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Reactions in the Adsorbed Layer: Hydrogenation of Acetone on Nickel Catalysts
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The hydrogenation of acetone adsorbed and the dehydrogenation of isopropanol adsorbed on silica-supported
nickel catalyst have been studied by following the changes of hydrogen pressure and the reaction products as well

as the IR spectra of adsorbed species.
posed of acetone and hydrogen.

It was found that the formation of isopropanol proceeds via a precursor com-
The activation energies of hydrogenation of acetone adsorbed and of dehydroge-

nation of isopropanol adsorbed were 11—13 and 4—38 kcal/mol, respectively. The activation energy of the de-

sorption was 13 kcal/mol for isopropanol and 19 kcal/mol for acetone.

during the hydrogenation of acetone was determined.

Although a number of investigations have been
made on the hydrogenation of acetone on nickel ca-
talysts, in most cases the nature of the adsorbed species
on the catalysts as well as the energy relation for the
reaction was deduced on the basis of the kinetics of
the reaction. They can be elucidated more precisely
by measurements of the hydrogenation of adsorbed
acetone. Work along this line was carried out!~®
with some decomposition reactions. As an extension
of this work, hydrogenation of acetone adsorbed on
nickel catalyst has been investigated by an infrared
technique as well as by the analysis of reaction pro-
ducts.

Experimental

Materials. The 15 wt%, Ni-SiO, catalyst was prepared
by impregnation of silica gel (30—50 mesh) with an aqueous
solution of Ni(NOj),-6H,O. The supported salt was dried
at 100 °C and heated at 400 °C in the air. The catalyst
samples were reduced in 100 Torr hydrogen at 400 °C for
60 hr and degassed at the same temperature for 3 hr. The
equilibrium amount of hydrogen adsorbed after the reduc-
tion was 1.8cm?/g at 0°C and 20 Torr hydrogen. For
spectroscopic experiments, Aerosil (Degussa) supporting 6.5
wt%, nickel was prepared by impregnation with a nickel
nitrate solution. The slurry was dried at 100 °C in the air
and heated in a vacuum at 300 °C. The silica-salt mixture
was pressed into a disk of 20 mm diameter. Before adsorption
of acetone, the disk was heated in hydrogen at 350 °C for
6 hr and degassed at the same temperature.

Acetone and isopropanol (Tokyo Chemical Industry) were
dried in a vacuum over a degassed molecular sieve, degassed
by freeze-pump-thaw cycles and stored over the molecular
sieve. Cylinder hydrogen was purified by diffusing through
an electrically heated palladium thimble.

Apparatus and Procedures. A closed circulation system,
equipped with Tépler pump and a mercury diffusion pump,
was used for desorption experiments. The rate of hydrogen
uptake by the catalyst adsorbed acetone was determined
manometrically. The experiments of dehydrogenation of
isopropanol adsorbed were carried out as follows: Using
either liquid N, traps or a Topler pump and a diffusion
pump, the desorbed amounts of hydrogen as well as of
condensable gases such as acetone, isopropanol, and pro-
pane were determined as a function of time, the rate of
desorption being obtained. Details were described previ-
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From the results the potential energy change

ously.’~® During the rate measurements the temperature
of the catalyst was lowered abruptly and the temperature de-
pendence of the rates at the same amount adsorbed was ob-
tained. The desorption products were analyzed by gas-
chromatography with the use of a column with 3 m silica
gel or 2 m molecular sieve for methane and hydrogen and
with a 2 m PEG 1500 column for the other products. Similar
desorption experiments were carried out under circulation of
hydrogen over the catalyst. In this case the desorption system
was kept shut and only the condensable desorption products
were analyzed. '

The IR cell was the same as that used previously.® All
the spectra were recorded at room temperature with a
Hitachi EPI-G2 grating infrared spectrophotometer with a
spectral slit width 2.8 cm~! at 1000 cm~L

Results and Discussion

Hydrogenation of Acetone Adsorbed. The IR spectra
of acetone adsorbed on the nickel catalyst at 25 °C
showed ' bands at 1700 cm=! (»(C=0)), 1420, 1370
(6(CHy)), and also around 3000 cm-—! (»(CH)).®
When hydrogen was admitted into the catalyst with
adsorbed acetone at room temperature, the spectra
changed gradually, hydrogen uptake occurring si-
multaneously. With increasing time of contact with
hydrogen, the band due to the carbonyl group became
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Fig. 1. Changes in the intensities of the bands and
in the amount of hydrogen uptake: (a) amount of
hydrogen uptake; (b) band intensity at 2980 cm-1;
(c) band intensity at 1700 cm-1; (d) amount of the
precursor. The amount of acetone adsorbed at 25°G
and hydrogen pressure were 1.75 cm?/g and 20 Torr,
respectively.
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Fig. 2. Hydrogen uptake by the acetone-covered sur-
face. Temp, 20 °C. The amount of catalyst and the
equilibrium pressure of hydrogen were 6.67g and
20 Torr, respectively.

weak, while a new band at 2980 cm—! was intensified.
The new band is attributable to »(CH) of isopropanol.”
The results are shown in Fig. 1. After 8 hr the amount
of hydrogen uptake appears to attain a saturation value,
while the intensities of the bands at 1700 and 2980
cm! still change. Such a phenomenon suggests that
during the hydrogenation of acetone adsorbed, hy-
drogen adsorption of a certain type takes place to form
an intermediate. In other words, the formation of
isopropanol proceeds via a precursor composed of ace-
tone and hydrogen. The amount of hydrogen uptake
at the saturation (point A, Fig. 1) increased with in-
creasing amount of acetone adsorbed. The increase
in the amount of hydrogen uptake is 1.2 times as much
as the amount of acetone adsorbed (Fig. 2).8) Such a
constant ratio suggests the formation of the precursor.
A similar phenomenon was reported by Akhtar and
Tompkins? who suggested that on the Pt surface
containing adradicals such as -NH,, —-OH, and -CHj,,
hydrogen is molecularly adsorbed on the adradicals
(possibly by H-bonding). It was found that the in-
tensity of the band at 2980 cm~! was proportional to
the amount of adsorbed isopropanol in the range 0.6—
1.5 cm?/g.1®).  Assuming that the amount of hydrogen
uptake at the saturation corresponds to the intensity
of the band observed at 2980 cm~! after 25 hr, it is
possible to estimate the amount of the precursor which
has a maximum (curve d, in Fig. 1).

It can be seen that an instantaneous hydrogen up-

TaBLE 1.
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take is followed by a slow uptake. Taking account of
the practical absence of hydrogen uptake without ad-
sorbed acetone, it is concluded that the instantaneous
uptake is due to the hydrogen adsorption between
acetone molecules!® and the slow uptake to the form-
ation of isopropanol as well as of the precursor. The
activation energy of the slow hydrogen uptake in-
creased from 11 to 13 kcal/mol with the progress of
uptake in the range 0.3—0.8 of the fraction of hydro-
genated acetone. The rate of hydrogen uptake va-
ried in proportion to the square root of hydrogen pres-
sure in the range 20—100 Torr.

Dehydrogenation of Isopropanol Adsorbed. In order
to obtain information on the energy changes for the
dehydrogenation of isopropanol, the following experi-
ments were carried out. After the hydrogenation of
adsorbed acetone at 0 °C was completed, hydrogen
was removed from the reaction vessel. The temper-
ature of the catalyst was then raised stepwise to 20,
50, and 100 °C. The products are shown in Table 1.
In the temperature range below 50 °C the hydrogen
evolved amounted to 809, of the total hydrogen
uptake, while a negligible evolution was observed for
acetone as well as isopropanol. This suggests that
acetone as well as isopropanol is adsorbed more
strongly than hydrogen.

The rates of evolution of hydrogen were measured
at 20 and 0 °C with various amounts of isopropanol
adsorbed. The value of E for the hydrogen evolution
(Rateccexp(—E[/RT)) increased from 4 to 8 kcal/mol
with increasing fraction of dehydrogenated isopropanol
from 0.1 to 0.3. It appears that the rate of dehydro-
genation of isopropanol adsorbed is equal to the evolu-
tion rate of hydrogen, since the observed rate of hydro-
gen evolution was much larger than that for the ca-
talyst with only adsorbed hydrogen.

In order to obtain energetic information on the
hydrogenation of acetone, the dehydrogenation of iso-
propanol adsorbed was carried out in the presence of
hydrogen circulating over the catalyst. The results of
experiments in which the temperature of the catalyst
was raised stepwise are shown in Fig. 3. Evolution
of acetone as well as isopropanol began at 50 °C,
showing a maximum at 100 °C and then decreased.
Figure 4 shows the results of experiments at a constant
temperature. The evolution rate of the products de-
creased with a decrease in the amount of isopropanol
adsorbed. Dependence of the rate of evolution of
the products upon hydrogen pressure was determined
by abruptly changing the pressure during the course

DEHYDROGENATION OF ISOPROPANOL ADSORBED

Products,® cm?/gx 102

Remaining amount,” cm?/g

Temp range °C —
A IPA G Hy CH, H,0 H, A H,
0 — 0.09 — — 0.11 57.3 2.51 3.96
0— 20 0.45 1.17 — — 0.27 121.2 2.50 2.73
20— 50 18.4 3.87 0.30 4.68 1.89 190.2 2.25 0.748
50—100 86.2 0.35 1.39 33.6 7.32 158.8 1.26 e

a) A, Acetone; IPA, isopropanol.
temperature rise.
hydrogen 1.45 cm?/g.

The temperature of the catalyst was kept constant for 2 hr at each step of
b) The remaining amount is expressed as acetone+H,, e.g., at 0 °C isopropanol remained 2.51 and
Above 50 °C most of the hydrogen formed arises from the decomposition of acetone adsorbed.
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Fig. 3. Dehydrogenation of isopropanol adsorbed: (a)
acetone; (b) isopropanol; (c) propane; (d) water;
(e) methane. The amount of acetone adsorbed at
0°C and hydrogen pressure were 2.51 cm®/g and 20
Torr, respectively.
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Fig. 4. Dehydrogenation of isopropanol adsorbed at
100 °C. Symbols are the same as for Fig. 3.

of dehydrogenation. The rate of evolution of acetone
changes inversely proportional to Py, while that of
isopropanol is independent of Py (Fig. 4).

The temperature dependence of the rate of evolution
for isopropanol and for acetone was determined from
the results shown in Fig. 5. The values of E at 1.95
cm3/g of the amount of isopropanol adsorbed are cal-
culated to be 26.8 for acetone and 13.3 kcal/mol for
isopropanol. Another experiment at 4.2 cm3/g of the
amount of isopropanol adsorbed gave the activation
energies 22.5 and 13.3 kcal/mol, respectively. It is
seen that the value of E for acetone evolution changes
with the remaining amount of isopropanol but that
for isopropanol is nearly constant.

Dependence of the rates of evolution of the products
upon the amount of isopropanol adsorbed was ex-
amined over a wide range of adsorbed amounts. The
rate of evolution of propane changes slightly with

Hydrogenation of Acetone Adsorbed on Nickel Catalysts

2367

215 210 205 200 195
T )
22} ' ' 1.954;
?D 20 -‘\4\'\_' i
g —-—--—1903
2 l.é M"mﬁm—wzo
B 100°C
= 75°C
8 M 343-e— o . .
S 12F I >
[~ ,
w 10F i
~ 08 !
+ = ;
w 06
0.492-% O— o O—
04 1
| 11954 0 1 | )
1955 1950 1945 1940 1935

Remaining amount of isopropanol adsorbed, cm?/g

Fig. 5. Change in the rates of evolution of the products
with temperature. During the measurements the
temperature was changed abruptly from 100 to 75 °C,
the rates at 1.954 cm?/g being compared. Hydrogen
pressure, 20 Torr. Symbols are the same as for Fig. 3.
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Fig. 6. Change in the rates of evolution of the products
with the amount of isopropanol adsorbed. Symbols
are the same as for Fig. 3. The temperature and
hydrogen pressure were 100 °G and 20 Torr, respec-
tively.

increasing amount adsorbed, while that of isopropanol
markedly increases (Fig. 6). Such a behavior suggests
that propane is formed from a strongly adsorbed species.

Potential Energy Change During the Hydrogenation of
Acetone. Taking into account the results given
in Table 1 and Fig. 1, it seems that the hydrogen up-
take by the catalyst with adsorbed acetone and its
reverse reaction, ¢.e., hydrogenation of acetone adsorbed
and dehydrogenation of isopropanol adsorbed!®) are
much faster than the desorption of acetone as well as
isopropanol at around 100 °C, where the dehydrogena-
tion experiments were carried out. It appears that
the equilibrium is established for the dehydrogenation
and its reverse reaction. Since hydrogen is adsorbed
between the acetone molecules, it would be expected
that the acetone adsorption is independent of hydrogen
adsorption. Hence

ki050n" = k_01pa(1—61")%, (1)
where 0y'=1 corresponds to a saturated amount of

hydrogen adsorbed between acetone molecules; the
rate constants refer to the following steps:
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Ag) Ha(g) IPA(g)

S

A(@) + 2H(a) =—= IPA(a)
k-4
where A, H,, and IPA represent acetone, hydrogen,
and isopropanol, respectively. Since adsorption equi-
librium is established for hydrogen, we have

k_oPu(1—0x')* = kb, K = k_,/k, (2)
Substitution of equation (2) into equation (1) gives
0s = k- ob1pa/k,KPy . 3

Hence, the evolution rates of isopropanol and acetone,
Rp, and R,, are given by

RIPA = kaolPA (4)

Ry = ky0s = kik_ 01pa /KoK Py . (5)
In the case where 05, is independent of hydrogen pres-
sure, R;p, becomes independent of P; and R, inversely
proportional to Py, in agreement with the results des-
cribed above. Such a pressure independence of 0,
suggests that during the experiments such as shown in
Fig. 6 the values of 0;5,/(0,+0;p,) are always close to
unity, although 6,,, as well as 0, decrease with progress
of the reaction. The pressure dependence of R, as
well as R;;, would support the assumption that equi-
librium is established for the hydrogenation and de-
hydrogenation reaction.

According to Egs. (4) and (5), the temperature de-
pendence of ky and k.k_,/k,K is the same as that of Ryp,
and R,, which are 13.3 (E,) and 22.5—26.8 kcal/mol
(E,), respectively. When Egs. (4) and (5) hold, the
value of Ryp,/R, should be constant at a constant
hydrogen pressure, irrespective of the amount of iso-
propanol adsorbed. Such a prediction was confirmed
by experiments (Fig. 6, Rp,/R,=1.98 at 20 Torr
hydrogen). The activation energy (E,) of 11—13
kcal/mol for the hydrogen uptake corresponds to the
temperature dependence of k,. The activation energy
(E_,) of 4—8 kcal/mol for the evolution of hydrogen
from isopropanol adsorbed corresponds to the tem-
perature dependence of k_,. Schuit and Reijen'® in-
vestigated the adsorption isotherms of hydrogen on a
silica supported nickel catalyst similar to the one we
used. By applying their results to the present system,
the coverage of hydrogen during the course of de-
hydrogenation of isopropanol at 100 °C and 20 Torr
hydrogen is estimated at 0.7. Their results show that
the heat of adsorption at 6=0.7 is 16 kcal/mol.1®
Thus the temperature dependence (E,) of K is estimated
as —16 kcal/mol. From the relationship E,=FE;+
E_,—E,—E,, the value of E, for k; can be calculated.
The values of E, and E_, vary with the progress of
dehydrogenation. E,=12 and E_,=4 are obtained
from the values at the fraction of hydrogenated acetone
of 0.8. Combining these values with E, =27, the value
of E, for k; is obtained as 19 kcal/mol. Figure 7 shows
the energy values as the change of potential energy
during the course of reaction. The activation energies
of adsorption of acetone, hydrogen, and isopropanol
are neglected.

Strictly speaking, Fig. 7 is valid only in the case where
the fraction of hydrogenated acetone is 0.8. In the
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Potential energy
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Fig. 7. Potential energy diagram for acetone hydro-
genation. Figures indicate the potential energy in
kcal/mol. The amount of isopropanol adsorbed and
hydrogen pressure were 2.0cm?®/g and 20 Torr,
respectively.

case where the fraction of hydrogenated acetone is
small, it is expected that the value of E_, becomes larger
than 8, although other quantities such as Ej, E3, and
E, do not change a great deal.
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