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Abstract

In the gas phase hydrogenation of acetonitrile over alumina- and silica-supported platinum catalysts at 150-190°C,
diethylamine was selectively formed. The activity of acetonitrile conversion and the selectivity to diethylamine for
alumina-supported catalyst were higher than those for silica-supported one. With increasing temperature, the selectivity to
diethylamine decreased while that to triethylamine increased. Ethylamine was the very minor product independent of
temperature and no other species, like hydrocarbons by cracking, were formed. The alumina-supported catalyst did not
adsorb hydrogen, so the adsorption of hydrogen on the surface of catalyst would not be significant for the hydrogenation of

acetonitrile to take place giving amines.
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1. Introduction

The catalytic hydrogenation of nitriles is an
important route for the production of various
amines. It is usually carried out in solvents
under high pressures of hydrogen [1,2]. Plat-
inum is one of the active metals for the liquid
phase hydrogenation of nitriles and it produces
tertiary amines in high selectivity compared with
primary and secondary amines [1,2]. Recently a
few authors studied the catalytic hydrogenation
of nitriles under gas phase reaction conditions
and reported several features different from
those of the liquid phase reactions [3-5]. Using
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supported platinum catalysts, McMillan and
Agrawal conducted butyronitrile hydrogenation
at 200°C [3]. They observed the formation of
butane as well as amines and indicated that the
extent of cracking was comparable to that of
hydrogenation for some catalysts. However,
McMillan and Agrawal showed that all their
platinum catalysts examined selectively pro-
duced the secondary amine, dibutylamine, com-
pared with the primary and tertiary amines,
being different from the results of the liquid
phase hydrogenation.

The gas phase hydrogenation of nitriles was
also studied in recent works of Rode et al. [5]
and Verhaak et al. [4]. Both groups used several
supported nickel catalysts and observed the for-
mation of amines only but they found different
selectivities. Rode et al. showed the 100% selec-
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tivity to the primary amine for acetonitrile and
benzonitrile hydrogenation at 150-190°C and
210-250°C, respectively. In contrast, Verhaak
et al. observed the formation of the primary,
secondary and tertiary amines for acetonitrile
hydrogenation at 125°C and showed the selec-
tivity to depend on the catalyst used. Further
works are needed to clarify the features of the
gas phase hydrogenation of nitriles that would
produce interesting results from industrial and
scientific points of view.

In the present work, we have examined the
hydrogenation of acetonitrile using alumina- and
silica-supported platinum catalysts at 150-
190°C, together with the characterization of the
catalysts by hydrogen adsorption, X-ray photo-
electron spectroscopy and temperature pro-
grammed reduction. It is noteworthy that the
formation of amines is observed but other prod-
ucts, like hydrocarbons by cracking, are not
formed, and the secondary amine, diethylamine,
is selectively formed for both the catalysts. In
addition, it is interesting to note that our alu-
mina-supported catalyst does not adsorb hydro-
gen probably due to some metal-support interac-
tions, indicating that the adsorption of hydrogen
is not significant for the hydrogenation of aceto-
nitrile to take place producing the amines.

2. Experimental

The support materials used were porous alu-
mina and silica gels, Neobead-C and Silbead-N
supplied by Mizusawa Industrial Chemicals,
Ltd., which included SiO, in 0.2% and Al,O,
in 2.0% by weight, respectively. They were
ground into 32-60 mesh in size and used for
supports. The surface areas of the alumina and
silica supports were 126 and 562 m?/g, respec-
tively. The supported platinum catalysts were
prepared through the adsorption of platinumte-
traamine dichloride by immersing the supports
in its aqueous solution at pH ~ 12 for 3 days
followed by reduction by flowing hydrogen at
400°C for 3 hours similar to the previous proce-

dures [6]. The amount of platinum loaded was
fixed to 1% by weight.

The hydrogenation was carried out by pass-
ing pure hydrogen at 5 ml /min through a heated
glass saturator of acetonitrile (Wako Pure
Chemical) and then a catalyst bed of 0.15 g in a
quartz reactor maintained at 150, 170 and 190°C.
The concentration of acetonitrile in the reaction
mixture was 6.9% in volume. The reaction
products were analyzed by an on-line gas chro-
matography with a flame ionization detector.

The catalysts prepared were characterized by
hydrogen adsorption, X-ray photoelectron spec-
troscopy (XPS) and temperature programmed
reduction (TPR).

The adsorption of hydrogen was measured by
static volumetric method and temperature pro-
grammed desorption (TPD). For the static
method, the amount of hydrogen adsorbed was
measured at a relatively low equilibrium pres-
sure of around 1.5 kPa to reduce the influence
of spillover. For TPD, hydrogen was adsorbed
by exposing a catalyst sample to flowing hydro-
gen for 15 min at the desired temperature and
the temperature of the sample was raised at 30
K/min while passing argon as a carrier gas.
The detail of the apparatus and procedures used
in the TPD was described previously [7].

A Shimadzu ESCA-750 was used to make
XPS measurements. A catalyst sample was
ground in a mortar, mounted on a sample holder,
introduced into an analysis chamber, sputtered
with Ar™ ions and then subjected to the XPS
measurement. The binding energy was charge-
referenced to the C 1s binding energy of 285 eV
[8].

For TPR, an unreduced catalyst sample was
treated at 150°C under dynamic evacuation for 1
hour and then a mixture of hydrogen and argon
of 1:15 in volume was passed at 42 ml/min
through the sample while increasing its tempera-
ture at 10 K/min. The relative amount of hy-
drogen consumed was measured by a thermal
conductivity detector. The apparatus and proce-

dures used were previously described in more
detail [9].
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3. Results
3.1. Activity and selectivity

For acetonitrile hydrogenation under the pre-
sent reaction conditions used, we detected only
hydrogenation products, ethyl, diethyl and tri-
ethyl amines, and did not other products like
hydrocarbons by cracking.

Fig. 1 and Fig. 2 show the activity of aceto-
nitrile conversion and the selectivity to the pri-
mary, secondary, and tertiary amines, respec-
tively. The activity increases with increasing
temperature and the alumina-supported catalyst
indicates higher activities compared with the
silica-supported one. Both the catalysts show
higher selectivities to secondary amine, in par-
ticular at lower temperature. The selectivity to
secondary amine at 150°C is 92 and 82% for
alumina- and silica-supported catalysts, respec-
tively. With increasing temperature, the selectiv-
ity to secondary amine decreases while that to
tertiary amine increases. The primary amine is
the very minor product independent of tempera-
ture.

3.2. Hydrogen adsorption

Table 1 gives the results of hydrogen adsorp-
tion measurements by the static volumetric and
TPD methods. It was found that the alumina-
supported catalyst did not adsorb measurable
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Fig. 1. The total activity of acetonitrile conversion over supported
platinum catalysts on alumina ( AL) and silica (SI) at 150, 170
and 190°C.
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Fig. 2. The selectivity to primary ( P), secondary (S) and tertiary
(T) amines in the hydrogenation of acetonitrile over alumina- and
silica-supported platinum catalysts at 150, 170 and 190°C.

quantities of hydrogen at around room tempera-
ture. Further, no desorption of hydrogen was
detected on TPD when the catalyst was exposed
to flowing hydrogen at temperatures up to
300°C. In contrast, the silica-supported catalyst
adsorbed hydrogen and the degree of platinum
dispersion was estimated to be 0.30 from the
volumetric measurement. The TPD indicated a
larger amount of desorbing hydrogen compared
with the amount of platinum atoms present,
probably due to the spillover of hydrogen. It
should be noted that the alumina-supported cata-
lyst is more active than the silica-supported one
as mentioned above even though it does not
adsorb hydrogen.

Table 1
Adsorption of hydrogen on supported platinum catalysts measured
by static volumetric and TPD methods

Catalyst Uptake (H /Pt)

static * TPD °
Pt/AlLO, nd © nd ©
Pt/Si0, 0.30 1.44

* At 18°C and at an equilibrium pressure of 1.55 kPa.

® Adsorption made at 30°C for 15 min.

¢ Not detected. No desorption was observed on TPD after adsorp-
tion at temperatures up to 300°C for 15 min.



232 C.V. Rode et al. / Journal of Molecular Catalysis A: Chemical 118 (1997) 229-234

”

PY/AI,O,

P/SIO,

| T Y W N ST SN S S AR G T R SN SR A |
340 330 320 310 300
E, (eV)

Fig. 3. XPS Pt 4d spectra for alumina- and silica-supported
platinum catalysts.

3.3. XPS

Fig. 3 shows the XPS Pt 4d spectra for
alumina- and silica-supported catalysts. The
peak position for the former seems to be present
at a higher binding energy compared with the
latter catalyst, suggesting that the oxidation state
of platinum is higher for the alumina-supported
catalyst. This corresponds to the difference in
color that the alumina-supported catalyst is
grayish black while the silica-supported one is
black.

The number of platinum atoms exposed and
the quantity of residual chlorine were rough
estimated by the ratio of XPS peak areas of Pt
4d, Al 2p or Si 2p, O 1s and Cl 2p. The results
are given in Table 2, indicating that there are
not significant differences in the degree of dis-
persion of platinum, reduced and unreduced,
and in the residual amount of chlorine between
the alumina- and silica-supported catalysts. So,
these two factors are not responsible for the
difference observed in the catalytic activity be-
tween those two catalysts.

Table 2
Results of XPS measurements on supported platinum catalysts

Ratio of peak areas Catalyst

Pt/Al,O, Pt/Si0,
Pt 4d /Al 2p (Si 2p) 4.5x1072 9.4X1072
Pt4d/O 1s 3.5%1072 2.2x1072
Cl2p/Pt4ad 0.23 0.34
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Fig. 4. TPR profiles for alumina- and silica-supported platinum
samples.

3.4. TPR

Fig. 4 gives the TPR spectra for alumina- and
silica-supported platinum catalysts. Although the
consumption of hydrogen starts to occur at simi-
lar temperatures, even less hydrogen was con-
sumed by the alumina-supported catalyst than
by the silica-supported one. The ratio of the
amounts of hydrogen consumed by the former
to the latter at temperatures up to 650°C is 0.58.
This ratio is smaller in the range of lower
temperatures. Thus, higher temperature is re-
quired to reduce the platinum precursors on
alumina than on silica and the degree of reduc-
tion of platinum is lower for the alumina-sup-
ported catalyst although the absolute degree of
reduction is not known at present.

4. Discussion

In the present gas phase hydrogenation of
acetonitrile at 150-190°C over alumina- and
silica-supported platinum catalysts, we observed
the formation of amines but not other products
like hydrocarbons by cracking. This is similar to
the results of the hydrogenation of acetonitrile
by supported nickel catalysts of Rode et al. [5]
and Verhaak et al. [4]. However, in the case of
butyronitrile hydrogenation over supported plat-
inum catalysts at 200°C, McMillan and Agrawal
observed the cracking to butane as well as the
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hydrogenation to amines [3]. They showed that
the ratio of the cracking rate to the overall rate
of butyronitrile conversion was 0.11 and 0.39
for their (not calcined) alumina- and silica-sup-
ported catalysts, respectively. The rate of crack-
ing became increased when the catalysts were
calcined prior to reduction, the above ratio in-
creasing to 0.39 and 0.59, respectively. Thus,
the relative rates of hydrogenation and cracking
may depend on the nature of reactant and/or
catalyst used.

The high selectivity to secondary amine ob-
served in the present work is in accordance with
the result of McMillan and Agrawal for buty-
ronitrile hydrogenation over supported platinum
catalysts [3]. This is in contrast to the high
selectivity of platinum to the formation of ter-
tiary amines in the liquid phase hydrogenation
of nitriles [1,2]. There are significant differences
in several respects like the state and quantity of
reactants on catalyst and the type of reaction,
flow or batch, between the gas and liquid phase
reactions studied, leading to the difference in
the results between these two modes of hydro-
genation. The high selectivity to secondary
amine observed is also in contrast to our previ-
ous results for the hydrogenation of acetonitrile
over supported nickel catalysts, which were
shown to produce only primary amine [5]. How-
ever, Verhaak et al. observed the formation of
primary, secondary, and tertiary amines for
acetonitrile hydrogenation by their supported
nickel catalysts, the selectivity depending on the
catalyst used [4]. The supported nickel catalysts
used by us and Verhaak et al. should be signifi-
cantly different in the nature of nickel particles
and supports arising from differences in the
materials and preparation procedures used.

In addition, it is an interesting fact found in
the present work that our alumina-supported
platinum catalyst does not adsorb hydrogen but
is active for the hydrogenation of acetonitrile,
more active than silica-supported one. One may
infer from this fact that the adsorption of hydro-
gen is not significant for the reaction to take
place and the reaction goes through an Eley—

Rideal type of mechanism between adsorbed
acetonitrile molecules and gaseous hydrogen
molecules. The higher activity of alumina-sup-
ported catalyst may be explained by considering
the state and/or quantity of acetonitrile
molecules adsorbed on the surface of catalyst.
The platinum atoms exposed in this catalyst are
in the higher oxidation state, and they would be
a good surface sites for the adsorption of aceto-
nitrile to be hydrogenated. It is possible that the
adsorption of acetonitrile is influenced by the
electronic and structural factors, which are the
extent of donation and back donation between
the acetonitrile and the metal and the structure
of the adsorbed acetonitrile, linear or side-on
type. A few works were carried out so far to
study the adsorption of nitriles and the results
were well reviewed by Albert and Yates [10].
Another possible explanation for the higher ac-
tivity of alumina-supported catalyst is that it
does not adsorb hydrogen, resulting in the larger
concentration of acetonitrile molecules on the
surface of catalyst.

The influence of support on the activity ob-
served may be explained by considering some
strong metal-support interactions for our alu-
mina-supported platinum catalyst, which are in-
dicated by XPS and TPR. These interactions
affect the nature of platinum particles as de-
scribed above. Previously McMillan and
Agrawal also invoked strong metal-support in-
teractions for explaining their results on buty-
ronitrile hydrogenation by alumina-supported
platinum catalysts [3]. Such strong interactions
were indicated for several metal /support sys-
tems by previous authors [11]. It was shown by
Den Otter and Dautzenberg that the ability of
alumina-supported platinum catalysts to adsorb
hydrogen decreased by reduction at high tem-
peratures [12]. This was attributed to the reduc-
tion of the support made possible by the forma-
tion of an Al and Pt alloy. Verhaak et al.
pointed out the importance of solid acid/base
properties for the influence of support on the
activity and selectivity in acetonitrile hydro-
genation by supported nickel catalysts and they
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assume that the surface of support is a reaction
sites for condensation giving higher amines [4].

It seems at present that experimental works
are further necessary to do under a wide range
of reaction conditions to shed light on the fea-
tures of the catalytic gas phase hydrogenation of
nitriles.
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