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Hydrogen splllover on Ni(S)/Al,Os—ultrastable Y zeolite and its effect
on xylene isomerization
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The catalytic activity of ultrastable Y zeolite (USY) for m-xylene isomerization in the presence of hydrogen is markedly pro-
moted by physically mixing with Ni(S)/Al,O3 under the conditions of 603 K and 1.0 MPa. The study on H-D exchange of the
OH groups on the USY zeolite surface showed that the exchange rate in Ni(S)/Al,O3—USY was five times higher than that of
USY alone. It was considered that active hydrogen species, formed on Ni(S) sites and spilled over to Al, O3 and then to USY, pro-

mote the acid catalysis on the USY.
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1. Introduction

The diffusion of active species on the surface of cat-
alysts is of great importance in the explanation of the
kinetics and mechanisms of many heterogeneous cat-
alytic reactions. The migration of a sorbed species, such
as hydrogen, from one solid phase, such as a metal where
it is easily adsorbed and dissociated, onto another solid
phase, such as an oxide, in contact with the first, where it
does not directly adsorb, has been defined as spillover
[1-3]. One can find experimental evidence of hydrogen
spillover in many works, especially in infrared spectros-
copy [4-6], often combined with H-D exchange and tem-
perature-programmed desorption [7,8]. The rate of H-
D exchange and the temperature at which H-D
exchange can occur are dramatically different depending
upon the presence or absence of active metals [9] on the
oxides or zeolites. Especially supported noble metals
such as Pt [10] or Rh [5] promote markedly the H-D
exchange of OH groups on Al;O3 and on Y type zeolite
[11-14].

Xylene isomerization is a commercially important
process to maximize the yield of p-xylene from Cs aro-
matics and has been commercially conducted on metal-
supported solid acids under hydrogen atmosphere. Also,
most commercial hydrocracking catalysts contain sul-
fided nickel Ni(S) and solid acid [15], so it is important to
clarify the role of the Ni compound in the catalytic reac-
tions. The present authors have found that the hydro-
isomerization of m-paraffins on noble metal-zeolite
systems is closely related to hydrogen spillover [16], and
that disproportionation of toluene [17,18] and isomeri-
zation of xylene on Y-zeolite are effectively catalyzed by
mechanical mixtures of transition-metal sulfides sup-
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ported on Al,O; or SiO; and Y-zeolite in the presence of
pressurized hydrogen. These facts have been interpreted
as that the spilt-over hydrogen through Ni(S) sites from
gas phase hydrogen plays important roles in the acid cat-
alysis. Hence, in the present work, we have investigated
the phenomenon and kinetics of hydrogen spillover from
Ni(S) sites to the surface of ultrastable Y-type zeolite
(USY).

2. Experimental

USY zeolite with a SiO,/Al,O3 molar ratio of 8 was
obtained from a commercially available one. NiO
(2.5 wt% Ni)/Al,O; was prepared by impregnating a
commercially available +-Al,0O; with an aqueous
Ni(NO;); solution, followed by calcination in air at
723 K. Then NiO/Al,O3 was sulfided to Ni(S)/Al,O4
with a gas mixture of H, and H,S (4 : 1) at 673 K. The
Ni(S)/ Al,03—-USY sample was prepared by physically
mixing Ni(S)/Al;O3 and USY zeolite in a certain pro-
portion.

The m-xylene isomerization reaction was run in a
fixed bed continuous flow type microreactor (made of
stainless steel tube, 8 mm inner diameter) apparatus
under the standard conditions of total pressure of
1.0 MPa, molar ratio of H, (or N3) : m-xylene =4 : 1,
W /F = 2.7 gh/mol, and reaction temperature of 603 K.
Reaction products were analyzed with an on-line FID
gas chromatograph using a packed column (5% Bentone
34 + 5% di-isodecyl phthalate, support: Neopak IA).
The amount of deposited coke on the various catalysts
was measured with a MT-2 C.H.N. element analyzer
(Yanagimoto Mfg. Co., Ltd.).

All samples for the H-D exchange reaction were
pressed to wafers (&F 8 mm, 15-20 mg/cm?) under a



34

pressure of 60 MPa. The exchange reactions were fol-
lowed using a Perkin-Elmer model 1800 series infrared
spectrometer with a measuring quartz cell having CaF,
windows. After evacuation (1076 kPa) at 723 K for 5 h,
the sample was cooled to the measuring temperature,
then deuterium gas (62.5 kPa) was introduced into the
sample cell and the spectra of H-D exchange were
recorded.

3. Results and discussion

Fig. 1 shows the catalytic activity of hybrid catalysts
containing USY zeolite for m-xylene isomerization. As it
is clear from the figure, although Ni(S)/ Al,O; showed
negligible catalytic activity, Ni(S)/Al,O3-USY showed
much higher catalytic activity and better stability than
the Al,O3-USY catalyst. The better catalytic perfor-
mances appeared only in the presence of gaseous hydro-
gen. In the absence of hydrogen, in contrast, it showed
even worse activity than the Ni(S)-free catalyst did.
On the other hand, the Ni(S)-free catalyst was scarcely
affected by gaseous hydrogen in its catalytic
performances.

The higher catalytic activity of the Ni(S)/Al,O3—
USY in hydrogen atmosphere cannot be only attributed
to the effect of Ni(S) on suppression of coke deposition
on the USY surface. It was observed that Ni(S) rarely
suppressed coke formation on the USY zeolite in toluene
disproportionation on the Ni(S)/8i0,-USY hybrid cat-
alyst [17], but it could effectively decrease coke deposited
on the Al,O; support. So the difference between Ni(S)/
AL 03;-USY and Al,03;-USY in the amount of coke (in
H; atmosphere), as shown in table 1, should be consid-
ered to be due to the decrease of coke deposited on
Ni(S)/ Al,O4 (only 0.14%). Therefore, since the amount
of coke deposited on the USY zeolite during the reaction
was almost similar, the difference in catalytic activity
should not be attributed to the difference in the number
of acid sites on the USY zeolite but to the effectiveness of
each acid site. The present authors have shown that the
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Fig. 1. Effect of Ni(S) on m-xylene isomerization yield in H; or N; at
603K, 1.0 MPa.

Table 1

Amount of coke deposited on catalyst after m-xylene transformation.
Reaction conditions: T = 603 K, P = 1.0 MPa, W/F =2.71 g-cath
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mol!, Hy(N,)/m-xylene (mol) = 4 : 1, time onstream = 5h

Catalyst Carrier gas Amount of coke (%)
Ni(S)/Al,04 H, 0.14
Ni(S)/Al,0;-USY H, 7.9
Ni(S)/Al,0;-USY N, 14.2

Al,0;-USY H, 10.3

AL03-USY N, 11.2

hybrid catalyst composed of Pt/SiO, or Pd/SiO, and
H-ZSM-5 shows excellent catalytic activity for the
hydroisomerization of paraffins in spite of the rather
poor activity of each‘component and have claimed that
the spilt-over hydrogens (H") on acid sites promote the
activation of paraffin molecules to carbenium ions and
stabilize the isomerized carbenium ions to isomerized
molecules [19]. In the present system, the possibility of
hydrogen spillover from Ni(S)/Al,O5 to USY and its
participation in the acid catalyzed isomerization of
xylene is also proposed.

A series of infrared spectra of the USY zeolite surface
is shown in fig. 2a. In spectrum A, corresponding to the
freshly prepared sample, three strong features are
observed in the OH stretching vibration region from
3740 to 3450 cm !, The feature near 3730 cm~! is attrib-
uted to a silanol OH stretching vibration on the zeolite
surface. The featurein the region of 3622 cm ! is attribu-
ted to the OH group located in the supercages, and the
third sharp peak (3557 cm~!) to the OH group located in
the sodalite cages or hexagonal prisms of USY zeolite
[20,21]. Both the latter two OH groups are acidic OH
groups. They play an important role in the acid catalysis
as Brgnsted acid sites. The spectra B and C correspond
to continued D,(g) exchange with OH species at
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Fig. 2. Spectra of H-D exchange on USY in (a) USY zeolite alone and
(b) Ni(8)/Al;03-USY at 523 K and 62.5 kPa. Time exposed to Dj:
(A) 0; (B)2;(C) 30 min.
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Pp, = 62.5kPa and at 523 K. It can be seen that a slight
decrease in the intensity of the OH peaks is accompanied
by the development of lower-wavenumber features in
the region of 2750-2500 cm~!. The three OD species
arise directly from the three observed OH species
because they exhibit very similar vop/vop ratios
(~ 1.357).

The infrared spectra for Ni(S)/Al,O3-USY shown
in fig. 2b are similar to the infrared spectra of the USY
sample. It is noteworthy that the H-D exchange rate of
the mixture of Ni(S)/ Al O3 and USY zeoliteis very high
at 523 K. As shown in fig. 3, when the Ni(S)/ Al,O5—
USY sample was exposed to D,(g) for 2 min, the H-D
exchange of OH groups on the USY zeolite for Ni(S)/
AL O3-USY was 72%, five times more than that for
USY alone. These results indicate that Ni(S) has a pro-
moting effect on the H-D exchange on USY. As one of
the components in mechanically mixed Ni(S)/Al,O;—
USY, under the same reaction conditions, Ni(S)/Al,0;
also showed 3.5 times higher H-D exchange rate than
Al>,Os5 at the initial period of the exchange, showing that
Ni(S) on the Al,O3; promotes the H-D exchange of the
OH group on the Al,O; surface, as shown in fig. 4. This
effect may be considered as a spillover process, in which
the deuterium gas would dissociate at Ni(S) sites to pro-
duce reactive deuterium species. These species would
migrate from the Ni(S) sites to the Al,O; surface and
exchange with OH groups on the Al,Q3 surface.

The presence of Ni(S) in the Ni(S)/Al,03-USY
hybrid sample also accelerated largely the H-D
exchange rate occurring on the USY zeolite surface. This
could be explained as the Ni(S) becoming an active site
for dissociating deuteriur (or hydrogen) molecules as in
the case of an active carbon carrier [22]. Thus, the large
amount of deuterium may enter the Al,O; surface
through the Ni(8) sites, first, the reactive deuterium spe-
cies would exchange with the OH group on the Al,O4
surface, and then it would further migrate into the USY
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Fig. 3. H-D exchange rate on USY surface in various catalysts at
523 K and 62.5kPa.
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Fig. 4. Effect of Ni(S) on H-D exchange rate over Al,O; surface at
523K and 62.5kPa.

surface and exchange with the OH groups on the USY
zeolite.

Under a certain range of reaction temperature the
Ni(S) as an active site plays an important role in H-D
exchange on the USY surface. When the reaction tem-
perature decreased to 423 K, the H-D exchange rate on
the USY surface for the samples Ni(S)/AL0;-USY,
AlO;-USY and USY alone was nearly equal, as shown
in fig. 5. This fact should be attributed to the fact that,
at such a low temperature, the deuterium gas could not
be dissociated on the Ni(S) site and, therefore, the H-D
exchange could occur directly between gaseous deuter-
ium and the USY surface OH groups. Hence, in this
case, the H-D exchange on the USY surface occurred
through the same mechanism in which the deuterium in
the gas phase would directly exchange with the OH
groups on the surface, not through the Ni(S) sites as in
the case of the Ni(S)/Al;03-USY sample at higher tem-
peratures.
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Fig. 5. H-D exchange rate on USY surface in Ni(S)/Al,0;-USY and
Al,0;-USY and USY alone at423 K and 62.5 kPa.
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With increasing reaction temperature the activity of
the Ni(S) for dissociating deuterium gas increased as
shown in fig. 6. The rate of H-D exchange on the Ni(S)/
Al,O3-USY sample is larger than that on Al;03;-USY
at the temperature in the range of 465-523 K. This sug-
gests that at this reaction temperature range the Ni(S)
can effectively dissociate the deuterium (or hydrogen)
molecule and most reactive deuterium species for H-D
exchange in the Ni(S)/Al,O;—USY sample could enter
the USY surface through the Ni(S) sites. This means that
the H-D exchange on the USY surface in the Ni(S)/
Al,O3-USY sample would involve two processes. The
first is the spillover of deuterium from the Ni(S) site to
the Al,O5 surface and its migration to the USY surface
as shown in fig. 7 and the second, which is a minor route,
is the direct exchange of gaseous deuterium with the
OH groups on the surface.

Because of the large difference between these two
processes in the rate of hydrogen transfer under the reac-
tion conditions, the main route on the Ni(S)/Al,Os3—
USY catalyst is the spillover route. Therefore, the pro-
motive effect of hydrogen on xylene isomerization,
which essentially needs no hydrogen in its stoichiome-
try, on the Ni(S)/Al,O3—-USY hybrid catalyst should be
closely related to the spillover of hydrogen from gas
phase to acid sites on the USY though the Ni(S)/ AL O3
component.

4. Conclusion

The activity of m-xylene isomerization on solid acidic
catalyst (ultrastable Y zeolite) in the presence of hydro-
gen is markedly promoted by a nickel sulfide supported
on alumina (Ni(S)/Al,O3). The catalyst Ni(S)/Al,O3—
USY is a physical mixture of Ni(S)/ Al,O3 and USY zeo-
lite. Such a promotive effect of Ni(S) on the acid catalysis
is closely related to the process of hydrogen spillover, in
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Fig. 6. Effect of temperature on H-D exchange rate on USY surface
in various catalysts at 62.5 kPa exposed to D for 2 min.
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Fig. 7. Model of hydrogen spillover on the Ni(S)/Al; 03— USY system.

which gaseous hydrogen is dissociated on the Ni(S) site
to form active hydrogen species, and then the hydrogen
species spill over to the Al,O; surface and to the USY
surface. This spilt-over hydrogen could affect xylene
conversion on acid sites in the USY surface. This
assumption is demonstrated by the FT-IR spectrum of
H-D exchange on the same catalyst system. At the initial
period of H-D reaction, the rate of H-D exchange of
Ni(8)/ Al,03;-USY is five times higher than that of the
USY zeolite alone. These results have shown that most
deuterium (or hydrogen) species for H-D exchange of
OH groups on the USY zeolite surface come from Ni(S)
active sites by the spillover process and the spilt-over
hydrogens promote acidic catalytic reactions.
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