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Methoxylated silica aerogel is demethoxylated, with a loss of methane, by the spilled-over
hydrogen supplied by Pt/Al, O, catalyst at 430°C. The highest potential barrier for the migration of
hydrogen seems to be the jump from catalyst to silica aerogel particles, whereas the transport of the
spilled-over hydrogen on these particles is easy. Kinetic data account for the reaction between
methoxy surface groups and probably a trihydrogen species (H;) which would be formed by the

spillover process.

INTRODUCTION

It has been shown recently (/) that
methoxylated silica aerogel reacts at 430°C
with hydrogen spilled over from a Pt/Al, O,
catalyst giving methane and OH surface
groups. This demethoxylation provides a
convenient method for the study of the
migration of the spilled-over hydrogen over
the silica aerogel surface. By a proper
choice of the experimental conditions it
should be, in principle, possible to deter-
mine the nature of the most difficult step in
the hydrogen transport like the hopping of
hydrogen from platinum, where the gas is
first chemisorbed and dissociated, to the
inorganic oxide support of the catalyst
(here alumina) and then its migration over
silica particles where it reacts with
methoxy groups.

This paper describes the reaction of a
methoxylated silica surface with atomic hy-
drogen generated by H, at an admixed
Pt/Al, O, catalyst. Mixtures prepared in a
variety of ways and compositions showed
different rates, from which the nature of the
slow step could be determined. In all these
experiments the contact between the cata-
lyst and silica was maintained during the
determinations. This type of experimenta-
tion is therefore opposed to that devised

previously in the study of the unconven-
tional catalytic properties of silica having
been activated by hydrogen spillover (2).
There the Pt/Al,Q, catalyst had to be re-
moved after activation of silica by hydro-
gen spillover in order to record the catalytic
properties of silica unscreened by the prop-
erties of Pt/Al, O, catalyst (3).

EXPERIMENTAL

The silica aerogel (900 m? g~!, mean
particle diameter 30 A) was prepared by
hydrolysis of tetramethoxysilane dissolved
in methanol. The solvent was then evacu-
ated in an autoclave in hypercritical condi-
tions (4). The surface of the aerogel is
covered by methoxy groups (/). The ki-
netics of the demethoxylation of silica or of
the formation of methane at 430°C was
investigated in a dynamic flow microreactor
(under 1 atm total pressure) equipped with
a gas chromatographic unit (flame ioniza-
tion detector). The concentration of gener-
ated methane in the effluent gas was moni-
tored as a function of time and the
integration of the curve obtained gave the
conventional kinetic representation of the
amount of the demethoxylation reaction
with time. In each run 500 mg of methoxy-
lated silica aerogel was used together with
20 mg (unless otherwise stated) of Pt/Al,O,
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catalyst (Pt content: 0.6%; Pt dispersion:
44%, mean particle diameter 50 A) admixed
mechanically to silica aerogel in various
ways detailed below.

A flow (20 cm?® min™!) of pure gas, hydro-
gen, or nitrogen under 1 atm, was directed
into the reactor in order to provide the
second reactant (hydrogen spilled over
from platinum) or to realize conditions for
the blank. Two other blank experiments
were made in hydrogen at 430°C but in the
absence of Pt/Al, O, catalyst and in oxygen
at 430°C in the presence or in the absence of
the catalyst. No methane was detected ei-
ther by gas chromatography or by mass
spectroscopy in all these blank experi-
ments. In oxygen, with or without the cata-
lyst, the reaction product was CO,.

The initial amount of methoxy groups on
silica was determined by carbon microanal-
ysis of the initial aerogel (5.02% of C) and
also by gravimetry in the following way.
The mixture of 500 mg of silica aerogel and
of 20 mg of Pt/Al, O, catalyst was placed in
a Cahn RH electrobalance under vacuum or
in nitrogen at 430°C till a constant weight
was observed. After the introduction of

hydrogen (1 atm) the weight decreased to a .

new value because of the demethoxylation
by hydrogen spillover with evolution of
methane. The weight loss accounted for the
presence of methoxy groups in an amount
corresponding to 4.8% of C, both for nitro-
gen and vacuum initial conditions. The
small difference between the gravimetric
method and carbon microanalysis (5.02%)
is due to a partial loss of methoxy groups
during the thermal pretreatment of silica in
nitrogen or under vacuum. The integrated
amount of methane evolved by hydrogen
spillover during the kinetic measurements
(gc analysis) also gave the initial carbon
content of 4.8%, because prior to the estab-
lishment of hydrogen flow in the reactor at
430°C the sample was heated to the reaction
temperature in nitrogen flow. Three types
of contact between the silica aerogel parti-
cles and the Pt/Al, O, catalyst powder were
realized as follows:
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(i) The two powders were admixed and
vigorously shaken in a container. This pro-
cedure is assumed to give a homogeneous
dispersion of the catalyst powder among
the silica aerogel particles. Also it fixes an
average number of contacts (Fig. 1b) be-
tween catalyst particles (20 mg) and silica
particles (500 mg). In a second experiment
of the same type the amount of catalyst
powder dispersed in silica aerogel was in-
creased threefold (60 mg). The average
number of contacts between particles of
catalyst and particles of silica remained the
same (loose powder) but the path for the
migration of hydrogen over silica particles
was decreased, as one catalyst particle ‘‘ir-
radiated’’ a smaller number of silica parti-
cles (Fig. 1c). Simultaneously the concen-
tration of active hydrogen in 500 mg of
methoxylated silica batch increased by in-
creasing the amount of the catalyst.
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FiG. 1. (a) Compressed pellet of silica aerogel pow-
der (65 mg) with a spot of catalyst (3 mg); (b) 500 mg of
silica powder admixed with 20 mg of catalyst powder;
(c) 500 mg of silica powder admixed with 60 mg of
catalyst powder; (d) mixture as in (b) but compressed
under 4 tons cm~2; (e) separate layer of catalyst
powder on the top of silica powder.



TRANSPORT OF SPILLED-OVER HYDROGEN

(i1) The previous type of mixture (with 20
mg of catalyst) was compressed (4 tons
cm™2) into the form of a pellet (Fig. 1d).
This pellet was then slightly crushed in
order to be introduced in the reactor. This
procedure increases the number of contacts
between particles and decreases the path
for the migration of hydrogen over silica
particles but the concentration in active
hydrogen remains the same as that in the
loose powder.

(iii) The uncompressed silica powder (500
mg) in the reactor (batch of a cylindrical
shape, 3 cm thick, 1 cm in diameter) was
covered by a thin layer (less than 1 mm
thick) of 20 mg of Pt/Al, O, catalyst powder
(Fig. le). In a second experiment of this
type the amount of the catalyst in the layer
over silica was increased threefold (60 mg).
In these experiments the average number of
contacts between silica particles and the
“‘impedance’’ for the migration of hydrogen
from platinum to silica were the same as
those in the experiments of type (i) but the
path for the migration of hydrogen from the
catalyst over remote silica particles (up to 3
cm distant) was considerably increased.

In all cases the reactor was flushed with
nitrogen (20 cm® min~!) during the tempera-
ture rise to 430°C and finally hydrogen flow
was substituted for nitrogen flow. The ini-
tial amount of methoxy groups in nitrogen
at 430°C in the silica aerogel was calculated
from the 4.8% carbon content (see above)
and corresponded to the total amount of
methane (n,, in cm?®) evolved by de-
methoxylation by hydrogen spillover. The
actual amount of methane evolved (n, in
cm?®) was followed as a function of time.

Finally, infrared absorption studies of a
compressed pellet of silica aerogel (65 mg)
on which a small spot (ca. 1 mm diameter)
of Pt/Al, O, catalyst (3 mg) was included
(Fig. 1a) on the border of the pellet (diam-
eter: 20 mm) before pressing (4 tons cm™%)
were made at room temperature after heat-
ing the pellet to 430°C in nitrogen (initial
conditions) and then in hydrogen for var-
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ious lengths of time. The decrease of
the intensity of the absorption band of
methoxy groups (2960 cm™) in hydrogen
was recorded as a function of time suc-
cessively for each half of the pellet: the
half-moon part containing the catalyst and
the half-moon part without the catalyst
(Fig. 1a). This method would detect any
anisotropy 1n the pellet with respect to
the demethoxylation of silica particles
close to the catalyst and in the remote
part of the pellet.

EXPERIMENTAL RESULTS

. Kinetic Study of the Formation of
Methane
The plots of In {n./(n., —n)} are all
linear (Fig. 2) and hence the reaction is first
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F1G. 2. First-order plot of the formation of methane
from methoxylated silica at 430°C: (1) mixture of silica
(500 mg) and Pt/Al,O; catalyst (20 mg) particles
packed according to Fig. 1b; hydrogen flow (760 Torr)
of 20 cm® min~?; (2) same type of experiment with
hydrogen flow of 95 cm?® min~!; (3) mixture of silica
(500 mg) and Pt/Al,O, catalyst (20 mg) particles
packed according to Fig. 1d (compression under 4 tons
cm™2); (4) mixture of silica (500 mg) and Pt/Al,O,
catalyst (60 mg) particles packed according to Fig. Ic;
(5) separate layers of 500 mg of silica powder and 20
mg of Pt/Al, O, catalyst, packed according to Fig. le:
(6) separate layers of 500 mg of silica powder and 60
mg of Pt/AL,O; catalyst, packed according to Fig. le;
(7) same type of experiment as for curve 5 but with
the reversed flow of hydrogen; (8) same type of
experiment as for curve 1 but with Py, = 208 Torr;
(9) same type of experiment as for curve 1 but with
Py, = 300 Torr; (10) same type of experiment as for
curve 1 but with P, = 508 Torr.



414

order in methoxy-group concentration. The
rates as given by the slopes of these plots
are independent of hydrogen-flow rate be-
tween 20 and 95 cm® min—! (see curves 1
and 2 of Fig. 2). Compression of the mixed
powders (Fig. 1d) leads to an increase in
rate (curve 3, Fig. 2) but the apparent
activation energy (18 kcal mole™!, 430-
480°C) is unchanged. These experiments
show that, even for the compressed pellet,
the rate is not diffusion limited (first-order
law).

The enhanced rate of the reaction for the
pellet may be explained by an increased
number of contacts between particles (5).
More silica particles are in contact with
each particle of the catalyst providing hy-
drogen but also the path for hydrogen over
silica particles is decreased because these
particles have a greater number of contacts
between themselves and the distances be-
tween catalyst particles separated by silica
particles are decreased. It would therefore
be possible to consider two potential bar-
riers for the availability of active hydrogen
in the vicinity of OCH, groups. The first
barrier is encountered when hydrogen has
to jump from a platinum-on-alumina parti-
cle to a silica particle (the jump from
platinum to alumina and from alumina to
silica cannot be separated in this work).
The second barrier is for the jump of hy-
drogen over silica particles and it depends
on the average number of contacts be-
tween these particles and on the separa-
tion between catalyst particles determin-
ing the ‘“‘length” of the silica particles
chain.

Curve 4 of Fig. 2 shows that for a three-
fold increase of the amount (60 mg) of the
catalyst in the loose powder (Fig. 1c) the
rate of the reaction is increased. This effect
may result from a decrease of the path for
the migration of hydrogen over silica and
from an increased concentration of active
hydrogen in the batch provided by an in-
creased amount of catalyst. Such a beha-
viour is always found in homogeneous or
heterogeneous catalysis when the amount
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of catalyst varies, other conditions being
conserved. It has also been observed in the
spillover experiments (5). Also, in order to
separate the two contributions an experi-
ment was performed according to Fig. lein
which the path for the migration of hydro-
gen from the catalyst over silica is exces-
sively high. Curve 5 of Fig. 2 shows that the
rate of reaction for 20 mg of catalyst depos-
ited as a thin layer on the top of 500 mg of
silica powder is virtually the same as that
for the homogeneous dispersion of the cata-
lyst in silica powder (curve 1 of Fig. 2). If
the amount of the catalyst in the thin layer
is increased threefold (60 mg) the rate is still
the same as that for 20 mg of catalyst in the
layer (curve 6 of Fig. 2). It would then
appear that the concentration into the
spilled-over hydrogen around each
methoxy group on silica does not depend
on the path separating Pt/Al, O, catalyst
from silica particles. The amount of the
catalyst in contact with the silica batch does
not increase when the thickness of a
layer of catalyst on the top of silica pow-
der (Fig. le) is increased threefold and
the concentration into the spilled-over hy-
drogen is barely increased in the sample.
This result also shows that it is not possi-
ble to separate the jump of hydrogen
from platinum to alumina support and
then from alumina to silica. The easy
step, of a low potential barrier, is the mi-
gration of hydrogen, released from the
catalyst particle (Pt on alumina), over sil-
ica particles and the difficult step is the
jump of hydrogen from the catalyst parti-
cle to silica particles. Its frequency is in-
creased if the number of silica particles
surrounding each particle of catalyst is in-
creased as in the case of a compressed
pellet (Fig. 1d). From the kinetic point of
view this effect increases the preexponen-
tial factor, as may be observed on the
Arrhenius plot (not shown) giving the ac-
tivation energy of 18 kcal mole~! both for
the loose powder and for the pellet. For
an increased concentration of catalyst in
a loose powder (Fig. Ic) the number of
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contacts remains the same as that for a
lower concentration of catalyst in the
powder (Fig. 1b) but the concentration
into the spilled-over hydrogen in the
batch is increased. From the kinetic point
of view the experimental rate constant
(the slope of Fig. 2) is not independent of
the amount of catalyst.

A rather large path for the migration of
hydrogen in the experiments of Fig. le
which does not influence the rate of reac-
tion (the reaction proceeds with the same
rate as that for the experiment of Fig. 1b)
could be interpreted by the migration
over silica of active hydrogen in the gas
phase. If this is the case the rate of the
reaction for the experiment of Fig. le
would be decreased if the hydrogen flow,
instead of being directed on the top of
the sample (H, first meets the catalyst)
which was the case for the results just
described, is now reversed (H, first meets
silica). In Fig. 2, curve 7 shows that for
the experiment where the hydrogen flow
passes first over silica and then only on
Pt/Al, O; catalyst the rate of the reaction
is the same. This result is in agreement
with the fact already described (Fig. 2,
curve 2) concerning the insensitivity of
the reaction rate to hydrogen flow rate
(20 or 95 cm® min™Y). It confirms that nei-
ther the gaseous diffusion of molecular
hydrogen nor that of the active hydrogen
is limiting in the demethoxylation of sil-
ica. The jump of the spilled-over hydro-
gen from catalyst particles to silica parti-
cles does not proceed through the gas
phase. If such a phenomenon does exist
to some extent (6) the jump of hydrogen
as an adsorbed species probably provides
a much higher population of active hydro-
gen than the population of gas-phase ac-
tive hydrogen and finally the first controls
the rate of the reaction.

However, the partial pressure of molecu-
lar hydrogen in the gas phase may deter-
mine the concentration into the spilled-over
hydrogen if this last quantity depends on
hydrogen adsorption (and dissociation)
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FiG. 3. The partial order with respect to hydrogen
calculated from curves 1, 8, 9, and 10 of Fig. 2: ()
packing of the mixture according to Fig. 1b; (2)
packing of the mixture according to Fig. 1d.

equilibrium. A partial order with respect to
hydrogen pressure would be observed and
the rate of the reaction would show this
dependence. Also the partial pressure of
hydrogen in the flow was varied by dilution
with nitrogen (1 atm total pressure). For
partial pressures of H, of 208, 300, and 508
Torr in the gas flow over the mixture of
loose powders (Fig. 1b) curves 8, 9, and 10
of Fig. 2 were obtained and may be com-
pared with curve 1 established for 760 Torr
of H,. These results show that an increase
of the partial pressure of H, increases the
rate of the reaction. The order with respect
to the partial pressure of this gas is deter-
mined from Fig. 3 which plots the loga-
rithm of the slope of the straight lines 1,
8,9, and 10 of Fig. 2 versus the logarithm of
the partial pressure of hydrogen. This order
is 1.45 (curve 1, Fig. 3). It has been previ-
ously shown that the diffusion of hydrogen
in the compressed pellet is not rate limiting.
Indeed the partial order with respect to
hydrogen for the compressed pellet (Fig.
1d) is 1.49 (curve 2, Fig. 3) and is therefore
practically the same as that for the loose
powder.

2. Infrared Study of the Demethoxylation
of Silica

The form of the compressed pellet of
silica aerogel, containing the catalyst as a
tiny spot on the edge of the pellet, is shown
in Fig. la. The infrared absorption spec-
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trum for each half of the pellet was re-
corded as a function of time of heating the
pellet in hydrogen at 430°C (and also at
500°C). The blanks made on the silica pellet
containing the catalyst, in nitrogen instead
of hydrogen, or on the silica pellet without
the catalyst but in hydrogen, did not show
any decrease with time of the absorption
band of OCH, groups, except the small
initial decrease due to thermal demethoxy-
lation (see Experimental section). The in-
tensity of the 2960-cm~! band decreased
with time of demethoxylation in exactly the
same way for both halves of the pellet
showing that the methoxy groups in silica
are removed with the same rate in the half-
part of the pellet in the vicinity of the catalyst
and in the half-part distant from the cata-
lyst. This lack of anisotropy in demethoxy-
lation is consistent with the kinetic experi-
ments performed according to Fig. le and
described in the previous section. It
confirms also that the migration over silica
of active hydrogen, provided by the cata-
lyst, is an easy step.

As previously, the kinetic study of the
demethoxylation of silica by hydrogen spill-
over was performed by following the de-
crease of the intensity of the OCH, band as
a function of time of heating the pellet in
hydrogen (at 430 and 500°C). If N is the
number of methoxy groups in the pellet
absorbing the infrared radiation (N, at time
zero and N, at time ¢) the Lambert-Beer
law concerning the intensity I of the light
transmitted at 2960 cm™! may be expressed
as

log (I/1,) = —€N,

where I, is the intensity transmitted when
the OCH; groups are exhausted and e is the
extinction coefficient. Therefore

(log (I/I)t = 0 _ N,
(og (I/I)t =t ~ N,

If the reaction of demethoxylation is of the
first order in a constant pressure of hydro-
gen, as previously the reaction of the pro-
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F1G. 4. First-order plot of the demethoxylation of
silica followed by infrared absorption experiments
(see the text) at 430 and 500°C.

duction of methane, then, is
In (Ny/Ny) = kt.

Figure 4 shows that, applying these equa-
tions, a linear plot is obtained, passing
practically through the origin, for both tem-
peratures of demethoxylation. The appar-
ent activation energy calculated from the
slopes of Fig. 4 is 20 kcal mole™!, a value in
very good agreement with that (18 kcal
mole~!) found previously for formation of
methane from the mixture of silica and
catalyst in a loose powder or in a com-
pressed pellet form.

DISCUSSION

The kinetic data obtained in the dynamic
reactor and by infrared experiments show
that the rate of formation of methane (or of
demethoxylation) may be expressed by

rate = K[OCH,]P3}Z. ¢))

The apparent rate constant 4 depends on
the amount of the catalyst and on the
packing of the sample (loose powder or
pellet). The first step of the reaction is very
probably the equilibrated dissociative ad-
sorption of molecular hydrogen on
Pt/Al, O, catalyst:

Hae 2 2He). (2
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The influence of the partial pressure of
hydrogen on the rate of reaction for the
samples having the same type of packing
(loose powder of 500 mg of silica with
homogeneously dispersed 20 mg of cata-
lyst) may be accounted for by the depen-
dence of the concentration in hydrogen
active in demethoxylation on the pressure
of molecular hydrogen:

H,, + Hag @ Hje). (3)

Because the most difficult step in the
migration of hydrogen is the transport of
active hydrogen from catalyst to silica it is
probable that interaction (3) is operating
precisely on this step. It means that dissoci-
ated hydrogen, adsorbed initially on
Pt/Al, O, catalyst, migrates freely in the
adsorbed state (see above) onto silica as an
entity Hg,, after it has interacted with mo-
lecular hydrogen. This last species is proba-
bly in the gas phase and not adsorbed at the
high temperatures employed for the reac-
tion. Step (3) determines a given concentra-
tion of active hydrogen on every particle of
methoxylated silica powder, even in the
parts fairly distant from the catalyst. The
results previously described can indeed be
interpreted by assuming that the concentra-
tion of active (in demethoxylation) hydrogen
on silica depends on the concentration of
the spilled-over hydrogen on the catalyst:

H, + Hypy 2 Hy. (3a)
on catalyst on Si0,
Therefore
[H3(21)]Si()‘= — K
[H(n)](‘alal.[HZ(u)] '

The concentration into hydrogen active
in demethoxylation is then

[Ha(u)]si(')z = K[H(a)]('alul,[Hz(u)]'

The constant K depends on the number
of points of contact between the particle of
the catalyst and the particles of silica. Its
value depends on the difficulty of the jump
of hydrogen from the catalyst to silica. The
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concentration [H,J.aa. depends on the
amount of the catalyst dispersed in silica
and [H,,] depends on the pressure of mo-
lecular hydrogen. The rate-determining
step is finally the interaction between H,,,
species and the surface methoxy group:

H3(zl) + _OCH.‘i(S) -
CHy + Haey + —O—(,, (4)

accompanied by

-0- + Hywy = -OH, + Hy.

The rate of the determining step (4) is
therefore

rate = k[OCH3][H3(zl)]Si(J2- (1a)

Combining Eqgs. (2), (3), and (4) gives the
observed rate law of Eq. (1) assuming that
at the adsorption equilibrium the concen-
tration of [H,] depends on P} and that of
[Hs.»] depends on Py, X Pz

The existence and the stability of trihy-
drogen species like H; and Hi (free, non-
adsorbed) was envisaged on the basis of
wave mechanics calculations (7). The tri-
atomic hydrogen ion Hf was found to be
much more stable than the neutral triatomic
molecule and its infrared absorption fre-
quencies were calculated.

None of these were observed in our
infrared experiments. The triatomic hydro-
gen molecule has been postulated as the
intermediate complex at low temperatures
in the ortho—para hydrogen conversion and
in the exchange with deuterium (8) on the
basis of reaction kinetics and other indirect
measurements (¢, /0). Finally surface de-
fects (V centers) created on magnesia by
thermal evacuation are centers for the ad-
sorption of hydrogen at room temperature
and below in the form of a triatomic ion, as
was shown by esr spectroscopy (/7). No
esr signal was observed in our work during
the hydrogen spillover experiments. It was
shown before (/) that the number of sites
accepting hydrogen on the surface of silica
aerogel is of the order of 1012 /cm2. Such a
low concentration would escape any
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present technique of investigation and only 3.

indirect methods, such as the kinetic one
used in the present work, may cast some
light on the nature of adsorbed hydrogen.
This kinetic method is in favour of a trihy-

drogen species as the agent of the transport .

of the spilled-over hydrogen on the silica
surface.
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