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A study has been made of the presence of hydrogen spillover on Pt/y-Al,O; catalysts and its
influence on the hydrogenation of benzene to cyclohexane. The specific activity, referred to Pt
metal, increases with the degree of dilution of the catalyst with the y-Al,O; support up to 50/1 and
remains almost constant in more diluted systems; this indicates that atomic hydrogen does not
migrate beyond a certain distance, depending on the granulation and texture of the solid mixture.
The results suggest that hydrogenation occurs both on the Pt/y-ALO; and on the diluent y-Al,0;.
The ratio between the specific conversion of diluted and undiluted catalysts is temperature indepen-
dent and the Arrhenius plots for various (un)diluted catalysts all show an equal apparent activation
energy value of 9.16 kcal/mol. A hypothesis for the hydrogenation mechanism of benzene over the

y-Al,O; diluent is reported.

INTRODUCTION

Recently considerable interest has been
shown in the endothermic dehydrogenation
process of cyclohexane as a means of accu-
mulating thermal energy and transferring
reaction products over a distance (chemical
heat pipe) (/). This stems from various fa-
vourable characteristics of the reaction,
such as its high thermal effect, the wide
commercial availability of the reagents at
low cost, and the ease of storing the prod-
ucts. The reaction occurs almost quantita-
tively between 250 and 350°C and is there-
fore suitable for accumulating off-peak heat
from thermoelectric power stations, and
storing heat from nuclear and solar stations.

The reverse process, namely, the exo-
thermic hydrogenation of benzene (49.2
kcal/mol C¢H,;), has been widely reported
in the literature and is industrially applica-
ble. Adaptation to accumulation problems
requires the development of catalysts that
are active in the gas-phase reaction at high
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temperatures (7 = 250°C) and stable with
time, so that a greater thermodynamic
efficiency is obtained in the utilization of the
heat evolved from the reaction.

With the purpose of considering possible
solutions to the problem, we have studied
the catalytic activity of Pt/y-Al,O; cata-
lysts diluted with different quantities of the
support. In this context it should be men-
tioned that the diluted-bed theory has been
studied in recent years especially to achieve
control of the temperature and conversion
profiles for such highly exothermic reac-
tions (mainly oxidations) (2).

In the case of catalytic hydrogenation
some authors have drawn attention to the
role of spillover on the reaction mechanism
(3-9). The phenomenon consists of disso-
ciative adsorption of hydrogen on the metal
and migration of the atomic hydrogen to the
surface of the support. The support is then
able to activate reactions (e.g., hydrogena-
tion, isomerization) which in the absence of
the metal it could not otherwise achieve.
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For example, various metal oxides (e.g.,
WO;, MoO;, CrQ,) are reduced with hydro-
gen even at room temperature if they are
doped with Pt or are placed in contact with
platinum black or Pt/Al,O4(SiO,) (10-14).
The phenomenon also involves granules ad-
jacent to those supporting the metal; in this
way alumina and silica are rendered active
in the hydrogenation reaction after having
been in contact with a catalyst (Pt,
Ni/support) which has been able to transfer
atomic hydrogen to them by spillover (3).
Carter et al. (9) reported the spillover phe-
nomenon of hydrogen on Pt/SiO, (0.5% wt
Pt) diluted with SiO, or Al,O; in the hydro-
genation of ethylene; the reaction rate for
the catalyst diluted with Al,O; was greater
than that in the case of SiO,. Kramer (/5)
identifies spillover hydrogen by means of
thermal desorption by comparison with a
metal-free support exposed to atomic hy-
drogen before desorption. In particular the
surface diffusion of atomic hydrogen on alu-
mina has been studied using temperature-
programmed desorption and the rate and
amount of spillover hydrogen were calcu-
lated quantitatively as a function of the ad-
sorption pressure, temperature, and time,
and the diffusion and adsorption parameters
of the atomic hydrogen (surface diffusion
coefficient, activation energy for the surface
diffusion, and surface capacity of the alu-
mina for the atomic hydrogen) were evalu-
ated (/6). Reactive hydrogen diffusion has
also been studied following the reduction of
a thin film of Ag,S in contact with a Pt film
or separated from the platinum by means of
carbon or SiO, (17).

Sancier (/8) has studied the hydrogena-
tion of benzene in a slug reactor at T =
150°C using Pd/Al,O; catalyst (2.2% wt Pd)
diluted with alumina; he found a great in-
crease in catalytic activity (per mg of palla-
dium) when the dilution was increased up to
a performance factor of about 3 for a dilu-
tion of 200 to 1. With a view to modifying
the activity level required for the above-
mentioned purposes, we have verified the
presence of spillover in benzene hydrogena-
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tion on y-Al,Ossupported platinum cata-
lysts with variation of the metal content and
degree of dilution.

EXPERIMENTAL
Equipment and Procedure

The benzene hydrogenation reaction was
carried out continuously in an isothermal
microreactor connected to a gas-chromato-
graphic unit.

After passing through a Deoxo purifier
(filled with Cu filings and kept at 300°C) and
a molecular sieve dehydrator, the H, flow
(50 cm®/min) entered a saturator kept in a
thermostat regulated at 30°C to achieve a
hydrogen/benzene ratio of 5.33, used
throughout all our experiments. The react-
ing mixture then passed through a Pyrex
glass reactor (1 = 12.5 cm; ¢, = 1.7 cm)
heated by a tubular oven thermoregulated
to +1°C. The reaction temperature was
taken as the mean between the external
temperature at the reactor and the internal
temperature measured by a Cr—Al thermo-
couple housed in a glass tube (¢, = 0.6 cm)
inside the reactor.

The reaction products were analyzed by
a Carlo Erba Model C Fractovap with a
chromatographic column (1 =1.5m; ¢, =4
mm) containing UC 550 at 25% on Chromo-
sorb P and kept at 85°C. Since cyclohexane
and benzene were the only organic compo-
nents of the reaction mixture, the benzene
conversions were calculated from the ratio
between the corrected area of the benzene
peak and the total corrected area of the
benzene and cyclohexane peaks.

Reagents and Catalysts

Commercially available hydrogen (SiO
product, PP type) was used. Benzene
(‘‘Baker Analyzed Reagent” thiophene
free) had a 99% purity. The y-alumina (S.A.
= 288 m?/g) was supplied by Pechiney St.
Gobain with a 16- to 30-mesh granulometry.

Pt/y-alumina catalysts with 0.31% wt Pt
(catalyst A,) and 1.35% wt Pt (catalyst A,)
were prepared by impregnating y-alumina
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with aqueous solutions of HgPtClg and con-
tinuous stirring for 30 min at room tempera-
ture. After filtration, the solid was dried at
110°C for 24 h. The metal surface area,
measured from CO adsorption at room tem-
perature and atmospheric pressure, assum-
ing a CO: Pt ratio of 1: 1, was found to be
0.19 and 0.81 m? Pt/g catalyst for catalysts
A, and A,, respectively.

The Pt/y-Al,0; catalysts were diluted
with y-Al,O; by mixing at volume ratios of
1/3,1/9, 1/20, 1/50, and 1/100. Before the
reaction the catalysts were activated under
a hydrogen flow at 500°C for 3 h. As the
catalytic bed volume (catalyst + diluent)
was kept constant for all dilutions, the con-
tact time referred to the total solid was con-
stant.

RESULTS

The thermodynamic conversions of ben-
zene to cyclohexane for py,/pcen, = 5.33
and P = 1 atm are 100% up to 200°C, and
decrease at higher temperatures.

ANTONUCCI ET AL.

Figures 1 and 2 show the benzene conver-
sions as a function of the temperature at
various levels of dilution of catalysts A; and
A4 with y-Al,0;. All conversion curves
show a maximum between 150 and 190°C.
The curve pattern reflects a positive
influence of the reaction kinetics at lower
temperatures, whereas at higher tempera-
tures the thermodynamic effect of the reac-
tion prevails and so the conversions de-
crease. In addition, the maxima shift
towards higher temperatures with increas-
ing dilution of the catalyst. The experi-
ments bear out that whereas the total con-
versions decrease with an increase of
dilution level, the conversions referred to
the weight unit (mg) of Pt or the specific
activity of the reaction (mol CgHg
converted/h mg Pt) increase. This is shown
in Tables 1 and 2 for catalysts A; and A, at
100 and 110°C, respectively, and indicate a
marked increase in the specific activity of
benzene hydrogenation to cyclohexane
over Pt/y-Al,O, catalysts as a result of dilu-

100
C%

‘..'M

250 T°C

FiG. 1. Influence of reaction temperature on conversion of benzene over A, catalysts (0.31% wt Pt on
y-Al,0,) at various levels of dilution (1/3, 1/9, 1/20, 1/50, and 1/100) with y-Al,O3. W/F = 2.13 x 108
g sec/mol.
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FiG. 2. Influence of reaction temperature on conversion of benzene over A, catalysts (1.35% wt Pt on
v-Al,Qy) at various levels of dilution (1/9, 1/20, 1/50, and 1/100) with y-Al,0;. W/F = 0.73 x 108 ¢
sec/mol.

tion with y-Al,O3. The results suggest that a
part of the hydrogenation occurs on the
Pt/y-alumina catalyst and the rest on the
diluent y-Al,O;. It should be noted that the
activity of alumina on its own is negligible;
at 138°C the benzene conversion is only
0.4%.

In our experiments the contact time, ex-
pressed as W/F (g sec mol™!), has been

chosen so as to have conversion levels
which bring out better the differences be-
tween the mixtures (catalyst + diluent sup-
port) considered. With catalyst A;, which
contains a smaller quantity of Pt (0.31%)
compared with A, (Pt = 1.35%), W/F (2.13
X 10% g sec mol™) is higher than the one
used for the other catalyst (W/F = 0.73 x
10% g sec mol™1).

TABLE 1

A, Catalysts (0.31% wt Pt on y-Al,O3) Variously Diluted with y-ALO;

Catalyst (g) v-Al, 04 mg Pt Percentage mol CgHg converted
D b ; s X 10
Catalyst A, conversion h x mg Pt
Catalyst A, y-ALO,
C% total C% x mg Pt
2.11 0 0 6.54 40.0 6.12 0.218
0.53 1.58 31 1.64 26.5 16.06 0.577
0.211 1.82 9:1 0.65 15.0 22.93 0.819
0.100 2.01 20:1 0.31 8.0 25.64 0.916
0.042 2.07 50:1 0.13 5.0 38.40 1.371
0.021 2.09 100:1 0.06 2.5 39.00 1.392

Note. Hy/benzene = 5.33; Fo = 3.57 X 1073 mol/h; W/F = 2.13 x 108 g sec/mol; T = 100°C.
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TABLE 2

A, Catalysts (1.35% wt Pt on y-Al,O3) Variously Diluted with y-Al,O4

Catalyst (g) y-AL,O, mg Pt Percentage mol CgHg converted

_reets . x 107
Catalyst A, conversion h x mg Pt

Catalyst A, v-AlL O,

C% total C% x mg Pt

0.720 0 0 9.72 96.0 9.88 0.353

0.072 0.648 91 0.97 325 33.51 1.197

0.0343 0.686 20:1 0.46 20.0 43.19 1.542

0.0141 0.707 50:1 0.19 11.0 57.80 2.064

0.0072 0.713 99:1 0.097 6.0 61.7 2.203

Note. Hy/benzene = 5.33; Fey, = 3.57 X 1073 mol/h; W/F = 0.73 x 10°g sec/mol; T = 110°C.

Figures 3 and 4 report the conversion of
benzene as a function of the value of W/F
for the catalysts diluted at the 20/1 level (y-
Al,O3/A, and y-Al,O3;/A,) and show that
the catalytic activity is almost linear with
W/F at least up to the values adopted (2.13
x 108 and 0.73 x 108 g sec mol™* for A, and
A,, respectively) and at the lower tempera-
ture; in addition, under our conditions the
phenomena of mass transfer or of external
diffusion are completely absent.

Figure 5 compares the effect of tempera-
ture on the specific activity ratio R on the
diluted and undiluted A, catalyst; R varies
from 2.5 to 5 for dilutions of 9/1 to 100/1
and is practically independent of the reac-
tion temperature between 60 and 110°C.
For higher temperatures the ratio consider-
ably increases since the effect of the tem-
perature on the conversion decreases con-
siderably in the case of the undiluted
catalyst (values close to equilibrium ones).

C%
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FiG. 3. Conversion of benzene to cyclohexane over y-Al,Oz /A, (dild 20/1) as a function of W/F (g

sec/mol). (@) W = 2.11 g, (A) W = 422 g.
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F1G. 4. Conversion of benzene to cyclohexane over y-Al,O3/A, (dild 20/1) as a function of W/F (g
sec/mol). (@) W =10.72g; (A) W = 1.44¢g.
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FI1G. 5. Specific activity ratio (diluted and undiluted A,) vs temperatures at various levels of dilution.

W/F = 0.73 x 108 g sec/mol.



146

Similar trends were observed for catalyst
Al-

DISCUSSION

According to Basset et al. (19) the hydro-
genation of benzene to cyclohexane on a
Pt/Al,O; catalyst is a ‘‘facile’’ reaction in
so far as the activity does not depend on the
method of preparation, the platinum disper-
sion, the diameter distribution of the crys-
tallites, the alumina surface area, or the
chlorine content; it depends only on the
platinum surface sites (Pty. On this basis,
the turnover number (moles CgHg con-
verted per metallic site) was constant for
the A, and A, catalysts that we examined,
in spite of their different platinum contents.
Furthermore, the reaction, which is zero
order with respect to benzene, involves hy-
drogen and benzene adsorbed on adjacent
platinum sites; benzene interacts with one
such platinum site forming a = complex,
whereas the molecular hydrogen is disso-
ciatively adsorbed to form atomic hydrogen
on adjacent sites.

Only Bianchi et al. (3) mention the hy-
drogenation of benzene on Pt/Al,O; and the
presence of spillover; in particular, they
find that on SiO, activated by Pt/Al,O3 the
reaction occurs between benzene and
spillover atomic hydrogen to give cyclohex-
ane, whereas the presence of molecular hy-
drogen gives rise to ethane.

The results reported above show that the
presence of diluent y-Al,03, which on its
own is inactive, greatly influences the
specific activity of the Pt/Al,O4 catalyst in
the hydrogenation of benzene to cyclohex-
ane. The increase of the specific activity of
the catalyst with higher degrees of dilution
can be understood if one accepts that the
reaction also involves the alumina diluent
granules (as a result of spillover hydrogen)
in addition to occurring on the sites of the
Pt/y-Al,O3 particles. Accordingly, we sup-
pose that a part of the reaction occurs by
means of a mechanism that involves the
benzene and hydrogen adsorbed on the
platinum, as was proposed by Basset et al.
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(19), and that another part occurs on the
support as a result of some atomic hydro-
gen migrating from the metal to the support
surface and the nearby alumina granules to
react there with benzene (adsorbed on y-
alumina or gaseous), thereby increasing the
specific activity of the diluted catalyst even
at rather low temperature (60°C).

It follows from Tables 1 and 2 that the
specific activity as a function of the degree
of dilution increases up to a dilution of 50/1
and remains almost constant in more di-
luted systems. Since the total surface area,
per gram of catalyst and diluent, can be
considered constant at any degree of dilu-
tion, the distance between the surface metal
atoms assumes an important role in deter-
mining the specific activity. As the platinum
crystallites or atoms are uniformly distrib-
uted over the entire surface of the undiluted
catalyst there is a high probability of colli-
sion between spillover H' atoms and thus
of formation of molecular hydrogen, which
is inactive in benzene hydrogenation. Dilu-
tion achieves separation of the single gran-
ules covered by platinum and a higher de-
gree of dilution decreases the collision rate.
This means greater stability and an increase
in spillover atomic hydrogen and specific
activity. This pattern appears to be valid at
least until a dilution of 50/1, after which
further dilution brings no benefit. This
stands in relation to the fact that atomic
hydrogen cannot migrate beyond certain
distances, depending on the grain size and
texture of the solid mixture. Migration of
atomic hydrogen has been reported to oc-
cur over distances of about 2000 A. For
palladium/alumina diluted with alumina
Sancier (/8) found values ranging from 500
to 20,000 A. However, it is obvious that
there must be a point where the additional
surface area of the diluent brings no further
benefit to the reaction.

Figure 6 reports conversions as a func-
tion of the platinum percentage (quantity of
metal referred to the total weight of the
catalytic bed) at T = 100°C and W/F = 0.59
X 10% g sec mol™!. The conversions vary
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linearly with the platinum content for all
degrees of dilution of the catalysts. This is
not unexpected in that A, and A, have a
very similar metallic specific surface area
(166.7 and 163.2 m?/mg Pt, respectively)
and hence the same turnover number. The
slope of the curves gradually increases with
the degree of dilution. For dilutions exceed-
ing 50/1 the curves coincide.

The pattern of Fig. 6 is yet further proof
of the fact that dilution increases the
specific activity. In fact, considering the
points relative to a given platinum percent-
age, the conversions are proportionally
greater with the degree of dilution. Such
catalysts have the same platinum percent-
age, the same number of metallic sites, and
the same total surface area, while the differ-
ence consists in the fact that the platinum is
differently arranged on the catalytic bed.
Thus, in the undiluted catalyst the metal is
homogeneously distributed on the support;
after dilution with y-Al,O; a surface without
Pt atoms (diluent granules) is mixed with

77

atalysts diluted with y-Al,O; as a function of the platinum content.

® 3, 0) A, and A, diluted at 1/50-1/100, 1/20, 1/9,

) A, and A, diluted at 1/100, 1/50, 1/20, and 1/9, respectively.

catalyst particles with a Pt/granule concen-
tration which is proportionally higher with
the degree of dilution. The increase in activ-
ity is then undoubtedly to be attributed to
the greater distance of these metal **con-
centrations’’ (catalyst A; and A, granules).
Since atomic hydrogen is generated only on
the platinum atoms, its migration on the dil-
uent surface has to be assumed in order to

pvnlmn the catalvtic ann\nf\/ data.

awaiy ul

the distance of the 1nd1v1dual granules of
catalysts A, and A, that the spillover hydro-
gen concentration available for the reaction
of the benzene with the alumina depends.

It is on

lines of Flg. 6 refer to Pt-containing gran-
ules at equal distances one from another but
with a varying concentration of Pt/granule
or percentage of platinum per unit of cata-
iytic bed. The linear increase of the conver-
sion with the Pt content indicates that the
spillover level remains constant and de-
pends only on the available diluent surface;
the higher activity can be ascribed to the
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greater amount of metal present and there-
fore to the reaction on the platinum atoms
according to the mechanism of Basset et al.
(19). Another conclusion which can be
drawn from the straight line pattern of the
data at constant dilution is that formation of
cyclohexane owing to hydrogen spillover
on the A, and A, granules is completely in-
significant compared with the reaction oc-
curring on the metal and on the diluent sur-
face.

On the basis of the linear variation of the
conversion over a wide W/F interval (Figs.
3 and 4), Arrhenius plots have been derived
between 70 and 120°C (Fig. 7). The results
for various (un)diluted catalysts all show an
equal slope and an apparent activation en-
ergy value of 9.16 kcal/mol. This value is
very close to that reported by Basset et al.
(19) for the same reaction on Pt/Al,O5 at T
= 50°C and pc,y, = 56 Torr, the kinetics of
which are controlled by the reaction on Pt
between activated benzene and hydrogen.
The increase of reaction rate with the de-
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gree of dilution is to be attributed to a
greater H' concentration (spillover hydro-
gen) and therefore to an intense reaction on
the alumina surface; the benzene hydroge-
nation kinetics only depend on the hydro-
gen concentration. In addition, as the calcu-
lated surface diffusion energy of atomic
hydrogen on alumina of 28-29 kcal/mol
(16) greatly exceeds the present experimen-
tally found value, the transformation reac-
tion on the diluent granules is not controlled
by surface diffusion of atomic hydrogen. As
a result, the reaction mechanism on alu-
mina is the same as that occurring on plati-
num. It is then reasonable to suppose that
the slowest stage on the diluent surface is
the reaction between adsorbed or gaseous
benzene and spillover atomic hydrogen.
This is also a direct consequence of the fact
that the reaction which involves spillover
hydrogen increases with dilution. If the op-
posite were true, benzene would react very
quickly with hydrogen migrating on the sur-
face, without giving it the chance to utilize

mol. CgHg conv/hr-mgPt x16°

120

HO \n\‘

® T~ \
\(z\o\ \:\‘\At dinve
b \.\o\u\m dani/3
\. \O\M
\A‘ 107T(°K)
25 28 27 28 23 3,0

Fi1G. 7. Arrhenius plots of specific reaction rates. W/F = 2.13 X 108 g sec/mol for undiluted and
diluted A, catalysts; W/F = 0.73 x 10% g sec/mol for A, catalysts.
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the larger surfaces available with greater
dilution.

It can also easily be understood why the
ratios between specific conversions of di-
Iuted and undiluted catalysts are tempera-
ture independent (Fig. 5). In fact, as the
transformation on a diluted catalyst is the
sum of those occurring on platinum and
alumina, it follows, in case of the same
reaction mechanism, that

L= klsza - Ale—AE/RT pma
for catalyst A, and
v =0 + vy = kip® + kepy’
= (A;pus + Aspyfle AFET
for catalyst A, + diluent. Consequently

(Aipu> + Aspuf
Apr”

v
v

is temperature independent.

In conclusion, under our conditions the
hydrogenation reaction of benzene (Bz) to
cyclohexane (Cycl) can schematically be
represented as shown in Fig. 8 and in the
following series of events:

Hyg 2 Hz( ad) € 2H(g) , (D

Pt
Bzy 2 Bz(ad) 2 BZ(ad) ) (2

% Pt
BZag + 6Hian 2 Cyclaa S Cycly, (3)

6H' <=2 6H* + 6e-, (4)
-Al, O3

Bzy — == Bz, &)

y-Al Oy

6H + BZ(ad) —
Cyclag 2 Cycly, (6)
6H + Bz(g, 5 Cyclig, N
H L5 |, )

p

Stage (4) refers to the fact that H' is
captured on alumina sites which can be sur-
face defects, ionic vacancies, exposed tri-
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FiG. 8. Scheme of hydrogen spillover.
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gonal aluminum, as well as impurities
(20, 21); however, it is atomic hydrogen
which reacts with benzene to give cyclo-
hexane.
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