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Abstract

The amidation of ethylene with carbon monoxide and ammonia over supported Ru ammine complex ion catalysts under
atmospheric pressure has been investigated. The catalytic activity was affected remarkably by Ru precursors, supports and
pretreatment temperature. The catalyst with highest activity was obtained using Ru ammine complex salts and by the
pretreatment at 180—200°C. The selectivity to propiononitrile formation increased with the acidity of the supports, indicating
that propionamide was formed on Ru entities and was successively dehydrated to propiononitrile on the acidic sites of the

support. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Amide is an important intermediate for chem-
ica industries and its syntheses through car-
bonylation of amines with carbon monoxide and
through amidation of alkenes or akynes with
carbon monoxide and amines, are conducted
generdly in aliquid phase under high pressures
using transition metal complexes as catalysts
[1,2]. The amidation with ammonia instead of
amines proceeds under similar reaction condi-
tions as claimed by afew patents[3—6]. Iwashita
and Sakuraba [7] synthesized imidazole deriva-
tives from o-olefins, carbon monoxide, and am-
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monia at a carbon monoxide pressure of 250
kg,/cm? using an aqueous methanol suspension
of rhodium oxide, and found that propionamide
was formed in the reaction of ethylene as a
by-product (15% vyield). Recently, ruthenium
has received increasing interest because of its
unique properties as a catalyst [8—11]. In the
previous paper [12], we have reported that sil-
ica- and zeolite-supported Ru ammine complex
catalysts promote a novel reaction to form pro-
pionamide and propiononitrile from ethylene,
carbon monoxide, and ammonia under atmo-
spheric pressure. It is of interest that Ru is
higher than Rh in catalytic activity, and Pd, Pt,
and Co are amost inactive for this reaction.

In this study, we examined the effect of Ru
precursors, supports, and the pretreatment tem-
perature on the catalytic activity of Ru catalysts.
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2. Experimental

Various commercia supports were used: sil-
ica gel (SiO,, Fuji Silysia Chemical), NH} or
Na*-exchanged form of Y-zeolite (NH ,-Y, Na
Y, Catalysts and Chemicals), silica—alumina
(SiO,~Al,0,, Nikki Chemicals), and magnesia
(MgO, Kanto Chemical). Ru precursors [Ru-
(NH)(ICl 5, Ruy(CO),,, Ru(acac),;, and RuCl,
were commercialy available reagent grade, and
[RU(NH 3):sN,]Cl, was prepared by the method
described in literatures [13,14].

To examine the effect of Ru precursors on
the catalytic activities, silica gel was employed
as a support. With [Ru(NH;).ICl; and
[RU(NH,):-N,ICI,, cataysts were prepared by
an ion exchange method. Prior to the ion ex-
change, silica gel was treated by 0.1 N ammonia
solution at room temperature for 24 h and then
washed well with distilled water. The
ammonia-treated silica gel was immersed in an
aqueous solution of [RU(NH)ICl; or Ru-
(NH3):N,ICI, at room temperature for 24 h,
and then filtered. The exchanged sample was
washed well with distilled water until Cl~ ions
were no longer detectable in the washings by
the addition of AgNO; solution, and dried at
room temperature in a desiccator. With
Ru,(CO),,, Ru(acac);, RuCl,, catalysts were
prepared by an impregnation method. Silica gel
as obtained was impregnated with a THF solu-
tion of Ru,(CO),, or Ru(acac), for 24 h and the
solvent was evaporated at 60°C. In the impreg-
nation of RuCl;, 0.01 N hydrochloric acid was
used as a solvent.

Using [Ru(NH,)4ICl; as the Ru precursor,
Ru was supported on SiO,, NH,-Y, N&aY, or
SiO,—Al,0; by the ion exchange method men-
tioned above. MgO-supported Ru catalyst was
prepared by the impregnation method using the
same precursor. The Ru loading of all catalysts
prepared in this study was 3 wt.%.

An amount of 1.0 g of the catalyst was
loaded in a fixed bed flow reactor, pretreated in
an Ar stream at desired temperatures for 2 h,
and then exposed to a feed (120 ml /min) com-

posed of equimolar amounts of ethylene, carbon
monoxide, and ammonia. Reaction products
were trapped in two U-tubes which were dipped
dternately in a dry ice—methanol bath at inter-
vals of 1 h. The trapped products were identi-
fied with a GC-mass spectrometer (HITACHI
M-80) and analyzed with a gas chromatograph
(SHIMADZU GC-14B) using a 1-m column
packed with Tenax GC.

Temperature-programmed decomposition
(TPD) of [Ru(NH,)¢ICl, was carried out in a
He stream.

3. Results and discussion
3.1. Effect of Ru precursors

Fig. 1 shows the results of the reaction at
200°C over silica-supported catalysts prepared
with various Ru precursors. The rate of amida-
tion represents the combined rate of propi-
onamide and propiononitrile formation. Besides
the two products, only trace amount of aceto-
nitrile, propionic acid and carbon dioxide were
detected.

As seen in Fig. 1, the rate of amidation
increased in the initial stage of reaction over
every catalyst and then decreased through maxi-
mum. The catalysts prepared with [Ru-
(NH3):N,ICI, and [Ru(NH,),ICl, showed al-
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Fig. 1. Rate of amidation (propionamide and propiononitrile for-
mation) at 200°C over silica-supported Ru catalysts prepared with
various Ru precursors. O, [RUNH 3)sN, ICl,; <, [RuUNH3)61Cl 5;
O, Rug(CO);p; 4, Ru(acac);; a, RuCl,.
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most the same activity, giving the maximum
values of amidation rate 79.5 and 81.7 wmol /h
g-cat, respectively. The catalyst prepared with
RuCl ; showed no activity.

The maximum rates of amidation and the
values of selectivity to propionamide and propi-
ononitrile are summarized in Table 1. The cat-
alytic activities of the catalysts prepared by the
impregnation method with Ru4(CO),, and
Ru(acac), were half and one-third lower than
those prepared by the ion exchange method.
Although the reason why the difference in the
catalytic activity comes from, that is, from the
presence of ammonia ligands or from the prepa-
ration method, is not clear yet, it should be
noted that the values of selectivity to propi-
onamide (31-37%) and propiononitrile (63—
69%) are about the same among the catalysts
examined in this study.

3.2. Effect of supports

The reaction was conducted at 200°C using
the Ru catalysts prepared with various supports.
[Ru(NH ,)¢]Cl ; was employed as the Ru precur-
sor, which lead to the highest activity as shown
in Table 1. The results are summarized in Table
2, where the maximum rates of amidation and
the values of selectivity to propionamide and
propiononitrile are listed. By using NaY and
NH,-Y instead of SiO,, the catalytic activity
increased as high as two-fold and four-fold,
respectively.

The selectivity of the catalysts differed re-
markably by the supports. The catalysts pre-
pared with the acidic supports, NH,-Y, NaY,

Table 1

Table 2
Rate of amidation and selectivity at 200°C over supported Ru
catalysts
Support  Rate of amidation ~ Selectivity (%)
(uwmol/hg-cat)  propionamide  Propiononitrile

NH,Y  360.8 2.4 97.6
NaY 1817 9.2 90.8
SiO,— 1131 2.7 97.3
Al,O,

SO, 79.5 62.9 37.1
MgO 100 100.0 0.0

and SIO,—Al,O,, gave propiononitrile at high
selectivity (90-98%), while the catalyst pre-
pared with the basic support MgO gave propi-
onamide selectivity (at 100% selectivity). The
difference in the selectivity observed with the
various supports suggests that the propiononi-
trile formation is directly affected by the acidic
property of the support, and that propionamide
is formed on the Ru entities and subsequently
dehydrated to propiononitrile on the acidic sites
of the support, i.e.:

C,H,+ CO+ NH,

% C,H,CONH,

Acidic support
C,HCN + H,0. (1)
To elucidate this reaction sequence, we car-
ried out the reaction using a double layer cata-
lyst in which the feed flows through Ru/SiO,
layer and then silica—alumina layer. The results
are shown in Fig. 2. The dashed line stands for
the summation of the rates of propionamide and
propiononitrile formation over the single layer
catalyst (Ru/SiO,). The reaction with the dou-

Rate of amidation and selectivity at 200°C over silica-supported Ru catalysts prepared with various Ru precursors

Ru precursor Method Selectivity (%) Rate of amidation
Propionamide Propiononitrile (wmol /h g-cat)

[Ru(NH 3)sN,1Cl, lon exchange 69.4 30.6 81.7

[RU(NH3)gICl 5 lon exchange 62.9 371 79.5

Ru5(CO),, Impregnation 68.7 313 326

Ru(acac), Impregnation 66.0 34.0 24.6

RuCl 4 Impregnation 0.0 0.0 0.0
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Fig. 2. Time courses of amidation rate at 200°C over Ru/SiO, in
the absence and presence of SiO,—-Al,0; downstream. Pretreat-
ment condition: in Ar at reaction temperature for 2 h. Circle,
triangle and square symbols represent the formation rates of
propionamide, propiononitrile and the summation of them, respec-

tively. Solid and open symbols represent the absence and presence
of SiIO,—Al,03, respectively.

ble layer catalyst produced propiononitrile se-
lectively and proceeded at the same reaction
rate as the combined formation rate over the
single layer catalyst. The facts indicate that
propionamide is readily dehydrated to propi-
ononitrile over acidic supports.

As seen in Fig. 2, the rate of amidation over
Ru/SiO, attained its maximum at the time on
stream 4 h, while the maximum rate is achieved
after 6 h of reaction over the double layer
catalyst. The difference between the two time
courses of amidation rate might be caused by
the adsorption of product on the additional
SiO,—Al,0;. The adsorption prevents the ami-
dation products from eluting in the effluent gas
and from being trapped for the quantitative
analysis. This suggests that the phenomenon
like an induction period, namely, the initial
increase in the amidation observed with all cata-
lysts, is caused by the adsorption of products
over the supports of catalysts.

3.3. Zeolite-supported Ru catalyst

3.3.1. Effect of reaction temperature
The reaction was conducted at 180, 190, and
200°C using Ru/NH ,-Y. The reaction produced
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Fig. 3. Time courses of the rate of propiononitrile formation over
Ru/NH ,-Y at different temperatures. Pretrestment condition: in
Ar at reaction temperature for 2 h.

only propiononitrile at every temperature. Fig. 3
illustrates the time courses of the rate of propi-
ononitrile formation. The initial increase in the
formation rate was observed at all temperatures.
The rate decreased through maxima at 190 and
200°C, indicating the catalytic activity declined
at higher temperatures. At the lowest tempera-
ture 180°C, the deactivation was not observed.

3.3.2. Effect of pretreatment

Considering the results of Fig. 3, the reaction
was carried out at 180°C using Ru/NH ,-Y after
the pretreatment at different temperatures. The
results were shown in Fig. 4. The cataytic
activity changed by the pretreatment tempera-
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Fig. 4. Effect of pretreatment on the catalytic activity of
Ru/NH,-Y. Pretreatment condition: in Ar at O, 150°C; <,
180°C; O, 200°C; a, 250°C; a, 300°C for 2 h, or @, hesated to
180°C in reaction gas. Reaction temperature: 180°C.
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Fig. 5. TPD spectra of [RU(NH 3)g]Cl 5.

tures. The catalysts pretreated at 180 and 200°C
showed the highest and almost the same activ-
ity, ca 150 pmol /h g-cat. The catalysts not
pretreated, that is, heated from room tempera-
ture to 180°C in the reaction feed and pretreated
a 150°C, were, respectively, four-fifths and
two-thirds as low as the most active catalysts in
activity. When the pretreatment temperature was
raised to 250 and 300°C, the catalytic activity
fell down to one-third of the highest activity and
was lost completely, respectively.

TPD of [Ru(NH ,)]Cl ; was carried out using
a mass spectrometer to detect evolving gases.
During hesating at arate of 10°C /min, the signal
intensities of m/z=16 (NH}), 17 (NHZ+
OH™), 18 (H,0™), and 28 (N,) were continu-
ously monitored. The results are illustrated in
Fig. 5. The spectrum of m/z= 16 signa re-
veals that [RU(NH ;)]ICl ; is not deammoniated
below 250°C. The increase in the signal inten-
sty of m/z= 28 suggests that NH; evolved
from the complex is decomposed over Ru metal
formed by the deammoniation. Although the
results show that the catalyst precursor

[RU(NH )ICl is not deammoniated at the pre-
treatment temperatures, it is possible that
[RU(NH )4 ]*" exchanged on the supports trans-
forms as prepared or by the pretreatment as
revealed by the infrared study on the decompo-
sition of the same Ru complex ion exchanged
into the supercages of Y-zeolite [15]. It is as-
sumed that [RU(NH;)¢]3* ions on the supports
change to catalytic species by the pretreatment
releasing some ammonia ligands and is decom-
posed to inactive entities at relatively high tem-
peratures.

4. Conclusion

The amidation of ethylene with carbon
monoxide and ammonia proceeded over sup-
ported Ru catalysts under atmospheric pressure
to form propionamide and/or propiononitrile.
The catalyst with the highest activity was ob-
tained using [Ru(NH,)(ICl, or [Ru(NH,).-
N,ICl, as a Ru precursor. The selectivity of
catalyst depended on the acid—base properties
of the support. Propionamide was formed selec-
tively over the catalyst prepared with MgO
support, while propiononitrile did at high selec-
tivity over those prepared with acidic support.
The reaction and the pretreatment of catalysts
should be conducted below 200°C to keep the
high catalytic activity.
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