mol%)
on (%)
5‘“'3?")“ Butadiene 2-Butene 1-Butene n-Butane Propylene C + G
min
W-2.7(550) 9 79.7 + 26.6 — 53.8 9.7 +
181 16.2 10.9 42.7 16.8 29.3 + +
W-5.6(550) 8 59 1.2 42.8 4.7 42.8 8.2 +
188 14 16.7 534 13.6 16.1 + +
W-11(550) 8 6.7 — — —_ — — 100
170 <0.1 — — — — — 100
uUsy 10 41.6 — — — 100 + +
203 0.3 + ++ — — — +
(USY + WO 9 53.5 — 26.2 — 73.5 + ++
182 3.1 + 100 — + + +

Note. +, Traces.
¢ Mechanical mixture containing 10 w19 WO,.

appeared after ca. 30 min reaction time, sug-
gesting a rapid poisoning through coking of
acidic sites. In contrast, on the W-11 cata-
lysts, irrespective of the pretreatment tem-
perature and state, practically only light hy-
drocarbons (C, or C,) were detected,
indicating that the reaction is predominantly
cracking via a radical mechanism, as is usual
on alkaline-exchanged zeolites (32).

The activities of calcined and/or sulfided
catalysts for thiophene HDS and subse-
quent butenes HYD after 8 and 15 min of
reaction time are given in Table 7. These
values were obtained from the plot of k at
different reaction times. It is first noted that
the initial HDS activity of the sulfided USY
zeolite, a relatively acid catalyst, is about
seven times higher than for the sulfided

TABLE 7

Catalytic Activity for Thiophene Hydrodesulfurization (HDS) and Subsequent Butene Hydrogenation (HYD)

Catalyst Calcined" Sulfided
kyps” x 108 kups” x 10° kpvp” % 10
t“°=8 " =8 1= 150 1© =8 t° =150
W-2.7(550) 2.00 5.10 0.72 1.92 1.25
W-2.7(550)-E — 2.73 0.07 ~1.00 0.00
W-2.7(450) 2.47 3.26 0.50 1.76 0.69
W-5.6(550) 1.59 2.78 0.60 1.69 0.65
W-5.6(450) 1.75 2.30 0.42 1.85 0.60
W-11(550) 0.23 0.22 ~0.00 0.00 0.00
W-11{450) ~0.00 0.19 ~0.00 0.00 0.00
usy 1.50 1.80 ~0.02 + +
USY-tl — 0.26 ~0.02 + +
(USY + WO, — 2.50 0.13 ~1.2 +

Note. +, Traces.

“ For this state HYD activity was not appreciable.
b Rate constant expressed in mol g~! min~".
“ Reaction time in min.

4 Mechanical mixture containing 10 wt% WO;.
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USY-11, a catalyst with practically no acid-
ity; and that after ca. 2 h of time-on-stream
both catalysts have approximately equal
very low activity. In addition, it is observed
that the sulfided USY zeolite was slightly
more reactive than its calcined form and,
on the other hand, the acidity of the former
catalyst was clearly higher than that of the
latter, but both behaved similarly with time
on stream. All these results confirm early
findings (8), that the strong Brgnsted acidic
sites present on zeolites catalyze the hy-
drogenolysis of thiophene; however, such
sites are rapidly deactivated by coking
caused by butenes and propylene, the ma-
jor products initially formed on these cata-
lysts. The absence of a hydrogenation func-
tion in the USY zeolite is reflected by the
non-detection of n-butane in the reaction
products, except for times on stream <§
min.

The addition by mechanical mixing of
WO, to the USY led to a substantial increase
in HDS activity at the initiation of the reac-
tion and after about 2 h of reaction, besides
a small HYD activity as revealed by the
presence of minor amounts (initially) or
traces (for + > 8 min.) of n-butane. Such
HYD activity is due evidently to the sulfided
WO, species.

Comparing the HDS activities of all the
sulfided W-loaded zeolite catalysts, it is
clearly seen that initially, as well as in the
long term, the highest HDS and HYD activ-
ity was found for the catalysts prepared at
pH = 2.7, which exhibited significantly
higher acidity (Table 5), and which had the
major fraction of tungsten on the external
surface of the zeolite according to the above
characterization results. Similarly, the
W-loaded catalysts prepared at pH = 5.6,
with almost the same amount of tungsten
on the external surface and slightly minor
acidity than the W-2.7(550) catalyst, pre-
sented moderate activity for both HDS and
HYD reactions. Furthermore, in both cata-
lysts the HYD activity was measurable dur-
ing all the reaction time, and the values dif-
fered only slightly. Another interesting

CID ET AL.

result is that the removal of about 51% of
W from the W-2.7(550) catalyst, viz., the
W.2.7(550)-E catalyst, caused the disap-
pearance of cracking products, a decrease
(~50%) in HDS activity and shorter lifetime
due to a fast deactivation of the remaining
acidic active sites. In contrast to the W-2.7
catalysts, the non-acidic W-11 catalysts,
which contain most of the tungsten inside
the zeolite, exhibited only initially a small
HDS activity (about 25 times lower than for
the W-2.7(550) catalyst), no HYD activity,
and short lifetime. Nevertheless, it is noted
that the HDS activities of the sulfided cata-
lysts do not keep a direct correlation with
their acidities. We consider that the in-
creased HDS activity of the W-2.7 and
W-5.6 catalysts, in comparison with the par-
ent USY zeolite, is associated with the in-
creased acidity and also with the location of
the sulfided (in some extent) tungsten oxide
species located mainly outside the zeolite.
Full sulfidation of the external tungsten ox-
ide species is not likely to occur due to the
low sulfidability of the alumina-supported
WO, catalysts (33).

The catalytic contribution of the sulfided
W species to the overall reaction, revealed
also by the appearance of a substantial and
steady HYD, may increase with reaction
time because such species deactivated less
rapidly and to a smaller extent than the
acidic sites, leading to an increase in the
HYD selectivity with time-on-stream. In-
deed, this effect on selectivity is clearly
shown in Fig. 8; at about 2 h of reaction
time the highest kyyp/kyps ratio is shown
by the W-2.7(550) catalyst, which contains
more tungsten outside the zeolite. On such
external sulfided tungsten species the reac-
tion may continue after the inside active
sites are deactivated and/or blocked.

The fact that the W-11 catalysts showed
very low HDS activity suggests that either
tungstate located in the supercages may not
be readily suifided or that the resulting
highly disperse sulfided W species become
rapidly blocked by coke formation, besides
a much more limited access of thiophene to
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FiG. 8. Ratio between the reaction rate constants for
butene HY D and thiophene HDS at 350°C as a function
of time-on-stream for catalysts (A) W-2.7(550), (A)
W-2.7(450), (@) W-5.6(550), and (O) W-5.6(450).

the active sites, as also suggested elsewhere
in  connection with  Mo(CO).-loaded
Y-zeolite catalysts (20). Data on sulfidation
of the W oxide species deposited inside zeo-
lite cavities are not available. However, for
similar Mo species located inside HY zeo-
lites it was shown (34) that in most cases
sulfidation of Mo was incomplete; full sulfi-
dation was obtained only when the Mo con-
tent was very low. Considering that the sul-
fidability of W oxide species is much lower
than those of Mo, it seems probable that
very little of the internal W oxide species
can be sulfided. Nevertheless, from the
present characterizaton results none of
these possibilities can be excluded.
Regarding the non-presulfided catalysts,
Table 7 shows that the general order of ac-
tivity was similar to that for the sulfided
ones, but the differences in HDS activity
among the former were smaller than for the
sulfided catalysts. The absence of sulfided
tungsten species, at least initially, may re-
duce considerably their catalytic contribu-
tion to the overall reaction, especially for
the W-2.7 and W-5.6 catalysts. In this case,
catalyst reactivity is predominantly due to
the acid sites which deactivate rapidly: con-
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sequently, #-butane was generally not ob-
served in the reaction products. In accor-
dance with the minor acidity of the non-
presulfided catalysts, with them cracking
products appeared only as traces.

CONCLUSIONS

In the preparation of W-loaded (10 wt%
WO,) ultrastable Y zeolite catalysts pre-
pared by impregnation with excess solution
containing ammonium mefa-tungstate, the
pH of the impregnation solution controls the
distribution of tungsten in the final calcined
catalyst. In acid preparations (pH ~2.7), as
large polytungstate anions predominate in
solution, the majority of the tungsten is rela-
tively well dispersed on the external surface
of the zeolite, and also catalyst acidity is
considerably increased, especially after the
sulfidation with H,S. These two factors in-
crease the cracking and HDS activities of
the ultrastable zeolite, provide an additional
HYD activity, and apparently reduce its de-
activation.

However, at pH close to 11, conditions
in which the WO3 ™ species predominate. a
substantial part of tungsten is inside the zeo-
lite supercages. This location of tungsten,
in conjunction with the resultant loss of cat-
alyst acidity, considerably decreases the ini-
tial HDS activity of the USY zeolite and its
lifetime, and practically does not add any
HYD activity.

Under the conditions used, the incorpora-
tion of tungsten to the zeolite produces only
minimal or moderate loss in zeolite crys-
tallinity, depending on the impregnation pH
being basic or acid. This effect is accompa-
nied by some realumination of the zeolite
for the catalysts impregnated at pH 11, due
to its adjustment with NaOH solution, and
conversely, by a small dealumination for the
catalysts impregnated at pH 2.7.
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